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Abstract 

Off the grid hybrid systems have been attracting to supply electricity to rural areas in all aspects like, 

reliability, sustainability and environmental protections, especially for communities living far in areas 

where grid extension is not appropriate. Hybrid renewable set-up indicates that various combinations 

based on the renewable sources could be applied simultaneously to cater energy in the form employed in 

an off-gird supporting with battery storage and diesel generator as backup systems. In this paper wind 

turbine-photovoltaic-diesel generator-battery bank-converter have been simulated and optimized for the 

rural community of Haressaw among the sub-districts of Atsbi district in the regional state of Tigray, 

Ethiopia. Primary load demand of 1505kWh/day, peak load of 284kW, deferrable energy is about 

17kWh/day, and deferrable peak load of 3.6kW was involved during optimization of the power system. 

Well known freeware HOMER modeling tool have been used to design the off-grid system. Wind and 

solar energy are considered as primary sources to supply electricity directly to the load and to charge 

battery bank when excess generation is happened however in peak demand times diesel generator could 

also be engaged. The community's load has been suggested for lighting, water pumping, school and health 

clinic equipment load, television, radio, flour milling machines and local food (enjera) baking. During the 

design of this power system set-up, the simulation and optimization was done based on the electricity 

load, climatic data sources, economics of the power components and other parameters in which the NPC 

has to be minimized to select an economic feasible power system. Moreover other parameters like capacity 

shortage, renewable fraction, excess electricity, COE, diesel fuel consumption was also considered to 

check the technical capability so as to select a system that is sound in techno-economic aspects. Two 

approaches were used as comparison measurements to select one power system from the selected options 

giving due merit to one of the measuring instruments (renewable fraction and low cost of energy). 12 

sensitivity variables have been taken into account such as; 4 cases of diesel price, 4 cases of capacity 

shortage, 2 cases of minimum renewable fraction and 2 cases of primary load variations.  

 

Keywords: HOMER, Wind Speed sources, Solar Radiation, Off-grid power System, Wind/Solar 

PV/battery/diesel generator,  primary load, deferrable load, NPC, COE, Rural electrification, Renewable 

energy fraction. 
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1 Chapter One: Introduction 

1.1. Background 

Energy requirement is becoming a prerequisite to enhance income, improved life quality for individuals no 

matter where they are and even when exactly the time would.  Africa is a land of renewable energy 

source’s opportunity. According to [1] Africa’s per capita energy consumption is only one third of the 

global usage; however the continent covers 15% of the planets population with 5% of the glob primary 

energy consumption. Until 2009 around 587 million African inhabitants were living without electricity 

access. Frequent electricity outage is common trend, per capita electricity usage is low thus reliable, 

secured supply is demanding to improve rapidly. Developing countries in the line of growing economies 

are in a much demanding for electricity access to facilitate their industrial growth. Sustainable economic 

growth of such countries mainly depends on the supply of electricity infrastructure, as electricity is the 

heart and the driving engine of growing economy. It has been expected that Ethiopia, Egypt, South 

Africa, Algeria and Nigeria will dominate the share of power sector development in the continent [1]. 

Despite of the power sector development in these countries the trend of growth indicted even the 

electrified areas the way of electrification is extending the utility grids, however, those who live far from 

the grid connection and those who live in hilly terrain left with no electricity access but with sufficient 

renewable sources like wind and solar. Non-electrified rural areas can access electricity either by using 

standalone system or extending grid transmission lines. Grid extension is cost intensive as transmission 

distance increases, especially in hilly, forest and island areas. Figure 1-1, presents distance versus capital 

cost of utility grid and different PV power schemes. Public grid extension cost escalates with distance than 

standalone hybrid systems. 

 

Figure 1-1: Comparison of Utility Grid and PV Power Schemes by Capital Cost [52] 

The cost of electrification from the grid depends on the following four factors [2]. COE generation from 

power plants no matter what type of fuel they use, Cost of transmission and distribution through the new 

transmission lines, electricity losses from transmission and distribution and load factor of the user. The 

dominant factor from these parameters is the load factor, as it tells quantity of the electricity load 

demanded for any purpose. Communities living in hilly terrain require low load demand than those in 

plain terrain; this is however due to the house densities in the hilly terrain is much dispersed.  

Ethiopia’s government has already started to apply the growth and transformation plan strategy for the 

country to become a middle income nation until 2030. This target would be expected to achieve by 

transforming into industrial development moreover to mechanized agriculture. Thus sustainable and 

reliable supply of electricity is a requirement. The supply of improved electricity services has benefits to 

create new job opportunities, to simplify rural women life, to create good job atmosphere. The challenge, 

therefore, is the supply of sustainable electricity service without long waits for grid extension and reliance 

on fossil based power plants. Even though Ethiopia is not gifted with oil sources as of today’s study, it has 
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huge potential of water sources that can cover electricity demand of the country. Currently the nation is 

investing too much for hydropower constructions, as it is highly availability and low cost of energy 

generation is the main advantage. Sometimes due to fluctuation of rainfall, the volume of water collected 

in the reservoir during the low rainy season remains below required. Thus this capacity shortfall shows the 

country’s electricity supply is in threat. Despite energy demand and even hydropower expansion is 

growing rapidly in the country however it will not only meet thru hydro. Nevertheless for sustainable 

supply, hydro source has to support with other local available renewable energy sources like solar, 

geothermal, wind sources. As Ethiopia lies between latitudes of 3o and 15o north of equator and 330 and 

480 east longitudes and thus a considerable amount of renewable energy sources are accounted and part of 

it would be exploited foe electricity generation [5]. Renewable sources use environmentally friendly 

technologies to produce energy; they are inexhaustible at all, and are non-polluting. The application of 

renewable energies in off-grid systems however is challenging due to the nature of intermittence of the 

sources, the dependence on geographical and weather conditions. The electrification of the villages is an 

important step for the improvement of the individual’s economic condition and for the country in general. 

Accessibility of electricity benefits for irrigation and drinking water supply, food preservation, agro-

processing, to fulfill health and education activity, to create job opportunity. As compared to the rural and 

urban electrification system, the rural electrification is cost intensive.  

Currently the major source of energy in the country is from renewable sources such as biomass (woody 

biomass, agricultural residue, cow dung's), hydropower about 98% of electricity is provided and the 

remaining 2% is covered by self-contained system [3]. The need, the capacity in addition to awareness to 

harness renewable energy resources except for hydropower was limited but now there is a good start from 

investigation till implementation. The huge share of final energy which is more than 89% has been 

consuming by around 16 million households, of which 81% is being firewood energy [3, 4]. Out of the 

89%, the 74% has been consuming by the rural households whereas the urban households accounts for 

15% [4]. Currently the country's per capita consumption of electricity per year is below 100kWh, whereas 

the sub-Saharan Africa is about 512kWh per capita [4]. 

The government of Ethiopia is very committed to realize the opportunity of connecting, selling and 

earning foreign currency from neighboring countries such as Kenya, Djibouti, Sudan and Egypt. But, 

however the rural households of Ethiopia still lucks electricity and the trend of electrifying is much below 

the requirement. Thus, almost all of the villagers depend on fuel-wood for the daily energy demands, 

which is causing incredible deforestation and degradation of the eco-system. As the living condition of the 

people in the remote villages is in a very scattered way, hence, the supply of grid connected electric utility 

to the rural area makes difficult and it will incur too much capital cost, accordingly it has not been given a 

priority for that matter.  

1.2. Problem Statement and Motivation of the Study 

Despite of the abundant renewable energy resources, many communities still live without access to 

electricity either from the utility grid or independent renewable energy generated electricity. There is a 

challenge to supply electricity to the population because of two reasons. First, there is no enough power 

generation to fulfill the current power demand. Second, even if there is enough power generation, 

installation of grid system to each village is challenging due to their geographical locations and economic 

constraints. Electrifying these remote areas by extending transmission lines from the utility grid to these 

rural communities is very labor and time intensive accordingly capital intensive. Certain fundamental 

services that should be provided to particular community are electricity, water supply, communication, 

transportation; Health care and education are some mandatory needs for any community to escalate out of 

poverty. Thus supply of reliable electricity is prerequisite to cater this all services. The demand as well as 

the energy exploitation is rising in Ethiopia however from single source mainly hydro. To fulfill the ever 

increasing demand of the country, the power generation system has to expand to exploit the renewable 

sources. Hybrid renewable energy systems are the possible means of electricity generating for rural remote 

areas. The supply of cheap electricity from renewable energies as main sources of power production has 

direct synergy with poverty alleviation in the nation. 



3 
 

 Most often women invest their times to fetch water, to collect firewood, to cook food for the whole 

family and other activities, furthermore, the cooking is facilitated indoor which results an indoor pollution 

exposing to different diseases, this potentially affects the health of women and children as they stay longer 

there, other than the remaining household members of the family. Based on the resource of renewable 

energy trends it has, it is the timely need for the rural inhabitants to cater a reliable electricity access in the 

day to day activities, furthermore, to enhance industrialized farming, small and micro enterprises. Thus 

electricity has become the heart for the sustainable development of the nation’s economy.  

1.3. Thesis Layout 

Chapter one gives the background, the motivation and problem statement, moreover thesis layout. 

Chapter two reviews related works and it includes the renewable energy source potentials in Ethiopia, 

methodology of the study, specific objective, the proposed area of study and boundaries is described in 

this chapter. The literature review is normally based on applications and optimization methods of the 

power system. Chapter three presents the solar energy systems, PV installation methods, solar PV types, 

radiation incident to the PV surface, solar sources potentials, PV module and array, PV modeling 

methods. Chapter four covers wind turbines and wind energy, classification of wind turbines, the physics 

of wind energy, wind energy converters and regulation mechanisms, wind shear, wind energy potentials of 

the study area. Chapter five gives brief note on the classification of hybrid power system configurations, 

HOMER tool, and auxiliary components of the off-grid power system. Chapter six explains the detail of 

electricity load estimation of the community which includes primary and deferrable loads. Optimization of 

the hybrid system which incorporates methodology of the optimization, the climatic input data, cost 

values of all components, economic inputs, constraint inputs, and sensitivity values are discussed in 

Chapter seven. Optimization analysis, sensitivity analysis, and discussions are given in Chapter eight and 

lastly Chapter nine is dealt thru conclusions, and recommendations 

 

 

 

  



4 
 

2 Chapter Two: Literature Review 

2.1 Review of Related Works 

In order to gather reasonable information about renewable energy resource potentials of the country, 

hybrid energy systems, rural electrification techniques applying combined resources a detailed study of this 

all was needed. Different research efforts for the application of renewable energy options have been 

conducted for the access of renewable energy resource potentials and stand-alone hybrid systems. The 

following different authors were conducted for a range of hybrid systems at different times, sites and 

different countries; however, the methodology applied for the simulation was HOMER. 

According to EM Nfah, et al [6] simulation of a standalone electricity production for the remote 

settlements in Cameron was conducted. The study also presented the energy requirement in rural villages 

is basically for lighting, radio and television entertainments. The magnitude of the energy demand is in the 

range of 0.2 to 1 kWh/day. They simulated and modeled four different system configurations such as; 

(hydro-LPG generator-battery), (solar-LPG generator-battery), (micro hydro-diesel generator-battery), 

(solar-diesel-battery). From the simulation result the cost of energy for different renewable energy option 

was found to be 0.296 €/kWh for micro hydro hybrid system generated from a 14kW micro hydro 

generator, 15 kW LPG generator and 36kWh of battery storage. Furthermore, the second simulation for 

PV hybrid system was accounted for 18kW PV generator, 15kW LPG generator and 72kWh of battery 

storage, the cost of energy was obtained as 0.576 €/kWh  for remote petrol price of 0.1€/litter and LPG 

price of 0.7€/m3. The micro hydro system proved to be the cheapest option for the southern parts of 

Cameroon at a minimum flow rate of 200litter/second, while the PV hybrid was the cheapest in the 

southern parts of the country. A research carried by [7] described the design information of solar PV and 

wind turbine hybrid power generation system to provide electricity to a model community of 100 

households and health clinic and elementary school. The study was started thru investigating solar and 

wind sources potentials of the area of interest. The optimal simulation result showed that PV/wind 

turbine/diesel generator/battery and convertor configured system. For this configuration the total NPC 

and COE is $103,914 and 0.302 $/kWh respectively, for a renewable fraction of 84%, and diesel fuel 

consumed is 1,955 liters per annum accordingly it runs for 633 hours per year.  

A feasibility study conducted by [8] for a standalone solar/wind based hybrid energy system to supply 

electricity for rural areas in Ethiopia. This paper presented the simulation of PV/wind/diesel and battery 

to cater electricity demand for 200 household’s model community. The paper showed the most cost 

efficient combination from the hybridizing of diesel generator/battery and converter with no contribution 

of renewable sources fractions. It also presented other cost effective combinations of diesel generator/PV 

and converter; in this case the dispatch strategy applied was the load following strategy. The conclusion of 

the author is viable to deploy the above stated power configurations in the areas where these resources are 

stated. A paper presented in [9] for Saudi Arabia about off grid Wind/Diesel generator hybrid power 

systems to cater energy for settlements in the hot coastal regions of Dhahran. This paper considered the 

provision of energy basically from wind energy for a model community of 100 households. As wind 

resources is an intermittent sources of energy and thus for the fluctuation of energy supply, wind/diesel 

and battery hybrid system was considered as a solution by the author.  

A hybrid system containing PV/wind/micro-hydro and diesel generator simulation model was presented 

by [10] for Sundargarh district of Orissa state, India. Two simulations have been carried out in this case 

study, one with a combination of wind/solar PV and diesel generator and the second was a combination 

of wind/PV/small hydro and diesel generator. The authors also suggested that the wind power fluctuation 

and household demand variation are the only constraints influencing the system. Elhassan, et al [11] 

described the design and implementation of efficient renewable energy powered energy system for 

household uses in Khartoum, the capital of Sudan. The simulation activity was performed for individual 

households and for a group of 10 to 25 households. The energy provided from PV/battery combination 

for the singular users was expensive than wind/PV for group of households. To list some of the costs, the 
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COE for single home is around 49.5 SP/Wh, for 10 households it is about 25.8 SP/Wh and for 25 

households is about 20.1SP/Wh. S.Rehman et al. [12] presented the feasibility study of the hybridizing of 

wind turbine to an existing off grid diesel power plant in the northern rural area of the Kingdom of Saudi 

Arabia. The study was basically to minimize the running cots of diesel generator by combining with wind 

turbines and accordingly to mitigate environmental pollution. Sensitivity analysis was also made by taking 

sensitive parameters such as wind speed which can affect the power system during its lifelong. The 

simulation result shows that retrofitting wind turbine to the existing diesel generator was not feasible for 

wind speeds less than 6m/s and fuel prices of $0.1/litter.  

A study carried out by [13] to evaluate the options for off-grid electrification in the rural villages in the 

Kingdom of Bhutan. The study was taken place in four different places of the country. Furthermore, the 

demanding load was considered for lighting and communication services only. The main target of the 

paper was optimization of hybrid power generating units. PV/battery power generating system was the 

cheapest technology for Gasa and Lunana, whereas the diesel/PV/battery hybrid system was the cheapest 

in Getena area. Implementation of wind/battery system was better to apply in Yangtse site. According to 

the paper studied by [14] which was devoted to the study of techno-economic aspects of hybrid (wind and 

diesel generator) schemes for a rural community in Algeria. The study was conducted to add a wind 

turbine to existing diesel power plant systems to reduce fuel consumption. The author concluded for wind 

speed below 5m/s the existing diesel operated plant with 0.05-0.179 $/liter is cost efficient than the 

hybrid system. The feasibility of the hybrid system assured at wind speed of 5.48m/s, maximum annual 

capacity shortage 0%, minimum renewable fraction 0% and $0.162/liter fuel price. Kasukana, et al [15] 

investigated the applicability of hybrid renewable power systems as source of primary energy for mobile 

telephone stations in the Democratic Republic of Congo. The study was performed for three different 

areas which are not connected to the grid namely; Kamina, Mbuji-Mayi and Kabinda. The possible set-up 

options conducted by the authors are PV-wind turbine, diesel generator, pure PV and  pure wind schemes 

were configured, moreover techno-economic and environmental effect were studied. For Kabinda the 

optimal hybrid system contains 2 wind turbines, 11kW PV, 82 batteries and 7.5kW converter, and the 

NPC and COE are $196,975 and0.372 $/kWh respectively. 

Although the authors described above was used HOMER as an optimization tool to actualize their study, 

the hybrid system setups were studied using different load demands and the applications, location of 

studies as well as climatic data’s they used were different. Some of the studies were employed in areas that 

have no electricity at all whereas the others in areas that have electricity access which was provided using 

diesel generator. Every hybrid power system has to be designed in a different way for the site based on the 

available climatic data’s, number of households, service centers and consumer load profiles. This paper 

has been also employed the same software to design and optimize the off-grid hybrid power system 

besides the electricity to be provided has to be supplied for large number of households  which has to be 

applied for  lighting, baking, communication, water supply, irrigation supply, school, health service and 

small commercial business. Hybrid power systems implementation did not started yet in the country and 

even very limited studies in master’s level has been undertaken for limited household numbers not more 

than 200 and for very few locations of the country. However this paper differs from the related studies in 

terms of application, load demand, climatic data, and location of the area, and vastness of the households 

included.  

2.2 Specific Objectives 

The main target of this thesis work is to design an off grid hybrid renewable energy system that can 

generate and provide cost effective electricity to those who are in need of electricity. The specific 

objectives of this thesis are: 

 Reviewing the characteristics of the measured climatic raw data sources (wind speed and solar 

radiation) of the village  

 Estimating electricity loads required for domestic uses, commercial sectors (flour milling machine) 

and community services like, primary school and health clinic were determined.  
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 Simulating and optimizing the hybrid system to be applied to rural areas via wind turbines, solar 

PV, diesel generator, battery storage and converter. 

 Comparing power systems based on certain criteria’s to select the techno-economic feasible 

systems beyond the NPC 

 Analyzing the sensitivity of  the power system  

 Outlines conclusions and recommendations 

2.3 Methodology 

The hybrid energy system integrates numbers of renewable resources components such as solar, wind, 

diesel generator, invertors, and batteries. The criteria of selecting the best hybrid energy component 

combination for a proposed site is based on the trade-off between cost, sustainability, maturity of 

technology, efficiency and minimum use of diesel fuel. The methods applied in this study are listed below: 

 A literature review on hybrid systems applicable for rural areas and the physics of global 

horizontal solar radiation and wind energy are conducted. 

 The different hybrid configuration topologies were studied 

 Electricity load demand for single household was calculated and accordingly the load required for 

1100 households residing at the selected site is also estimated.  

 The cost data for each of the power system components has been thoroughly searched from 

different websites and publications. Obviously, different manufacturing companies upcoming 

with different costs into the market for the same product making the cost range difficult.  

 The climatic data (solar and wind) energy sources have been found by direct personal contact 

with Dr. Mulu Bayray, staff member of Mechanical Engineering Department, Mekelle University, 

Ethiopia. 

 Hybrid Optimization Model for Electric Renewable (HOMER) algorithm tool has been used to 

design the off grid power system. 

 Microsoft office excel  

 Different scenarios to select techno-economic hybrid energy system architecture were developed 

and compared.  

2.4 Boundaries 

Some limitations were identified during the study period and certain specific assumptions have been taken 

for the actualization of the paper.  

 In this study the load demand was done by considering the actual capacity usage and income of 

the inhabitants living in the study area. Thus, to have an accurate load demand data of the area 

under consideration, it is good to take a survey having at hand the villagers who are in need of 

electricity.  

 The hypothetical number of households taken might be an outdated number in the area, although 

the current number was considered in estimating the real electricity load demand of the 

community.  

 Several approaches have been attempted to get the most accurate costs of the power system 

components and installation costs; however the actual current price were not simply available.  

2.5 Renewable Energy Potentials in Ethiopia 

This section is aimed to highlight the renewable resources potentials of the country with some actual 

figures. The details of solar and wind energy are presented in the proceeding chapters. Energy harnessed 

from renewable sources that are inexhaustible in time, regardless of the amount of energy available per 

unit time is called renewable energy. It includes biomass, hydro, geothermal, solar, wind, tidal and ocean 

energy. The source of most renewable energy comes from the sun except tidal and geothermal energy. 

Ethiopia has huge collectives of renewable resources with different potentials like hydropower, solar, wind 
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and others. Almost all existing power generation system in Ethiopian is highly dominated by hydropower. 

The total installed power generation capacity up to 2012 was reached 2022.2 MW and the energy mix was 

however 91% hydro and 9% fuel and other renewable [16]. The amount of resources and its relatively low 

cost of energy production make hydropower the primary choice in the country. Nevertheless, the country 

also has other energy resources (renewable and nonrenewable resources) that have huge potential of 

providing power demand. The existing renewable energy sources potentials of the country are discussed in 

the subsequent sections. 

2.5.1 Wind Energy Sources 

In the last decades wind energy potential was only limited to water pumping applications. Currently wind 

sources started to exploit for generation of electricity purposes basically for grid connected systems. The 

gross wind energy potential for power generation is about 1035GW [4, 17]. Ethiopia has already started 

the implementation of wind parks in different locations of the country and is planning to generate about 

860MW by the year 2015 [17]. In the year 2012 one wind farm was inaugurated for its subsequent 

generation capacity of 51MW in Adama, which is located at 95km east of the capital Addis Ababa [4, 18]. 

The other wind farm that has a generation capacity of 120 MW is situated near to Mekelle with a specific 

name of Ashegoda, in the northern part of Ethiopia and it is expected to be completed since 2013  [4, 18]. 

Details of wind energy converters and wind potential sources of the site would be discussed in detail in 

chapter four. 

2.5.2 Solar Energy Sources 

 Ethiopia receives an average of 5.5kWh/m2/day to 6.5kWh/m2/day of solar insolations. As there are 

seasonal variations but not as extreme cases during the year the insolation also varies from 4.55kWh/m2 

per day in July to maximum of 5.55kWh/m2 per day in February and March, moreover, there is also 

geographical location variations ranging from 4.25kWh/m2/day in the South-West region to 6.25kWh/m2 

per day in the North region of the country [19, 20]. Currently solar energy source has been started to be 

exploited for different applications such as in telecom stations, for water heating, single home system 

lighting, water pumping but this is normally much insignificant. More than half of the installed PV 

capacity is used for telecoms. Total installed PV capacity was reached about 2940kW at the end of 2005 

[21]. At this time the government has set a plan to generate electricity from five solar PV projects with 

total intended capacity of 135MW until the period of 2030 [17]. Detailed theoretical and mathematical 

description of solar energy is presented in chapter three. 

2.5.3 Hydro Energy sources 

The most matured technology among the renewable resources in the country is hydropower. This 

technology is considered as reliable, mature and has low operation and maintenance cost, and low cost of 

energy regardless of the initial investment cost. The national hydro energy resource potential that can be 

exploited is being estimated about 650,000GWh/year [4]. Today the nation has 12 hydropower electricity 

generation stations located in five main river basins (Awash, Abbay, Omo, Tekeze, and Wabi Shebelle) 

having total of 2178MW installed capacity, with average energy generation of 7722GWh/yr. Other three 

hydropower plants are under construction such as: Grand Ethiopian Renaissance Dam, Gibe III,  Genale 

Dawa III with capacity 6000MW, 1870MW, and 265MW respectively [4]. The country has no pumped 

storage hydropower plants and the trends show that there is no planned target for the near future too. 

Ethiopian Electric Power Corporation has mainly targeted for hydropower as major sources of energy and 

few other renewable projects in order to reach the 10,000 MW target in the coming few years.  

2.5.4 Geothermal Energy sources 

It is a source of energy that is discharged from underground of the earth in the form of hot water. The 

total geothermal volume available in the country is predicted of 5GW [16, 19]. The geothermal resource 

that has a possible potential for power generation is about 7000MW [4, 16, 19]. Nonetheless, currently 
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there is only one geothermal power plant, Aluto-Langano which was established 1998 as a pilot plant to 

test the geothermal resources and it has a production capacity of 7.3MW [20]. The project indicates that 

the Aluto-Langano site will incorporate four wells to be drilled with a capacity of 70 MW; furthermore, 

the site has approved potential of 100 MW of electric generation [16]. Another geothermal field is located 

in Afar region in the north-east part of Ethiopia. Three shallower and three deep searching wells were 

drilled since 1990 and the investigation indicates a total of 100MW of source potential is available [22]. 

2.5.5 Liquid Biofuel Sources 

Bio-energy is the derived fuel from the organic matter of plants, humans, and animals. To list some of the 

examples of biomass are:  woody biomass (cellulose, hemicelluloses, lignin, lipids, proteins, simple sugars) 

energy crops, animal waste, dung, sewage, agricultural wastes, and municipal wastes. Most of the rural 

society depends on freely collected woody biomass, forest residue and animal dung. But the utilization is 

still being unbalanced, consumption is higher than re-plantation. 

Liquid bio-fuels are fuels extracted from biomass. Pure vegetable oil produced from (palm fruits, algae, 

seeds, and waste oil), bio-ethanol, and bio-diesel are liquid bio-fuels. The two main liquid bio-fuels that are 

expected to be exploited in Ethiopia are bio-ethanol and biodiesel. Bio-ethanol is ethanol produced from 

different biomass such as maize, wheat, sugarcane, sugar beets, potatoes, sorghum, straw and cellulosic 

material. Water produced during the process removes through distillation and some other process, and 

then ethanol will be ready to blend and to use for transport and power generation. Ethanol production 

from sugarcane is less expensive because it could be fermented directly. Up-to-date there was no a startup 

of electricity generation from biomass resources across the nation. At this moment ethanol production is 

reached about 20 million liters per annum. Since 2010/11 the production was 8000m3 from Fincha sugar 

factory, at the same year about 12,500m3 per year of ethanol produced from Metahara sugar factory. Thus 

the total production was reached to 20,500m3 [4]. Biodiesel is produced from different vegetable oil and 

animal fats by means of mechanical crushing. It is then cleaned, dried, and heated furthermore it reacts 

with alcohol (methanol). Jatropha curcus, palm oil, and castor bean are the appropriate ones that can grow 

and very productive too. Biodiesel production has not yet started in the nation but bio-fuel feedstock 

farming has started widely in the last few years. 

2.6 Case Study Area 

Atsbi administration is one of the 15 districts of the Eastern zone of Tigray Regional state, North 

Ethiopia. There are about 16 rural villages in this district among which Harresaw is one of these sub-

districts. The villages of the sub-district are Tegahne, Quret, Zahraro, Barka, Harresaw, Agewo, Zarema, 

Gendet, Debreselam, Adi Kebero, Baatiero, Maimetanu, Awdesel, Hichen, Qalqalet and Endaselassie [23]. 

The center of the local head administration is situated in Atsbi town. The living condition of the people in 

this area depends upon agriculture. The aim of this paper is to design off-grid hybrid renewable energy 

system for the electrification of the Harresaw village, Atsbi, eastern Tigray. The villagers in this area use 

kerosene for lighting, fire wood, cow dung, agricultural residues for all household activities and primary 

cells for radio and for music player. About 1100 households are available in this village [23]. Harresaw 

village has five sub villages (kushets) Harresaw, Hehunta, Enda-gebriel, Enda-mariamwuho, and Abiy-

derra. A small town in the rural village called Derra is located in the Abiy Derra locality. The global 

horizontal solar radiation and wind speed sources data was collected in Abyi-Derra village which is free of 

any obstacles for the wind flow from all directions [24]. The location of the site in which the data was 

collected is 13.99 N latitude and 39.73 E longitude and elevation of 2870 meters above sea level [25]. The 

wind speed was measured at 10 meter and 30 meters height above ground surface with 10 minute time 

interval. The 30 meter measured wind data was used in this paper. 
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Figure 2-1: Map of Atsbi [25] 

This study area has single rainy season in summer only starting from mid of June till mid of September, 

where the concentration of rain is higher in July and august. This area has no source of water flowing 

which can be valuable for energy generation. As per the renewable resources available in this area the 

hybrid system design is based on PV and wind as main sources of electricity generation to fully supply the 

demand for the total household numbers explained above with the use of battery and diesel generator as a 

back-up systems. The average family of each household’s number has been taken as five members with 

total of 5500 people. The requirement of the electricity supply for this area basically includes for domestic 

demand, community service areas, such as schools and health clinic, drinking water supply, for irrigation 

and for commercial use.  
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3 Chapter Three: Solar Photovoltaic Systems 

Photovoltaic system is the most well-known method of converting solar energy directly into electrical 

energy using semiconductor cells. Today’s photovoltaic cells are mainly manufactured from a 

semiconductor material called crystalline silicon, which is available abundantly in the earth’s crust and is 

free of toxicity. Modules made of by combining crystalline silicon cells are very durable, reliable; noise free 

and fuel free equipment’s to produce electricity. Solar energy is the solitary source to power PV which is 

infinite. Photovoltaic cells have the capability of transforming 1/6 of solar resources into electric energy. 

PV systems are free of moving parts and are also environmental friendly. The lifetime of PV cells can end 

with greater than 30 years [75].  PV systems provide electricity to remote areas where there is no access to 

utility grid, thus elevates the life value of the community. In a PV cell there are two doped semiconductor 

layers, P-type (hole) and N-type layer (electron) which is separated to each other by a junction. A 

spontaneous electric field is developed at the boundary which defines the direction of the current flow 

across the junction. In order to get electricity from a PV, the sunlight should penetrate a glass cover and 

antireflection coating. The model developed to harness solar energy was basically from the western, 

planed constructing centralized electricity generation and transmitting electricity by transmission wires to 

the consumers. Energy efficiency of solar photovoltaic is calculated as the power output from the PV 

divided by the solar radiation emitted to the solar array area. 

 

Figure 3-1: Typical PV Cell [75] 

3.1 Types of Solar PV Cells 

Different materials are used to make PV cells, with silicon obtained from sand is being the main material 

used for and it is available in the earth’s crust. The electricity generation depends on the size of the PV 

cell, the conversion efficiency, and sunlight intensity of the local area. Based on [37] the material from 

which it is made and the means of manufacturing, PV cells of silicon material are classified into the 

following. 

 Mono-crystalline PV Cells: are made from uncontaminated silicon single crystals, cut-off from ingots. It has 

a dark color and along all its corners is trimmed; this is one clear difference from the poly-crystalline 

panels. This type of PV cell is the efficient one since it is made from one crystal but the most expensive 

too. It functions better in areas where low energy sources are required. This technology is the first 

generation of all PV cells and has high heat resistant ability. The disadvantage with this technology is that 

it consumes more time to manufacture. The means of production of mono-crystalline silicon is first 

heating high purity of silicon into super saturated state, second inserting seed crystal into the molten 

silicon. Then lastly slowly pulling the seed crystal out of the melted mono-crystalline with the aid of 

Czochralski mechanism to get silicon ingot; moreover, slicing the crystal in to pieces to make the cells 

then to modules and arrays. This technology has the ability to convert 1000W/m2 solar radiation to 

around 140W of electricity in PV cell surface area of 1m2 [75]. 

Polycrystalline PV Cells: It is made from combination of smaller quantities of silicon crystal blocks. They are 

considered as the most widely used cells nowadays. Such PV cells are inefficient than the single crystalline 

cells due to the reason that they are not grown from single crystals but from a combination of many 

crystals. They perform better than the mono-crystalline in slightly shaded conditions. This technology has 
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the ability to convert 1000W/m2 solar radiation to around 130W of electricity in PV cell surface area of 

1m2 [75]. The production of this type of cells is more efficient than mono-crystalline. Molten silicon has 

to be placed into blocks, which are then cut into slabs to make the crystals. Size of poly-crystalline solar 

panel is larger than mono-crystalline panel to get the same wattage because mono-crystalline is more 

efficient per area than multi-crystalline. So when comparing the two PV panels in terms of size to get high 

power output, single crystalline is good in usefulness. 

Thin Film PV Cells: These types of cells are not made from real crystals rather the silicon is deposited on 

stainless steel, plastics or glass to form the solar module. These types of PV cells are much less efficient 

than the above two but the production process costs less. The inefficiency shows that larger panels of this 

type required producing same power as the mono or polycrystalline panels. They have efficiency from 5% 

to 13% and their lifespan is about 15-20 years.  

3.2 The PV Module and PV Array 

Individual PV solar cells are the fundamental building blocks of the solar panel. In general PV cells are 

smaller in size and produce about one watt power. An individual solar cell produces a voltage of 0.5 to 

0.6V. In order to get sufficient output voltage, PV cells are connected in series to form a PV module. PV 

systems are frequently functioned at multiples of 12 volts; modules are usually designed for optimal 

operation in these systems. While PV cells are connected in series, the output current remains the same 

but the output voltage will be the total summation of all cells formed the module. Schematic diagram on 

how PV cells connect to form module as well as modules to form array is shown in figure 3-2. 

 

Figure 3-2: Schematic Diagram for Cell, Module and PV Array [26] 

 The power rating of solar panel depends on the number of solar cells and the size of the panel. When the 

PV cells are assembled as module, they can be illustrated as having a nominal operating cell temperature. 

NOCT is the temperature of PV cell when operating at an open circuit at a temperature of 20  with air 

mass of 1.5, irradiance G = 800 W/m2 and a wind speed less than 1m/s [27, 38]. When large voltages or 

currents than single module are required, modules have to be connected together to form an array as 

indicated in figure 3-2. Arrays connected in series result higher voltages where as the ones connected in 

parallel has higher current. When modules are connected in parallel they produce large power at the same 

voltage due to the increment of current, in a similar fashion when modules are connected in series; it is 

enviable to provide each module maximum power production at the same current due to the increment of 

voltage. When deciding to install solar panels, it is important to take into consideration the shading effects 

faced to the panels during the peak sun hours. The shading effect causes to the reduction of power 

production and it may even damage the cells. Generally, it is advisable to install PV panels free of trees, 

buildings, and other obstacles. The second important parameter to consider during solar panel installation 

is temperature. The heating up of solar panels cause a loss of power because solar cells efficiency is 

decrease as temperature increases. The mounting system of the panels should allow the air circulation 

system during the hot sun hour to cool the solar panel. 
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3.3 Solar PV Installation Methods  

Solar energy exploitation depends on the tracking system that mounts the PV panel. The tracking system 

is basically applied to direct the panel to the direction of the sun light which enhances the radiation that 

strikes the surface of the PV module. Most PV arrays are typically mounted with no tracking systems. 

There is possibility to track the radiation of the sun for the power output maximization. Solar tracking 

systems are basically categorized according the number of axes of tracking and the time with which the 

adjustment is to be made. Below are the techniques to be considered during the design of the PV system 

[29, 31]. 

No tracking: Photovoltaic Panels are mounted at a fixed slope and azimuth; moreover it is the simplest and 

cheapest method. Preferable to orient the panel to the equator (south in the northern hemisphere) usually 

the angle of tilt is equal to the latitude of the specific site under study. A small increase and decrease from 

the latitude will be better for the winter and summer sun tracking respectively. 

Horizontal axis monthly adjustment: This type of tracking system, it rotates horizontally from east to west 

direction. The angle of inclination of the PV is adjusted on the beginning of every month so that the beam 

strikes at 90   to the PV panel when sun is overhead.  

Horizontal axis weekly adjustment: This type of mounting system, its axis of rotation is from east to west 

direction. The PV angle of tracking (slope) is adjusted on the first day of the week, thus solar radiation is 

at 90  to PV at noon of the corresponding day. The PV module slanted towards parallel the ground. 

Horizontal axis daily adjustment: Axis of rotation is about a horizontal east-west direction to track the solar 

radiation. The slope is adjusted each day so that the sun's rays are at 90 degree to PV at noon of the 

corresponding day.  

Horizontal axis continuous adjustment: It is a type of PV mounting system in which slope of photovoltaic is 

adjusted continuously and rotation is about a horizontal east-west axis. The slope is adjusted continually in 

order to minimize the angle on incidence.  

Vertical axis continuous adjustment: PV axis of rotation is about a vertical with respect to the ground surface. 

The slope is fixed, but the azimuth is continually adjusted to minimize the angle of incidence.  

Two axes: The panels are rotated about both to east-west and from north-south having two pivots to 

rotate. However, it is the most expensive method. 

3.4 Solar Terminologies  

According to Dan Chiras [28], the solar energy reached each year to the earth’s surface is roughly 10k 

times the total energy consumed by human. As sunlight passes through the earth’s atmosphere some of it 

absorbed, some is scattered and some passes through the molecules in the atmosphere. Solar energy that 

reaches the earth surface is solar radiation. Nuclear reactions occur in the sun as a result hydrogen is 

converted into helium with a process called fusion. This reaction caused for the release of large amount of 

radiation, where its temperature reaches about 15 million degree Celsius [75]. It is part of this energy that 

strikes the earth’s surface. The magnitude of solar irradiance which strike on the surface of the earth 

depends on latitude, climatological location parameters like air pressure, cloudiness, etc. Some of the 

direct applications of solar energy are to heat, to pump, and to desalinate water. Solar energy can be 

converted in to electricity using different conversion technologies, among which photovoltaic and solar 

thermal are the basics. Photovoltaic technologies convert the incoming solar insolation directly into 

electricity. Whereas, solar thermal technologies initially heats water then directs to mechanical systems 

such as steam turbines to generate electricity. This technology uses mirrors to concentrate the incoming 

solar energy, it captured in the form of heat. Taking an account for the PV systems and sunshine, it is 

necessary to take a note of the following important concepts. 

Irradiance:  It is the power density of the sun, measured in W/m2. At night and on sunrise times, irradiance 

is often zero and increases respectively then reaches at its highest value around noon. It again decreases 

from noon to sunset and dropping to zero at night. 

Irradiation: it is the time integral of power density of the sun (irradiance), measured in kWh/m2.  
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Air mass: A parameter that influences the quantity of irradiance that is incident on the earth’s atmosphere. 

Solar constant: The amount of solar radiation incident on the earth’s atmosphere at a vertical angle of air 

mass (AM=0), and its magnitude is about 1367 W/m2.  

Global solar radiation: The total summation of the sunbeam and diffuse radiations. In case of horizontal laid 

surfaces, global solar radiation is the summation of vertical radiation and diffuse radiation. This is part of 

the constant solar radiation that hits the ground. 

Beam radiation: It is the sunbeam that reaches the earth right from the sun disk.  

Diffuse radiation: It is the solar insolation that reaches the ground from the sky where its direction is 

changed by the atmosphere. The diffuse radiations magnitude depends on solar height, and atmospheric 

transparency. The higher the cloud in the sky is the higher the dispersed radiation. 

Albedo radiation: It is the reflected sunlight from the ground.  

Extraterrestrial normal radiation: Is the quantity of solar insolation that arrives on a surface perpendicular to 

the atmosphere. 

Extraterrestrial horizontal radiation: is the quantity of solar radiation reaching on a flat surface positioned on 

top of the atmosphere. If the entire direct solar radiation source is converted into usable form of energy in 

the earth, it would be more than enough to supply the energy requirement of the world. 

3.5  Incident Radiation  

The position of the sun, the slope and the orientation of the photovoltaic surface are the most important 

parameters for any solar system design. Photovoltaic power output affects by the amount of radiation 

reaching the surface area of the collector; however the irradiance that is incident is flat or horizontal. Thus 

the incident solar radiation in a tilted surface is inclined component of the radiation, which should be 

calculated from the global horizontal radiation. Figure 3-3 illustrates the orientation of photovoltaic 

system towards the sun. The angles involved in determining the amount of incident solar radiation on the 

surface of PV panel are described below.  

Zenith angle (θz): Is the angle between the line drawn vertically and the line that connects to the sun from 

the vertical line. Usually this angle is 90º at sunrise and sunset times. Solar altitude angle (αs): It is an angle 

included between the line that directs to the sun and the line drawn perpendicular to this line. Its value 

remained at 0º during sunrise and sunset times. Solar azimuth angle (γs): It is an angle that draws from 

south direction to the line that indicates to the sun. Its value varies from 0º when sun is overhead, -90º at 

sunrise and 90º at sunset. Angle of incidence (θ): It is the angle sandwiched between the line that draws 

normal to PV surface and the line that points to the sun. It is the critical angle in determining the incident 

radiation accordingly the photovoltaic power output. For the determination of this angle, it is basic to 

know the following angles too.  Hour angle (ω): is defined as the angular displacement of the sun, which is 

east or west, of the civil meridian time zone. The earth rotates 15º/hour; furthermore this shows that at 

11am and 1pm, hour angle is -15º and 15º respectively. Surface azimuth angle (γ) is an angle that measures 

from south to the line that draws perpendicular to the PV panel surface. East and west orientations are 

negative and positive respectively. The azimuth specifies the direction towards which the panels slope. 

The direction into which the PV array faces is called azimuth. Zero degree azimuths depict south facing 

surface. So an azimuth of negative value results to a south-east facing surfaces, furthermore a surface 

oriented to an azimuth of 90°  shows a surface facing to the west. Collector slope (β) is the angle of 

inclination of a surface between the PV and the horizontal plane. A 0  and 90  slopes indicate the 

horizontal and vertical orientations of the PV array respectively. A slope roughly equal to the latitude will 

typically maximize the annual PV energy production. Declination (δ) is the angle formed between the line 

from the sun directed from equator and the line that directs straight to the equator. It varies by plus or 

minus 23.45 degrees during the year. Latitude (φ) is the angle measured from the line that draws to the 

center of the earth and the line directs to the equator. 
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Figure 3-3: Orientation and Slope of Solar PV Module [30] 

The employment of PV array may describe with inclination or slope and azimuth of the PV surface. The 

latitude, the time and day of the year are also parameters that relates to the sun geometry.  The time of 

year relates to the solar declination angle. Solar declination is the latitude at which the solar beams are at 

90° to the earth's surface at solar noon. All of the following equations below are presented by different 

authors [27, 31, 32, 33, 34]. 

δ           (    
     

   
)                                                                    (   ) 

where: 

δ: Declination angle [ ] 
n: day of the year, 1st January as 1 through 365 

The suns location in the sky and hour angle which is used to describe the diurnal time are related in order 

to determine the hour angle.  At solar noon hour angle is set as zero, while in the morning and in the 

afternoon it is set as negative and positive respectively. The following equation can be used to calculate 

the hour angle. 

ω  (       )    
                                                                             (   ) 

where: 

ω: Hour angle[ ] 
ts: Solar time [hr] 

At solar noon the value of     is 12:00 hour and in 11/2 hour later its value is 13.5 hour. The 150 depicts the 

fact that the sun moves around the earth at 150 per hour. Solar radiation data and electric load data are 

measured with civil times or local standard times and this shows that the two parameters are local time 

dependent data's. Solar time can be calculated from civil time using the following equation.  

      
 

      
                                                                                 (   ) 

where: 

ts: Solar time [hr] 

tc: The local time accounted to the center (middle) of the time step [hr] 

E:  Equation of time in hour 

λ: Longitude [°] 

zc: Time region (zone) to east of Greenwich Meridian Time (GMT) [hr] 
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The equation of time corresponds for the effects of the tilt of the earth's axis of rotation (23.45°) relative 

to the eccentricity of the earth's orbit and the plane of the ecliptic.  The equation of time can be calculated 

as follows. 

      (
                                  

                           
)            (   )          

Where:                                                                                       

n: day of the year starting with  January 1st  as 1 through 365 

Another parameter for a surface of any orientation is the angle of incidence, and it is defined as the angle 

between the sun's beam radiation and the line perpendicular to the PV surface, which is expressed 

mathematically using the following equation. 

                                                            

                                                                             (   ) 

where: 

θ: Angle of incidence [°] 

δ: Solar declination [°] 

Ø: Latitude [°] 

β: Slope of the tilted surface [°] 

γ: Azimuth angle of the surface [°] 

ω: Hour angle [°] 

The zenith angle has value of zero degree when the sun is at solar noon and 90° when it is at horizon. The 

zenith angle can be expressed mathematically as shown in equation below by letting β    from equation 

3.6. 

   θ         δ   ω        δ               (   )                                   

where: 

θz: The zenith angle [°] 

Extraterrestrial normal radiation is the quantity of radiation reaching at the top of the earth's atmosphere 

at 90° and would be expressed mathematically as in equation 3.7.  

       (           
    

   
)          (   ) 

where:                                                         

Gon: The extraterrestrial normal radiation [kW/m2] 

Gsc: The solar constant= 1.367 [kW/m2] 

The extraterrestrial horizontal radiation can be expressed mathematically by the following equation. 

         θ              (   )                                                                                     

where: 

Go:  The extraterrestrial horizontal radiation [kW/m2] 

The average extraterrestrial horizontal solar radiation can be calculated as follows. 

 ̅  
  

 
   [        (           )   

(     )

    
        ]       (   )                           

where:   

 ̅   Extraterrestrial horizontal radiation averaged over time intervals [kW/m2] 

Gon: Extraterrestrial normal radiation [kW/m2] 

ω1:  Hour angle at time t1 [°] 
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ω2: The hour angle at time t2 [°] 

Equation 3.9 depicts the average solar radiation reaching a flat surface at the top of the atmosphere. A 

parameter called clearness index is to define mathematically below in equation 3.10. Clearness index is the 

ratio of the solar radiation reached the earth's surface to the radiation striking the top of the atmosphere 

(extraterrestrial radiation). 

   
 ̅

 ̅ 
                                                                                                         (    ) 

Where: 

KT: Clearness index 

Ğ: Global horizontal radiation reached the earth's surface averaged over time interval [kW/m2] 

Ğo: Extraterrestrial horizontal radiation averaged over time intervals [kW/m2] 

The solar radiation that reaches the earth's surface is in the form of beam and diffuse radiation. The global 

solar insolation is obtained by summing up the diffuse and beam radiation which is given by the following 

equation. 

 ̅   ̅   ̅            (    )                                                                                            

Where: 

 ̅  The global horizontal radiation on the earth's surface averaged over the time step [kW/m2] 

 ̅ : The beam radiation [kW/m2] 

 ̅    The diffuse radiation [kW/m2] 

The global horizontal solar radiation is the measured one in most of the cases, not it’s diffuse and beam 

components. Thus, to determine the radiation incident on the PV surface, the horizontal component 

should resolve in to beam and diffuse as the surface orientation has great impact on the beam radiation. 

The radiation diffuse fraction is defined below as a function of clearness index. 

 ̅ 

 ̅
 

{
 

 
                                                                               

                       
          

          
     

                   
                                                                             

                              (    )                            

 

The global solar radiation that reaches the inclined surface of the PV panel can be calculated now by 

applying the following equations. Before going to the equations, defining the following three diffuse solar 

radiations is important. Isotropic diffuse solar radiation is a type of diffuse radiation which receives from 

all parts of the sky uniformly. Circumsolar diffuse radiation is a type of diffuse radiation which emanates 

directly from the sun. Horizon brightening diffuse solar radiation is the third type of diffuse radiation 

which emanates from the globe. The ratio of beam radiation reached on the tilted surface to beam 

radiation reached on the horizontal surface of the PV is given below in equation 3.13. 

   
   θ

   θ 
              (    )                                                                                           

where: 

Rb: Ratio of tilted to horizontal beam radiations 

The anisotropy index is a parameter given to a measure how much the atmosphere can transmit beam 

radiation. The anisotropy index is an important factor for the estimation of the circumsolar diffuse 

radiation determination, and it is given by the following equation 3.14. 

   
 ̅ 

 ̅ 
              (    )                                                                                                   

where: 
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Ai: Anisotropy index                                                                             

The final factor to be defined is the horizon brightening, diffuse radiation comes from the horizon is 

accounted to the cloudiness and is expressed by the following equation 3.15. 

  √
 ̅ 

 ̅
           (    )                                                                                                       

where: 

f: The cloudiness index   

The global radiation striking on the PV array is given below. 

 ̅  ( ̅   ̅   )    ̅ (    ) (
      

 
) [       (

 

 
)]   ̅  (

      

 
)            (    )                                                           

          where: 

 ̅   Global radiation incident on the inclined surface 

β: The slope of inclined  [°] 

ρg: The ground reflectance also called albedo [%] 

3.6 Solar Energy Potential of the Site 

Solar resource raw data inputting to the software is the average global horizontal radiation measured in 10 

minute time interval over the two years. The average monthly solar radiation data displayed in table 3-1 is 

calculated from the 10 minute measured data.  In order to get how much power is generated by the solar 

PV it requires inputting measured solar resources data in units of kW/m2 into HOMER software.  

Table 3-1: Two years Average Monthly Global Solar Radiation for 2011 & 2012 

Month Jan Feb Mar Apr May Jun July Aug Sept Oct Nov Dec Ave. 

Solar 

Radiation 

kWh/d/m2  

5.71 6.99 6.31 6.32 5.53 4.61 3.87 4.73 6.05 6.31 5.45 5.98 5.64 

Clearness 

index 

0.70 0.77 0.63 0.60 0.52 0.43 0.36 0.45 0.60 0.68 0.65 0.75 0.58 

 

Figure 3-4 and table 3-1 presented the monthly average solar source potential data for two years which 

was actually for 2011 & 2012. As it is visible in the figure February was the sunniest month. Generally, the 

figure depicts that solar source is abundant enough the whole year and a substantial amount of electricity 

could be generated using PV panels. Thus the considered site in this study has shown excellent solar 

energy sources to be exploited to generate electricity. The maximum solar insolation is for the month of 

February having daily radiation of 6.99kWh/m2/day, whereas the minimum is occurred in the month of 

July with radiation of 3.87kWh/m2/day. An average of 5.64kWh/m2/day was obtained as indicated in 

table 3-1. This value is almost the same and comparable with the average solar potential in the country in 

general. It also depicts the clearness index of the site obtained after simulation. The clearness index tells 

about the clearness of the sky from cloudiness, meaning the transmission of the radiation directly from 

sky to earth's surface. The clearness index value is dimensionless and varies from 0 to 1 representing the 

cloudiest and sunniest months respectively. Here in this study the clearness value varies from 0.358 in July 

to 0.771 in February. 



18 
 

 

Figure 3-4:  Monthly Solar Radiation Sources and Clearness Index  

 

Figure 3-5: Diurnal Variation of Global Horizontal Solar Radiation Source  

Figure 3-5 shows the diurnal variation of global horizontal solar radiation, which the software was 

generated after feeding the raw baseline climatic data.  

 

Figure 3-6: Data Map of daily solar energy resource pattern 

Figure 3-6 depicts the data map of the diurnal solar radiation which was formulated by HOMER from the 

raw measured solar data and as can be noticed the highest solar radiation occurred approximately from 
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9:00 to 16:00 hours. The daily variation of solar radiation is clearly seen starting from middle of May till 

August. Normally from middle of June till end of August is summer season which means it is rainy time. 

3.7 Solar PV Modeling 

PV panels can be modeled using different approaches. The PV panel has two distinct parameters provided 

by the manufacturers such as short circuit current and open circuit voltage, commonly used to 

characterize PV cells. I-V curve of the panel should be accounted for when considering to model PV 

systems. I-V characteristics curve has three main factors to consider, like short-circuit current, the open- 

circuit voltage and the maximum power point.  

3.7.1 Equivalent Electrical Circuit of PV Cell 

The electrical circuit of typical PV cell characteristics is depicted in figure 3-7. In the V-I characteristics 

curve it is shown that solar generated current, diode current, the shunt resistance and shunt-leakage 

current are connected in-parallel furthermore in series thru internal resistance developed in the circuit 

during the operation of the system.  

 

Figure 3-7: Equivalent Circuit of Solar PV Cell [38] 

The different parameters of the photovoltaic cell indicated in the equivalent circuit are expressed by the 

following mathematical expressions [38].  

              (    ) 
where: 

I:  PV output current [A] 

ІL:  solar generated current [A] 

ІD: Diode current [A] 

Іsh: Shunt-leakage current [A] 

The yield efficiency of PV panel can be greatly reduced by a small change of the internal resistance 

developed in the cell however there is no change of output voltage for any change of the shunt resistance 

[38]. Other mathematical expressions can be applied to determine the output current of the cell as 

follows.  

       [ 
     
     ]  

   

   
       (    )  

In actual operating times the last term which represents the shunt current is so small compared to the 

solar produced and diode currents, thus it can omitted [27, 38]. Temperature variations of the cell are 

considered uniform in this kind of model [39]. The open circuit voltage and the diode current are being 

determined as follows respectively. 

            (    ) 
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     [ 
   
    ]  (    ) 

Where:  

Io: Reveres saturation current of diode [A] 

Q: Electron charge [C] 

K: Boltzmann's constant [J/k] 

VD: Voltage of the diode [V] 

T: Cell junction point temperature [ k] 

VOC: Cell open circuit voltage [V] 

Similarly the short circuit current of the cell can be determined by setting the open circuit voltage as zero 

accordingly the short circuit and solar generated currents remained with the same magnitude. The diode 

saturation current (Io) is constant at constant temperature [38] and its mathematical determination is 

expressed as follows. 

    
   

        
          (    ) 

If the short circuit current of the module is known from the data sheet of the cell therefore at any solar 

irradiance, the cell current is given as follows. 

    (
 

  
)        (    ) 

Where:  

Isc: Short circuit current [A] 

G: Solar irradiance [W/m2] 

Isc,Go: Short circuit current at standard test condition [A] 

Go: Solar irradiance at standard test condition [1000W/m2] 

The open circuit voltage can be determined by setting the output current to zero. 

     
   

 
   (

  

  
  ) (    ) 

The quality of PV cell is measured by the parameter called fill factor. This shows that an efficient PV will 

have higher values of short circuit current, open circuit voltage, and filling factor. Any solar PVs fill factor 

depends on the design and technology of the panel. Whichever parameter or damage that influences the 

fill factor also disturbs the yield power by reducing maximum current or maximum voltage or both at the 

same time. The output power of PV can be calculated using equation 3.23 given in [36]. 

            (    ) 

   
       

   
   (    ) 

where: 

Vmp: PV maximum potential voltage [V] 

Іmp: PV panels maximum current [V] 

Ρmp: PV panels maximum power [V] 

FF: Fill factor  

Furthermore, the output power of the PV can also be determined by considering the effect of solar 

irradiation and environmental temperature at the site of interest. As the expression given in [40] the 

mathematical expressions for the maximum current and maximum voltage given in equation 3.23 can be 

determined as follows. 

                 (         )       (    ) 
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                   (         )      (    ) 
where: 

Vmp.ref: Potential voltage at standard condition [V] 

ΡV,OC: Open circuit temperature coefficient [Vov/k] 

Іmp,ref: PV panels maximum current at standard conditions [A] 

ІSC,ref: PV panels short circuit current at standard condition [A] 

ΤC: Cell operational temperature [k] 

ΤC,ref: Cell temperature at standard conditions [k] 

A typical PV module with I-V and P-V characteristics curve is shown in figure3-6. 

 

Figure 3-8: Variation of I-V Characteristic Curve of PV Cell with Categories of Different Losses [41] 

Referring into figure 3-8 in the right graph, the series losses & shunt losses, and mismatch losses are 

resulted due to uniform soiling and non-uniform shadings of the solar PV system respectively. 

3.7.2 Mathematical modeling 

The mathematical modeling depicts a different approach for the design of a PV array. The performance of 

solar PV is needed to produce power in an efficient way as much as possible, thus the mathematical model 

described below is used to determine the optimal power generation characteristics. Having the inputs such 

as, incident solar radiation data, the local area ambient temperature data, and PV module data supplied by 

the manufacturers, the PV power output can be determined by the following equations [42, 43]. 

           (    ) 

Where: 

Ρpv: Solar PV power output [W] 

η: Generator efficiency [%] 

Αm: Area of single module (m2) 

G: Global radiation (W/m2) 

N:  number of modules assembled in the system 

The solar photovoltaic generator efficiency is represented by the following equation. 

          [    (     )]   (    ) 

Where: 

ηr: Reference efficiency [%] 

ηpt: tracking system efficiency [%] 

Τc: PV cell temperature [k]  

Τr: PV cell reference temperature [k] 

βt: Temperature coefficient efficiency ranging from                  for silicon cells. 



22 
 

        (
  

  
)  (    ) 

 

                       (α.τ/  ) 
       

   
                            (    ) 

 

Where:  

Τa: Site ambient temperature [k] 

Ul: Overall heat loss (W/m2) 

τ and α: photovoltaic transmittance and absorpitance coefficients respectively 

ηpt, βt, NOCT, Αm: Are parameters that depend on module type and this are obtained from solar 

module manufacturers. 
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4 Chapter Four: Wind Energy Converters Basics 

4.1 Wind Energy Converters and Regulation Mechanisms 

A physical configuration which produces uneven force on the wind flow stream tends to rotate, oscillate 

and power could be harnessed from the wind flow. Wind turbines are machines that produce electricity by 

using power from wind to drive an electrical generator. The wind energy conversion machines extract the 

wind kinetic energy from the swept area of the turbine blades making pressure differences across the blade 

and initiate the electrical generator to generate electricity. The wind turbine includes components like; 

tower, rotor, nacelle, and the turbine rotor control structure or yawing mechanism. The tower is the 

building block of the wind turbine which supports the gear box and electric generator which are held in 

the nacelle. The yawing mechanism is an important component of wind turbines which is used to direct 

the turbine rotor to the wind flow direction in order to extract kinetic energy of the wind. The torque 

developed by the wind turbine transforms to the gear box accordingly to the electrical generator. The 

electrical generator produces electricity from the transformed mechanical energy. In figure 4-1 is the 

general architectures of the two well-known wind turbine types. 

 

Figure 4-1: Architecture of Typical Wind Energy Converter [44] 

Wind turbines start to generate power when the wind speed flow passes the minimum wind speed (cut-in 

speed). The wind turbine power increases with the wind speed until it reaches the rated speed where it 

produces maximum power. The turbine does not produce power beyond the cut-off wind speed due to 

assembly of safety mechanisms that could stop turbine from producing power. There are two over speed 

or power control mechanisms needed to protect both load and turbine during high wind speed periods. 

 Pitch regulation: It has an electronic control system or active control mechanism which reduces the 

aerodynamic efficiency of the wind turbine. The principle how it works is that, the blades are to be turned 

along their axis of rotation with the help of pitch control mechanism as wind speed tries to cross rated 

speed. When wind velocity is greater than the rated wind speed the regulation mechanism automatically 

changes the blade pitch. The modification in the angle of attack would reduce the capability of the rotor. 

To avoid the operation of wind turbine blades out of the feasible range, the controlling mechanism should 
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respond faster with wind speed variation. Pitch regulated turbines convert the wind speed more efficiently 

when wind flows in moderate range as blades set to its appropriate angle of attack. Referring in to figure 

4-2 the power output of the turbine is increasing until the rated wind speed but beyond that it remains 

constant power.  

Stall regulation: In this power control mechanism the profile of the blade is designed to be aerodynamically 

adjusted along its longitudinal axis in order to increase the angle of attack and has no active control. The 

increment of the angle of attack causes air to stick on the upper side of the blade and these results in 

turbulence, thus this effect stops the lift force on the blades, leading to blade stall. Generally, the power 

output is controlled by the special design of the rotor blades to ensure that as the wind speed gets higher it 

produces turbulence on the side of the turbine blades as a result the aerodynamic efficiency of the turbine 

decreases. The power production, rotational speed, aerodynamic torque decreases with the raise of wind 

speed as illustrated in the above figure 4-2.  

 

 

Figure 4-2: Wind Turbine Power Control Mechanisms [45] 

4.1.1 Classification of Wind Turbines 

Wind turbine technologies can be categorized as turbines that depend on aerodynamic drag and lift forces. 

Wind machines that use aerodynamic lift force can also be grouped based on the arrangement of the axis 

of rotation, into horizontal axis and vertical axis machines (Darrieus turbines). Horizontal axis wind 

turbines are machines having axis of rotation parallel to the wind flow stream. The horizontal axis wind 

turbines consists the tower structure and the nacelle which contains the electrical generator, the gearbox 

and the rotor. In small wind turbines the nacelle and rotor directed to the wind direction with the aid of 

tail vane; whereas, on large wind turbines the nacelle and rotor directed electrically into or out-of the wind 

with the help of signal from the yaw [46]. These types of machines have low cut-in speed and they 

relatively have higher power coefficient. Horizontal axis wind turbines are categorized based on the 

application of the wind turbine; single bladed, double bladed, three bladed and multi bladed. Figure 4-3 

shows the classification of wind turbines in different aspects. 
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Figure 4-3: Block diagram Showing Classification of Wind Turbines 

The most popular ones for electricity generation are the horizontal axis turbines with three blades [47]. 

This is because its low cut-in wind speed, high power coefficient, easy curling and its stability. Turbines 

with even number of blades have stability problems because when the uppermost blade twists back, the 

lowermost one passes into the wind shade at the front of tower. Wind turbines with more than 20 blades 

are applied for water pumping purposes and are not applicable for electricity generation due to higher 

aerodynamic losses. The tip speed ratio and the number of wind turbine blades have an indirect relation. It 

is the ratio of the blade tip speed to the wind speed, which can be expressed mathematically in [48]. 

  
  

 
      (   ) 

where: 

λ: Tip speed ratio 

ω: The frequency of distribution  

R: Rotor radius [m] 

V: wind speed [m/s] 

The higher number of blades the lower tip speed ratio with high starting torque. Wind turbines with two 

or three blades owe high tip speed ratio. Horizontal axis wind turbines rotor can be placed upwind of 

tower and downwind of tower direction. The lift force is the driving component of the horizontal axis 

wind turbine machine. Vertical axis wind turbines are machines having axis of rotation perpendicular to 

the wind flow. Darrieus turbine is vertical axis type that functions independent of the wind flow direction. 

This type of machine receives wind power from any direction, meaning they do not need any yaw 

mechanism to adjust every time to the wind flow direction. They also do not have pitch regulation, the 

generator is placed at ground level which makes the structure simple and less costly but the huge problem 

with such type of machine, and it is not self-starter it needs some mechanism to rotate. Vertical axis wind 

turbines can be divided in to two main groups: those that use aerodynamic drag to harness power from 

the wind (cup anemometer) and those that use lift force. We can further sub divide vertical axis wind 

turbines based on airfoils into straight blades and those with curved blades [49]. 

4.2 The Physics of Wind Energy   

The power from the sun that comes to the earth's atmosphere reaches around 1.7*1014 kW [49]. This is 

the amount of radiation that heats the atmosphere air and the intensity of heating gets higher at the 

equator. The pressure gradient difference from the uneven heating of the earth’s atmosphere (between the 



26 
 

poles and equator) results in wind generation. Variation of wind velocity and direction above the ground 

level is necessary for energy conversion. A Wind turbine gets its power input from the wind flow that 

causes to develop a turning force of the rotor. Wind energy can be extracted from the wind using 

aerodynamic forces like lift & drag forces. 

Lift force: It acts perpendicular to the wind flow direction and it is formulated due to unequal distribution 

of pressure across the surface of the blade profile. Lift driven devices have to be designed and are more 

efficient than drag driven devices. Turbine blades produces pressure difference in the top and bottom 

surfaces of the blade which resulted into lift force accordingly the kinetic energy of the wind is extracted. 

Figure 4-4 B1 represents the lift force based wind turbine.  

Drag force: It acts parallel to the direction of wind flow. Savonius rotor is one of the wind turbine types that 

used drag force to rotate the turbine rotor and thus to generate power. It is simple to manufacture at any 

simple workshops. Referring into figure 4-4 B2 shows the savonius type turbine, where the drag force is 

higher in the convex or open shape of the cylinder than the concave surface.  

As stated in [38, 46, 47, 49, 51] the theoretical power available in the wind can be expressed 

mathematically as follows.  

               
 

 
            (   ) 

where:  

P: Power available in the wind [W] 

V:  Wind speed [m/s] 

A: Rotor swept area   [m2] 

ρ: Air density [kg/m3] 

 

Figure 4-4: Lift & Drag based Wind Turbines Blade Profile [50] 

This theoretical power that is available in the wind could not be realized at all due to the decrease of 

kinetic energy of the wind which would not be dropped to zero level. The amount of energy from the 

wind that results in torque development of the turbine depends on the following three parameters [49, 51, 

52]. 

Rotor swept area: It is the area created when the turbine blades are rotating. It is determined by the turbine 

blade length; moreover, it increases with the increase of blade length. As rotor diameter gets higher the 

lager the power output of the turbine. The rotor swept area is expressed mathematically. 

  
   

 
       (   ) 

where: 

Α: The rotor area [m2] 

D: The rotor diameter [ ] 
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The vertical axis wind turbine rotor swept area can be approximated as is given in [52].  

   
 

 
          (   ) 

where: 

wr: Rotor width [m] 

hr: Rotor height [m] 

Air density: The heavier the air, more energy harnessed by the turbine. Density is mass per volume and 

kinetic energy is a function of the two air flow parameters. It also affects by the variation of air 

temperature and pressure of the location.  

  
 

  
       (   ) 

where: 

  : Air flow density [kg/m3] 

Ρ: Air pressure [pascal] 

R: Gas constant [287 J/kg˚k] 

Τ: Absolute temperature of air [ k] 

But the air temperature as well as humidity of air is not controllable factors at all. The air density 

magnitude at sea level is 1.25kg/m3. Having this as a reference, air density is corrected for site specific and 

of course the pressure and temperature varies with altitude. So the combined effect of these parameters is 

expressed by the following formula; and applicable up to 6000m of elevation above sea level [38]. 

             
         (   ) 

 where: 

Hm: Site elevation [m] 

ρo: Air density at sea level [kg/m3] 

Wind speed: It is the most critical variable than the two parameters described above in determining the 

output power of the wind energy conversion machine. The figure 4-5 demonstrates how the wind flow 

varies before and after it hits the turbine rotor. The wind speed drops as it appeals the turbine, whereas 

the wind pressure increases in the upstream of the turbine and gets dropped below atmospheric pressure 

after the turbine. The increase in pressure at the rotor surface is due to the part of kinetic energy of the 

wind is changed into potential energy. 

 

Figure 4-5: Air Flow Across the Wind Rotor [53] 

The potential of power density or specific power for a specific site is expressed in terms of air density and 

wind speed as follows [38, 46, 47, 49, 51, 52, 53]. 

 

 
 
 

 
         (   ) 
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where:  

P/A: Power density [W/m2] 

The power density expressed in equation 4.7, is the power in the upstream of the wind turbine rotor. 

However, the power extracted by the rotor blade is less than the calculated one using the equation above. 

Betz equation suggested that the wind turbine rotor cannot extract all of the wind energy provided and it 

deals with the wind speeds of V1 & V3 in the upstream and downstream of the turbine rotor respectively. 

Referring into figure 4-5 the wind flow decreases at the face of the rotor and the mechanical power 

obtained can be expressed mathematically as below. 

   
 

 
  (  

    
 )      (   ) 

where: 

Po: Mechanical power extracted by the wind turbine machine [W] 

V1: Wind flow speed in the upside of rotor [m/s] 

V3: Wind flow speed in the downside of rotor [m/s] 

ma: The mass flow rate of air [kg/s] 

The mass flow rate of air can be determined by using equation 4.9 considering both wind speeds in the 

upper stream and downstream of the rotor. 
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)     (   ) 

The power extracted by the wind turbine is given as in equation 4.10. 
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 (     )    (    ) 

The maximum power of wind turbines is extracted when the wind speed at the surface of the rotor is 

given as in equation 4.11. 
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This shows that wind speed down of the wind turbine is:  

   
 

 
         (    ) 

where: 

V1: The wind speed at the face of the wind turbine rotor 

V3: Wind speed in the downstream after power extraction by the wind turbine rotor 

V2: Wind speed in the upstream before power is extracted by the wind turbine machine 

Performance coefficient is the measure of the wind turbine efficiency in producing energy from the wind 

stream, however the Betz limit equation concerns with the two wind speeds as stated above. The fraction 

of wind power extracted by the wind rotor or it is also called efficiency of the rotor is given as follows: 
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where: 

 Cp: Performance coefficient or wind flow condition 

The rotor efficiency has a theoretical maximum value of 0.593, as depicted in figure 4-6 and it is called the 

Betz limit. In real cases due to lose the maximum value of    is 0.4 and 0.5 for two blade rotor and 

between 0.2 and 0.4 for more blade as well as low speed turbines [26].  
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Figure 4-6: Power Coefficient Versus Tip Speed Ratio for Various Wind Turbines [49] 

Figure 4-6 display the performance of different wind turbines, and thus the savonius or drag type wind 

turbine has shown poor performance than the others. Darrieus and horizontal axis wind turbines exhibit 

similar maximum power coefficient but the HAWT operate at higher tip speed ratios (low wind speed or 

faster rotational speeds). Referring into equation 4.14, wind turbines power output is highly affected by 

wind speed, moreover it can also affected by the rotor area, the rotor efficiency and wind flow condition. 

Due to mechanical or transmission and generator losses, power generated by the electrical generator is less 

than the power extracted by the turbine blades. Mechanical power available for the load machine is 

obtained by the multiplying with the efficiency of the drive train (gearbox).  
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Electrical power of the wind turbine is expressed mathematically as [54]. 

    
 

 
             (    ) 

Where: 

 Ρel: wind turbine electrical power [kW] 

Ρm: wind turbine mechanical power [kW] 

 ηm: The mechanical (gear box) [%] 

ηg: Electrical generator efficiencies [%] 

 

Figure 4-7: Characteristic Curve of Typical Wind Turbine [50] 

Figure 4-7 is the general characteristic curve of a wind turbine, which exhibits wind turbine power output 

variation with wind speed. In the characteristics curve of any wind turbine there are three main wind 

speed parameters that should be given an attention. 
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Cut-in Wind Speed: Speed Turbines start to generate power at wind speeds between 3-5m/sec. This wind 

speed is called the cut-in wind speed. Wind machines will not produce any more power below this wind 

speed.   

Cut-off Wind Speed: It is the highest wind speed at which wind turbines not being produced power rather 

should stop to protect from damage. For most turbines the cut off speed is 25 m/s [55]. 

 Nominal or Rated Wind Speed: The wind speed at which the maximum power is derived. This wind speed is 

the most important one which determines the power curve. Beyond this wind speed higher power 

generation is possible with special control to the power output to reduce rotor blade stress. Power curves 

having lower rated speed produce more energy because it will produce more energy between cut-in and 

rated wind speed. For most turbines the rated wind speed is between 11.5 to 15 m/sec [47, 55]. 

Survival Speed: Any wind turbine machine will not able to with stand wind speed beyond the cut out wind 

speed. It is not actually part of the power curve, but important to specify the design wind speed of the 

turbine. The range of survival speed is between 50 to 60 m/sec [55]. 

4.3 Wind Shear 

Apart from the availability of wind speed for an extended period of time, its distribution is an important 

factor in wind potential determination. The ground friction in relation to wind speed decreases with height 

from ground. Wind shear is the wind speed variations with height above ground level, thus it is also called 

wind speed profile. As wind turbine height increase length from ground the wind speed also increase and 

hence, power production also rises. This shows that the force acting on the turbine blade when it is in the 

top position is large. It is described by two methods, such as power law profile and logarithm profile. The 

wind speed at any height above ground level can be expressed either in exponential function or 

logarithmic function forms [43, 55]. The power law profile is given in equation 4.17 below. 
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where: 

α: The power law exponent, which depends on the elevation, the time of the day, the season, the 

terrain, the wind speed and the temperature of the site. 

V2: Wind speed estimated at hub height h2 [m/s]  

V1: Wind speed at reference height h1 [m/s] 

h1: Reference height above ground level [m] 

h2: Hub height [m] 

Table 4-1:  The Power Law Exponent ( ) [38] 

Terrain Type Friction coefficient ( ) 

Lake, ocean, smooth hard ground 0.10 

Foot-high grass on level ground 0.15 

Tall crops and shrubs 0.20 

country with many trees 0.25 

Small town thru some trees and shrubs 0.30 

City with tall buildings 0.40 

Another method is the logarithmic function that is given below in equation 4.18. The logarithmic function 

adopts that the logarithmic height above ground surface is related to the wind speed.  
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where: 
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zo: Surface roughness length factor [m]; Surface roughness length describes the roughness of the 

surroundings terrain. 

ln(…): Natural logarithm 

In table 4-2 represents the different terrain surface roughness lengths 

Table 4-2: Surface Roughness Lengths [31] 

Terrain Description zo (m) 

Very smooth, ice or mud 0.00001 

Calm open sea 0.0002 

Blown sea 0.0005 

Snow surface 0.003 

Lawn grass 0.008 

Rough pasture 0.010 

Crops 0.05 

Few trees 0.10 

Many trees, few buildings 0.25 

Forest and woodlands 0.5 

Figure 4-8 depicts wind speed variation profile with surface roughness factor of 0.01, indicating that the 

area is rough pasture. Thus, the higher the tower the higher the wind speed would be recorded. It is 

actually drawn for the logarithmic function based on equation 4.18. 

 

Figure 4-8: Wind Speed Variation with Height Above Ground Surface [31] 

4.4 Autocorrelation 

Autocorrelation factor: Wind speed time series data show autocorrelation, which is defined as the degree of 

dependence at the previous values. Autocorrelation factor is a measure of the strength of wind speed at 

present time depends on the wind speed in the preceding time. This factor is dependent on topography 

features. Areas enclosed by uniform topography have values that vary from 0.9 to 0.97, while areas with 

complex topography have values range from 0.7 to 0.8 But then again it depends on weibull value. In this 

paper study the autocorrelation factor calculated by HOMER from the input data is 0.856.  

Diurnal Pattern Strength: It is a measure of how strong the wind speed depends on time of day. Wind speed 

is affected by the availability of solar radiation; most sites indicate some diurnal pattern in wind speed. The 

diurnal pattern strength calculated again is about 0.309. 

Hour of Peak Wind Speed: Hour of peak wind speed is the duration of the day in which wind speed is 

recorded higher or in short the windiest time of the day on average. In this paper the value of peak hour 

of 14 is obtained from HOMER after inputting the 10 minute wind speed data, anemometer high and 

altitude.  
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4.5 Wind Energy Potential of the Site 

The wind speed data used in this paper is a two year and recent data, which was measured since 2011 and 

2012. This data was recorded over 24:00 hours for the whole two years thru cup anemometer that is 

attached to data logger. It was measured at 30 meter and 10 meter height wind mast but the data used in 

this paper took only the 30 meter height measured data. Similar to the solar sources data the wind speed 

was also measured at the same area with the same data logger. The time interval of data measurement was 

10 minutes at both heights. The average of the two year wind speed data is the main parameter to input 

into HOMER to synthesis the average wind speed of Derra. The wind speed of the site during a year 

averaged in hourly basis is also determined from the measured data using the same software. The wind 

speed potential of the area is accessible in table 4-3 and figure 4-9. Although the monthly wind flow 

obtained in this study area may not use for electricity generation as standalone systems, thus it is practical 

to hybridize thru other renewable and non-renewable sources. Generally it shows the wind speed data is 

not that much satisfactory for large purpose power generation since these machines require large cut-in 

wind speeds. A yearly average wind speed of 4.407m/s was obtained for this site. 

Table 4-3: Average Monthly Wind Speed (2011 & 2012) 

Mont

h 

Jan Feb Mar Apr May Jun July Aug Sep Oct Nov Dec  Average 

Wind 

speed 

m/s 

3.36 4.51 4.1 4.14 4.89 5.25 4.91 5.32 4.9 4.71 3.25 3.54 4.407 

 

 

 

 

 

Figure 4-9: Wind Resources Data 

 

 Figure 4-10: Diurnal variation of wind speed for each month 

The 24-hour wind speed variation during the year is depicted above in figure 4-10. The lowest wind speed 

profile is indicated in the months of January, November and December; Whereas, May, June, July, August 
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and September are the windiest months. The daily wind speed in June, August and September is 

approximately around 7m/s.  

4.5.1 Weibull Distribution  

Beyond the strength of wind in a time period, the wind speed distribution is also a decisive factor in the 

wind potential determination. Weibull value is a measure of the annual distribution of wind speeds. 

Weibul distribution parameters help to attribute wind regimes. For two wind turbines installed at two 

different sites but having the same wind speed may result in different power outputs as a result of wind 

speed distribution. According to [31, 38, 49, 56] wind speed distribution at any site of interest is best 

described by the Weibull probability distribution function (PDF) or cumulative distribution function 

(CDF). The probability of the wind speed being V at any instant time is expressed as in equation 4.19. 
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where:   

h: probability distribution function 

k: shape factor, describing the dispersion of the wind speed.  

c:  scale parameter in [m/s] 

V: wind speed in [m/s] 

The lesser value of the shape factor represents large distribution of wind speed; whereas the larger value 

shows the minimum distribution of the wind speed value. The wind weibull distribution with k=2 is called 

Rayleigh distribution. The cumulative distribution function of wind speed is given by the following 

expression: 
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Based on the Rayleigh distribution, the PDF can be expressed mathematically as below. 
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The scale factor ( ) is given by equation 4.22 and this equation relates the weibul parameters and the 

average wind speed. 
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where: 

Г:  Gamma function  

Most wind sites have values of shape factor k varying from 1.5 to 3 and the scale parameter c from 5 to 10 

m/s [31, 38].   

The wind speed variation over a time period at a particular location is described by the Weibull 

distribution function (PDF) graph. Figure 4-11 generated by HOMER after inputting the wind source data 

shows the typical wind distribution graph accounted for the wind speed measured in the area under this 

study and the best-fit weibule distribution. Referring to the figure wind speed from 4 to 5.5 m/s frequency 

of happening is approximately about 50% of the time and the wind speed from 2.5 to 4m/s is occurred 

around 30% to 40% of the time. Thus this shows that around 60% of the wind energy could be 

exploitable.  



34 
 

 

Figure 4-11: HOMER Generated Probability Distribution Function of Derra Wind Speed 
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5 Chapter Five: Hybrid Power System and HOMER Tool 

Hybrid energy system is a configuration of two or more renewable and even non-renewable energy as 

main sources of energy generation so that the capacity shortage of power from one source will substitute 

by other available sources to cater sustainable power. It is appropriate means to provide electricity from 

locally available energy sources for areas where grid extension is capital intensive, geographically isolated 

places for which electricity transmission from centralized utility is difficult. Naturally gifted renewable 

sources can be harnessed to generate electricity in a sustainable way to provide power and make 

comfortable the living standard of people. There are different merits and drawbacks of using only 

renewable sources for electricity generation in rural villages, merits like fuel cost incline, fuel transport cost 

is high, issues of global warming and climate change in large. The drawbacks of using renewable sources 

as off-grid/standalone power systems, it has intermittence nature that makes difficult to regulate the 

power output to manage with the load sought. To make sure for the reliability and affordability of the 

supply, combining conventional diesel generator with nonconventional energy generators can solve the 

problem visible while operating individually. Some of the advantages combining the two sources of energy 

production are stated as follows [52]. 

 Diesel generator fuel usage and greenhouse gas reduction 

 Resourceful use of locally available resources  

 Deducts/avoids power shortfalls, increase sustainability power supply 

 It provides electricity access in short periods than waiting for grid extension and ease to scale-up 

at any time  

Hybrid standalone systems have power control flexibility and merits of environmental protection than 

diesel generator alone. Hybrid systems can expand its capacity when load demand is getting higher in the 

future, from renewable systems, diesel generator rated power or both of them. Some of the components 

produce DC power and others AC power directly with no use of converter. Figure 5-1 below describes 

the hybrid power system components considered in this paper. 

 

Figure 5-1: Hybrid System Configuration 

5.1 Classification of Hybrid Configuration 

Hybrid power systems can be designed based on the following technical topologies to harness the 

available renewable sources and to meet the required load. This can be configured in different ways with 

the voltage and the load demand as the determinant factors. According to [52, 57, 58, 59, 60] any power 

system configurations are grouped in the following forms. 

5.1.1 AC/DC-Coupled Configuration Systems 

Hybrid power systems can be categorized into four common configurations according to the voltage and 

the load demand they are coupled with.  
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5.1.1.1 AC-Coupled Hybrid Power Systems 

In such topology all the energy generating components or units and the energy storage technologies are 

connected to the AC bus in line with the load or directly to the load (in the case of decentralized 

configuration). This type of power system setup could also subdivide into centralized and decentralized 

configuration systems. 

Centralized AC-coupled hybrid system: All the components are connected to the AC line. AC Electricity 

generating components could connect directly to AC line or may require AC/AC converter to get stable 

component coupling topology. The master inverter helps to control the energy flow to the battery and out 

of the battery to the load. Furthermore DC electricity can be provided from battery if needed. Figure 5-2 

depicts centralized AC coupled hybrid system configuration. 

 

Figure 5-2: Centralized AC-Coupled Hybrid Power System [57, 59, 60] 

Advantages in contrast with decentralized system 

The centralized system has capability of increasing battery life due to the presence of central control 

system for the overcharging & deep discharging.  It is also compatible with utility grids and enables to 

export excess electricity during minimum load demand times; moreover battery bank could simply charge 

from wind and solar PV. Parallel operation of the components allows for further expansion of the system 

with safe reliability 

Decentralized AC-coupled hybrid system: In this type of architecture all the technologies are not connected to 

any of the bus, rather they individually connect to the load directly. Figure 5-3 exhibits the combination of 

the system topology, as it is visible from the figure energy sources may not be situated in one location or 

close to one another and they can connect to the load from anywhere the renewable resources is available. 

The merit of such configuration is that the power generating components can install from the location 

where renewable resource is available. But it has a disadvantage due to the difficulty of power control of 

the system. Thus, comparing the two configurations the centralized system is better due to its 

controllability than the distributed system [52]. 
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Figure 5-3: Distributed AC Hybrid Power System [52, 65] 

5.1.1.2  DC-Coupled Configuration 

In the direct current combination all the energy conversion systems are connected to the main DC bus 

before connected to the AC load side. All AC power sources are converted into DC power sources then 

connected to the AC load consumer using a relevant converter. Such combinations are used in solar PV 

home systems up to a certain size of kW [57]. Home system energy providers can be supported with 

inverters to provide AC load as needed. Single home system power suppliers are combined with other 

generating units/systems when large amount of energy is sought. The added energy generating unnits are 

normally wind energy and diesel generator as depicted below. Referring to figure 5-4 all power sources are 

employed to the DC bus, then to the consumer. The merit of DC-coupled topology is that the demand is 

met with no cut offs. Despite the advantage of this, it has disadvantages of low conversion efficiency, no 

power control of diesel generator. Wind turbine and diesel generator produces AC voltage and needs 

AC/DC converter to supply appropriate load to the DC bus. Charge controller is also employed to 

protect the deep discharge and over charge of the battery. If required AC load can be supplied using 

inverter. 

 

Figure 5-4: DC-Coupled Hybrid Power System [57, 59, 60]  
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5.1.2 Series/Parallel Hybrid Power System 

Hybrid power systems are also classified into two basic configurations based on how load is provided 

from renewable energy conversion systems and diesel generator [52, 65]. Series hybrid and parallel hybrid 

power systems are the two configurations and their detail discussions is given as follows. 

5.1.2.1  Series Hybrid Power Systems 

The power generated from all the energy generating components is supplied to charge the battery bank 

before sending to the individuals load demand. Each of the power generating components is engaged with 

power converter. Charge controller is used to prevent the overcharging and under-discharging of the 

battery. In figure 5-5, series hybrid system is shown and all the power generating units and storage system 

are connected to DC-bus. Furthermore it can also be named as centralized DC-bus topology. The AC 

power producing components has to be attached to the DC line using rectifier. Such hybrid schemes has 

simplicity in implementation, however there are weaknesses while using this configuration. Since all 

produced power is stored in battery bank, it has system efficiency declination; battery lifetime shortening 

due to continues cycle of charging and discharging. Another drawback is the difficulty of diesel generator 

power control as the primary means is to charge the battery; it requires many batteries to store power. 

Furthermore most of currently available power systems function at 24V and 120V, so in this case it is 

difficult to use existing standard components and needs to be engineered for particular use, and this raises 

cost of system. 

 

Figure 5-5: Series Hybrid Power System [52, 65]  

5.1.2.2 Parallel Hybrid Power Systems 

In the case of Parallel hybrid systems configuration, the AC producing power components like wind 

turbine and diesel generator can provide part of the load directly to consumers. It has somehow complex 

design, but it has advantage as compared with series arrangement, optimal power generation can be met, 

maximized diesel efficiency, possible decrease in capacity of fuel and battery. The DC-coupling 

configuration depicted in figure 5-6 (a) uses bi-directional inverter which can act as inverter for diesel 

generator and rectifier for battery charging, this is in a sense that renewable energy generating units are 

connected to DC bus then supply AC load through the bi-directional inverter. The AC-coupled and DC-

coupled configurations are the two sub-configurations of the parallel hybrid power system. The AC power 

from wind turbine should be converted to DC through AC/DC converters before sending to the battery 

bank. The DC coupled hybrid power system can be improved via linking the renewable generators to the 
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AC bus to form an AC coupling configuration as indicated in figure 5-6 (b). The power from the Genset 

and renewable energy can be provided in parallel to the consumers.  Bidirectional inverter is used for the 

sake of either the battery can be charged or supply the load depending upon the load and the status of 

energy sources. In addition, the DC power from solar PV system and battery must be changed to AC 

before served into the AC bus. Such configuration is also named as centralized AC-bus topology in the 

sense of all energy generators are employed at the AC-bus then supplied to the load demand.  

 

Figure 5-6: Parallel Hybrid System [52, 65] 

Since parallel topology has due merits of controllability of the system, thus, the hybrid system considered 

in this paper is DC-coupled parallel hybrid (mixed coupling) system. 

5.2 Auxiliary Components of the Hybrid System 

5.2.1 Backup Diesel Generator 

Backup generator is part of the hybrid system contemplated in this thesis. A power generator is a machine 

used to generate electricity by changing/transforming the kinetic energy of motion of the combustion 

engines into electricity using different energy sources. Combustion engines are the simplest means of 

electricity generators with the use of oil due to their low initial capital investment. Backup generator is 

used to optimize renewable power output, to improve frequent shortfall of energy when power 

interruption is happened from renewable sources and the battery is unable to provide the required energy. 

The running cost of generators is high as compared to the running cost of renewable sources. When 

considered the incorporation of combustion engine into the hybrid system, the fuel availability and engine 

efficiency are the significant factors to consider. Backup generators allow designing power systems with 

minimum or without storage batteries. Based on the explanation given in [61] generator operates 

efficiently at full load, and thus it’s better to run only after the energy storage (batteries) have fallen 20% 

of their full charge. DC generators and AC generators are the two basic types of generators. Referring into 

[62] AC machines also categorized as asynchronous and synchronous generators/motors.  

Synchronous generators: They are machines that convert mechanical power into AC electricity. They provide 

precise control of voltage, frequency. Runs at synchronous speed, moreover, provide the alternating 

current needed. They provide the electric energy required by the society. It can be used for both grid and 

off the grid power providing systems [52]. Synchronous generator drives through a constant speed engine 
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that corresponds to the required generator output voltage frequency. Here below is described the 

mathematical expressions for the generator fuel curve and efficiency curves. 

Fuel curve: It shows the fuel quantity the generator consumes to generate electricity. The mathematical 

expression below is to give the generators fuel consumption in units per hour [31]. 

                                                                                                    (   ) 

where:  

Fo: The fuel curve intercept coefficient   [units/hr/kW] 

Ygen: Fuel curve slope [units/hr/kW] 

F1: Rated capacity in [kW] 

Ρgen: Electric output in [kW] 

Efficiency curve: the efficiency is the ratio of the electrical energy generated to the chemical energy of the fuel 

consumed by the generator [31]. 
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where: 

ηgen: Generator efficiency  

mfuel: The mass flow rate of fuel [kg/hr] 

LHVfuel: The lower heating value [MJ/kg] 

Ρgen: The electrical output [kW] 

1 kWh = 3.6 MJ 

The fuel consumption and the mass flow rate relate as follows, however the relation depends on fuel 

units. When the fuel unit is in kg, then mass flow rate is equal to consumption. 

 ̇                                                                                        (   )                      

When liter is the unit of the fuel, the mass flow rate and fuel consumption relation depends on density. 

Thus the equation for mass flow is given as below. 

 ̇          (
 

    
)       

(               )

    
                                              (   )               

Where:   

ρfuel: Fuel density     [kg/m3] 

When m3 the unit of fuel flow, the factor 1000 is omitted from the above equation, so the mass flow 

equation is now expressed as follows. 

 ̇                  (               )                                                  (   )        

The efficiency equation when the unit of fuel flow is in liters is given in below. 

     
         

     (               )        
                                                                 (   )    

5.2.2 Converters  

The power conditioning units are electronic devices and grouped into DC-DC/AC, AC/DC. The 

DC/DC converters are electronic devices used to change DC voltage or current in to needed voltage and 

frequency outputs. This type of converter is required since DC voltage cannot easily be stepped-up or 

down with transformers. The DC/AC converter uses to switch the DC voltage or current produced by 

the hybrid system to the AC type voltage output. This type of power converter is called power inverter. 

The AC/DC power converter functions as an inverse of the inverter and it is called rectifier. It converts 

the AC input voltage to rectified direct current output voltage. In this paper bi-directional DC/AC or 
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AC/DC converter type was considered as part of the hybrid system component. The incorporation of the 

bi-directional converter is used to switch the DC voltage that comes from battery & PV, moreover to 

change the AC voltage from the wind or diesel generator into direct current when it is needed to charge 

the battery. In order to determine the size of an inverter, the determination of all the demanding loads 

from all consumers which are likely to function at the same time is an important step, however in this 

paper case since power is provided from both diesel generator and wind turbine directly to the consumers 

so inverter size can be smaller than the load to be supplied at one time. The rectifier and the inverter are 

the two main power electronics components of the solar PV and wind power systems. Direct current 

electricity generated from PV and wind is converted in to AC electricity by using an inverter, and hence, 

this electricity is the one connected to individual household’s appliances.  

Converter Modeling: 

The proposed configurations of this paper, converter functions as the rectifier and inverter. The electric 

load demand supplied to the households is AC type load. All of the mathematical models described below 

are stated in [10].The inverter mathematical model for the PV and battery bank is depicted below. 

       ( )      ( )                                                                         (   )         

        ( )  [
    (   )       ( )

          
]                                                               (   )         

Where: 

EPVG-IN(t): Energy output from inverter [kWh] 

EPVG(t): Energy output from PV generator [kWh] 

ηINV: Inverter efficiency 

EBAT-INV(t):  Energy output from battery [kWh] 

ELOAD(t): Energy consumed by the load side [kWh] 

ηDCHG: Battery discharging efficiency 

EBAT(t-1): Energy stored in battery at t-1 [kWh] 

The rectifier helps to convert the extra AC power from the wind generator and diesel generator to DC to 

charge the battery.  

        ( )         ( )                                                                        (   )         

       ( )         ( )                                                                                     (    )     

At any time period the AC surplus energy is given in equation 5.11. 

           ( )      ( )      ( )       ( )                                             (    )        

where: 

   EREC-OUT(t): Energy output per hour from rectifier [kWh] 

ηREC: Rectifier efficiency    

EREC-IN(t): Energy input per hour to rectifier [kWh] 

ESUR-AC(t): Excess energy from AC sources [kWh] 

EWEG(t): Energy generated per hour by wind generator [kWh] 

EDEG(t): Energy generated per hour by diesel generator [kWh] 

Eload(t): Hourly energy consumed by the load side [kWh] 

5.2.3 Energy Storage Types and Selection Criteria's 

To keep the demand and supply energy balance stable, as much as possible energy storage mechanism has 

to be introduced to the hybrid system. This method enables the excess produced energy from renewable 

sources to store for later uses. Most of the time such cases happened during the day time when solar 

radiation and wind flow is high and load is low; and also it provides excess energy to the demanding loads 
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to cover for the deficit of supply, which is during the night times or cloudy sky and low wind flow times. 

Energy can be deposited using methods of chemicals (batteries or hydrogen), as potential energy (pumped 

hydro or compressed air), as electrical energy (capacitors) or as mechanical energy (flywheels). The 

fundamental characteristics applied to define a storage technology for most energy systems include the 

following [39]. 

Energy storage capacity [kWh or Ah]: It is the amount of energy that can be stored. The useful energy capacity 

of a battery will often be smaller than the rated capacity due to different reasons. If power is pulled out 

quickly its capacity will be less however if power is drawn slowly its capacity will get greater.  

Charge and discharge rates [kW or A]: It is a measures of power at which energy is added or removed to/from 

energy storage systems. For many technologies the rate of charging and discharging varies; in practice, 

they will change with how much energy is in storage and how long power has been continuously removed 

or added to storage system. The rate of charging is lower than the rate of discharging for most 

technologies.  

Lifetime [cycles, years, kWh]: Energy storage technologies lifetime is measured according to how much they 

are charged and discharged in cycles, while others measured due to time passing in years, however others 

have lifetimes restricted by total energy throughput in kWh or Ah.  

Round-trip efficiency: Energy storage mechanisms require more energy to make full/charge than to be drawn 

energy/discharged, thus this loss of energy is called round-trip efficiency. It is expressed by the ratio of 

discharged energy to the charged /input energy into the storage. A less efficient storage system requires 

more electricity to store the same amount of electricity supplied than a more efficient storage system. It 

largely affects the cost of storage. 

Energy density [Wh/kg and Wh/m3]: It indicates how much amount of energy per unit weight or volume can 

be stored; whereas Power density [W/kg] is the amount of energy released from the storage system per 

unit of kg. 

 

Table 5-1: Advantages and Disadvantages of the Different Energy Storage Technologies [39] 

Energy Storage 

Types 

     Advantages                       Constraints 

Lead-acid batteries Market availability  , moderate 

costs, high performance over cost 

ratio 

                     Limited lifetime 

Li-Ion batteries compacted  size less experienced with use in electric 

grids 

Na-S batteries high round-trip efficiency only for larger electricity systems, 

corrosive  

Flywheels Modular, low maintenance Expensive 

Pumped Hydro Technically proven, low costs Very large scale 

CAES Moderate costs Very large scale, uses natural gas 

Hydrogen compatible with fuel cells Low round-trip efficiency, expensive 

Flow batteries Can be fully discharged Still under development, higher costs 

5.2.3.1 Battery Bank 

From the energy storage devices listed in table 5-1, the selected and most common one is lead-acid battery 

which is applicable for standalone systems due to its moderate cost, maturity, high performance over cost 

ratio. It is available in different capacities like 6V, 12V and 24V terminal voltages. A battery life is affected 

with how much of their energy storage capacity is consumed at a time known as depth of discharge. 

During unfavorable climatic conditions, the demand has to meet by the batteries; moreover, if the battery 

is discharging deeper, the diesel generator caters the energy demand, and at the same time charges the 

battery if the power controls mechanism could be cycle charging. Deep cycle batteries can discharge from 
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15-20% of their capacity, which means that it shows a discharge of 85-80% [31, 39, 52]. Some of the 

Factors that affect the sizing of battery system are the following. 

 Daily energy demand 

 Days of autonomy 

 Maximum depth of discharge 

 Temperature correction  

 Rated battery capacity and battery life 

To use part of the total stored energy of the battery it should be sized large enough and this is determined 

using the DOD. Energy generated from renewable energy conversion technologies has energy outages 

when there is no sun or wind blow, to avoid such shortfalls a battery bank should maintain days or hours 

of autonomy. It is described mathematically by the following formulas [42, 43].  

Total capacity of the battery capable to supply the full load demand can be determined using the following 

mathematical expression. 

   
    

  (   )         
   (    ) 

Where: 

CB: Capacity of battery [Ah] 

EL: The electrical load [Wh] 

SD: Battery autonomy [days] 

VB: Storage battery voltage [V] 

(DOD)max: Maximum depth of discharge of battery  
Tcf: Temperature correction factor 

ηB: efficiency of battery [%] 

The state of charge of the battery depends on energy production by the solar photovoltaic, wind speed, 

and the required load, thus the state of charge can be determined using the equation below.  

Battery charging state: During the charging, as the PV and wind generator output is larger than demand, the 

battery capacity at time t is given below in equation 5.13. 

   ( )     (   )(   )  [    ( )  
  ( )

    
]         (    ) 

Battery discharging state: As the power generated by the renewable resources is less than the load demand, 

thus the battery is discharging and it is determined using the following equation. 

   ( )     (   )(   )  [
  ( )

    
     ( )]  (    ) 

    ( )     ( )     ( )  (    ) 

where: 

SOC(t): State of battery capacity at hour (t) [Wh] 

SOC(t-1): State of battery capacity at hour (t-1) [Wh] 

σ: Battery hourly self-discharge rate. The manufacturer gives a self-discharge of 25% over six 

months for a storage temperature of 20°C [42, 43] 

EL(t):  Load requirement at time (t) 

ηinv: Inverter efficiency (in this paper assumed as constant, 90%) 

ηB: Battery charging efficiency (during discharging the efficiency is equal to 100% and during 

charging is set from 65 to 85% depending on the charging current). 

Egen(t): Total energy from wind and PV generated [kWh] 

Epv(t):  Energy generated from PV [kWh] 

Ewg(t): Energy generated from wind   [kWh] 
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The autonomy period of a battery bank can be expressed by the following mathematical expression. It is 

the ratio of battery bank size to the load demand [31]. 

       
             (          )(

    

   
)

         (    
  

   
)

               (    ) 

where: 

Αbatt: Battery autonomy [hr] 

Nbatt: Number of batteries 

Nnom: Single battery nominal voltage [V] 

Qnom: Single battery nominal capacity [Ah] 

qmin: Battery bank minimum state of charge [%] 

Iprim,ave: Average primary electrical load [kWh/day] 

5.3  Overview of HOMER Software 

In designing power systems different decisions can be made about the configuration of the system, such 

as; what components to include in the system, the size and the quantity of the components and the cost of 

each components. Incorrect power system design can lead to shorter life of battery, increase cost of 

energy production, insufficient supply of electricity demand. Hybrid Optimization Model for Electric 

Renewable (HOMER) is a computer model developed originally by the National Renewable Energy 

Laboratory (NREL). It has different energy generating components in its library. The user must select the 

components from the library to represent the architecture considered. This modeling tool uses time step 

from 1 minute to several hours. HOMER simplifies or helps the designer to compare various power 

systems options based on technical and economic aspects. The software answers questions like:  

 What type of component to buy (solar PV, wind turbine, either both with battery or only wind 

and PV)? 

 Does the designed system would meet future growing demand? 

 What quantity of battery to buy? 

 What if fuel and other prices changes? 

 How to control the power system? 

The software also chooses between the dispatch strategies (cycle charging and load following) by making 

comparisons. Design and analysis of systems can be challenging task because the large combination of 

design options and the inclusion of uncertainties. The design complexity and uncertainty increase when 

renewable sources are included in the system, because they are non-dispatch able and intermittent nature. 

HOMER developed to overcome these challenges. It does three main tasks as indicated in figure 5-7. 

 

Figure 5-7:  Interactions between Simulation, Optimization and Sensitivity Analysis [31] 

Simulation: It compares the energy supply from the system and the load demand in 1 hour, of the 8,760 

hours. During this time it decides either to use load following or dispatch strategy to operate batteries and 

generator. For a system that contains battery and generator requires having dispatch strategy. Dispatch 

strategies are two types, load following and cycle charging strategies.  
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Optimization: In this process it simulates each different system configurations in search of the lowest NPC 
and lists each power systems that meet the load demand. The purpose of optimization is to determine the 
optimal system based on the decision variables imposed by the designer. Decision variable is a variable 
that has control by the designer. HOMERs decision variables may include like; PV array size, quantity of 
wind turbines, generator size, size of converter, quantity of batteries, dispatch strategy, and etc. Searching 
the optimal system includes deciding the mix of power components like size, quantity at the same time the 
dispatch strategy. 
Sensitivity Analysis: It examines the effect of external parameters and does optimization for each sensitivity 

variables. But first defining the variables that can affect the system over its entire life is mandatory to input 

into the software. The optimization process is repeated after specifying the sensitive parametric variables 

as an input in to the software. The sensitivity variables can be climatic data variations, components and 

fuel cost, interest rate, capacity shortages, operating reserves and others. HOMER does multiple 

optimizations using various sensitive inputs to see how sensitive output of the power system. The 

sensitivity results from HOMER are displayed in tabular and graphical forms.  
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6 Chapter Six: Electricity Load Estimation of the Village 

Ethiopia, especially the area under this study does not experience summer and winter seasons as extreme 

cases, the electricity consumption does not vary almost the whole year except for July and August. In this 

paper the electric load demand of the village community is divided in to the following four major 

categories like; household/domestic sector which includes of (lighting, TV, Radio, and baking appliances); 

Commercial loads (flour milling machine); Community load which consists of (elementary school lighting, 

desktop computer, printer), health clinic which includes (vaccine refrigerator, communication radio, 

television, microscope, computer and printer) and deferrable load (water supply and irrigation systems). 

The total electric load estimated for the listed appliances above were summed up to get the required load 

to be supplied by the system. Despite of the present situation is below the poverty line, Peak operation 

hours of the appliances have been proposed based on the current living condition of the community and 

the current growth trend of the country. To design an off grid hybrid power system for a specific area 

community the establishment of information's like the load profile of the community, climatic data of the 

area, initial cost of the components, cost of diesel fuel and project lifetime etc., are the important 

parameters to be accounted. It is very obvious that the load factor in a rural community is lower than 

urban areas; therefore, it is necessary to keep the load factor from being poor when designing an energy 

system with balancing the cost of energy per kilowatt hour. Load estimation was approached based on the 

electric appliances to be used by each sector, with no attention given for their efficiency. Renewable 

sources power production systems cannot generate the exact amount sought to meet the load demand, 

either they produce excess electricity or below the demand. Thus instead of calculating the estimated load 

of the community by the efficiency factor of each appliances it is better to allow excess electricity 

production from the system. The initial point to know in calculating the load is deciding which appliance 

has to be used by the rural family households accounting the current and future situation of the local 

community as well as the countries energy system framework.   

6.1 Estimation of Primary Load  

Primary load is the load that should meet by the energy providing system as it requires immediately; which 

includes lighting, baking, vaccine refrigeration, TV, radio, computer, printer, fax, simple laboratory 

equipment’s and others. Here the electricity load consumption in each household is considered to be the 

same and constant throughout the year. The load determination of the village was performed for 1100 

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

of 5500. The rural economic situation of the country is below the poverty line and thus in this energy 

system design the selection of appliances was reflected for the low wattage for the affordability of the 

provided electric energy. The electricity load estimation is made according the following approach.  

Annual Energy consumption (kWh) = ((number of appliance used   power rating of each appliance    

hours of operation  number of days)/1000)/7 days 

6.1.1 Domestic Load  

In an individual household the electricity demand is suggested to apply for low energy compact 

fluorescent lumps (CFL), radio or cassette recorder, TV and for Enjera (local food) baking. The 

conventional electric ''Enjera'' baking machine consumes an average power of 12kW/m2 of pan surface 

area and the effective pan diameter is about 55 cm [66]. Thus the average power rating of the baking 

machine is around 2.85kW. In Ethiopia's households’ the highest electricity intensive is Enjera baking 

activity since the baking machine is not as efficient as sought. Explained in [66] the efficiency of such 

baking machine is about 52%. The individual households was assumed to use 3 units of 13W compact 

fluorescent lamps, 2 units for residential rooms lighting and 1 unit for external lighting which is to be 

operational for 6:00 hours, on average from 18:00-24:00 hour. It is also proposed that each household 

would use Enjera baking machine of 2.85kW for baking Enjera which could bake for one hour in either of 

the times between 6:00-7:00, 7:00-8:00, and 8:00-9:00 or between 16:00-17:00, 17:00-18:00 hours on 
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average basis with one day in a week. A radio of 5W which will operate for 3 hours from 18:00 to 21:00 is 

suggested. 14 inch television of 65W is to be functioned in each household on average basis starting from 

12:00-14:00 and from 18:00-24:00 hours. In Ethiopia, the weekends are recognized as religious holidays 

and at these days there are no practical activities done particularly in the agricultural fields. The peak load 

demands in the households are normally happened in the weekends and holidays because TV and radio 

can be turned on for an extended period of time. During this time television would function for 14:00 

hours from 8:00-22:00 hour and radio will be enjoying for 6:00 hours from 6:00-12:00 hour. The electricity 

load demand estimated for a single household for weekdays only is being calculated as follows and is 

summarized in table 6-1. The weekends load is given in appendix A1. 

Electricity demand (kWh) = 3 0.013 6+1 0.065 6+1 5 3+1 2.85 1 1day/7days = 1.04614kWh 

Table 6-1: Single Household Electricity Consumption Features During Weekdays 

Appliances Quantity Capacity 

(Watts) 

Run-time 

(hours/day) 

Peak load     

(kW) 

  KWh/day 

Low-energy 

lights  

3 13 6 0.039 0.234 

Television 1 65 6 0.065 0.390 

Radio 1 5 3 0.005 0.015 

Baking machine 1 2850 1 2.85 0.40714 

Total  2959  0.51614 1.04614 

The main target for the selection of the appliances in table 6-1 is taking into consideration the low energy 

saving ideologies and these are the minimum facilities that could be owned by the rural community. Thus 

peak load demand of each household is around 0.51614kW and the electricity usage per household is 

around 1.046 kWh per day.  

6.1.2 Commercial Load  

In Ethiopia the most common diet is Enjera and thus, to mill the grain or cereal which would be baked, 

it's a must to grind through the flour milling machine. In Ethiopia in-house activities are dominated by 

mothers like preparing family food, cereal grinding, fetching water and firewood and others. Although, 

currently diesel driven flour milling machines are popular but the running cost is high and so is the price 

per kilogram of the milled flour. Thus, one flour milling machine is proposed to be installed in the village 

community. This machine will not actually serve only the local community but also the nearby 

communities that do not have electricity access will also get the service, and thus it will help for the 

owners to increase their income. The machine has power rating of 12.5kW that will operate for 5:00 hours 

a day from 9:00-12:00 hours and from 14:00-16:00 hours only during the working days. The total daily 

electricity demand by the flour milling machine is shown below in table 6-2. 

Table 6-2: Electric Load Consumption Characteristics of Flour milling Machine 

Equipment Quantity  Capacity 

(KW) 

  Run-time 

(hours/day) 

      KWh/day 

Flour milling      1 12.5        5         44.6428 

6.1.3 School Load  

Quality education for any community is essential for Scio-economic development of one country. In each 

households of the family under this study at least two of the family members are considered as school 

going age. Thus, 12 class rooms are proposed for this area. Moreover, 2 administration offices with 1 unit 
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of 60W desktop computer, 1 unit of 50W printer and with 1 unit of 13W CFL for each is required. Total 

of 14 rooms are necessary in this case. The school has to be equipped with 1 toilet room for staff and 2 

toilet rooms for students with 1 unit CFL of 11W for each. As noticed above during the day time no need 

of electricity for the class rooms since the sunlight can brighten the classes through the glass windows. 

Thus, most of the electricity will be utilized by the computers and printer at day times which is very small. 

The largest load of the school will be recorded on the evening times when evening classes would be 

accompanying. Each of the class rooms are assumed to be installed with 2 units of 13W compact 

fluorescent lamps (CFL), Moreover, 3 units of 40W CFL for the school surroundings lighting is also 

proposed. The desktop computer is to be functioned for 8:00 hours from 8:00-12:00 and from 13:00-

17:00 and printer 50W is to be run for average of 1 hour from 15:00-16:00, following all typing will be 

completed. An assumption was taken that evening classes would conduct from 18:00-21:00 hours. But the 

number of evening students would expect not to be more than three classes. During the weekends 

evening classes will be conducted in the day time from 8:00 to 12:00 and at the same time students can 

have tutorial classes. The annual break of the academic year for schools is during July and August and the 

semester break is in January. The total daily electricity consumed by the school except for January, July 

and August is shown below in table 6-3. 

Table 6-3: School Electricity Load Consumption 

Appliances Quantity  watts Run-time 

(hours/day) 

Peak load 

(kW) 

    KWh/day 

Class room light  14 13 3 0.182 0.546 

Toilet room light  3 11 3 0.033 0.099 

External light  3 40 3 0.12 0.36 

Computer 1 60 8 0.06 0.0163 

Printer 1 50 1 0.05 0.0357 

Total  299  0.445 1.057 

Class room- CFL 14 13 3 0.182 0.546 

The load displayed in this table is the day time load if the school will be forced to use electricity during day 

time, unless the total load is only the demand for the three class rooms, for external lights and for toilet 

during the period of evening classes as well as computer and printer installations. 

6.1.4 Health Clinic Load  

Health clinic engaged near to a group of communities is basic service center which is equipped with 

simple delivery services and minor illnesses to treat surrounding communities’. The health center would 

expect to work as health clinic, which will serve stocking medicine, follow up of health condition of the 

residents including pregnant day to day health condition. The critical ailments that requires special treating 

will not be served in this health center rather will be referred to the nearby well equipped clinics or 

hospitals. The main possible appliances that draw electric power in this clinic are low energy light bulbs, 

Communication radio, television, computer, printer, laboratory microscope, and vaccine freezer. The 

health center will have 8 rooms including reception and toilet rooms lighted with 13W fluorescent lump 

which would work for 8 hours from 8:00-12:00 and from 13:00-17:00 and 2 units of 40W lumps for 

external lighting from 18:00-6:00 hours. It is also proposed to be equipped with 1 unit of 20W microscope 

to work for 5:00 hours per day from 8:00-12:00 on top of this from 13:00-14:00, communication 

apparatus radio 5W assumed to work for 8:00 hours of a day from 08:00-12:00 and from 13:00-17:00, 1 

unit of 65W 14'' television which is expected to work for 12:00 hours per day from 08:00-20:00 hours, 1 

unit of 60W vaccine freezer operating for 24:00 hours, 1 unit 60W desktop computer working for 8:00 

hours from 8:00-12:00 and 13:00-17:00 hour, 1 unit 50W printer working for 1:00 hour per day from 

14:00-15:00. The highest electrical energy load of the health center will be gained from the freezer which is 



49 
 

1.44kWh. Thus, the daily energy consumption by the health center is 4.682kWh and it is summarized 

below in table 6-4. 

The primary AC load profile of the village is depicted in figure 6-1. During January, July and August the 

primary load varies from the other weekday values but it is so small. The difference is only due to 

schooling is closed in these month’s thus no electricity consumption. Referring into the same figure 

around 90kW power would be drawn by all appliances accommodated in all sectors during the time 

between 6:00-9:00 and 16:00-18:00 hours this happened due to the reason that Enjera baking appliance 

would perform during this time which is the most energy intensive machine, which has to be made 

efficiently. Another peak load is occurred from 12:00 to 14:00 hours since television is operating at lunch 

time. The maximum electricity load of the community occurs from 18:00 hour till 21:00 hour this is due to 

most of the families would expect to be at home enjoying radio and television besides night light use.  

Weekends load is different from the ordinary loads due to the reason that each households would remain 

at home enjoying radio and television furthermore the baking time is somehow also changed from the 

weekdays, this means baking time can either be from 12:00-14:00 hours in addition to the above stated 

times. The maximum loads shown in the figure are also on account of the Enjera baking machine in 

combination with TV and radio. The peak load (167kW) is shown between 8:00-9:00 is that TV started to 

operate at 8:00, as radio is already started to run from 6:00 in the morning. 

Table 6-4: Health Clinic Electricity Consumption 

Appliances Quantity  watts Run-time 

(hours/day) 

Peak load 

(kW) 

 KWh/day 

Room lighting  8 13 8 0.104 0.832 

External-lighting  2 40 12 0.08 0.96 

Communication 

radio 

1 5 8 0.005 0.04 

Television 1 65 12 0.065 0.78 

Computer 1 60 8 0.06 0.48 

Printer 1 50 1 0.05 0.05 

Laboratory 

Microscope 

1 20 5 0.02 0.1 

Vaccine freezer 1 60 24 0.06 1.44 

Total  444  0.444 4.682 

The total annual scaled average primary load of 1505kWh/day, annual peak load of 284kW and a load 

factor of 0.221 is resulted from HOMER after simulation. Total estimated primary load summary of the 

week days, exceptional months in the year (January, July, and August) and weekends are depicted in 

appendix A1. 
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Figure 6-1: Daily Primary Load Profile of the Village  

6.2 Estimation of Deferrable Load  

Primary load is the load that should meet by the energy providing system as it requires immediately; which 

includes lighting, baking, vaccine refrigeration, TV, radio, computer, printer, fax, simple laboratory 

equipment’s and others. Here the electricity load consumption in each household is considered to be the 

same and constant throughout the year. The load determination of the village was performed for 1100 

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

of 5500. The rural economic situation of the country is below the poverty line and thus in this energy 

system design the selection of appliances was reflected for the low wattage for the affordability of the 

provided electric energy. The electricity load estimation is made according the following approach.  

Annual Energy consumption (kWh) = ((number of appliance used   power rating of each appliance    

hours of operation  number of days)/1000)/7 days 

Deferrable load is the load that should be fulfilled after the primary load demand is supplied except in 

especial cases such as when water tank left empty below the required level, regardless of the time when. It 

is also called as secondary load, as it is not constrained with time to deliver. Some of the activities 

performed by the deferrable are water pumping, ice making and water heating. Loads are actually 

considered as deferrable due to the nature of the load they are associated with storage mechanisms. The 

deferrable load is prioritized after the fully satisfaction of the primary load. The storage capacity (kWh) of 

the pump is the electricity demanded to fill up the water storage tank because the electricity will be 

supplied for other activities during the time of no pump operation. 

6.2.1 Water Supply Load  

The supply of clean water is among the basic needs for human beings day to day activity. In this thesis the 

supply of water was considered into a common central area to all households, meaning there will no water 

pipe distribution to each household. The aim is to cater water to the community water distribution 

midpoint, health clinic and school. In the paper [8] it is stated that the minimum water requirement per 

household per day is 0.1m3. The quantity of water for both the health clinic and primary school is being 
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2.4m3 per day. To satisfy the quantity of water for the health center, school and households, size of pumps 

would be selected based on their power capacity and discharge rate. 2 units of pumps that draw electrical 

power of 150W with a discharge capacity of 10 liter/min operating for 4:00 hours per day would be 

installed to provide water for the community service centers (school and health centers). The total power 

drawn by the pumps is about 0.3 kW. Community services was suggested for 3 days water storage capacity 

and electricity consumption drained by the pumps to fill the reservoir is about 3.6 kWh. 

Water provision to the central distribution reservoir for household’s usage would be pumped thru 6 units 

of pumps with rating capacity of 550W that delivers 45litter/min of water. Pumps could run for an 

average of 7:00 hours per day. For this case water storage capacity for 3 days is also recommended. The 

energy storage capacity can be calculated as follows. 

Energy storage capacity= № of pups   rating capacity of pumps   storage days   running hours per day 

As the energy demand and power generation from renewable resources of the village can vary from time 

to time. During the rainy season (summer) delivery of water to distribution center with the aid of pumps is 

expected to decrease and to be shared by rain water, moreover, the amount of water to be covered by the 

rain water was assumed about 30% of the deferrable load [67]; Whereas in June since it is the beginning 

month to the rainy season only 10% reduction is being suggested. Table 6-5 shows summary of 

household’s water supply pumps characteristics. 

Table 6-5: Pump Power Consumption Characteristics for Household’s Water Supply 

No  of 

Pumps 

Capacity 

(Watts) 

 Running 

Hours 

 Energy 

consumption 

(kWh/day) 

  Peak 

deferrable (kW) 

Energy Storage 

Capacity (kWh) 

     6   550     7       23.1           3.3                  69.3 

6.2.1 Irrigation System Load  

For sustainable farming of food crops and vegetables, the supply of irrigation system will encourage and 

enable households or residents to be self-sufficient and to deliver to other consumers to earn money. The 

payback time of the electricity provider can be shortened due to the maximization of the load demand of 

the community for irrigation purposes. The electrical load required for this purpose is used to drive 

electrical water pumping to pump water to the farm land or reservoir for later use of watering. For the 

irrigation purpose 2 units of 550W pumps having discharge capacity of 45 liter/min which delivers 43.2m3 

per day was considered. These pumps runs daily for 8:00 hours and the electrical energy consumption 

would be 8.8kWh per day; except for July, August and September. During the rainy seasons the deferrable 

load decreases, especially the irrigation pumps will be out of operation at all. As can be seen in figure 6-2 

the minimum load of the pumps is during the three months of July, August, and September. 

 

Figure 6-2: HOMER generated Monthly Average Deferrable Load of the Village 
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7 Chapter Seven: Optimization of Inputs of the Hybrid System 

The proposed energy system should meet the load demand of the community that includes 1100 

households. The main renewable sources of energy considered in this thesis are solar and wind. Diesel 

generator as backup and battery bank as energy storage systems are employed in the energy system due to 

the intermittent nature of the renewable sources. The wind turbine and diesel generator produces AC type 

voltage as they are alternating in nature, whereas the PV panels output is DC type. Bidirectional converter 

is fitted in this configuration which is basically used to charge the battery by changing the alternating 

current type load into DC, moreover supplies alternating current type electricity back from battery to AC 

load consumers. All loads required by consumers are AC type. Some of the input values into the software 

are expressed in size and in quantity. Wind turbines, batteries are the power system components which 

vary in quantity, and solar PV, diesel generator and converter are other components that vary in size. This 

chapter is to illustrate the input variables that will help for optimization and modeling of the system and to 

brief some resulted value related to the inputs. Detail of the components of the power system and the 

electricity load of the community has already explained in the previous chapters. Figure 7-1 presents the 

schematic representation of HOMER simulation model of the hybrid system architecture considered in 

this paper. 

 

Figure 7-1: Architecture of the Selected Technologies of the Hybrid System Produced by HOMER 

7.1 Electricity Load Input 

Next to the selection of the components technology from the library of HOMER software, the electricity 

load is the first to be entered in to the modeling tool. The primary load input, which was determined in 

section 6.1, has entered on hourly basis (24 hours data) and thereafter the software modeled the peak load. 

Moreover it also synthesized the monthly load from the 24 hour input data. In this paper the primary 

electricity load described as inputs has categorized into the following; the weekend load, the load for 

August, January and July, and the load for the rest of the months. Whereas the deferrable load needs to be 

described as average monthly basis. The diurnal variation of the primary load profile of the community is 

depicted in figure 7-2 generated by HOMER after inserting the 24 hour load data. Most of the appliances 

employed in residential and service areas operate with alternating current voltages and hence AC loads 

were suggested in the load estimation in chapter 6. The load profiles have almost the same daily demands, 

peak demands, average demands, base demands. 
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Figure 7-2: Diurnal Variation of Primary Load Profile 

 

Figure 7-3: Data-Map of the Monthly Primary Load Profile 

The primary load demand is also indicated in figure 7-3 the electricity load profile varies during the day. 

The load is almost zero from middle of night till morning, between 0:00-6:00 hours, whereas the demand 

rises during breakfast times from 6:00-9:00 hours, around lunch time from 12:00-14:00 hours there is a 

demanding power at dinner time but especially at night starting from 18:00-24:00 hour took the maximum 

power demand than other hours. This schematic clearly shows the electricity is consumed largely for 

lighting purposes. 

7.2 Solar and Wind Energy Sources 

The solar resource raw data inputting to the software is the average global horizontal radiation measured 

in 10 minute time interval over the two years. On top of the solar resources data the latitude and longitude 

of this area would also be used as an input. The time zone is another parameter to be set. The village is 

located at latitude: 14.46 N, longitude: 39.73 E, and with time zone of GMT +3:00. In order to get how 

much power is generated by the solar PV it requires inputting measured solar resources data in units of 

kW/m2 into HOMER software.  

Similar to the solar sources data the wind speed was also measured at the same area in the same year. 

Wind speed was measured at 30 meter and 10 meter height wind mast but the data used in this paper took 

only the 30 meter height measured data. The time interval of data measurement was 10 minutes at both 

heights. Share of electricity generated by wind turbine is calculated by the software, thus 10 minute wind 

speed data was inputting into HOMER for the determination of energy production from wind sources. In 
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addition to the wind speed resources the altitude above sea level, the anemometer height are the required 

inputs too.   

7.3 Cost Data and Size Specifications of Each Component  

The basic criterion related to the selection of the power system components in this thesis work is the cost 

of components, as the main purpose of the work is searching the optimum power system configuration 

that would meet the demand with minimum NPC and COE. The estimation of the components cost was 

made based on the current cost available on market.  

Initial capital cost of components: It is the total installed cost deployed to purchase and install the component at 

the commencement of the project.  

O&M cost: It is the cost accounted for maintenance and operation of the system. The entire scheme 

components considered in this paper has different operation and maintenance costs. Miscellaneous O&M 

costs considered by HOMER are like emission penalties, capacity shortage penalty and fixed operation 

and maintenance costs. 

Replacement cost: This is the cost required to replace wear out components at the end of its life cycle. This 

cost is different from initial cost of the component, due to the following reasons. At the end of its 

lifecycle not all of the spares of the component need to replace, Costs from donors may eliminate or can 

reduce initial cost, however replacement cost may not account travel costs but initial costs do. 

7.3.1 Solar PV Size and Cost  

After surveying different products focusing on the cost provided the following panel was chosen. The 

reason for choosing the product from the stated company is due to its low cost delivered as long as 

efficiency is not a big concern here. The solar panel considered was a 1kW, which is with 4 number of 

solar module having 250 W capacities from Trina-solar Company. The selected panel was poly-crystalline 

silicon made which is known as TSM 250-PA05 model with an efficiency of 14 to 15 %, the price varied 

from $1.16 to $1.31/watt [68]. In this paper the installation cost is taken as 60% of the PV price and the 

operation and maintenance cost would be 1% per year [42, 69, 70]. The author considered the current 

installation cost of PV the average value ($2784/kw) of the upper and lower limit values indicated in table 

7-3. The other input costs, sizes and lifespan of the PV are displayed in table7-1. 

Table 7-1: Size and Cost of PV Panel 

PV Size 

(kW) 

Capital cost  

( $) 

O & M cost 

($/year) 

PV Life (year) Sizes considered 

(kW) 

1 1856 to 3712 28 25 0, 1, 100, 200, 300, 400, 450, 

500, 550, 600 

There is no any tracking system considered in this paper, thus the system is modeled as fixed tracking 

mount at ground. Derating factor is a term accounted for both PV systems efficiency and charge 

controller efficiency since charge controller is not being designed by HOMER. This factor is to be 

subsidized for dust, high temperature, shading, wiring losses, and so on.  The size of the PV panels input 

in to HOMER is in kW, not in m2, thus its efficiency is not taken into account as an input also. The 

azimuth angle or orientation and angle of inclination of the PV panel are the two important factors that 

should be considered during solar system design. For sufficient amount of electricity generation the ideal 

orientation of solar PV is due south, but however it is also possible to face south-east or south-west, there 

will actually small loss due to the shift of west or east of south. The following parameters were considered 

for modeling of the power system like; the derating factor was taken as 85%, ground reflectance was also 

considered as 20%, slope 14.46  (latitude of the location) and azimuth 0  (south orientation). 
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7.3.2 Wind Turbine Size and Cost  

Depending on the wind speed sources the turbine has to generate large amount of energy to contribute 

significant renewable fraction and this can be performed using single large wind turbine or number of 

smaller turbines. Quantities of turbines, service time, hub height, Cost of the component, type of 

electricity generated, cut-in wind speed are the restrictive values to select wind turbine. The selected 

turbines can generate AC type electricity to satisfy the need of AC load consumer appliances. The wind 

turbine taken for this thesis work is 50kW power rating. The wind turbine was manufactured by the 

Viktor krogmann GmbH & Co.KG, Germany [71]. O&M cost of wind turbine was proposed about 2% 

of its initial capital cost as given in [42]. The total installation cost of wind turbines was estimated based 

on the installed wind turbines in Europe and China since 2011. The total installed capital cost was 

averaged from $1050/kW to $1350/kW in China and in Europe it was $1800/kW to $2050/kW [72, 73]. 

In this thesis installed cost was taken about $1800/kW. Replacement cost of the wind turbine considered 

in this case is about 70% of capital cost after 20 year service life. Below in table 7-2 wind turbine 

parametric inputs into HOMER are given. 

Table 7-2: The Wind Turbine Parametric Inputs into HOMER 

Capacity  

(kW) 

Capital  

cost  ( $) 

Replacement 

cost ($) 

O & M cost   

( $/year) 

Life 

(years) 

Tower 

height (m) 

Quantity  

50     90000       63000        1800    20         37  1 to 8 

7.3.3 Cost and Size of Batteries  

Like the other components of the power system, input parameters inserting into the software are cost and 

number of batteries. Note the following definitions; the battery rated/nominal capacity is the quantity of 

energy discharged from battery.  Minimum state of charge of batteries is the state of charge below which 

the battery is never discharged to prevent from damage. From 30-50 percent is the recommended 

minimum state of charge. Round-trip battery efficiency is the energy flow into the battery that can be 

extracted for later use. Lifetime throughput is the energy quantity that circulated in the battery through its 

lifelong. The storage battery chosen is Surret 6CS25P from the manufacturer Rolls/surret, which is given 

in HOMER tool library. Thus, the selected battery has the following characteristics obtained from the 

modeling tool. The nominal capacity of the selected battery is 1156Ah (6.94kWh) with nominal voltage of 

6V for single battery and the amount of energy stored in a single battery is 6.94kWh, maximum charge 

current is 41A, lifetime throughput of 9645 kWh was considered, minimum state of charge is accounted 

for 40%, round-trip battery efficiency is taken as 80%. Replacement cost for battery is assumed about 

70% of its capital cost. 

 Quantity of Batteries considered are: 1, 50, 150, 200, 300, 400 

 Capital cost of batteries: $1200/battery 

 Replacement cost: $1000/battery 

 Operation and maintenance cost:  $12/year 

7.3.4 Diesel Generator Size and Cost  

Diesel generators are available in a wide range, however different suppliers cater different cost evidences 

and this makes challenging to compare. Diesel generators do not allow running at less than the minimum 

load ratio of 30%. Generators operations lifetime is measured in hours. Since generators lifetime depend 

on fuel quality and operating conditions this makes difficult to get lifetime data. The well-known engines 

used to produce electricity are internal combustion engines of which diesel engines last long than gasoline 

powered engines [31]. Frequent load variation results in the poor performance of generator and larger fuel 

consumption and higher O&M cost accordingly higher cost of energy would be obtained. In this paper, 

after surveying of various diesel generator suppliers, the selected one is from Cummins, supplied by 
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Guangzhou Kanghai M&E Equipment Co.Ltd [74]. Generator size is among the input sizes to consider 

working with wind and solar PV to meet the load requirement in the case of no wind flows and no 

sunshine times. Thus range of size of the generator could be less than the peak load demand as it would 

function in collaboration with the renewable sources and battery bank. The choice of diesel generator 

accounts the constraints of power delivering capacity, the load type, cost efficiency and fuel consumption. 

The cost of diesel generators available in the market varies from $250 to $450/kW [66]. The selection of a 

particular generator size deliberates the constraint of both cost effectiveness and capacity of delivering the 

required power. The optimal and appropriate capacity of generator could be picked after simulation. In 

this paper the cost of generator was suggested as $450/kW, thus the related costs are listed as follows. 

 Capital cost was taken as $18000  

 Replacement cost:  $18000 

 Sizes of Gen set considered are: 0, 40, 80, 100, 200, 300kW 

 The minimum load ratio of 30% of rated load was accounted 

 Operation and maintenance cost was around $0.103/hr. 

7.3.5 Power Converter Size and Cost 

A converter needs to maintain flow of energy between AC and DC power system components. The rated 

power of the inverter should be equal to or larger than the peak load but since the load will supply both 

from the renewable and non-renewable, even below the peak would be installed. There is no estimated 

operating and maintenance cost for this case. 

converter sizes considered are: 1, 100, 150, 200, 300kW; Capital cost of converter is taken  as  $800, 

replacement cost is about $560 which is 70% of the capital cost, efficiency of converter is around 90% and 

the lifetime of the converter will end for 15 years. 

7.4 Other Inputs that Affect Power System Optimization 

7.4.1 Economic Inputs 

HOMER is provided also with economic inputs window, thus to get the NPC of the system. Economic 

input parameters include like project lifetime, annual real interest rate, capacity shortage penalty, fixed 

capital cost, and system fixed O&M cost. System fixed capital cost is the cost that engaged at the 

beginning of the project implementation. Despite of the size and scheme architecture, the system fixed 

capital cost and O&M cost are considered as fixed values. Though these values have an effect on the NPC 

of each system however it affects them all at the same rate, thus they have no effect on the power system 

ranking. In this paper; fixed capital cost, fixed O&M cost and capacity shortage penalty was taken as zero. 

Real interest rate is the difference between inflation rate and nominal interest rate. HOMER discounted 

the capital cost of each components of the power system in to annual cost by amortizing the lifelong time 

of the components using real interest rate. It does not consider inflation; rather it assumes prices will rise 

at the same rate during the life long period of the power system. To compare the economics of the power 

system configuration with renewable and non-renewable sources of energy, the modeling tool would 

consider the following additional inputs. The lifetime of the off-grid power system is designed to end for 

25 years long with generating capacity to meet the demand and the annual real interest rate is taken as 7% 

that is used to calculate the NPC of the project. 

7.4.2 Constraint Inputs 

Constraint is a condition set by the power system designer in which the power providing scheme should 

satisfy to be feasible. An infeasible power system is a system that does not meet the constraints set by the 

modeler. It should be noted that capacity shortage is a power shortfall made between the needed 

operating capacity and system actual operating capacity of the scheme at certain time period. The needed 

operating capacity includes the surplus demand and operating reserve loads. The operating reserve is 



57 
 

safety margin for excess electrical energy generating capability that ensures reliable provision of electricity, 

despite of the load, solar and wind fluctuations. HOMER is smart enough to calculate the capacity 

shortage of any power system architecture per annum. Excess electricity is produced due to either excess 

generation of power from renewable sources above load demand beside to this when battery bank is fully 

charged so unable to store the produced energy. For this paper case the following constraint inputs are 

considered and no thermal load is accounted for this site of interest. Maximum annual capacity shortage 

of 10%, minimum renewable fraction 40%, operating reserve, as percentage of hourly load 10% and 

annual peak load of 0%, operating reserve, as percent of renewable output, solar power output: 25% and 

wind power output of 50%. 

7.4.3 Emission and System Control Parameters  

In Ethiopia, there is no framework that leads to penalizing rules for emission. Although emission penalty 

is already applied in the developed world, however as the African continent is considered as 

unindustrialized continent emission penalty is not adopted yet. In this paper no emission penalty is 

considered at all for the system. The power flow control mechanism is an important input parameter for 

the power system. The control strategy is simple when the hybrid system includes PV, wind and battery 

components, however it becomes complex when generator is included in the hybrid system, as it is 

important to know how to charge batteries and how to supply the power either from the batteries or from 

generator. 

Cycle charging:  batteries are to be charged to the set point state of charge when the system starts to charge 

with no interruption until it will reach the set point state of charge. It helps to reduce the generator 

number of start cycles, charge and discharge cycles of the battery bank and also the time the battery waste 

at minimum state of charge. 

Load following (zero charging strategy): this means batteries do not get charged by the diesel generator, it gets 

maximum charging time when renewable sources gets higher, meaning when generated power is greater 

than the load demand.       

Set-point state of charge (SOC) 80%: This would help to minimize the operation cost of the power system 

however during the load following strategy this percentage would be zero. 

7.5 Sensitivity Variables 

The modeling tool permits to take an account for future dynamic changes, meaning increasing or 

decreasing demands, renewable and non-renewable resources fluctuations. Sensitivity parameters chosen 

by the modeler would tell how sensitive the power system is for each change of the input variables. The 

benefit of putting sensitivity analysis is to define the uncertainty pertaining with the power system, when 

the modeler is not quite sure about the values of the components considered choosing several parameters 

to ensure the likely range and see how the system changes. When considering large number of sensitivity 

variables, it should be noted that the computational time of HOMER takes too much to complete the 

simulation which is very challenging to the software. The computational time depends on the quantity and 

sizes of the power system components and the sensitivity number of variables. Thus, this all combinations 

prolongs the running time, which is the limitation of the software. Although the accuracy of simulation 

result increase with the increase of the number of sensitivity variables, computational time is long and it 

requires larger memory computer. Taking the limitations into account in this thesis work the sensitivity 

cases are given in table 7-3. 

Table 7-3: Sensitivity Analyses Variables 

Primary load  

(kWh/day) 

Max. Capacity  

Shortage (%) 

Minimum Renewable 

Fraction (%) 

Diesel price                                         

($/liter) 

1505 and 1580 0, 5, 8, 10   40, 60         0.8, 0.9, 1, 1.24 
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8 Chapter Eight: Results and Discussions 

This chapter would give the details of the optimization results for the selected hybrid power system of a 

typical 1100 households. The system was designed with the help of HOMER with no given much concern 

to the efficiency of the components. After introducing all of the input variables in to the modeling tool, 

the software is run repeatedly to get the feasible results. Optimization results are displayed in the form of 

overall and categorized showing the most feasible power systems architecture which meets the load and 

the inputs constraints made by the modeler. The feasible solutions are presented in an increasing order of 

the net present cost from top to down. The categorized table presented the least cost effective 

combinations from among all components setup, whereas, the overall optimization results displayed all of 

the affordable system combinations based on their NPC. Power systems are selected after simulation 

based on primarily minimum net present cost. On top of these parameters less cost of energy, high 

renewable fraction, low capacity shortage, low excess electricity generation, and less diesel fuel 

consumption could be used for comparison of power generating schemes in order to check their technical 

feasibility. 

8.1 Systems Optimization and Selection Scenarios 

Although HOMER simulated different configurations of energy system components, however it only 

displays the feasible power schemes scenarios for extra detailed analysis. The complexity and computation 

time are affected by the number of parameters and total number of potential values involved in the design. 

There are 6 design parameters and 36,960 potential designs studied in this paper. Eight different scenarios 

are proposed for further analysis and to increase the chance of finding most optimized system. Power 

schemes (scenarios) with less NPC, less COE, higher renewable fraction, less capacity shortage, smaller 

excess electricity and minimum fuel consumption would be suggested as optimum system. From the 

simulation result of table 8-1, the suggested scenarios based on the same datum values are to compare 

using the same variable cases in terms of techno-economic aspects from among the least cost results.  

 Solar PV-wind turbine-Generator-Battery bank (scenario A) 

 Wind turbine- Generator-battery Bank (scenario B) 

 Solar PV-Generator-Battery bank (scenario C) 

 PV-wind turbine-Battery bank (scenario D) 

 PV-Battery bank (scenario E) 

 PV-wind turbine- Generator (scenario F) 

 Wind-Generator (scenario G) 

 PV-Generator (scenario H) 

In the optimization section of this chapter, the different configurations of power schemes with less NPC 

and minimum cost of energy was supposed to be selected with the idea of cost effective system. However, 

HOMER computes the efficient system in such a way that the one with low NPC ranked or listed in row 

1 of the simulation result in table 8-2. The comparison of the scenarios was performed based on the 

above stated technical measuring parameters. As a datum value to develop (structure) the scenarios the 

following constraints like; the current diesel price of $0.8, maximum annual capacity shortage of 10%, 

minimum renewable fraction of 40% and primary load of 1505kWh/day were inserted into the software. 

8.2 Comparison of Scenarios for Economic Power Systems  

The cost effective system in the form of categorized simulation result is displayed in table 8-1. Scenario 

comparison was performed keeping the constraint values constant to all system configurations. The best 

energy system were selected with less net present cost (NPC), less cost of energy (COE), high renewable 

fraction, less capacity shortage, less excess electricity and less fuel consumption. The maximum annual 

capacity shortage and minimum renewable fraction are the worst constraints case. 
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Table 8-1:  Categorized Simulation Result  

 

Based on Total Net Present Cost:  

For the parameters specified as primary load of 1505kWh/day, diesel price of $0.8/liter, maximum 

capacity shortage of 10% and minimum renewable fraction of 40%, the considered comparison 

parameters are discussed as follows in order to select techno-economic feasible power system. Referring 

into table and figure (8-1), the architecture of the systems (scenario A) net present cost is less than all 

other scenarios which is about $2,340,442. Scenario B is the next system with less NPC and scenarios (C, 

D, E, F, G, H) are ranked in the order of increasing net present cost next to scenario A, respectively.  

 

Figure 8-1: Comparison of Scenarios Based on NPC 

 Based on Cost of Energy: 

To get detail information of the COE for each power system configurations (scenarios) refer into figure 8-

2 and table 8-1, three scenarios (scenario A, scenario B, and scenario C) has almost the same cost of 

energy with small difference, however scenario A registered the smallest value from among all scenarios. 

For scenario A the COE is around $0.384/kWh, for scenario B which is about $0.390/kWh, for scenario 

C it is $0.465/kWh, for scenario D it costs $0.465/kWh and scenario F costs less next to scenario D. 

However, scenarios (H, E & G) have registered COE about $0.555/ kWh, $0.508/kwh, $0.505/kWh, 

respectively. Taking into account this parameter as comparison benchmark, thus scenario A is the winner 

from all eight set-ups. On top of the net present cost and cost of energy, other secondary comparison 

criteria’s has set and are described below. 

2,340,442 2,517,926 2,524,006 
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Figure 8-2: Comparison of Scenarios Based on COE 

Based on Diesel Fuel Consumption: 

The third comparison criterion is the lower diesel fuel consumption. The lower the consumption of diesel 

and the higher energy generation from renewable sources is recommended as good choice, because the 

burning of diesel oil is the main source of environmental polluting elements and its availability in far rural 

areas is restricted due to different reasons. From the listed situations, scenario A has consumed the lowest 

diesel fuel which is about 61,688 liters; scenario B has consumed about 129,180 liters of diesel fuel, 

whereas scenario C has consumed about 126,631 liters which is less than situation B. In the case of 

scenarios D and C no diesel is consumed this is just due to the absence of diesel generator in the two 

schemes. The variations of the fuel consumption by the eight scenarios are depicted in figure 8-3. Thus, 

based on this measuring parameter and given due merit for environmental protection scenarios (D and E) 

are the best choices from the competent scenarios. The dispatch strategy employed in scenario A is load 

following power control mechanism, whereas scenario (B, C, D, E) and in these four set-ups there is a 

large change in size and quantity of the power components. 

 

Figure 8-3: Comparison of Scenarios Based on Diesel Fuel Consumption 

 Based on Renewable Fraction and Capacity shortage: 

Bearing in mind RF and capacity shortage as a contrast standards’, scenarios D and E have 100% 

renewable fractions which are higher than all other scenarios. Despite of the higher RF of D & E, in both 

cases there is power shortfall of 10% which is again higher than the other scenarios. Scenarios (B, C, F, G, 

H) recorded capacity shortage of zero which is good choice in this case, however renewable fractions are 

less than scenario (A, D, E). Next to situations (D and E), scenario A is the second which has renewable 

fraction of 76%, whereas a capacity shortage of 9% which is still less than scenarios (D and E). Their 

detail information is displayed in figure 8-4. In comparing power systems with such parameters, a system 

with higher RF and less capacity shortage is considered as a good choice to get reliable annual energy 

supply. Although scenarios (D and E) has higher RF since its architecture is designed only from renewable 

sources however it requires high investment, large quantity of batteries, consequently high cost of energy 

and also with maximum limit of capacity shortage set by the modeler (10%). In such cases an intelligent 

selection approach is required, meaning compromising cost and environmental conditions should be given 

an intention. Thus, (scenario A) which is the next larger RF with lower net present cost and lower capacity 

shortage than D and E, which is the first choice of this all combinations. 
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Figure 8-4: Comparisons Based on Capacity Shortage and RF 

Based on Excess Electricity Production: 

The other comparison parameter considered is the excess electricity production. The lowest excess 

electricity production is the optimal system which is first option to implement. Scenarios (B & C) have 

produced the lowest excess electricity of 7.6% and 14% respectively and chosen as winners of this 

competition; following these two scenarios, scenario A has produced 15.8%. Excess electricity production 

should be accounted for all the constraints set by the designer. Although excess electricity production can 

be used for further expansion of load demand but it incurs extra cost. Looking into the magnitude of 

excess electricity only, scenario B is good option but as explained above considering all the constraints like 

10% hourly operating reserve, solar and wind variations and capacity shortages set by the designer (option 

A) is selected for this case.  

 

Figure 8-5: Comparison of Scenarios Based on Excess Electricity 

From all scenarios one system architecture with low cost of energy, less NPC, less minimum capacity 

shortage, high renewable fraction and less diesel fuel consumption, is the winner in terms of technical and 

from economics point of view. Based on the discussions made above the supper architecture, (scenario A) 

has taken almost all the priority to be nominated as sound power scheme among the eight proposed 

scenarios. The optimization analysis of the selected (scenario A) which encompasses wind turbine-solar 

PV-diesel generator-battery and converter is discussed in the proceeding sections. 

8.3 Optimization Analysis of the Selected Scenario  

Based on the inputs made available in chapter seven, 41580 simulation runs were performed which 

includes 96 sensitivity cases using 64-bit operating system,  3.4GHz processor and 16GB RAM desktop 

computer. The power system were designed taking an account for an operating reserve as a safety margin 

in order to permit the power system to cater reliable electricity, moreover, makes easy for further load 

expansion in the future to come. After simulation the following characters would be resulted such as; 

annual electrical energy production, initial capital cost, excess electricity, renewable fraction, unmet electric 

load, capacity shortage, annual fuel consumption, and operation hours of generator, etc. In table 8-2 is the 
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truncated overall optimization result of all the promising configurations of feasible power scheme based 

on total NPC of the system. There was no any requirement for pre-selection of the truncated power 

systems listed in the table but only the ones from top ranked cost effective scheme architectures are 

displayed here. The result is for the selected scenario A based on current diesel price of $0.8/liter, primary 

load demand of 1505kWh/year, maximum annual capacity shortage of 10%, and minimum renewable 

fraction of 40%.   

Table 8-2: Truncated From the Overall Optimization Results for Scenario A 
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100 6 100 300 150 LF 1,343,400 85,557 2,340,442 0.384 76 61,688 2,356 9 

100 6 100 300 100 LF 1,303,400 91,804 2,373,249 0.385 75 69,586 3,027 7 

100 6 100 300 200 LF 1,383,400 84,992 2,373,861 0.391 76 59,970 2,195 9 

100 5 100 400 150 LF 1,373,400 87,921 2,397,993 0.394 73 61,925 2,371 9 

200 2 100 400 150 LF 1,381,800 87,535 2,401,892 0.395 72 66,691 2,634 9 

200 4 100 300 150 LF 1,441,800 82,408 2,402,154 0.392 78 60,303 2,400 8 

100 2 100 300 100 CC  943,400 125,345 2,404,124 0.372 45 122,115 3,881 0 

100 7 100 300 150 LF 1,433,400 84,138 2,413,913 0.394 79 57,115 2,205 8 

200 2 100 400 200 LF 1,421,800 86,109 2,425,281 0.401 72 64,020 2,392 10 

100 5 100 400 200 LF 1,413,400 87,140 2,428,896 0.400 74 59,977 2,187 10 

200 4 100 300 200 LF 1,481,800 81,289 2,429,110 0.398 78 57,988 2,183 9 

100 5 100 400 100 LF 1,333,400 94,657 2,436,495 0.395 72 70,316 3,097 7 

200 3 100 400 150 LF 1,471,800 83,281 2,442,322 0.397 77 58,714 2,392 7 

100 2 200 100 100 LF  748,400 145,487 2,443,844 0.378 44 153,898 3,829 0 

100 7 100 300 200 LF 1,473,400 83,326 2,444,442 0.400 79 55,126 2,027 9 

100 2 80 300 100 CC  934,400 129,850 2,447,615 0.380 44 127,000 5,014 1 

200 4 100 300 100 LF 1,401,800 89,798 2,448,269 0.393 77 69,379 3,187 6 

100 7 100 300 100 LF 1,393,400 90,783 2,451,351 0.395 78 65,505 2,902 7 

100 6 100 400 150 LF 1,463,400 84,884 2,452,606 0.400 78 55,439 2,157 8 

100 3 80 300 100 CC 1,024,400 122,908 2,456,722 0.381 50 115,944 4,580 1 

200 2 100 400 100 LF 1,341,800 95,716 2,457,236 0.395 71 76,528 3,503 6 

100 3 40 400 100 CC 1,126,400 114,401 2,459,578 0.406 54 99,552 7,872 10 

100 3 100 300 100 CC 1,033,400 122,567 2,461,740 0.381 51 115,659 3,837 0 

100 2 200 100 150 LF  788,400 143,651 2,462,448 0.381 44 150,941 3,659 0 
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200 3 100 400 200 LF 1,511,800 81,591 2,462,628 0.402 77 55,786 2,119 8 

200 5 100 300 150 LF 1,531,800 80,217 2,466,615 0.400 81 54,817 2,217 7 

100 3 200 100 100 LF 838,400 140,173 2,471,922 0.382 51 144,849 3,652 0 

200 5 80 400 150 LF 1,642,800 71,377 2,474,593 0.407 86 38,792 1,953 8 

The system set-up in the 1st row of table 8-2 is the cost efficient system composed of 6 unit wind turbines 

with 50kW each rating power, 100kW photovoltaic panel, 100kW diesel generator, 300 unit batteries, and 

150kW converter, where the diesel generator runs in load following (LF) strategy. The trend of monthly 

power generation in kW obtained after simulation is shown in figure 8-6. Wind speed potential is high in 

six months, May, June, July, August, September and October. The electricity generation by the wind 

turbines is minimum in three months in January, November and December. All of the power schemes 

remain producing electricity throughout the year, no power unit is producing peak load. However, diesel 

generator runs regularly the whole year due to the reason that large night time load is sought because 

renewable energy sources stored in the battery is not enough to meet the load. 

 
Figure 8-6: Share of Electricity Generation from the Optimum System with a 76% RF 

The electricity generation by individual power units of the hybrid system and consumptions by primary 

AC and deferrable load are given in figure 8-7. PV array power production accounts for 25% 

(174,272kWh/year) whereas wind turbine accounts for only 51% (357,296kWh/year), and diesel generator 

accounts for 24% (171,375kWh/year) of total electricity produced by the hybrid scheme. The magnitudes 

of the power generated from PV and diesel fuel sources have approximately similar magnitude per annum. 

As generation of electricity from wind sources is higher than any other scheme incorporating in the hybrid 

structure, hence it is considered as the base load of the hybrid assembly.  

 

Figure 8-7: Power Generation Percentage Share from Each System Components 76% RF 
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The total power production of this power system setup is 702,944kWh/year, whereas the total electric 

power consumption of the AC load is about 516,371kWh/year that is 98% of the electricity produced by 

the hybrid scheme and the remaining 6,009kWh/year (2%) is for deferrable load. Looking into the 

magnitudes of the power production and consumption of figure 8-7, there is surplus of electricity. 

Although an excess electricity of 111,325kWh/year was produced, which is 15.8% of the total energy 

generated but a capacity shortage of 50,464kWh was experienced during the year. Actually this power 

system architecture indicates that it would enable to cater the demand growth of the community in the 

future. This excess electricity can provide to neighboring villages or introduce small businesses to increase 

the load factor of the power system; consequently the cost of electricity will decrease also. The quantities 

for the capacity shortage, unmet load and excess electricity generation are depicted in figure 8-8.  

 

Figure 8-8: Capacity Shortage, Unmet Load, and Share of Excess Electricity for 76% RF 

 

Figure 8-9: Wind Turbine Power Output with 76% Renewable Contribution 

Table 8-3: Wind Turbine Scheme Result 

Quantity Value units 

Total rated capacity 300 kW 

Mean output 41 kW 

Maximum output 317 kW 

Wind penetration 65.1 % 

Hours of operation 5,929 hour/year 

Levelized cost of energy 0.171 $/kWh 

The distribution of electricity production by the wind turbines is depicted in figure 8-9 and Table 8-3. As 

noticed the energy production by wind turbines is relatively higher in summer season this is normally due 

to the higher wind flow as solar radiation gets lower. Maximum wind power output above 250kW is 

registered during seven months from April till October, whereas the other five months it is below this 

value. The daily high wind power production recorded above 180kW in June, August and September. The 

average power remained below 50kW except May, June, July, August and September which is above this 

111,325 

32,879 

50,464 
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value. The daily high power is lower than 100kW during January, November and December. The 

maximum output of wind turbine is 317kW and the mean output is 41kW during maximum & mean wind 

speeds respectively. levelized cost of electricity for wind turbine only is being 0.171$/kWh. 

 

Figure 8-10: PV Power Production with the 76% Renewable Contribution 

Figure 8-10 and table 8-4, depicted the share of electricity generation via solar PV. As noticed from the 

figure, electricity generation is higher at the times of high solar radiation striking the earth's surface, of 

which February is the month that gets the largest amount of irradiation. Starting from May till end of 

August PV power generation is lower than the other months which is below 20kW due to cloud coverage 

of the sky. Mean power output is about 20kW. The rated power output is 100kW when sky is clear 

enough, and during no sun time the minimum power output is 0kW. Daily high power output above 

100kW is registered in five months such as; January, February, March, October and December. Solar PV 

total hours of operation is 4,388 hours per annum, thus it shows that almost more than 10 hours per day 

is working. Levelized cost of electricity only for this system case is about 0.158$/kWh. 

Table 8-4: PV Scheme Simulation Result 

Quantity Values Units 

Rated capacity 100 kW 

Mean output 19.9 kW 

Mean output 477 kWh/day 

Maximum output 90.5 kW 

PV penetration 31.7 % 

Hours of operation 4,388 hour/year 

Levelized cost of 

energy 

0.158 $/kWh 

System load variation and continued run of generator at lower loads depicts poor diesel engine 

performance. Diesel generator power production distribution is presented in figure 8-11 and8-12, and 

hence the power production is relatively low during summer season of May till October even though PV 

power generation is also minimum during this period but the power production from wind gets higher 

during these months which tries to keep the load balance. Largely diesel power production is in the 

evening time because demand is higher than the energy stored in the battery. A 100kW rating capacity 

diesel generator participating in this hybrid power system generates mean power output of 73kW, 
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minimum electrical output of 30kW. The generator total operational hours and life is being 2,356 hour per 

annum and 15 years respectively. The amount of diesel fuel consumed is around 61,688liter per annum. 

The daily high power output is registered in seven months of the year such as; January, February, March, 

April, September, November and December. The main disadvantage of the inclusion of diesel generator 

in power systems is environmental pollution, high running cost and noise. Use of renewable sources of 

energy declines emission pollutants, Co2, Co, So2, Nox and particulate matters from emitting to the 

atmosphere. In figure 8-13, pollutants emission are displayed, with highest contributor is Co2. Due to 

large contribution of renewables emission pollutants produced from the system is not the threat. 

 

Figure 8-11: Diesel Generator Power Production 

 

Figure 8-12: Diesel Generator Power Production 

 
Figure 8-13: Pollutants Emitted to the Environment 

Cost summary: 

It is clearly marked in figures (8-14 & 8-15), although the initial cost of diesel generator has incurred low 

cost to purchase which is about 3.3% of the total capital cost, however due to higher use of fuel the 

second most expensive cost draws from the diesel generator, where the largest contributor is wind turbine, 
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which costs a total NPC of $711,306. Diesel generator took the second highest total NPC which is around 

$641,018. Battery is the third placed scheme with cost of $520,963, followed with solar PV cost of 

$311,030 and converter with $156,124. The power system capital cost, Net present cost and the levelized 

COE are $1,343,400, $2,340,441, and $0.384/kWh, respectively. The percentage share of the individual 

components capital cost is presented in figure 8-15. The highest capital cost share is again contributed 

from wind turbine which is 40.2%, the second contributor is from battery which is about 26.8%, and from 

PV the share is 20.7%. 

 

Figure 8-14: Cash Flow Summary in terms of NPC by Component Type 

 

Figure 8-15: Capital Cost Percentage by Components  

Another attractive optimal system in terms of NPC, further down in the list of table 8-2 ranked as 8th, 

with system architecture that is similar to the above stated system, except it incorporates 7 units of wind 

turbines. It is composed of 100kW PV, 7 units of wind turbines 50kW each, 100kW diesel generator, 300 

units of batteries, 150kW converter. The monthly average energy production of the hybrid scheme is 

presented in figure 8-16. The architecture of this power system contributed 79% of renewable fraction. 

The trend of electricity production from wind turbine has shown an increase of 6% from the first ranked 

cost effective configuration. Again in this architecture the electricity production potential from wind 

turbine is high in six months of the year, May, June, July, August, September, and October.  
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Figure 8-16: Electricity Generation Share of 79% RF 

The magnitudes associated to the generation of electricity by individual components are summarized in 

table 8-5. The simulation results showed that this power system setup has annual electricity production of 

749,031Wh/year. The power generation offered from wind turbines is the largest as presented in the 

above graph which is about 56%, followed by the solar PV which is accounted for 23% of total 

generation. The fraction of power from renewable resources increases, on the contrary diesel generator 

power generation capacity decreases to about 21%, which was 24% in the first ranked power system 

setup. The AC served load is accounted for 519,424kWh/year. Excess electricity obtained from this 

scheme is about 151,503kWh/year, which is accounted for 20.2% of the total energy produced; it is 

presented in figure 8-16. Essentially this power system architecture indicates that it would enable to supply 

the demand growth of the community in the future, however it is the excess electricity produced in 

account of the operating reserve and the capacity shortage of introduced into the system by the modeler. 

This excess electricity can provide to neighboring villages, furthermore can supply to grid or introduce 

small businesses to increase the load factor of the power system; consequently the cost of electricity will 

decrease also. This scheme has capacity shortage of 8% and the unmet load happened in this system is 

about 5.4%. 

Table 8-5: Simulation Results of the Hybrid System With 79% RF 

Production  kwh/year % 

PV array 174,272 23 

Wind turbines 416,845 56 

Generator  157,914 21 

Total 749,031 100 

 

 
Figure 8-17: Excess Electricity, Unmet Load, and Capacity Shortage 
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Cost summary of the system: 

In Figure 8-18 displays the components cost flow summary for the 79% renewable fraction hybrid power 

scheme. It is easily noticed from the graph that total capital cost, total NPC of this optimal configuration 

is calculated to be $1,433,400, $2,413,913 respectively and COE is about 0.394$/kWh. Diesel generator 

net present cost contributes the second highest cost which is $595,938 next to the capital cost of all 

components sum. Wind turbine contributed the highest NPC with $829,858, followed by the battery bank 

that costs of $520,936. PV had contributed the third highest cost and converter the last for this system 

with cost shares of $278,400 and $120,000 respectively.  The difference in COE of this system is not too 

much from the other one listed above. The highest share of the components was covered by capital cost 

and the second is from fuel followed by replacement cost, refer to figure 8-17. 

 

Figure 8-18: Cost breakdown of Components by Cost Type 

8.3.1 First Approach to Select Techno-Economic System 

In table 8-6, extracted values from the truncated optimization result of table 8-2 that comprised of the 

most feasible power system with high renewable fraction particularly greater than 77% are shown, this is 

for simplicity of the comparison. Although the first ranked (row 1) is the least cost from among all results 

and all its characteristics are already discussed above. However in order to check the technical practicality 

of the power systems, some options are chosen based on high renewable fractions. Comparison has made 

in terms of (NPC, COE, excess electricity, capacity shortage, RF,  diesel fuel and unmet load) among the 

selected options to make sure the system is technological viable. 

Table 8-6: Extracted optimization result from table 8-2 based on percentage of RF 
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Option 1 200 4 100 300 150 LF 2,402,154 0.392 78 60,303 20 8 5 

Option 2 100 7 100 300 150 LF 2,413,913 0.394 79 57,115 20 8 5 

Option 3 200 4 100 300 200 LF 2,429,110 0.398 78 57,988 21 9 6 

Option 4 100 7 100 300 200 LF 2,444,442 0.400 79 55,126 20 9 6 

Option 5 100 7 100 300 100 LF 2,451,351 0.395 78 65,505 21 7 4 

Option 6 100 6 100 400 150 LF 2,452,606 0.400 78 55,439 11 8 5 

1,433,400 334,403 

228,035 

532,471 

Cost Breakdown of Components By Cost Type ($) 

Capital cost
Replacement cost
O&M cost
Fuel cost
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Option 7 200 5 100 300 150 LF 2,466,615 0.400 81 54,817 24 7 5 

Option 8 200 5 80 400 150 LF 2,474,593 0.407 86 38,792 19 8 6 

Power systems having the same renewable fraction contributions have different net present values because 

the renewable share comes from wind and PV, furthermore these systems can contain different sizes and 

quantities of PV and wind turbines respectively. The following figures help to simplify the comparison of 

different options.  

 

Figure 8-19: Comparison of Power System Options based on COE 

 

Figure 8-20: Comparison of Power System Options based on NPC 

 

Figure 8-21: Comparison of Power System Options based on Fuel Consumption 
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Figure 8-22: Comparison of Power System Options based on RF 

Referring into figures (8-20 to 8-22), it can simply realize which power system (option) is the winner or 

technically feasible. As a result of NPC, COE, unmet electricity option 1 is the preferred system. Even 

though option 1 has high diesel fuel consumption, the NPC and COE are lower than from all other 

options and in order to be affordable by the villagers this could be chosen. It should be noted that, the 

comparison/selection has been made among systems that owe high renewable fractions. Referring into 

less diesel consumption, high renewable fraction option 8 is to be selected but it incurs more cost than 

option 1, which costs an extra amount of $72,439. So if an advantage is given to renewables whatever the 

cost is, option 8 could be the first to be implemented. 

Applying similar study procedure thru the above, other optimal system designs would be selected based 

on varying only one sensitive case at a time set by the designer. For singular change of primary load 

1580kWh/day at fixed values of diesel price $0.8/liter, maximum annual capacity shortage of 10% and 

minimum renewable fraction of 40%, the optimal power system selected contains 200kW PV, 6 units of 

wind turbines, 100kW diesel generator, 400 units of batteries and 200kW converter; moreover the 

dispatch strategy employed is load following strategy. This system indicates that all component sizes and 

quantities are the same as the optimal system chosen in above (option 8) except quantity of wind turbines 

increased to 6 units. So as explained one of the merits of mixed configuration is its possibility to expand 

while demand increases, one turbine can be installed at the needed time. 

Similarly, for diesel price variations from $0.9 to $1/liter, while fixing primary load 1505kWh/day, 

maximum annual capacity shortage 10% and minimum renewable fraction 40%, the optimal system design 

configuration encompasses 200kW PV, 5 unit wind turbines, 80kW diesel generator, 400 unit batteries and 

200kW convertor. For this system in a similar reason with the above one, only converter size is changed 

from 150kW to 200kW which is simple to replace as commanded. However, for diesel price of $1.24/liter, 

the system includes 200kW PV, 5 units wind turbines, 80kW diesel generator, 400 unit batteries and 

150kW convertor is the optimum system and the power control mechanism is load following strategy. 

In the same fashion, for capacity shortage of 0%, at primary load of 1505kWh/day, diesel price of 

$0.8/liter and minimum renewable fraction of 40%, the alternative optimum system design involves 

200kW PV, 5 unit wind turbines, 300kW diesel generator, 400 unit batteries and 150kW convertor.  

Another design alternate when capacity shortage is cut into half of the initial design value which is at 5% 

capacity shortage, while primary load of 1505kWh/day, diesel price of $0.8/liter and minimum renewable 

fraction of 40% keep unchanged, the other optimum system design involves 200kW PV, 7 units wind 
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turbines, 100kW diesel generator, 400 unit batteries and 200kW convertor is the optimum system. Again 

in a similar manner, for capacity shortage of 8%, whereas primary load of 1505kWh/day, diesel price of 

$0.8/liter and minimum renewable fraction of 40% left fixed, the optimum system comprises 200kW PV, 

5 unit wind turbines, 100kW diesel generator, 300 unit batteries and 150kW convertor. Lastly, as minimum 

renewable fraction is increased from 40% to 60%, keeping the other parameters unchanged, primary load 

1505kWh/day, maximum annual capacity shortage 10% and diesel price of $0.8/liter. The optimal power 

system incorporates 200kW PV, 5 units of wind turbine, 80kW diesel generator, 400 unit batteries and 

150kW converter. 

The detail analysis of option 8 with 86% RF encompasses 200kWp PV, 5 units of wind turbines 50kW 

each, 80kW diesel generator, 400 units of batteries and 150kW converter. The power regulation 

mechanism is load following strategy. The summary of the monthly electricity generation trend is given in 

figure 8-23 below. The largest monthly electricity generation from wind sources is occurred in  May, June, 

July, august, and September, as a result electricity generation from diesel generator is minimum almost the 

whole year, particularly in February, May, June, July, august,  September and October but this reduction is 

not only contributed from wind sources but from solar sources too. 

 

Figure 8-23: Electricity Generation Share with 86% Renewable Fraction  

The simulation results related to the electricity production and consumption are summarized in figure 8-

24. It is realized that the contribution of renewable sources output from photovoltaic is about 46% 

(348,544kWh/year), whereas from wind turbine it is 40% (297,746kWh/year) and diesel generator 

contributed 14% (105,176kWh/year) of the total generation. The total electricity generation by this system 

is 751,466kWh/year and the AC load consumption is 522,194kWh/year.  

The AC and deferrable load consumptions remained almost the same throughout the life of the plant for 

the specified household numbers as long as there will not be large household expansion in the near future. 

The quantity of excess electricity left after delivered to the AC load demand is about 19% and the unmet 

electric load reaches 6%, whereas the capacity shortage of the system is 9%. The presence of excess 

electricity generation is not bad since equipment’s efficiency was not considered from the initial point. It is 

also accounted for the operating reserve and the capacity shortage considered by the designer and it may 

be due to excess generation from renewable sources moreover unable to store by the batteries as a result 

of batteries fully charged. 
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Figure 8-24: Electricity Generation and Consumption 

Cost summary for 86% RF: 

Economics of the hybrid system as percentage of capital cost by component type is displayed in figure 8-

25. The initial capital cost of the hybrid system is about $1,642,800 which includes cost of solar array, 

wind turbine, battery bank, converter, and generator. Solar PV shared the highest cost, which is about 

33.9% followed by battery bank which is nearly 29.2% and wind turbine share is about 27.4%.  

 

Figure 8-25: Cost of Power System Components as Percentage of Capital Cost 

Despite the capital cost of diesel generator is less than from all the components but the fuel cost is too 

high. Below in figure 8-26 is cost of diesel generator shared from fuel cost, capital cost, O&M cost, 

salvage and summation of total NPC. 

 

Figure 8-26: Cost Breakdown of Diesel Generator 
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8.3.2 Second Approach to Select Techno-Economic System  

Another extracted systems from the truncated optimization result of table 8-2 for specified datum values 

of primary load of 1505kWh/day, current diesel price of $0.8/ liter, maximum annual capacity shortage of 

10% and minimum renewable fraction of 40%, is summarized and presented in table 8-7. For comparison 

simplicity four options are selected and the selection was made by seeing the lowest COE (less than 

$0.385). Despite of the fact that the first ranked system is the least cost in terms of NPC from among the 

displayed simulation results but it is not the most cost effective in the case of energy price. Comparison 

has made in terms of (NPC, COE, excess electricity, capacity shortage, high RF and unmet load) among 

the selected options to make sure the system is techno-economical fitted. The comparison parameters are 

similar with what was done thru high renewable fraction in section 8.3.1. The purpose is to see the 

directions which one has to come first, when selecting a power system for implementation either the one 

thru less NPC, high RF, low capacity shortage, less emission, low COE, etc. 

 Table 8-7: Extracted Optimization Result from Table 8-2 based on Less COE 
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Option 

1 

100 6 100 300 150 LF 2,340,442 0.384 76 61,688 16 6 9 

Option 

2 

100 2 100 300 100 CC 2,404,124 0.372 45 122,115 6 0.4 0.1 

Option 

3 

100 2 80 300 100 CC 2,447,615 0.380 44 127,000 5 0.4 1 

Option 

4 

100 3 200 100 100 LF 2,471,922 0.382 51 144,849 16 0.1 0.3 

 

Applying the same analysis approach like the figures (8-19 to 8-22) in section 8.3.1, the selected optimal 

system from among the given options in table 8-7 is option 2. It should again be noted that, the 

comparison mechanism has been made among systems that owe less COE (less than $0.385). The optimal 

scheme for combining parameters (primary load of 1505kWh/day, diesel price of $0.8/liter, max. capacity 

shortage 10%, min. renewable fraction of 40%) contains 100kW PV, 2 unit wind turbines, 100kW diesel 

generator, 300 unit batteries and 100kW converter and cycle charging strategy is applied for power 

regulation. The selected configuration has renewable contribution of 45%. The detail analysis of this 

combination is explained as follows. As indicated in figure 8-27, the highest share of power production is 

from diesel generator. Electricity production share of each power components is displayed in figure 8-28. 

The contribution of renewable sources output from wind turbine is 119,098kWh/year, while photovoltaic 

is about 174,272kWh/year and diesel generator contributed 364,268kWh/year of the generation.  
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Figure 8-27: Electricity Generation Share with 45% Renewable Fraction 

 

Figure 8-28: Electricity Generation and Consumption 

 

Cost summary of the optimal system: 

Figure 8-29 shows cash flow summary of the optimal system (option 2). The initial capital cost of the 

system is about $943,400 and the replacement cost is $260,856 which includes the cost of solar array, wind 

turbine, battery bank, converter, and generator. Total NPC of the system is $2,404,123, where the highest 

share is contributed from diesel generator which costs about $1,230,945. The second highest cost 

contributor is battery $520,963. Despite of the lower capital cost of generator fuel cost ($1,138,461) 

escalates its net present cost.  
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Figure 8-29: Cash Flow Summary in terms of NPC by Component Type 

Following the same analysis again, for the variation of diesel price $0.8 to $1/liter, the optimal system in 

terms of low COE includes 100kW PV, 6 units of wind turbine, 100kW diesel generator, 300 units of 

batteries and 150kW converter. Whereas for a singular instance of diesel price $1.24/liter the energy 

system comprises 200kW PV, 6 units of wind turbine, 100kW diesel generator, 400 units of batteries and 

150kW converter. Another alternative optimal design thru similar analysis, for minimum renewable 

fraction of 60%, at primary load of 1505kWh/day, at diesel price of $0.8/liter, maximum capacity shortage 

of 10%, the chosen energy system to cater the demand consists 100kW PV, 6 unit wind turbines, 100kW 

diesel generator, 300 unit batteries, and 150kW converter. The dispatch strategy accompanied in this 

scheme is load following strategy. 

Using similar analysis as the preceding procedures, for primary load change from 1505kWh/day to 

1580kWh/day, keeping the other parameters fixed at diesel price of $0.8/liter, 10% maximum capacity 

shortage, and 40% minimum renewable fraction, the selected optimal system contains 100kW PV, 2 units 

of wind turbines, 100kW diesel generator, 300 units of batteries and 100kW converter. The dispatch 

strategy employed in this case is cycle charging strategy. The advantage of applying this strategy is the 

battery always tries to be charged even with the diesel generator and hence more fuel consumes. However 

there is no capacity shortage occurred at all in this system though maximum capacity shortage was set by 

the designer. Another alternate design through similar analysis, for maximum annual capacity shortage 

varying from 5% to 8%, at diesel price of $0.8/liter, at minimum renewable fraction of 40% and primary 

load of 1505kWh/day, an energy system which includes of 100kW PV, 2 unit wind turbines, 100kW diesel 

generator, 300 unit batteries and 100 kw converter. The dispatch strategy accompanied in this scheme is 

cycle charging. Similarly, minimum renewable fraction variations of 0% & 40%, at primary load of 

1505kWh/day, at maximum capacity shortage of 10% and diesel price of $0.8/liter, the selected energy 

scheme encompasses of 100kW PV, 2 unit wind turbines, 100kW diesel generator, 300 unit batteries, and 

100kW converter. Additional information’s with the help of graphs is discussed below in the sensitivity 

analysis section.  
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8.4 Sensitivity Analysis 

Sensitivity is a measure of how the optimal mix of components changes for any parametric variations in 

the lifelong of the system. Optimal system design depends on interplay with various necessary input 

variables. When these input cases change, it is good to know how the optimum system changes with 

variation of the variables. Four separate sensitivity cases were carried out using variables of sensitivities 

like, design dependence on primary load, design dependence on diesel fuel, design dependence on 

maximum annual capacity shortage and minimum renewable fraction.  

The optimal system type, line graph and surface plot were used to make notes of the optimization results. 

In figure 8-30, surface plot graph showing PV array capacity and wind turbine quantity variations with 

primary load and diesel fuel price is displayed. Considering only two of the sensitivity cases (primary load 

and diesel price) by keeping the other two variables as fixed (maximum capacity shortage at 10% and 

minimum renewable fraction at 40%), despite of the diesel price increment, PV size remained same as of 

the initial design (100kW) and the quantity of wind turbines also left unchanged at 6 units. However with 

the rise of diesel price from $0.8 to $1.2/liter and primary load from 1505kWh/day to 1580kWh/day and, 

PV capacity changed from 100kW to 200kW similarly wind turbine quantities vary from 2 to 6 units. Note 

that when wind turbines are 2 units and diesel price is $0.8/liter, the dispatch strategy is also changed from 

load following strategy to cycle charging power control mechanism, this shows that diesel generator will 

meet the load demand at the same time should charge the battery bank and will almost consume double of 

the load following dispatch strategy. 

 

Figure 8-30: PV Capacity and Wind Turbine Quantity Variations  

Again PV size and wind turbine quantity variations are seen in figures (8-31 & 8-32); however the sensitive 

parameters are different from figure 8-30. Here diesel fuel price at $0.8/liter, maximum annual capacity 

shortage at 0% and minimum renewable fraction of the system at 60% are remained fixed, thus the only 

parameter that varies is the village primary load. With the increase of primary load, wind turbine quantities 

raise from 6 to 7 units whereas PV size left unchanged at 100kW, which means that solar panel capacity is 
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not affecting with load variation in this case. But with the increase of diesel price from $0.8 to $1.24/liter, 

solar panels size shift from 100kW to 300kW while number of wind turbines continued to rise from 6 to 7 

units.  

 

Figure 8-31: PV Capacity and Wind Turbine Quantity Variations  

 

Figure 8-32: PV Capacity and Wind Turbine Quantity Variations Varying Primary Load Only 
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Variation of generator capacity and quantity of batteries with primary load (village load) and diesel prices 

is shown in figure 8-34. Quantity of batteries remained unaffected at 300 units and generator capacity is 

100kW with the increase of village load from 1505kWh/day to 1580kWh/day, however when diesel price 

would reach at its maximum set value of $1.24/liter, as a result batteries  rise to 400 units at the same time 

generator size reduced to 80kW. 

 

Figure 8-33: Generator Capacity and Quantity of Battery Variations With Primary Load and Fuel Price 

Referring into figure 8-34, maximum capacity shortage and diesel price variations drawn along x & y axes 

respectively, village primary load 1580kWh/day and minimum renewable fraction of 60% are the fixed 

parameters. As a result number of batteries is kept constant at 100 units at diesel prices from $0.8 to 

$1/liter and capacity shortage of 0%. Nonetheless, a large increase is noticed which is about 600 units of 

batteries are required when diesel price is reached $1.24/liter and at the same capacity shortage of 0% but 

again at the same diesel price, increasing capacity shortage from 5% to 8% reduces the quantities of 

batteries.  Further from 0% to 5% capacity shortfall and diesel price of $0.8/liter to $1/liter number of 

batteries may reach again to 600 units. 
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Figure 8-34: Quantity of Battery Variations with Varying Primary Load and Fuel Price 

The second sensitivity analysis conducted in this section examines how NPC and COE will change with 
the deviation of the sensitive parameters listed above. In figure 8-35 the deviation of NPC and COE in 
relation to load is depicted. Three sensitivity cases are used as fixed values (diesel price at $1.24/liter, 
maximum annual capacity shortage at 8%, and minimum renewable fraction at 60%) the only variable in 
this case is the primary load/village load. What does indicated in the graph is, at low primary load the 
COE is high and it decrease with the upsurge of the load demand from 1505kWh/day to 1580kWh/day. 
Obviously as load demand increases the load factor of the power system raises as long as it can cater the 
required load so as the COE reduces. The COE is somehow high in this combination due to the high cost 
of fuel and less capacity shortage adapted to the system. Renewable energy technologies demand high 
initial investment and at the same time forced the NPC to incline; moreover the cost of energy gets 
higher. It is realized the minimum cost of energy in this case is about $0.4426/kWh. 



81 
 

 

Figure 8-35: NPC and COE with Respect to Primary Load 

 
Figure 8-36: Diesel Consumption and Renewable Fractions with Respect to Diesel Price 

Figure 8-36 is to show the variation of diesel fuel consumption and renewable fractions relative to diesel 

fuel price by fixing the other three sensitivity variables (primary village load 1580kWh/day, maximum 

annual capacity shortage 0%, and minimum renewable fraction at 40%). Renewable fractions remain 

constant at 46% and diesel consumption also remains constant until the cost of diesel reaches $1/liter. All 

of the sudden renewable fraction inclines linearly to around 95% from diesel price of $1 to $1.24/liter.  
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9 Chapter Nine: Conclusion and Recommendation 

9.1 Conclusion 

This thesis work has been devoted to the design of an off-grid renewable hybrid power system for a 

community of 1100 households in the rural village of Haressaw, Atsbi. Wind speed and horizontal global 

radiation potentials of Haressaw village were obtained from Mechanical Engineering department, Mekelle 

University, Ethiopia. These data are very recent and were registered since 2011 & 2012 and measured over 

24 hours. The average monthly profiles and hourly data for both sources were analyzed using HOMER, 

and the result displays wind and solar energy potentials are undisputable to exploit for the provision of 

electricity. The two year mean wind speed measured at 30m wind mast and the mean global horizontal 

solar radiation was 4.407m/s and 5.638kWh/m2/day respectively. 

 Electrifying rural areas is now and will remain as challenging assignment for developing countries like 

Ethiopia. To meet the energy requirement of the nation hybridizing renewable energy technologies can 

cater sustainable solutions. Currently, comparing renewable energy systems with conventional fuel 

powered plants and grid connected power systems, renewable hybrid schemes are not cost effective. 

Nonetheless, the necessity of environmental protection, farseeing the current living standard of rural 

communities and the incline of oil in global market forced to bring wise solutions that are environmental 

friendly technologies, hence renewable energy technologies are in the frontier. In Ethiopia the current 

COE is much lower than the value obtained from the off-grid hybrid system considered in this paper 

($0.372/kWh) because the main source of energy in the country is hydro power, however due to 

economic constraints hydropower potential is not exploited fully to cover the electricity demand of the 

country. If due-merit is given to the electricity deficiency of the country, it would play a major role in the 

improvement of life quality of the community living in the rural areas at the same time it will also improve 

the quality of education, reduce firewood cultivation and in-house pollutions, taking all this into 

considerations this higher cost should not be given a concern. Thus, the implementation of other 

renewable energy sources like solar and wind energy power systems can elevate the country’s electric 

shortage.  

During the design of the off-grid system set-up it was done an optimization process based on the 

electricity load, climatic data sources, and economics of the power components in which the NPC has to 

be minimized to select an economic feasible power system. HOMER simulation result displayed the most 

economical feasible system sorted by NPC from top to down, the prime system ranked first has renewable 

fraction of 76% containing of 6 unit wind turbines with 50kW each rating power, 100kW photovoltaic 

panel, 100kW diesel generator, 300 unit batteries, and 150kW converter, where the diesel generator runs in 

load following (LF) strategy. However two additional comparison approaches were also used beyond the 

NPC to select a techno-economic system design by considering two comparison parameters like 

renewable fractions greater than 77% and low cost of energy less than $0.385/kWh. Thus different 

configurations were obtained, however the selection could be performed by giving due attention to both 

comparison parameters separately. The results showed that various feasible hybrid system setups with 

different contributions made by renewable fractions.  

Sensitivity analysis was also performed for the system, 12 sensitivity cases were used such as; 2 values of 

primary loads, 4 cases of diesel prices, 2 cases of minimum renewable fractions and 4 cases of capacity 

shortages. The sensitivity analysis showed that almost the same configuration was obtained except in some 

case there are quantity and size change of the components. The different setups resulted in this paper 

could be appropriate in areas that have the same climatic resources.  
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9.2 Recommendation 

Across different corners of the country there are renewable energy resources which varies from site to 

site, thus can be used for electricity generation either in grid or off-grid system. Electricity generation 

using off-grid systems form local renewables alleviates the country's electricity shortage. However, 

there are and will continue to face different challenges to implement such systems like; finance  of  

the  community,  infrastructures, absence of awareness how to use renewable resources and risk 

taking decisions by investors and other related  issues. To improve the energy deficiency at national 

and state level, grid and off-grid renewable energy technology systems has to be promoted using 

different mechanisms including subsidy. Empowering the rural communities’ income to grow 

renewable generated electricity purchasing power is also fundamental. If due attention is given for 

land degradation, environmental pollution and poor living standard of the rural community renewable 

sources hybrid should be implemented, however the current electrification trend of Ethiopia’s 

government is by constructing large hydropower dams and somehow wind power farms. 

Furthermore in a rare case PV standalone system for individual homes is also introducing but this 

system is not reliable and sustainable. Thus hybridizing of wind and solar should be given due merit 

and could be cost effective, provide a 24 hour quality electricity.  

9.3 Suggestions for Future Work 

 Comparing the current study with grid extension and solar thermal system instead of PV. 

 In this study efficiency of components and temperature effects are not considered, thus 

studying with the inclusion of these two parameters could be done in the future. 

 The exact number of households and appliances used by all the community services and 

households should be studied by interviewing the villagers.  

 The accurate electricity load consumption by the specific community exposed to the study 

has to be calculated based on the availability of appliances in each household. 

 Renewable energy technology components accurate cost data has to be obtained 

 High capacity computer should be ready for optimization, especially when considering 

various sensitivity cases analysis. 
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Appendices 

Appendix A1: Primary load input into HOMER 

Time Week day primary 

load, (kW) 

primary load of Jan, 

Jul, & Aug, (kW) 

Weekends primary 

load, (kW) 

0:00-1:00 0.164 0.164 0.164 

1:00-2:00 0.244 0.244 0.244 

2:00-3:00 0.244 0.244 0.244 

3:00-4:00 0.244 0.244 0.244 

4:00-5:00 0.244 0.244 0.244 

5:00-6:00 0.224 0.224 0.224 

6:00-7:00 89.734 89.734 95.234 

7:00-8:00 89.734 89.734 95.234 

8:00-9:00 89.944 89.884 166.88 

9:00-10:00 12.874 12.814 77.314 

10:00-11:00 12.874 12.814 77.314 

11:00-12:00 12.874 12.814 77.314 

12:00-13:00 71.56 71.5 144.3 

13:00-14:00 71.874 71.814 145.3 

14:00-15:00 12.924 12.864 71.864 

15:00-16:00 12.924 12.814 71.814 

16:00-17:00 89.944 89.884 161.38 

17:00-18:00 89.799 89.799 161.3 

18:00-19:00 120.44 120.21 191.71 

19:00-20:00 120.44 120.21 191.71 

20:00-21:00 120.375 120.14 191.64 

21:00-22:00 114.644 114.64 114.64 

22:00-23:00 114.644 114.64 114.64 

 

Appendix A2: Deferrable load input into HOMER 

Domestic 

use  (kWh) 

For School 

use (kWh) 

For health 

clinic  

(kWh) 

For Irrigation 

(KWh) 

Months Total 

Deferrable 

load (kWh) 

23.1  0 0.6 8.8 Jan 32.5 

23.1 0.6 0.6 8.8 Feb 33.1 
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23.1 0.6 0.6 8.8 Mar 33.1 

23.1 0.6 0.6 8.8 Apr 33.1 

23.1 0.6 0.6 8.8 May 33.1 

23.1 0.6 0.6 8.8 Jun 29.79 

23.1 0 0.6 0 Jul 16.59 

23.1 0 0.6 0 Aug 16.59 

23.1 0 0.6 0 Sept 16.59 

23.1 0.6 0.6 8.8 Oct 33.1 

23.1 0.6 0.6 8.8 Nov 33.1 

23.1 0.6 0.6 8.8 Dec 33.1 

 

Appendix A3: Deferrable storage capacity 

Energy Storage 

capacity 

kWh 

    

2*150*4hr/d*3d 3.6 

6*550*7hr/d*3d 69.3 

total 72.9kWh 

Peak load  

2*150+6*550 3.6kW 

 

Appendix A4: Overall optimization Results from HOMER 
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100 6 100 300 150 LF 1,343,400 85,557 2,340,442 0.384 0.76 0.09 61,688 

100 6 100 300 100 LF 1,303,400 91,804 2,373,249 0.385 0.75 0.07 69,586 

100 6 100 300 200 LF 1,383,400 84,992 2,373,861 0.391 0.76 0.09 59,970 

100 5 100 400 150 LF 1,373,400 87,921 2,397,993 0.394 0.73 0.09 61,925 

200 2 100 400 150 LF 1,381,800 87,535  2,401,892 0.395 0.72 0.09 66,691 

200 4 100 300 150 LF 1,441,800 82,408 2,402,154 0.392 0.78 0.08 60,303 

100 2 100 300 100 CC 943,400 125,345 2,404,124 0.372 0.45 0.00 122,115 
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100 7 100 300 150 LF 1,433,400 84,138 2,413,913 0.394 0.79 0.08 57,115 

200 2 100 400 200 LF 1,421,800 86,109 2,425,281 0.401 0.72 0.10 64,020 

100 5 100 400 200 LF 1,413,400 87,140 2,428,896 0.400 0.74 0.10 59,977 

200 4 100 300 200 LF 1,481,800 81,289  2,429,110 0.398 0.78 0.09 57,988 

100 5 100 400 100 LF 1,333,400 94,657 2,436,495 0.395 0.72 0.07 70,316 

200 3 100 400 150 LF 1,471,800 83,281 2,442,322 0.397 0.77 0.07 58,714 

100 2 200 100 100 LF 748,400 145,487 2,443,844 0.378 0.44 0.00 153,898 

100 7 100 300 200 LF 1,473,400 83,326 2,444,442 0.400 0.79 0.09 55,126 

100 2 80 300 100 CC 934,400 129,850 2,447,615 0.380 0.44 0.01 127,000 

200 4 100 300 100 LF 1,401,800 89,798 2,448,269 0.393 0.77 0.06 69,379 

100 7 100 300 100 LF 1,393,400 90,783 2,451,351 0.395 0.78 0.07 65,505 

100 6 100 400 150 LF 1,463,400 84,884 2,452,606 0.400 0.78 0.08 55,439 

100 3 80 300 100 CC 1,024,400 122,908 2,456,722 0.381 0.50 0.01 115,944 

200 2 100 400 100 LF 1,341,800 95,716 2,457,236 0.395 0.71 0.06 76,528 

100 3 40 400 100 CC 1,126,400 114,401 2,459,578 0.406 0.54 0.10 99,552 

100 3 100 300 100 CC 1,033,400 122,567 2,461,740 0.381 0.51 0.00 115,659 

100 2 200 100 150 LF 788,400 143,651 2,462,448 0.381 0.44 0.00 150,941 

200 3 100 400 200 LF 1,511,800 81,591 2,462,628 0.402 0.77 0.08 55,786 

200 5 100 300 150 LF 1,531,800 80,217 2,466,615 0.400 0.81 0.07 54,817 

100 3 200 100 100 LF 838,400 140,173 2,471,922 0.382 0.51 0.00 144,849 

200 5 80 400 150 LF 1,642,800 71,377 2,474,593 0.407 0.86 0.08 38,792 

100 6 100 300 300 LF 1,463,400 86,939 2,476,545 0.408 0.76 0.09 59,840 

100 6 100 400 200 LF 1,503,400 83,805 2,480,027 0.405 0.78 0.08 53,172 

100 3 200 100 150 LF 878,400 137,961 2,486,144 0.385 0.51 0.00 141,530 

200 4 100 400 150 LF 1,561,800 79,398 2,487,068 0.401 0.81 0.06 51,250 

100 3 40 400 150 CC 1,166,400 113,761 2,492,124 0.414 0.55 0.09 97,543 

200 5 100 300 200 LF 1,571,800 78,984 2,492,244 0.406 0.82 0.08 52,386 

200 5 80 400 200 LF 1,682,800 69,555 2,493,359 0.412 0.86 0.09 35,703 

100 4 80 300 100 CC 1,114,400 118,375 2,493,890 0.387 0.56 0.01 107,730 

100 8 100 300 150 LF 1,523,400 83,526 2,496,782 0.406 0.82 0.08 53,487 

200 3 100 400 100 LF 1,431,800 91,512 2,498,237 0.398 0.76 0.05 68,653 

100 6 100 400 100 LF 1,423,400 92,435 2,500,604 0.402 0.76 0.06 64,805 

100 2 200 100 100 CC 748,400 150,572 2,503,100 0.387 0.41 0.00 161,489 

200 4 100 400 200 LF 1,601,800 77,623 2,506,389 0.406 0.81 0.07 48,253 

100 4 200 100 100 LF 928,400 135,838 2,511,398 0.389 0.56 0.00 136,978 

100 2 200 100 200 LF 828,400 144,627 2,513,827 0.389 0.44 0.00 150,885 
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1 5 100 300 100 CC 937,784 135,510 2,516,963 0.389 0.44 0.00 128,761 

 5 100 300 100 CC 935,000 135,832 2,517,926 0.390 0.44 0.00 129,180 

300 2 100 300 150 LF 1,540,200 83,927 2,518,245 0.413 0.79 0.09 64,507 

200 5 100 300 100 LF 1,491,800 88,130 2,518,828 0.402 0.80 0.05 64,547 

100 7 100 400 150 LF 1,553,400 82,923 2,519,754 0.408 0.81 0.07 50,238 

100 4 200 100 150 LF 968,400 133,460 2,523,689 0.390 0.56 0.00 133,515 

200  100 300 100 CC 1,041,800 127,189 2,524,006 0.391 0.48 0.00 126,631 

1 5 200 100 100 LF 742,784 152,884 2,524,431 0.391 0.45 0.00 156,889 

 5 200 100 100 LF 740,000 153,179 2,525,088 0.391 0.44 0.00 157,261 

100 8 100 300 200 LF 1,563,400 82,601 2,526,000 0.412 0.82 0.08 51,387 

200 2 100 400 300 LF 1,501,800 87,947 2,526,694 0.418 0.72 0.10 63,772 

100 3 40 400 200 CC 1,206,400 113,368 2,527,541 0.422 0.55 0.09 95,853 

100 2 100 400 100 CC 1,063,400 125,685 2,528,084 0.391 0.45 0.00 117,224 

100 3 200 100 100 CC 838,400 145,183 2,530,307 0.391 0.47 0.00 152,433 

200 4 100 300 300 LF 1,561,800 83,174 2,531,080 0.415 0.78 0.09 57,793 

100 5 100 400 300 LF 1,493,400 89,047 2,531,117 0.417 0.74 0.10 59,806 

100 3 200 100 200 LF 918,400 138,948 2,537,642 0.393 0.51 0.00 141,483 

200 5 80 400 100 LF 1,602,800 80,243 2,537,922 0.407 0.84 0.05 49,794 

100 8 100 300 100 LF 1,483,400 90,501 2,538,063 0.407 0.80 0.06 62,299 

1 5 80 300 100 CC 928,784 138,124 2,538,423 0.394 0.43 0.01 131,438 

 5 80 300 100 CC 926,000 138,461 2,539,565 0.394 0.43 0.01 131,865 

200 6 100 300 150 LF 1,621,800 78,914 2,541,428 0.410 0.84 0.06 50,405 

300 2 100 300 200 LF 1,580,200 82,537 2,542,056 0.419 0.79 0.09 61,882 

100 7 100 400 200 LF 1,593,400 81,573 2,544,017 0.413 0.81 0.07 47,687 

100 4 100 300 100 CC 1,123,400 121,988 2,544,996 0.394 0.56 0.00 111,719 

 5 200 100 100 CC 740,000 154,916 2,545,330 0.393 0.41 0.00 161,045 

100 7 100 300 300 LF 1,553,400 85,237 2,546,714 0.417 0.79 0.09 54,957 

 6 100 300 100 CC 1,025,000 130,633 2,547,339 0.394 0.50 0.00 120,152 

200 5 100 400 150 LF 1,651,800 76,852 2,547,400 0.408 0.84 0.05 45,377 

1 6 100 300 100 CC 1,027,784 130,416 2,547,603 0.394 0.50 0.00 119,857 

200 7 80 300 150 LF 1,702,800 72,651 2,549,447 0.422 0.87 0.09 39,996 

200 4 100 400 100 LF 1,521,800 88,341 2,551,295 0.403 0.80 0.04 62,057 

300 1 100 400 150 LF 1,570,200 84,299 2,552,582 0.415 0.78 0.08 62,299 

100 2 80 400 100 CC 1,054,400 128,773 2,555,068 0.396 0.45 0.01 120,502 

200 6 80 400 150 LF 1,732,800 70,560 2,555,071 0.416 0.88 0.07 34,956 

1 6 200 100 100 LF 832,784 147,828 2,555,514 0.395 0.51 0.00 148,253 
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200 1 100 300 100 CC 1,131,800 122,181 2,555,641 0.395 0.54 0.00 117,712 

1 5 200 100 100 CC 742,784 155,602 2,556,104 0.395 0.41 0.00 161,801 

 6 200 100 100 LF 830,000 148,119 2,556,122 0.395 0.50 0.00 148,619 

200  80 300 100 CC 1,032,800 131,121 2,560,828 0.398 0.47 0.01 130,906 

200 1 80 300 100 CC 1,122,800 123,542 2,562,507 0.398 0.53 0.01 119,136 

200 5 100 400 200 LF 1,691,800 74,762 $ 2,563,041 0.412 0.85 0.06 42,052 

200 3 100 400 300 LF 1,591,800 83,387 2,563,552 0.419 0.77 0.08 55,494 

100 5 200 100 100 LF 1,018,400 132,605 2,563,721 0.397 0.61 0.00 130,412 

100 3 80 400 100 CC 1,144,400 121,930 2,565,316 0.398 0.52 0.01 109,471 

1 5 200 100 150 LF 782,784 152,966 2,565,382 0.397 0.45 0.00 155,934 

200 6 100 300 200 LF 1,661,800 77,571 2,565,783 0.416 0.84 0.07 47,861 

200  200 100 150 LF 886,800 144,115 2,566,255 0.397 0.48 0.00 154,108 

1 6 80 300 100 CC 1,018,784 132,808 2,566,479 0.398 0.49 0.01 122,276 

 5 200 100 150 LF 780,000 153,317 2,566,692 0.397 0.44 0.00 156,361 

 6 80 300 100 CC 1,016,000 133,109 2,567,192 0.398 0.49 0.01 122,661 

300 1 100 400 200 LF 1,610,200 82,139 2,567,412 0.421 0.78 0.08 58,844 

100 4 200 100 100 CC 928,400 140,943 2,570,891 0.397 0.52 0.00 144,735 

300 3 80 400 150 LF 1,741,200 71,224 2,571,216 0.422 0.86 0.08 40,981 

200 6 80 400 200 LF 1,772,800 68,608 2,572,331 0.422 0.89 0.08 31,731 

100 5 200 100 150 LF 1,058,400 130,050 2,573,949 0.398 0.61 0.00 126,776 

200 7 80 300 200 LF 1,742,800 71,383 2,574,668 0.428 0.88 0.10 37,506 

100 4 200 100 200 LF 1,008,400 134,415 2,574,812 0.398 0.56 0.00 133,436 

 6 200 100 100 CC 830,000 149,724 2,574,826 0.398 0.47 0.00 152,627 

300 3 100 300 150 LF 1,630,200 81,104 2,575,351 0.418 0.82 0.07 58,258 

100 7 100 400 100 LF 1,513,400 91,425 2,578,831 0.412 0.79 0.05 60,742 

300 2 100 300 100 LF 1,500,200 92,610 2,579,434 0.414 0.77 0.06 74,967 

100 6 100 400 300 LF 1,583,400 85,661 2,581,653 0.422 0.78 0.08 52,945 

100 5 80 300 100 CC 1,204,400 118,379 2,583,941 0.401 0.61 0.01 104,515 

200 1 200 100 150 LF 976,800 138,049 2,585,566 0.400 0.54 0.00 144,191 

1 6 200 100 100 CC 832,784 150,482 2,586,437 0.400 0.47 0.00 153,349 

200 2 80 300 100 CC 1,212,800 117,875 2,586,469 0.401 0.59 0.01 109,589 

300 3 80 400 200 LF 1,781,200 69,143 2,586,969 0.428 0.87 0.09 37,603 

100 4 200 300 150 LF 1,208,400 118,435 2,588,594 0.400 0.62 0.00 105,701 

100 3 100 400 100 CC 1,153,400 123,160 2,588,650 0.401 0.52 0.00 110,946 

100 3 200 300 150 LF 1,118,400 126,256 2,589,733 0.401 0.55 0.00 117,596 

200 5 80 400 300 LF 1,762,800 71,301 2,593,710 0.429 0.87 0.09 35,358 
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200 5 100 300 300 LF 1,651,800 80,846 2,593,949 0.423 0.82 0.08 52,167 

1 6 200 100 150 LF 872,784 147,751 2,594,616 0.401 0.50 0.00 147,143 

 6 200 100 150 LF 870,000 148,063 2,595,466 0.402 0.50 0.00 147,527 

300 3 100 300 200 LF 1,670,200 79,508 2,596,752 0.424 0.82 0.08 55,423 

 7 100 300 100 CC 1,115,000 127,288 2,598,356 0.402 0.55 0.00 113,307 

200 6 100 300 100 LF 1,581,800 87,259 2,598,676 0.413 0.82 0.04 60,668 

300 2 100 400 150 LF 1,660,200 80,549 2,598,885 0.419 0.82 0.06 54,945 

100 8 100 400 150 LF 1,643,400 82,033 2,599,383 0.419 0.84 0.06 46,294 

1 7 100 300 100 CC 1,117,784 127,138 2,599,398 0.402 0.55 0.00 113,095 

200 7 80 300 100 LF 1,662,800 80,420 2,599,983 0.421 0.86 0.07 49,830 

 5 100 100 100 CC 695,000 163,580 2,601,290 0.419 0.41 0.07 165,051 

1 7 200 100 100 LF 922,784 144,299 2,604,387 0.403 0.56 0.00 141,365 

100 3 100 300 150 CC 1,073,400 131,423 2,604,945 0.403 0.49 0.00 124,595 

 7 200 100 100 LF 920,000 144,600 2,605,108 0.403 0.55 0.00 141,742 

100 5 200 300 150 LF 1,298,400 112,287 2,606,942 0.403 0.67 0.00 95,682 

200 4 100 400 300 LF 1,681,800 79,397 2,607,056 0.422 0.81 0.07 47,943 

200 3 80 600 150 LF 1,702,800 77,738 2,608,731 0.430 0.83 0.09 41,165 

100 2 200 300 150 LF 1,028,400 135,748 2,610,354 0.404 0.48 0.00 131,315 

200  200 100 100 LF 846,800 151,386 2,610,990 0.404 0.47 0.00 162,990 

100 3 80 300 150 CC 1,064,400 132,769 2,611,639 0.406 0.49 0.01 124,829 

1 7 80 300 100 CC 1,108,784 128,976 2,611,815 0.405 0.55 0.01 114,883 

 7 80 300 100 CC 1,106,000 129,248 2,612,201 0.405 0.55 0.01 115,240 

300 2 100 400 200 LF 1,700,200 78,342 2,613,163 0.424 0.82 0.07 51,473 

100 2 80 300 150 CC $ 974,400 140,695 2,613,999 0.406 0.42 0.01 136,689 

100 2 100 300 150 CC 983,400 139,977 2,614,634 0.405 0.42 0.00 137,288 

200  200 100 200 LF 926,800 144,847 2,614,784 0.405 0.48 0.00 153,795 

1 5 200 100 200 LF 822,784 153,960 2,616,966 0.405 0.45 0.00 155,896 

100 2 200 100 300 LF 908,400 146,694 2,617,909 0.405 0.44 0.00 150,885 

 5 200 100 200 LF 820,000 154,311 2,618,277 0.405 0.44 0.00 156,323 

200 1 200 100 100 LF 936,800 144,299 2,618,397 0.405 0.53 0.00 151,881 

200 2 200 100 150 LF 1,066,800 133,175 2,618,766 0.405 0.59 0.00 135,669 

100 8 100 400 200 LF 1,683,400 80,370 2,620,002 0.423 0.84 0.07 43,405 

200 6 100 400 150 LF 1,741,800 75,402 2,620,503 0.417 0.87 0.04 40,814 

200 5 100 400 100 LF 1,611,800 86,711 2,622,296 0.413 0.83 0.03 57,306 

100 4 200 300 200 LF 1,248,400 118,024 2,623,804 0.406 0.62 0.00 104,201 

100 5 200 100 200 LF 1,098,400 130,966 2,624,621 0.406 0.61 0.00 126,662 
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100 4 100 300 150 CC 1,163,400 125,402 2,624,784 0.406 0.55 0.00 114,608 

1 5 100 100 100 CC 697,784 165,359 2,624,812 0.427 0.41 0.08 166,545 

200 7 100 300 150 LF 1,711,800 78,381 2,625,222 0.422 0.86 0.06 46,899 

100 4 80 300 150 CC 1,154,400 126,245 2,625,612 0.408 0.55 0.01 114,510 

200 2 100 300 100 CC 1,221,800 120,498 2,626,033 0.406 0.59 0.00 112,581 

200 3 80 600 200 LF 1,742,800 75,797 2,626,106 0.436 0.83 0.10 37,953 

100 6 200 100 100 LF 1,108,400 130,273 2,626,551 0.406 0.64 0.00 124,900 

200 6 80 400 100 LF 1,692,800 80,142 2,626,743 0.418 0.86 0.05 46,828 

300 1 100 400 100 LF 1,530,200 94,100 2,626,801 0.417 0.76 0.05 73,954 

100 3 200 300 200 LF 1,158,400 126,111 $ 2,628,047 0.407 0.55 0.00 116,430 

100 8 100 300 300 LF 1,643,400 84,512 $ 2,628,272 0.428 0.82 0.08 51,220 

100 5 200 100 100 CC 1,018,400 138,260 $ 2,629,619 0.406 0.57 0.00 138,810 

100 3 200 300 100 LF 1,078,400 133,206 2,630,725 0.407 0.55 0.00 125,595 

100 3 40 400 300 CC 1,286,400 115,388 2,631,088 0.439 0.55 0.09 95,800 

300 5 80 300 150 LF 1,801,200 71,266 2,631,702 0.435 0.88 0.09 40,772 

 7 200 100 100 CC 920,000 146,998  2,633,056 0.407 0.52 0.00 146,632 

300 3 100 300 100 LF 1,590,200 89,570 2,634,017 0.420 0.81 0.05 68,503 

200 6 100 400 200 LF 1,781,800 73,141  2,634,157 0.422 0.87 0.05 37,309 

200 1 200 100 200 LF 1,016,800 138,803 2,634,350 0.408 0.54 0.00 143,899 

100 6 200 100 150 LF 1,148,400 127,550 2,634,814 0.408 0.65 0.00 121,098 

1 5 80 300 150 CC 968,784 142,988 2,635,102 0.411 0.43 0.01 135,747 

200  80 400 100 CC 1,290,000 127,250 2,635,723 0.409 0.49 0.01 120,952 

300 3 80 400 100 LF 1,701,200 80,237 2,636,244 0.420 0.85 0.05 52,072 

300 4 80 400 150 LF 1,831,200 69,097 2,636,427 0.428 0.89 0.07 35,605 

300 4 100 300 150 LF 1,720,200 78,628 2,636,495 0.426 0.84 0.06 52,453 

 5 80 300 150 CC 966,000 143,381 2,636,907 0.410 0.42 0.01 136,259 

100 4 80 400 100 CC 1,234,400 120,444 2,638,002 0.409 0.57 0.01 104,407 

1 7 200 100 150 LF 962,784 143,755 2,638,043 0.408 0.56 0.00 139,768 

100 5 200 300 200 LF 1,338,400 111,646 2,639,481 0.408 0.67 0.00 93,955 

 7 200 100 150 LF 960,000 144,127 2,639,597 0.408 0.55 0.00 140,219 

100 4 200 300 100 LF 1,168,400 126,262 2,639,803 0.408 0.62 0.00 114,720 

100 2 200 300 100 LF 988,400 141,732 2,640,089 0.408 0.48 0.00 138,406 

100 5 100 300 100 CC 1,213,400 122,545 2,641,484 0.409 0.61 0.00 109,114 

100 3 200 100 300 LF 998,400 141,015 2,641,724 0.409 0.51 0.00 141,483 

100 6 200 300 150 LF 1,388,400 107,580 2,642,095 0.409 0.72 0.00 87,407 

300 2 100 300 300 LF 1,660,200 84,324 2,642,882 0.436 0.79 0.10 61,578 
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200 7 80 400 150 LF 1,822,800 70,410 2,643,332 0.428 0.90 0.06 31,906 

300 3 40 600 150 LF 1,963,200 58,399 2,643,753 0.437 0.95 0.09 14,615 

200 8 80 300 150 LF 1,792,800 73,095 2,644,620 0.435 0.89 0.09 37,632 

100 7 100 400 300 LF 1,673,400 83,390 2,645,196 0.430 0.81 0.07 47,422 

200  200 100 100 CC 846,800 154,394 2,646,038 0.409 0.44 0.00 168,226 

300 3 100 400 150 LF 1,750,200 76,887 2,646,207 0.423 0.85 0.05 47,744 

1 6 200 100 200 LF 912,784 148,746 2,646,211 0.409 0.50 0.00 147,107 

200 2 200 100 100 LF 1,026,800 139,013 2,646,800 0.409 0.58 0.00 142,875 

1 7 200 100 100 CC 922,784 147,949 2,646,924 0.409 0.52 0.00 147,573 

 6 200 100 200 LF 910,000 149,058 2,647,059 0.410 0.50 0.00 147,490 

200 1 200 300 150 LF 1,216,800 122,755 2,647,339 0.409 0.60 0.00 115,812 

200 7 100 300 200 LF 1,751,800 76,885 2,647,782 0.427 0.86 0.06 44,199 

200  100 400 100 CC 1,161,800 127,685 2,649,787 0.410 0.49 0.00 121,673 

 

Appendix A5: Equipment’s characteristics information 

Wind turbine information 

parameters Quantities 

Rated power 50 kW 

Cut-in wind speed 2,5 m/s 

Rated wind speed 14 m/s 

Cut-out wind speed 25 m/s 

Survival wind speed 60 m/s 

Diameter 15m 

Swept area 177 m² 

Number of blades 3 

Rotor speed, max: 70U/min 

Tipspeed: 55m/s 

Power density 282,5 W/m² 

Hub height 30/37 m 

Manufacturer ViktorKrogmann GmbH&Co.kG 

Country Germany 

 

Solar PV information 

 

Panel Technology 

Polycrystallin

e 
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Maximum Power (Pmax) 250 watt 

Tolerance of Pmax 0 / +3% 

Cell Configuration 60 ( 6 x 10 ) 

Open Circuit Voltage (Voc) 34.3 V 

Maximum Power at Voltage 

(Vpm) 

27.0 V 

Short Circuit Current (Isc) 7.25 A 

Maximum Power at Current 

(Ipm) 

7. 81 A 

Module Efficiency (%) 15.3 

NOCT 46 å± 2è_ C 

Temperature Coefficient (lsc) #NAME? 

Temperature Coefficient (Voc) #NAME? 

Temperature Coefficient (Pmax) #NAME? 

 

 


