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CHAPTER ONE 

INTRODUCTION 

1.1 BACKGROUND OF THE STUDY 

Electricity generation in Nigeria began in 1896. The Nigeria Electricity Supply Company 

(NESCO) commenced operations as an electric utility company in Nigeria in 1929 with the 

construction of a hydroelectric power station at Kurra near Jos. The Electricity Corporation of 

Nigeria (ECN) was established in 1951 to take over the assets of NESCO, while the first 132KV 

line was constructed in 1962, linking Ijora Power Station to Ibadan Power Station. The Niger 

Dams Authority (NDA) was established in 1962 with a mandate to develop the hydropower 

potentials of the country. However, ECN and NDA were merged in 1972 to form the National 

Electric Power Authority (NEPA). In 1998, NEPA ceased to have an exclusive monopoly over 

electricity generation, transmission, distribution and sales when it metamorphosized to Power 

Holding Company of Nigeria (PHCN), as a holding company for its imminent unbundling and 

subsequent privatization (National Electricity Regulatory Commission, 2007).  



Previously, the Federal Ministry of Power oversees the electric power sector in Nigeria. It served 

both as the policy making body and the regulator; doing the latter mostly through the Electrical 

Inspectorate Services, a department in the Ministry. The electric power sector in Nigeria started 

with the Niger Dams Authority which controlled the Dams around Shiroro and River Niger. Due 

to abysmal power crises in the whole of Nigeria, the government of President Olusegun 

Obasanjo made efforts through the National Council for Privatization/Bureau for Public Service 

(under the leadership of Nasir Ahmad el-Rufai to reform the sector which has seen no investment 

or major government attention since the 1980s. The Nigeria Electricity Regulatory Commission 

(NERC), which is an independent regulatory body saddled with the regulation of the electric 

power industry in Nigeria, was formed through the Electric Power Sector Reform Act, 2005 and 

it was inaugurated on 30th October, 2007 with Ramsome Owan as its first Chairman/CEO. Dr. 

Ransome Owan, a US trained scientist, was appointed for a five year term as the executive 

Chairman of NERC. On his team included other Nigerians living in Diaspora who came in to 

work for NERC. NERC was instituted primarily to form, review and regulate the electricity tariff 

of Power Generating companies owned or controlled by the government, and any other 

generating company which has a license for power generation and transmission of energy, and 

distribution of electricity. NERC, however, was given additional responsibilities for setting up 

and administering a fund called “Power Consumer Assistance Fund” which shall subsidize 

underprivileged power consumers in Nigeria. It also had the mandate to regulate the rural 

systems and determine the contribution rates to be sent to the Rural Electrification Fund. At 

present, the national electricity grid consists of nine generating stations (3 hydro and 6 thermal) 

with a total installed generating capacity of 5906 MW. The holding company has nine (9) power 

stations, nationwide, as shown in Table 1.1 (National Electricity Regulatory Commission, 2007). 



Electricity is generated from other forms of energy. The fundamental principles of electricity 

generation were discovered during the 1820s and early 1830s by the British scientist Michael 

Faraday. Electricity is most often generated at a power station by electromechanical generators, 

primarily driven by heat engines fueled by chemical combustion or nuclear fission but also by 

other means such as the kinetic energy of flowing water and wind. There are many other 

technologies that can be used to generate electricity such as solar photovoltaics and geothermal 

power.  

 

Table 1.1: The power stations of PHCN nationwide 

S/N Power station  Location No. of generating 
units/Capacity 

Year 

1. Kainji Hydro Power Station  Niger State 4X80MW 1968 
   2X10MW 1976 
   2X120MW 1978 
2 Jebba Hydro Power Station Kwara State 6X95MW 1986 
3 Shiroro Hydro Power Station  Niger State 1X150MW 1989 
 ,, ,, 3X150MW 1990 
4 Afam Thermal Power Station Rivers State 2X10.5MW 1965 
 ,, ,, 2X17.5MW 1965 
 ,, ,, 423.9MW 1976 
 ,, ,, 4X27MW 1978 
 ,, ,, 6X75MW 1982 
5 Delta Thermal Power Station  Delta State 2X36MW 1966 
 ,, ,, 6X20MW 1975 
 ,, ,, 6X20MW 1978 
 ,, ,, 1X100MW 1989 
 ,, ,, 5X100MW 1990 
6. Egbin Thermal Power Station  Lagos State 2X220MW 1985 
 ,, ,, 2X220MW 1986 
 ,, ,, 2X220MW 1987 
7. Sapele Thermal Power Station  Delta State 6X120MW 1978 
 ,, ,, 4X75MW 1981 
8. Ijora Thermal Power Station  Lagos State 3X20MW 1978 
9. Oji Thermal Power Station Enugu State 2X5MW 1956 
 ,, ,, 2X10MW 1956 



 

Electric power supply is the most important commodity for national development. With 

electrical energy the people are empowered to work from the domestic level and the cottage 

industries, through the small-scale and medium industries to employment in the large-scale 

manufacturing complexes. In these days, depriving people of electric power is tantamount to 

castration. Electric power generation may be through one of the following sources of energy: 

    

i. Coal, oil or natural gas   

ii. Hydro power (water turbine)  

iii. Nuclear power (steam turbine)  

iv. Solar-wind or water-wave turbine  

v. Solar thermal generator  

vi. Solar photovoltaic generator  

  

Coal, oil, gas and hydro power are abundant in Nigeria. Presently Nigeria mostly employs gas-

fired and hydroelectric turbines for bulk generation, oil being too expensive and coal-fired 

stations having gone moribund. Coal, the progenitor of the Industrial Revolution in Europe, is 

still the main source of energy in most of the industrialised countries of the world. However, 

coal-fired stations have the problem of pollution in the emission of carbon gases which deplete 

the ozone layer thereby causing global warming. Coal is likely to be overtaken by nuclear 

energy. Nuclear power stations have their problems of hazardous radiation and in disposal of 

radioactive wastes, not to mention sophistication in operation and maintenance (Abdullahi, 2010) 



The rising costs and concerns about the potential ecological risks and environmental impacts of 

burning of fossil fuels have led to a global search for alternative energy sources. Consequently, a 

great deal of interest has been developed in the use of renewable energy sources to complement 

supply of electricity for the fulfillment of the basic needs of the society such as lighting, 

transportation, provision of water, food, health and education. Since all these services are the 

indices by which a nation’s progress and development are measured, it follows that energy is a 

major determinant of every country’s economic and social development. Up to date, fossil fuels 

(coal, crude oil and natural gas) which are nonrenewable, have been the main traditional source 

of energy, meeting three quarters of total world energy needs. Fossil fuels are nonrenewable 

since they cannot be replenished. Once they are spent they cannot be recovered. Sustainability is 

a key factor influencing the long-term viability of any energy resource, and it comes as no 

surprise that it is at the forefront of the global campaign to abandon the use of fossil fuels. The 

drive for sustainable energy is not propelled by concerns over energy security alone. Fossil fuels 

have been a major cause of adverse environmental and social consequences such as climate 

change, air pollution and mining accidents (Sesan, 2008).  

Renewable energy sources are available on periodic or cyclic basis, e.g. solar, wind, hydro and 

biomass. They are, on the other hand, non-depletable on consumption at any rate. Nigeria has 

abundant energy sources – renewable and nonrenewable. Despite the abundance of energy in 

Nigeria, the reality is that the country is in short supply of electricity. It is estimated that about 

only 40% of the population, in Nigeria, have access to grid electricity. At the rural level, where 

about 70% of the population live, the percentage access to grid electricity drops to slightly above 

18% (Sambo, 2006). Electricity is generally produced from fossil fuel sources which include 

coal, gas and oil. These fossil fuel sources have two key issues: firstly the resources are limited 



and secondly the use of these fuels produces greenhouse gas emissions. Accordingly, there has 

been strong interest in examining renewable energy sources for generating electric power. The 

two most convenient sources for household applications are solar and wind (Soong, 2008). 

   

Renewable energy constitutes a panacea of sorts, offering solutions to every one of the problems 

posed by conventional energy sources. They are clean, safe, inexhaustible, and they satisfy the 

criteria for sustainability prescribed by the United Nations (1987): the ability to meet the energy 

needs of the present without compromising the ability of future generations to meet their own 

needs. Renewable energy sources, commonly referred to as renewables, include solar energy, 

wind energy, biomass, hydro (water), geothermal energy and tidal energy. Renewables produce 

energy flows which are replenished at the same rate as they are used. Whatever the definition 

given to renewables, the concept remains the same: renewable energy sources, in contrast to 

fossil fuels, are environmentally friendly, ubiquitous, self-replenishing, infinite, and 

consequently considered world-wide as the way of the future (Sesan, 2008). 

1.2 STATEMENT OF THE PROBLEM 

The erratic nature of electricity supply in the country is now common knowledge. This is easily 

attributable to the failure of successive Nigerian Governments over the years to produce enough 

electricity to satisfy increasing domestic and industrial demand. A major consequence of this 

scenario is the proliferation of private domestic and industrial electric power generation across 

the country. FUTO also privately generates the bulk of its electricity needs in recent times.  

Although all the primary energy sources namely fossil fuels (coal, gas and oil), renewable energy 

(hydro, solar, wind etc) and nuclear may be transformed into electricity, only natural gas, oil and 



hydro currently contribute to electricity production in the country. All other energy sources are 

not used for electricity production despite their abundance. 

Nigeria is blessed with a number of rivers and streams which are either seasonal or perennial. 

The Rivers Niger and Benue with several tributaries constitute the major Nigerian river system 

which offers some potential renewable source of energy for economically viable large 

hydropower development. The other rivers include Kaduna, Sokoto, Hadejia, Yobe, Gongola, 

Ogun, Osun, Imo, Cross River, etc (Sule, 2003). From the above, it is clear that Nigeria is a rich 

country in water resources, and it can achieve prosperity by harnessing the abundant water 

resources. More than forty years have passed since the Kainji dam was built primarily for 

hydropower generation. Various types of hydropower projects - small, medium and large - have 

been built or at various planning stages. However, Nigeria has not yet been able to develop even 

twenty percent of the total potentials (10,000 megawatts) and provide electricity to the teaming 

population who are desperately in need of solutions to the power problems in Nigeria (Sule, 

2003). Also, deserving more attention in Nigeria than hitherto, is the potential contribution of 

distributed small hydro schemes for dispersed energy needs of scattered rural communities either 

as stand-alone electric power source or in combination with other renewable energy sources as 

hybrid electric power source. Small hydro/photovoltaic hybrid system for electricity generation 

appears most attractive because of the abundance of their input energy sources in remote rural 

areas without grid-connected electricity supply facility. 

 

The combination of renewable energy sources has proven to be the least-cost solution for rural 

communities as the benefits and advantages of each technology complement each other. Since 

renewable energy supplies are free, they are not subject to fuel price or supply volatility. 



However, renewable systems depend on the availability of the resource(s) at the required time 

and location. By having a hybrid combination of these two sources, it is possible to 

accommodate seasonal resource fluctuations, with solar PV collectors complementing or picking 

up when hydro generation drops during the dry season. Where daily energy variations are 

concerned, solar energy has a production peak around noon and water level rises significantly 

during the rainy season months. According to Rolland and Glania (2011) batteries add stability 

to the system by storing the energy for peak consumption when there is insufficient production 

from renewable sources (i.e., to offset lack of solar power during nighttime hours) (Rolland and 

Glania, 2011). 

 

1.3 OBJECTIVES OF THE STUDY 

The main objective of this study is to investigate the feasibility of a small hydro/photovoltaic 

(SHPV) hybrid electric power supply system to meet the demand of a University Community 

such as the Federal University of Technology, Owerri, Nigeria. The specific objectives include: 

i) estimation of electric power demand of FUTO Community; 

ii) evaluation of small hydro potential of Otamiri river coursing through FUTO; 

iii) evaluation of photovoltaic array area to complement Otamiri hydropower to provide 

electricity for FUTO Community; 

iv) determination of a small hydro/photovoltaic electricity generation scheme for FUTO. 

1.4 JUSTIFICATION FOR THE STUDY 



Hydropower is a renewable, flexible and relatively reliable source of power and has a central role 

in integrated energy systems due to its energy storage and regulation capability. The energy 

storage and regulation capacity are in fact prerequisites for effective use of other intermittent 

renewable energy sources such as wind and solar energy (which must be used where and when 

available). Dams built for hydropower do also serve to ameliorate the effects of seasonal and 

inter-annual rainfall variability thus contributing to improved water management and food 

security (Ethio Resource Group, 2009). 

  

Photovoltaic power is an established technology and has recently experienced rapid growth in 

usage. In a 24-hour day, sunlight is only available for a limited time and depends heavily on 

weather conditions. In most photovoltaic power systems, a particular control algorithm, namely 

maximum power point tracking (mppt), is utilized to take full advantage of the available solar 

energy. Two principal types of photovoltaic power systems exist, which are classified by their 

functions and configuration, namely the stand-alone systems and the grid-connected systems 

(Xiao, Ozog and Dunford, 2007). 

Given that the raw materials needed to generate energy from renewable sources are readily 

available, this research work is justifiable with the following facts: 

i) Free resources naturally available from the sun and water are used. 

ii) The natural resources are not wasted or used up. 

iii) There is no problem of environmental pollutions as emissions are low. 

iv) The operating and maintenance requirements are low. 

v) The efficiency and reliability of the system are high. 

vi) The cost is minimal and acceptable over a period of time. 



1.5 SCOPE AND LIMITATIONS OF THE WORK 

1.5.1 Scope 

This research work investigates the small hydro/photovoltaic hybrid power potentials to satisfy the 

electricity demands of FUTO community. Although a variety of renewable energy resources exist in 

the study location, only solar and hydro sources are covered in this work. The hydrological and 

meteorological data of the study location are also put into consideration in addition to the evaluation 

of electricity load demands of FUTO community. 

1.5.2     Limitations 

Even though Nigeria is naturally enriched with small hydro sites, and an almost uniform solar 

resource, this work will be limited to FUTO community. Consideration is, therefore, given to solar 

energy and small hydro resources available in this location for possible power generation. Again, 

this work does not cover the method of distribution of the power so generated. 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

CHAPTER TWO 

LITERATURE REVIEW 

2.1 SMALL HYDROPOWER SYSTEMS 

Hydropower or water power is power derived from the energy of falling water, which may be 

harnessed for useful purposes. Turbine blades are acted upon by flowing water, produced by 

hydroelectric dams or tidal forces. Since ancient times, hydropower has been used for irrigation 

and the operation of various mechanical devices, such as watermills, sawmills textile mills, dock 

cranes, and domestic lifts. Since the early 20th century, the term is used almost exclusively in 

conjunction with the modern development of hydro-electric power, which allowed use of distant 

energy sources. Another method used to transmit energy used a trompe, which produces 

compressed air from falling water. Compressed air could then be piped to power other machinery 



at a distance from the waterfall. Hydropower engineering refers to the technology involved in 

converting the pressure energy and kinetic energy of water into more easily used electrical 

energy. The prime mover in the case of hydropower is a water wheel or hydraulic turbine which 

transforms the energy of the water into mechanical energy. Mechanical energy will be converted 

to electrical energy by using electrical generator (Harvey et al, 1998). 

 

A hydropower scheme comprises of a system for extracting energy from water as it moves, 

normally dropping from one elevation to another. Water that is restricted in a sloping pipe will 

build up a head of pressure at the bottom, which can be used to drive a turbine wheel (or runner). 

In flatter areas where there is less pressure build-up or no pipe at all, much larger flows are 

required to compensate for the reduced head, and so larger turbines are used. From this definition 

the resources required to actualize and sustain hydropower will include natural, physical, human 

and financial resources. The natural resources are water and land; the physical resources include 

dams, pipelines, canals, turbines, generators, ancillary items, the human resources are the 

planners, researchers, engineers, managers, etc while financial resources include capital and 

recurrent funds (Sule, 2003). 

 

In a hydro power scheme, the water flowing along natural and man-made canals, conducted by 

low and high-pressure pipes, spilling over weir crests and moving the turbines involves the 

application of fundamental engineering principles in fluid mechanics. To decide if the scheme 

will be viable, evaluation is done on the water resource at the site. The energy potential of the 

scheme is proportional to the product of the flow and the head. Except for very low heads, the 

gross head can usually be considered as constant, but the flow varies over the year. To select the 

most appropriate hydraulic equipment and estimate the sites potential with calculations of the 



annual energy output, a flow-duration curve is most useful (European Small Hydropower 

Association, 2004).  

 

Hydropower is a renewable energy source based on the natural water cycle. Hydropower is the 

most mature, reliable and cost-effective renewable power generation technology available. It is 

the largest renewable energy source in widespread use, and it produces around 16 % of the 

world’s electricity and over four-fifths of the world’s renewable electricity. Currently, more than 

25 countries in the world depend on hydropower for 90 % of their electricity supply (99.3 % in 

Norway), and 12 countries are 100 % reliant on hydro. Hydro produces the bulk of electricity in 

65 countries and plays some role in more than 150 countries. Canada, China and the United 

States are the countries which have the largest hydropower generation capacity 

(http://en.wikipedia.org/wiki/Hydroelectricity). 

Hydropower is the most flexible source of power generation available and is capable of 

responding to demand fluctuations in minutes, delivering base-load power and, when a reservoir 

is present, storing electricity over weeks, months, seasons or even years. As a result of this 

flexibility, hydropower is an ideal complement to variable renewables as, when the sun shines or 

the wind blows, reservoir levels can be allowed to increase for a time when there is no wind or 

sunshine. Similarly, when large ramping up or down of supply is needed due to increases or 

decreases in solar or wind generation, hydro can meet these demands. Hydroelectric generating 

units are able to start up quickly and operate efficiently almost instantly, even when used only 

for one or two hours. This is in contrast to thermal plant where start-up can take several hours or 

more, during which time efficiency is significantly below design levels. In addition, hydropower 



plants can operate efficiently at partial loads, which are not the case for many thermal plants 

(International Renewable Energy Agency, 2012).   

   

Small hydropower (SHP) system is one of the renewable energy technologies for generating 

electricity and mechanical power. Basically, SHP system is categorized depending on the 

capacity of the installed electricity (Pandey, 2006). There is no international agreement on the 

limit of ‘‘small’’, but most European and other countries accept 10 MW as small hydropower 

system. Within the SHP category, these power systems are further categorized into pico, micro 

and mini systems. Most of the countries and organization recognize pico as a system that 

generates less than 10 kW, micro (more than 10kW but less than 100 kW), mini (more than 100 

kW but less than 1MW) and small (above 1 MW but less than 10MW). The Pico and micro 

systems are appropriate for electrifying off-grid rural settlement as a decentralized power supply 

system in Sub-Saharan African rural communities. Although various categorizations exist based 

on different locality and nationality, the generally accepted classification of hydro power plants 

based on the ability to generate power is provided in Table 2.1 (Bhattarai, 2005). 

 

Table 2.1: Common classification of Hydropower plants (HPP) based on capacity generation 

(Bhattarai, 2005) 

Power Generation Capacity (Watts)  Type of Hydro Power Plant  
<100 kW  Micro  
100-1000 kW  Mini  
1MW-10 MW  Small  
10MW-300 MW  Medium  
>300 MW  Large  

 

2.1.1    Types of Hydroelectricity Generation 



Hydroelectricity generation is categorized as follows: 

2.1.1.1 Conventional Hydroelectricity 

A conventional dammed-hydro facility (hydroelectric dam) is the most common type of 

hydroelectric power generation. Most hydroelectric power comes from the potential energy of 

dammed water driving a water turbine and generator. The power extracted from the water 

depends on the volume and on the difference in height between the source and the water’s 

outflow. The height difference is called the head. The amount of potential energy in water is 

proportional to the head. A large pipe known as the penstock delivers water to the turbine. Figure 

2.1 illustrates a conventional dammed hydroelectricity generation facility 

(http://en.wikipedia.org/wiki/hydropower) 

 

 

Figure 2.1: A conventional dammed-hydro facility (hydroelectric dam)  

Source: http://en.wikipedia.org/wiki/hydropower 

 

2.1.1.2  Run-of-the-River Hydroelectricity  

This captures the kinetic energy in rivers or streams, without the use of dams. Run-of-the-water 

hydroelectric stations are those with small or no reservoir capacity, so that the water coming 



from upstream must be used for generation at that moment, or must be allowed to bypass the 

dam. Figure 2.2 illustrates the basic components and arrangement of a run-off-river small scale 

hydro power scheme. 

 

Figure 2.2: Basic components and arrangement of run-off-river small scale hydropower system 

(Natural Resources Canada, 2004)  

 

2.1.1.3  Pumped-Storage Hydroelectricity  

This stores water pumped during periods of low demand to be released for generation when 

demand is high. This method produces electricity to supply high peak demands by moving water 

between reservoirs at different elevations. At times of low electrical demand, excess generation 

capacity is used to pump water into the higher reservoir. When there is higher demand, water is 

released back into the lower reservoir through a turbine to generate electricity (Tamrat, 2007). 

Pumped-storage schemes currently provide the most commercially important means of large 

scale grid energy storage and improve the daily capacity factor of the generation system. 

 

2.1.1.4  Tidal Hydroelectricity 

A tidal power plant makes use of the daily rise and fall of ocean water due to tides; such sources 

are highly predictable, and if conditions permit construction of reservoirs, can also be 



dispatchable to generate power during high demand periods. Less common types of hydro 

schemes use water’s kinetic energy or undammed sources such as undershot waterwheels 

(http://en.wikipedia.org/wiki/hydropower). 

2.1.1.5  Underground Hydroelectricity 

An underground power station makes use of a large natural height difference between two water 

ways, such as waterfall or mountain lake. An underground tunnel is constructed to take water 

from the high reservoir to the generating hall built in an underground cavern near the lowest 

point of the water tunnel and a horizontal tailrace taking water away to the lower outlet waterway 

(http://en.wikipedia.org/wiki/hydropower). 

 

2.1.1.6  Small Hydroelectricity  

These are 10 megawatts or less and often have no artificial reservoirs. 

2.1.1.7  Micro Hydro Projects  

These provide a few kilowatts to a few hundred kilowatts to isolated homes, villages, or small 

industries. 

2.1.2     Advantages of Hydroelectricity 

2.1.2.1 Flexibility: Hydro is a flexible source of electricity since plants can be ramped up and 

down very quickly to adapt to changing energy demands.  

2.1.2.2 Low power costs: The major advantage of hydroelectricity is elimination of the cost of 

fuel. The cost of operating a hydroelectric plant is nearly immune to increases in the cost of 

fossil fuels such as oil, natural gas or coal, and no imports are needed. The average cost of 



electricity from a hydro plant larger than 10 megawatts is 3 to 5 U.S. cents per kilowatt-hour 

(http://en.wikipedia.org/wiki/hydropower). 

Hydroelectric plants have long economic lives, with some plants still in service after 50–100 

years. Operating labor cost is also usually low, as plants are automated and have few personnel 

on site during normal operation. Where a dam serves multiple purposes, a hydroelectric plant 

may be added with relatively low construction cost, providing a useful revenue stream to offset 

the costs of dam operation. It has been calculated that the sale of electricity from the Three 

Gorges Dam will cover the construction costs after 5 to 8 years of full generation 

(http://en.wikipedia.org/wiki/hydropower). 

2.1.2.3 Suitability for industrial applications: While many hydroelectric projects supply public 

electricity networks, some are created to serve specific industrial enterprises. Dedicated 

hydroelectric projects are often built to provide the substantial amounts of electricity needed for 

aluminium electrolytic plants, for example. The Grand Coulee Dam switched to support Alcoa 

aluminium in Bellingham, Washington, United States for American World War II airplanes 

before it was allowed to provide irrigation and power to citizens (in addition to aluminium 

power) after the war. In Suriname, the Brokopondo Reservoir was constructed to provide 

electricity for the Alcoa aluminium industry. New Zealand's Manapouri Power Station was 

constructed to supply electricity to the aluminium smelter at Tiwai Point 

(http://en.wikipedia.org/wiki/hydropower). 

2.1.2.4 Environmentally Friendly: Since hydroelectric dams do not burn fossil fuels, they do 

not directly produce carbon dioxide. While some carbon dioxide is produced during manufacture 

and construction of the project, this is a tiny fraction of the operating emissions of equivalent 



fossil-fuel electricity generation. One measurement of greenhouse gas related and other 

externality comparison between energy sources can be found in the Extreme project by the Paul 

Scherrer Institute and the University of Stuttgart which was funded by the European 

Commission. According to that study, hydroelectricity produces the least amount of greenhouse 

gases and externality of any energy source. Coming in second place was wind, third was nuclear 

energy, and fourth was solar photovoltaic. The extremely positive greenhouse gas impact of 

hydroelectricity is found especially in temperate climates. The above study was for local energy 

in Europe; presumably similar conditions prevail in North America and Northern Asia, which all 

see a regular, natural freeze/thaw cycle with associated seasonal plant decay and regrowth 

(http://en.wikipedia.org/wiki/hydropower). 

Along with not emitting carbon dioxide, hydroelectric dams are also environmentally friendly 

because the water that is used can be recycled. The water from these hydroelectric plants are 

often reused for recreational purposes. Reservoirs created by hydroelectric schemes often 

provide facilities for water sports, and become tourist attractions themselves. In some countries, 

aquaculture in reservoirs is common. Multi-use dams installed for irrigation support agriculture 

with a relatively constant water supply. Large hydro dams can control floods, which would 

otherwise affect people living downstream of the project.  

2.1.3 Disadvantages of Hydroelectricity  

2.1.3.1 Ecosystem damage and loss of land: Hydroelectric power stations that use dams would 

submerge large areas of land due to the requirement of a reservoir. Large reservoirs required for 

the operation of hydroelectric power stations result in submersion of extensive areas upstream of 

the dams, destroying biologically rich and productive lowland and riverine valley forests, 



marshland and grasslands. The loss of land is often exacerbated by habitat fragmentation of 

surrounding areas caused by the reservoir. 

Hydroelectric projects can be disruptive to surrounding aquatic ecosystems both upstream and 

downstream of the plant site. For instance, studies have shown that dams along the Atlantic and 

Pacific coasts of North America have reduced salmon populations by preventing access to 

spawning grounds upstream, even though most dams in salmon habitat have fish ladders 

installed. Salmon spawn are also harmed on their migration to sea when they must pass through 

turbines. Turbine and power-plant designs that are easier on aquatic life are an active area of 

research. Mitigation measures such as fish ladders may be required at new projects or as a 

condition of re-licensing of existing projects. 

Generation of hydroelectric power changes the downstream river environment. Water exiting a 

turbine usually contains very little suspended sediment, which can lead to scouring of river beds 

and loss of riverbanks. Since turbine gates are often opened intermittently, rapid or even daily 

fluctuations in river flow are observed. For example, in the Grand Canyon, the daily cyclic flow 

variation caused by Glen Canyon Dam was found to be contributing to erosion of sand bars. 

Dissolved oxygen content of the water may change from pre-construction conditions. Water 

exiting turbines can be warmer or colder than downstream, due to it being pulled from a higher 

or lower part in the reservoir level. This can change aquatic faunal populations, including 

endangered species, and prevent natural freezing processes from occurring. Some hydroelectric 

projects also use canals to divert a river at a shallower gradient to increase the head of the 

scheme. In some cases, the entire river may be diverted leaving a dry riverbed. Examples include 

the Tekapo and Pukaki Rivers in New Zealand (http://en.wikipedia.org/wiki/hydropower). 



2.1.3.2 Siltation and flow shortage: When water flows it has the ability to transport particles 

heavier than itself downstream. This has a negative effect on dams and subsequently their power 

stations, particularly those on rivers or within catchment areas with high siltation. Siltation can 

fill a reservoir and reduce its capacity to control floods along with causing additional horizontal 

pressure on the upstream portion of the dam. Eventually, some reservoirs can become completely 

full of sediment and useless or over-top during a flood and fail.  

Changes in the amount of river flow will correlate with the amount of energy produced by a dam. 

Lower river flows because of drought, climate change or upstream dams and diversions will 

reduce the amount of live storage in a reservoir therefore reducing the amount of water that can 

be used for hydroelectricity (http://en.wikipedia.org/wiki/hydropower). The result of diminished 

river flow can be power shortages in areas that depend heavily on hydroelectric power. The risk 

of flow shortage may increase as a result of climate change. Studies from the Colorado River in 

the United States suggest that modest climate changes, such as an increase in temperature in 2 

degree Celsius resulting in a 10% decline in precipitation, might reduce river run-off by up to 

40%. Brazil in particular is vulnerable due to its heaving reliance on hydroelectricity, as 

increasing temperatures, lower water flow and alterations in the rainfall regime, could reduce 

total energy production by 7% annually by the end of the century 

(http://en.wikipedia.org/wiki/hydropower). 

2.1.3.3 Methane emissions (from reservoirs): Lower positive impacts are found in the tropical 

regions, as it has been noted that the reservoirs of power plants in tropical regions may produce 

substantial amounts of methane. This is due to plant material in flooded areas decaying in an 

anaerobic environment, and forming methane, a potent greenhouse gas. According to the World 



Commission on Dams report, where the reservoir is large compared to the generating capacity 

(less than 100 watts per square metre of surface area) and no clearing of the forests in the area 

was undertaken prior to impoundment of the reservoir, greenhouse gas emissions from the 

reservoir may be higher than those of a conventional oil-fired thermal generation plant. Although 

these emissions represent carbon already in the biosphere, not fossil deposits that had been 

sequestered from the carbon cycle, there is a greater amount of methane due to anaerobic decay, 

causing greater damage than would otherwise have occurred had the forest decayed naturally. 

In Boreal reservoirs of Canada and Northern Europe, however, greenhouse gas emissions are 

typically only 2% to 8% of any kind of conventional fossil-fuel thermal generation. A new class 

of underwater logging operation that targets drowned forests can mitigate the effect of forest 

decay.  

2.1.3.4 Relocation: Another disadvantage of hydroelectric dams is the need to relocate the 

people living where the reservoirs are planned. In February 2008 it was estimated that 40-80 

million people worldwide had been physically displaced as a direct result of dam construction. 

Historically and culturally important sites can be flooded and lost. Such problems have arisen at 

the Aswan Dam in Egypt between 1960 and 1980, the Three Gorges Dam in China, the Clyde 

Dam in New Zealand, and the Ilisu Dam in Turkey (http://en.wikipedia.org/wiki/hydropower). 

2.1.3.5 Failure risks: Because large conventional dammed-hydro facilities hold back large 

volumes of water, a failure due to poor construction, natural disasters or sabotage can be 

catastrophic to downriver settlements and infrastructure. Dam failures have been some of the 

largest man-made disasters in history. Also, good design and construction are not an adequate 



guarantee of safety. Dams are tempting industrial targets for wartime attack and sabotage, such 

as Operation Chastise in World War II. 

The Banqiao Dam failure in Southern China directly resulted in the deaths of 26,000 people, and 

another 145,000 from epidemics. Millions were left homeless. Also, the creation of a dam in a 

geologically inappropriate location may cause disasters such as 1963 disaster at Vajont Dam in 

Italy, where almost 2000 people died. Smaller dams and micro hydro facilities create less risk, 

but can form continuing hazards even after being decommissioned. For example, the small Kelly 

Barnes Dam failed in 1967, causing 39 deaths with the Toccoa Flood, ten years after its power 

plant was decommissioned (http://en.wikipedia.org/wiki/hydropower). 

2.1.4      Types of Hydropower Turbines 

There are two main types of hydro turbines: impulse and reaction turbines. The type of 

hydropower turbine selected for a project is based on the height of standing water referred to as 

head and the flow, or volume of water, at the site. Other deciding factors include how deep the 

turbine must be set, efficiency, and cost (http://en.wikipedia.org/wiki/water_turbines). 

2.1.4.1   Reaction Hydro Turbine 

Reaction hydro turbines are the most commonly used turbines around the world. As their name 

suggests, they are not powered from a direct impulse or push, rather a reactive force. Reaction 

turbines absorb the water’s energy as it passes through, lowering the pressure in the process. To 

be effective, the turbines must be made to contain huge volumes of water pressure. Reaction 

turbines are more commonly seen in areas with low and medium head applications. Reaction 

turbines are generally used for sites with lower head and higher flows than compared with the 



impulse turbines (http://en.wikipedia.org/wiki/water_turbines). Below are the most universally 

known types of reaction turbines: 

i) Francis turbine 

The Francis hydro turbine is the most used form of hydropower in the world and is primarily 

installed for electricity generation. It was  developed by James Francis, it can reach between 83 

and 1000 revolutions per minute (RPM), depending on its size, which ranges from 10-750 

megawatts (MW). Figure 2.3 is a simple illustration of a Francis turbine. 

  

Figure 2.3: A Francis turbine runner, rated at nearly one million hp (750 MW), being installed at 

the Grand Coulee Dam, United States. 

ii) Propeller turbine 

A propeller turbine generally has a runner with three to six blades in which the water contacts all 

of the blades constantly. Through the pipe, the pressure is constant; if it isn't, the runner would 

be out of balance. The pitch of the blades may be fixed or adjustable. The major components 



besides the runner are a scroll case, wicket gates, and a draft tube. There are several different 

types of propeller turbines namely Kaplan, Bulb, Straflo and Tube turbines. Figures 2.4 (a), (b) 

and (c) illustrate some of the forms of propeller turbines. 

 

Figure 2.4a: A propeller-type runner rated  Figure 2.4b: Propeller hydropower turbine 

28,000 hp (21 MW)     Credit: GE Energy     

   

 

  

Figure 2.4c: A Kaplan Hydropower turbine 

Credit: GE Energy 



  

iii) Tyson turbine 

The Tyson hydro turbine is installed right in the centre of flowing water and for that reason does 

not need a casement.  This is where the flowing water is most powerful, taking in more kinetic 

energy. The Tyson can also be easily relocated.  

iv) Gorlov turbine 

The Gorlov hydro system is quite a recent development in the hydro world. It won the Thomas 

Edison patent award in 2001, and was invented by Professor Alexander Gorlov.  The Gorlov is a 

spin-off of the Darrieus wind turbine – and has the same features as the vertical axis wind system 

(http://en.wikipedia.org/wiki/water_turbines).  

2.1.4.2       Impulse Hydro Turbine 

Impulse turbines are used in high speed water areas, where a huge momentum will cause the 

blades to turn.  The turbine is powered by a high velocity of water, as the jet hits the curved 

blades and changes flow direction.  Many turbines use technology of both reaction and impulse 

designs, but some, like the Pelton turbine, are exclusively impulse. The various types of impulse 

turbines are as follows.  

i) Pelton turbine 

Invented by Lester Pelton in the 1970s, the Pelton hydro turbine remains one of the most 

efficient hydro energy designs. This is because water leaves the product at a much slower speed, 

meaning most of the energy has been transferred.  However, some variations are not as energy 



efficient, with water leaving at a greater speed.  The Pelton design can come in all shapes and 

sizes, with the largest stretching to 200MW and the smallest just inches in width. Figure 2.5 

shows a simple illustration of a pelton turbine. 

 

Figure 2.5: Figure from Peloton’s original patent (October 1880)  

ii) Turgo turbine 

The Turgo hydro turbine is fantastic at achieving energy efficiency, and peaks at 87%. This 

modification of the Pelton turbine is much cheaper to make, making it extremely popular when 

low cost factors highly.  The Turgo is designed for medium head water levels, while handling a 

greater flow with its higher speed.  

iii) Crossover turbine 

Radial and axis flow are the two most common types of hydro turbine design, but the Crossover 

opts for a different approach.  The water travels transversely across the blades and enters the 



system twice, increasing the energy efficiency.  The machine itself is lower speed than other 

impulse turbines, and it’s suitable for locations with low head but large levels of water flow. 

Other types of hydro turbines are:  

iv) Jonval Hydro Turbine 

Inventor Feu Jonval introduced this hydro turbine to France in 1843. This form of impulse 

turbine directs the flow of water onto curved blades after it’s descended through a fixed guide 

vane. Jonval took ideas from other European mathematicians and engineers to create his design, 

especially the tried and tested innovation of curved blades.  The curved blades improved the 

turbines effectiveness and tripled its efficiency over the more common waterwheel.  

v) Reverse overshot waterwheel 

This Roman technology is scarcely seen around the world now, with its main use being in mines.  

Its function is to remove water from lower levels of underground works.  

vi) Archimedes’ screw turbine 

Just like the reverse overshot, the Archimedes’ screw is not very common. Historically, it was a 

way to move water from deep irrigation trenches (http://allrenewables.co.uk/water-power/water-

turbine-types). 

2.2      SOLAR ENERGY AND PHOTOVOLTAIC TECHNOLOGIES  

Solar energy technologies include solar heating, solar photovoltaics, solar thermal electricity and 

solar architecture, which can make considerable contributions to solving some of the most urgent 



problems the world now faces. These technologies entail the conversion of sunlight into 

electricity, either directly using photovoltaic (PV) cells, or indirectly using concentrated solar 

power (CSP) systems which normally focuses the sun's energy to boil water which is then used 

to provide power. Concentrated solar power systems use lenses or mirrors and tracking systems 

to focus a large area of sunlight into a small beam. On the other hand, solar photovoltaic (SPV) 

technology is the direct conversion of solar energy in the form of radiant light and heat into 

electricity by solid-state semi-conductor diodes called photovoltaic cells using photoelectric 

effect. Photovoltaic technologies were initially used to power small and medium-sized 

applications, from the calculator powered by a single solar cell to off-grid homes powered by a 

photovoltaic array. (Energy Sources, 2011). 

A photovoltaic (PV) cell or solar cell is a device that converts light into electric current. Silicon 

is the most common semi-conducting material used to make photovoltaic cells. A single 

photovoltaic cell produces only a few watts, so solar photovoltaic modules are comprised of 

several photovoltaic cells laminated into a single unit. The voltage of the photovoltaic module 

depends on the number of cells connected in series, and the current is proportional to the surface 

area of the photovoltaic cells. The most common solar module technology uses 200 to 300 mm 

thick wafers of crystalline silicon (c-Si) or multi-crystalline silicon (mc-Si), similar to the wafers 

used to manufacture integrated circuits. Amorphous silicon (a-Si) is another photovoltaic 

technology that is gaining broad acceptance. Amorphous silicon is less efficient than crystalline 

technologies, but it has the advantage of using much less silicon. Amorphous silicon cells are 

deposited on a substrate such as glass or steel and are only 2 or 3 mm thick. Thin film 

technologies such as amorphous silicon hold the potential for low cost mass-produced solar 



modules (Smiley, 2002). Figure 2.6 illustrates a typical solar photovoltaic (SPV) system 

arrangement.  

 

Figure 2.6: A Typical SPV System arrangement 

 

Solar Photovoltaic (SPV) systems utilize semiconductor-based materials which directly convert 

solar energy into electricity. These semiconductors, called solar cells, produce an electrical 

charge when exposed to sunlight. Solar cells are assembled together to produce solar modules. A 

group of solar modules connected together to produce the desired power is called a solar array. 

The first solar photovoltaic cell was developed in 1950. Very expensive at first, early 

applications of photovoltaic power systems were mainly for the space program. Terrestrial 

applications of solar photovoltaic started in late 1970’s and were primarily for powering small, 

portable gadgets like calculators and watches. By the 1980s a number of larger-scale but still 

niche markets for SPV systems had emerged, mostly for remote power needs such as lighting, 

telecommunications, and pumping. In spite of its high cost, SPV systems have steadily gained 

power generation market share due to their ability to produce electricity with no moving parts, no 



fuel requirements, zero emissions, no noise, and no need for grid connection. The modular nature 

of SPV, which allows systems to be configured to produce power from Watts to Mega-Watts, 

gives it a unique advantage over other technologies. An SPV system typically consists of an 

array of solar cells, power conditioning and/or controlling device such as inverter or regulator, an 

electricity storage device such as battery (except in grid applications), and support structure and 

cabling connecting the power system to either the load or the grid (World Bank, 2006).  

To understand the operation of a photovoltaic (PV) cell, both the nature of the material and the 

nature of sunlight need to be considered. Solar cells consist of two types of materials, often p-

type silicon and n-type silicon. Light of certain wavelength is able to ionize the atoms in the 

silicon and the internal field produce by the junction separates some of the positive charge 

(holes) from the negative charge (electron) within the photovoltaic device. The holes are swept 

into the positive or p-layer and the electron are swept in to the negative or n-layer. Although 

these opposite charges are attracted to each other, most of them can only be recombined by 

passing through an external circuit outside the material because of the internal potential energy 

barrier. The amount of power available from a PV device is determined by the type and area of 

the PV material, the intensity of the sunlight (insolation) and the wave length of the sunlight. The 

photovoltaic systems, if designed correctly, can supply energy demand for: illumination, 

refrigeration, water supply, communications, etc. This technology has been practiced for many 

years (Madmills, 2002; Tamrat, 2007).  

Photovoltaic (PV) systems as renewable energy technologies involve the direct conversion of 

radiant energy from sunlight into electricity without any heat engine. PV technologies are used in 

both stand-alone power systems and grid-connected generation systems, as well as in other small 

applications, like weather stations, some road signs, lightings (solar home systems and solar 



lanterns), watches and calculators, for water pumping, space vehicles, communications and 

satellites, as well as for megawatt-scale power plants. Though a PV device has a very low 

operating cost, it is capital intensive and exhibits a low efficiency, which makes the PV systems 

expensive. Without subsidies, PV power remains two to five times as expensive as grid power, 

where grid power exists. However, where there is no grid, PV power can be the cheapest 

electricity source. PV systems can also be competitive during peak demand periods. The 

implementation of PV systems is encouraged by the almost unlimited availability of sunlight, 

long life cycle, high modularity and mobility, easy maintainability (since there are no moving 

parts), very low operation cost, environmental friendliness, ability for off-grid application and 

short time for design, installation and start up. Mostly, individual PV modules range from 20 W 

to 100 kW. Several barriers for PV systems include significant area requirements due to the 

diffuse nature of the solar resource, higher installation cost than other DG technologies, and 

intermittent output with a low load factor (Viawan, 2008). 

Solar technologies are broadly characterized as either passive solar or active solar depending on 

the way they capture, convert and distribute solar energy. Active solar techniques include the use 

of photovoltaic panels and solar thermal collectors to harness the energy. Passive solar 

techniques include orienting a building to the Sun, selecting materials with favorable thermal 

mass or light dispersing properties, and designing spaces that naturally circulate air. 

In 2011, the International Energy Agency reported that the development of affordable, 

inexhaustible and clean solar energy technologies will have huge longer-term benefits. It will 

increase countries’ energy security through reliance on an indigenous, inexhaustible and mostly 

import-independent resource, enhance sustainability, reduce pollution, lower the costs of 



mitigating climate change, and keep fossil fuel prices lower than otherwise. These advantages 

are global. Hence the additional costs of the incentives for early deployment should be 

considered learning investments; they must be wisely spent and need to be widely shared 

(International Energy Agency. 2011). 

2.3 HYDRO/PHOTOVOLTAIC HYBRID POWER SYSTEMS 

The term hybrid power system is used to describe any power system which combines two or 

more energy conversion devices, or two or more fuels for the same device, that when integrated, 

overcomes the limitations inherent in either of them. Such limitations include fuel flexibility, 

efficiency, reliability, emissions and/or economics. Usually one of the energy sources is a 

conventional one (which necessarily does not depend on renewable energy resource) powered by 

a diesel engine, while the other(s) would be renewable namely solar or photovoltaic, wind 

turbines, hydro or fossil fuel generators (Fennell, 2011). 

In a typical hydro/photovoltaic power system, there is a small reservoir to store the water. This 

type of hybrid system sometimes depends upon the geographical condition where the water at 

some height is available. System capacity is dependent upon the water flow characteristics and 

solar radiation. The power supplied by falling water is the rate at which it delivers energy, and 

this depends on the flow rate and water head. The local water flow and head are limited at this 

project site, and a relatively simple hydro energy component is used in the project. Hydropower 

available may be of run-off river type hence produces variable amplitude and frequency voltage. 

It can be used to charge the battery after converting it into DC. The design and structure of a 

hybrid energy system obviously take into account the types of renewable energy sources 

available locally, and the consumption the system supports. A hybrid mini-grid combines at least 



two different kinds of technologies for power generation and distributes the electricity to several 

consumers through an independent grid. Thus, the mini-grid is supplied by a mix of renewable 

energy sources (RES) and a power generating set, generally supplied with diesel, used as a back-

up (Rolland and Glania, 2011). 

A hybrid power system functioning as an autonomous entity can provide almost the same quality 

and services as the national grid. Moreover, with the proper arrangements, it is technologically 

possible to connect a mini-grid to the national grid. In countries where the national grid may 

provide users with only a few hours of electricity per day and often suffers from blackouts, rural 

communities served by a hybrid mini-grid conceivably could receive more reliable service than 

their fellow urban consumers. Hybrid power systems typically rely on renewable energy to 

generate 75-99% of total supply (in some cases a diesel generating set has been installed, but is 

hardly ever used due to the good performance of the renewable). The large share of renewables 

makes these systems almost independent and lowers the energy prices over the long term, and 

the diesel generating set is used as a backup to assist in periods of high loads or low renewable 

power availability. The battery backup size can be lower and suffers less stress than in a 100% 

renewable power system, prolonging battery lifetime significantly and reducing replacement 

costs. Hybrid systems often are the least-cost long-term energy solution, capable of delivering 

the best services of the three alternatives (Rolland and Glania, 2011). 

A lot of studies have been conducted on the efficiency and benefits of photovoltaic power system 

combinations especially the hydro/photovoltaic system. Some of the studies focused on the 

optimization of hydro/photovoltaic pumped storage systems, while some others focused on the 

modeling and analysis. Abdullah et al. (2010) worked on the modeling and simulation of the 

PV/Hydro and PV/Hydro/Fuel cell hybrid schemes. The combined schemes were analyzed using 



simulation software called HOMER to predict the feasibility of the energy schemes in terms of 

the system’s capital cost, replacement, operation and maintenance, fuel utilization, annual 

electricity energy production, as well as emission study. It simulated the system operation by 

making energy balance calculations for each of the 8760 h in a year. For the simulation of the 

ICT Telecenter, the system components considered were PV arrays, diesel generator, hydro 

turbine and battery. The converter converts the direct current (DC) power produced to alternate 

current (AC) power which can conveniently power all electrical appliances that are being used at 

the ICT Center such as PCs, a dot matrix printer and lighting, etc. The following system 

characteristics are selected for the simulation and analysis: PV arrays 2.2 kW; Hydro 0.5 kW 

(minimum operation); Generator Set 0.2 kW; Battery 14 Trojan L16P; Inverter 0.2 kW; Dispatch 

Strategy: Cycle Charging. The simulation was performed with the assumption that the daily 

operation hour for the system is constant. The diesel generator set was set to be idle. The 

simulated results obtained from HOMER show that the PV arrays contribute most of the energy 

for the whole year in which it produces 3577 kWh/yr (approx. 94%) followed by hydropower 

that produced 212 kWh/yr (approx. 6%) for the ICT Telecenter. The total load of the ICT 

Telecenter (mainly consists of 8 PCs and 6 fluorescent lightings) corresponding to about a total 

AC primary load of 3209 kWh/yr. Therefore, the total annual electric energy production = 3789 

kWh/year 

Total AC primary load = 3209 kWh/year 

Excess energy = (3789–3209) kWh/year = 580 kWh/year 

  

Muhida et al., (2001) evaluated the 10 years operation of a PV-micro-hydro hybrid system 

installed in Taratak, Indonesia which has a capacity of 48-71.1kW. The system was being 



developed in Indonesia to obtain optimal result by combining the advantages of both energy 

conversion systems. The photovoltaic works as a dominant part in this hybrid system. However, 

the micro-hydro sub-system works to compensate the inconvenience found in the photovoltaic. It 

will anticipate the weather uncertainty and fulfill the need during the peak load. In their study, 

Muhida and others analyzed and evaluated the performance of this PV-micro-hydro (PV-MH) 

system in Taratak and found the difference between the initial design and the actual system 

operation. The results of the evaluation show that the performance of PV-MH system operation 

was still optimal. 

 

Widatalla and Zinko (2011) designed a Photovoltaic Solar Energy System for a Commercial 

Building in Khartoum-Sudan. In their study, a commercial polycrystalline silicon solar cell was 

chosen at offered fixed price for the installation. Besides the solar cells, there are other important 

components in the PV-system, such as the inverter that is used to convert the direct current DC 

from the solar modules to alternating current AC, in their case synchronous with the grid. 

Furthermore, due to the variability of sunshine on both daily and seasonable basis, the 

mismatching between the production and the consumption of the electricity must be balanced by 

a battery system. The methodology used by Widatalla and Zinko for their study included the 

preparation of the inputs and calculations that are required for the simulation process. These 

inputs can be technical specifications of the PV panels, batteries, generators, etc., or the 

characteristics of the plant size, such as the weather data of the area where the system will be 

build on, the solar radiation density to which the plant site is exposed and the annual average 

temperature of the specific area. Also the economical inputs such as the capital costs and costs 



for replacement, operation and maintenance of the different equipment are of great importance 

for the financial evaluation.  

 

A commercial software HOMER (Hybrid Optimization Model for Electric Renewables) was 

chosen for simulation purposes. HOMER is a computer model first developed by National 

Renewable Energy Laboratory, (USA-DOE). It is based on hour to hour simulation and this 

gives possibilities to control the battery status and to determine the sizing of the batteries. The 

program determines the energy production for a given system over a defined period and 

calculates investment and operational costs. Because of the possibility of handling multiple 

inputs, HOMER can in short time calculate a multitude of optional system solutions and by that 

way an optimal system solution can be found (Widatalla and Zinko, 2011).  

 

Kunwor (2012) carried out the feasibility analysis and design of Lamaya Khola micro hydro 

power plant. The purpose of the work was to first conduct a literature review regarding the 

technical specifications and design parametres required to design a working Micro Hydro Power 

System (MHS). After review of the theory and principles of Micro Hydro System design, these 

principles are applied to the real case of Lamaya Khola Micro Hydro Project in Pangrang Village 

Development Committee (VDC) of Nepal. The field data required to design the civil components 

of the micro hydro project were derived from secondary data sources such as the study 

conducted by the village development committe as well as other independent project surveys. 

The micro hydro designed by Kunwor was of "run-of-the river" type. Similarly, system 

components designed in the work are intake structure, headrace canal to divert the water from the 

source, forebay tank, sedimentation basin and the penstock assembly. Owing to the complexity 



and lengthy process of designing all of the system components; only these specific civil 

structures are designed in this study. Design of other powerhouse and distribution components 

was beyond the scope of the study and so is merely selected based on the design criteria from the 

literature. Despite these shortcomings, the system designed is plausible, applicable and 

principally sound in the real life case of Lamaya Khola Micro Hydro (Kunwor, 2012). 

 

 

 

 

 

 

 

 

 

   

  

 

 

 

 

 

 

 



 

 

 

CHAPTER THREE 

RESEARCH METHODOLOGY 

3.1 ELECTRICITY CONSUMPTION IN FUTO 

As a guide to assess the feasibility of using a small hydro/photovoltaic hybrid power system in 

FUTO Community, an evaluation was made of the total quantity of electricity consumed. This 

evaluation was carried out by reviewing the quantity of electricity consumed by FUTO 

community over a ten-year period of 2002-2011 from Power Holding Company of Nigeria 

(PHCN). The resulting data are presented and analyzed in chapter 4. 

 

3.2    STUDY AREA 

The area or location selected for this study is FUTO community. It comprises the administrative 

headquarter known as Senate building, six academic schools (faculties) namely School of 

Engineering and Engineering Technology (SEET), School of Science (SOSC), School of 

Agriculture and Agricultural Technology (SAAT), School of Management Technology (SMAT), 

School of Environmental Technology (SOET) and School of Health Technology (SOHT) as well 

as other structures housing Estate and Works Unit, Health Services, various religious worship 

centres, Information and Communications Technology (ICT) Centre, Students’ hostels in which 

electricity is consumed. There are also departments and units with buildings such as Chemical 

Engineering (CHE), Petroleum Engineering (PET), Mechanical Engineering (MEE), Maritime 

Management Technology (MMT) and General Studies Unit (GSU) that consume electricity 



supplied to FUTO from Power Holding Company of Nigeria (PHCN). Figure 3.1 shows the map 

of the study location for the small hydro power project. 

  

Figure 3.1: Map showing the study location for the small hydro power project 

  

3.3 FEATURES OF OTAMIRI RIVER 

The Otamiri river is the major river that courses through FUTO community, in the Owerri West 

Local Government Area of Imo State, Nigeria. This river runs from Egbu where it has its source 

(or Ishi mmiri rather as it is called in the Igbo Language) through Nekede, Ihiagwa, Eziobodo, 

Olokwu Umuisi, Mgbirichi, Umuagwo, and finally to Ozuzu in Etche town of Rivers State of 

Nigeria, where it finally joins the Atlantic Ocean. 

This river is of very great significance to the native peoples of these communities as it serves as a 

source of water for domestic use and other purposes long before the introduction of pipe borne 

water in these communities. Beside its importance as mentioned above, the river serves as a 



major boundary between Ihiagwa community and other surrounding communities such as 

Obinze (http://www.ihiagwa.com/otamiri-2.htm). 

The Otamiri watershed covers about 10,000 km2 with annual rainfall of 2250 – 2500 mm. The 

watershed is mostly covered by continuously depleted rain forest vegetation, with mean 

temperatures of 270C being maintained almost all year round. The Otamiri River is joined by 

Nworie River, a river of about 9.2 km in length, at Nekede in Owerri 

(http://www.ihiagwa.org/otamiri.htm). The Nworie River is subject to intensive human and 

industrial activities, and is used as a source of drinking water by the poor masses when the public 

water supply system fails. Figs. 3.2a and 3.2b show the aerial photograph of possible 

hydropower site of Otamiri river. 

 

  

Figure 3.2a: Aerial Photograph of possible Hydropower Site of Otamiri River 



 

 

 

  

Figure 3.2b: Aerial Photograph of possible Hydropower Site of Otamiri River 

 

3.4 SITE EVALUATION AND HYDROLOGICAL DATA 

Adequate head and flow are the major necessary requirements for hydroelectricity generation. 

Consequently these parameters are important factors in any site selection. The gross head may be 

rapidly estimated, either by field surveying or by using a Global Positioning System (GPS) or by 

orthophotographic techniques. However, the head of the Otamiri river was obtained from the 

Anambra-Imo River Basin Development Authority. With the aid of engineering fluid hydraulic 



principles, the net head can be determined as discussed below. Nevertheless, the selection of the 

most appropriate technical solution for the site involves iterative process, where the topography 

and the environmental issues for a particular site, are the most important. That is why a thorough 

knowledge of the principles is needed to avoid dangerous failures in the operation of the plant.  

 

3.5 EVALUATION OF THE HYDROPOWER POTENTIAL OF OTAMIRI RIVER 

A body of water will have a potential energy by virtue of its vertical height through which it 

drops which is known as its “head”. This energy is its Gravitational Potential Energy (GPE) 

which is the product of mass (m), acceleration due to the effects of gravity (g) and head (H) and 

is generally expressed in Joules (J). Power is the energy converted per second, i.e. the rate of 

work being done, measured in Watts (where 1Watt = 1 Joule/sec. and 1 kilowatt = 1000 Watts). 

In a hydro power plant, potential energy of the water is first converted to equivalent amount of 

kinetic energy. Thus, the height of the water (the head) is utilized to calculate its potential energy 

and this energy is converted to kinetic energy at the intake of the turbine and is therefore 

calculated by balancing these gravitational potential and kinetic energy of water. The potential 

energy (Ep) of the water is given by equation 3.1 while the kinetic energy (Ek) due to water flow 

is a function of its mass (m) and the velocity (or rate) of flow (v) and is given by equation 3.2 as 

follows: 

Ep = mgH           3.1 

Ek = ½mv2           3.2 

However, water flowing from a higher point to a lower point due to the effects of gravity is 

governed by equation 3.3 (Micheli, 2011). 

  =        3.3  



The principle of conservation of energy requires that the right-hand side and left-hand side of 

equation 3.3 be equal. The terms of this equation include the kinetic energy term, v2/2, the 

pressure energy term, p/ρ and the datum level. For the case of flowing river, it may be plausible 

to assume that: 

 =  

Therefore, g.H = ð          3.4 

From equation 3.4, it is seen that for naturally flowing river the gross head usually appears as 

losses due to frictional forces effects. If however, the course of flow of the river is changed by a 

hydraulic machine, the water pressure can be converted into mechanical shaft power which can 

be used to drive an electric generator. The power available is proportional to the product of the 

pressure head and volume flow rate and expressed in the general form: 

Psh =  ρgQHnet            3.5 

This formula was applied to Otamiri river to estimate its hydro power potentials. The net head, 

Hnet, equals the gross head minus the sum of all losses, including friction and so it is given by 

equation 3.6. 

Hnet = H0 - ∆H           3.6 

It is note-worthy that the overall efficiency of a hydroelectric power plant ( ) is the product of 

the efficiencies of the turbine ( t), generator ( g) and other devices such as the flow channel and 

the penstock in the power plant system as expressed in equation 3.7, thus: 

  =  t x  g x others          3.7  

Turbine losses, generator losses and friction reduce the efficiency of any power plant in 

operation. Small plants are about 40% efficient. Five to ten kilowatt plants may be 60 to 70% 

efficient when operating at full capacity (NRAES, 1978). Several research works have also 



shown that the efficiency of a hydropower plant is between 70 – 90%, which makes it by far, the 

best of all energy technologies (Paish, 2002). We need to specify the values of the parameters in 

equation 3.5 with respect to Otamiri river to be able to estimate the hydropower potentials. From 

the hydrological data obtained from the Anambra-Imo River Basin Development Authority for 

the 1984/85 hydrological year, it is observed that the flow rate of the Otamiri river has a 

maximum value of 9.38m3/s with an annual average of 7.64m3/s. By using MATLAB to do a 

forecast up to November 2012, the flow rate of the river never reached 12m3/s. The summary of 

the data is presented in Table 4.3 and Figure 4.1. These data are then used to estimate the 

hydroelectricity potentials of Otamiri river during the various months of the year following the 

river flow rate variations. 

  

3.6 EVALUATION OF THE ELECTRICAL POWER OF THE PV ARRAY 

3.6.1 Solar Radiation Data of the Site 

The variation of global solar radiation with climate changes at all locations make it imperative 

for its main features to be established before choosing any system to exploit the resource. For 

Owerri, Nigeria, the variations are highest in the July-August months within the rainy season and 

approximately constant in the January-April months, the dust-free period of the dry season while 

the steadiest month is November (Anyanwu and Oteh, 2003).  

The average daily global solar radiation on a horizontal surface in Nigeria varies from about 

12.6MJ/m2 in the coastal region to about 25.2MJ/m2 in the far North. Analysis of solar radiation 

measurements at Owerri during 1984 to 1995 revealed variations from 13.02MJ/m2day in July 

within the rainy or wet season to 16.0MJ/m2day in February during the dust-free period to the 

dry season (Anyanwu and Oteh, 2003).  On annual basis, 63% of days in Owerri have daily 



sunshine duration less than 6 hours, 25% are in the range 6-8 hours and only 12% exceeds 12 

hours.  

3.6.2 Sizing the Photovoltaic Panel 

The power Ppv delivered by the photovoltaic (PV) array can be calculated as a function of the module 

efficiency  pv the area of the panel Apv, and the optimum tilted irradiance Gt as given by equation 3.8: 

Ppv =  pv x Apv x Gt       3.8 

The electrical power requirement from the PV array Ppv, is related to the difference between the 

load to be satisfied, Pload, and the small hydropower supply Psh as given in equation 3.9. below 

Pload – Psh = Ppv          3.9 

From equation 3.8, the cell area required to provide the daily power output for a daily solar 

radiation incident on the PV array is: 

Apv =  Ppv           3.10 

           pvGt           

Solar cell efficiency (ηpv) is the ratio of the electrical output of a solar cell to the incident energy 

in the form of sunlight. It is also the energy conversion efficiency of the cell expressed as the 

percentage of the solar energy incident on the cell that is converted into electrical energy. This 

efficiency in combination with the latitude and climate of any location, determines the annual 

energy output of the PV system. For example, a solar panel with 20% efficiency and an area of 1 

m² will produce 200 watts of power under Standard Test Conditions (STC), but it can produce 

more when the sun is high in the sky and will produce less in cloudy conditions and when the 

sun is low in the sky (http://en.wikipedia.org/solar_cell_efficiency). The best solar panel 

intended for this study is that of monocrystalline solar cells based on its high efficiency value. 



In practice,  pv is much lower than the PV array efficiency at the usual manufacturer’s reference 

operating temperature of 250C. Ogueke et al. (2012) concluded that solar panels perform at about 

50% of their rated capacity in most cities in South-Eastern Nigeria. This suggests the existence 

of solar cell efficiency in practice and the PV array efficiency specified by the manufacturer at 

the reference operating temperature indicated above. Following Oparaku and Iloeje (1991), these 

efficiencies are related in the form of equation 3.11. 

 pv  = Fm(1-B(Tcell-25)) pv-array        3.11 

Where the PV array matching factor, Fm has a value of 0.9 and the solar cell temperature 

coefficient, B is 0.005 per 0C. In operation, the amount of solar energy absorbed by the PV array 

must be balanced by energy losses from the array in accordance with equation 3.12 below. 

αGt = U(Tcell – Tamb)∆t         3.12 

This equation permits the estimation of the solar cell temperature, Tcell in the form of equation 

3.13 when the array absorption coefficient, α, the array thermal loss coefficient, U, the number of 

daylight seconds, ∆t, the optimum tilted irradiance, Gt and the ambient temperature, Tamb are 

specified.  

Tcell = αGt   + Tamb           3.13 
           U∆t  
 

For design purposes, the following values can conveniently be assumed: α = 0.8, U = 

25W/m2/0C, and ∆t = 12 hours = 43,200 seconds. Gt is in MJ/m2. Combining the cell area, Apv 

and module efficiency,  pv equations above, we obtain: 

 



 Apv  =   Ppv         3.14 

     GtFm(1-B(Tcell – 25))  pv -array 
   

The rating of PV panels used for power generation from solar energy are based on their DC 

power output under Standard Test Condition (STC), which is 1000 W/m2 of sunlight intensity, a 

cell temperature of 250C and an air mass of 1.5 (Ogueke et al., 2012). This is the reference peak 

power of the PV array and is given by equation 3.15 (Oparaku and Iloeje, 1991). 

Ppv-peak =  pv x Apv x 1000           3.15 

Substitution of equation 3.14 into equation 3.15 yields equation 3.16 for evaluating this peak 

power output of the PV array. 

Ppv-peak =  1000Ppv         3.16 
      GtFm(1-B(Tcell-25))  
 

3.7 SMALL HYDRO/PHOTOVOLTAIC HYBRID POWER SCHEME FOR FUTO 

The small hydro/photovoltaic hybrid power scheme would be obtained by the combination of the 

two electrical power generating systems discussed above. The hybrid system consists of various 

components that function in a closed loop to achieve the desired objective. The components that 

make up the hybrid power system are illustrated in Figure 3.5 and are: 

 Small hydro power components comprising intake, weir, turbine, generator, penstock, 

forebay tank 

 PV Array and its sub-components (battery bank, charge controller/regulator, DC/AC 

inverter, control panel) 

 The load system 

 



 

 

PV Array                                       Small hydro 

 

 

 

   

                           Battery bank 

Figure 3.3: Small Hydro/Photovoltaic Hybrid Power Scheme 

 

3.7.1 Small Hydropower Components 

3.7.1.1Intake 

An intake is formed to divert a flowing river, thereby avoiding the admission of any drifting 

debris or material (sand, leaves, pebbles etc) into the hydraulic machine. A water intake, which is 

a primary means of conveying water from the source, must be able to divert the required amount 

of water into the waterways of the hydropower system. The design of an intake is done by taking 

into consideration certain criteria such as the hydraulic and structural criteria common to all 

kinds of intakes, the operational criteria (percentage of diverted flow, trash handling, sediment 

exclusion, etc.) as well as environmental criteria characteristics of each project (eg requiring fish 

diversion systems, fish passes, etc.). Intake is located based on a number of factors such as 

submergence, geotechnical conditions, environmental considerations, sediment exclusion and ice 

formation, where necessary. Ideally, the intake is equipped with a trash rack placed at the 

entrance to the intake to help reduce the amount of floating debris and sediments carried by the 
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incoming water; a settling basin to capture sediments by letting the particles settle by reducing 

the speed of the water and clearing them out before they enter the canal; and a spillway to safely 

divert the excess water to the water source (ESHA, 2004; Kunwor, 2012). 

 

3.7.1.2 Weir 

A weir is typically a barrier across the river with an opening or notch through which the entire 

water flows. It does not store water, rather it helps in keeping the water level constant. Weirs can 

be constructed perpendicular, angular or lateral compared to the river axis, but most often the 

weir crest is made to be perpendicular to river axis. For relatively low downstream water levels, 

the weir controls and defines the relationship between the upstream water level and the 

discharge. 

3.7.1.3 Turbine 

A turbine is the primary component of the hydropower machine which converts the energy of the 

flowing water into mechanical energy through the rotation of the runner. The choice of a turbine 

is made by considering some technical parameters such as design head and discharge at which 

the turbine is to operate as well as the availability and cost of maintenance personnel. The 

optimum speed of a turbine is the particular speed of the rotor at which the turbine performs its 

best. The turbine needs to operate at its optimum speed in order to get maximum possible output 

at all loading conditions (Kunwor, 2012).  

 

There are two basic groups of turbines, namely the impulse and reaction turbines with many 

variations. An impulse turbine is a horizontal or vertical wheel that uses the kinetic energy of 

water striking its buckets or blades to cause rotation. The wheel is covered by an encasement  



and the buckets or blades are shaped so as to make them turn the flow of water about 1700 inside 

the housing. After turning the blades or buckets, the water falls to the bottom of the wheel 

housing and flows out. Examples of impulse turbine are pelton, turgo and cross-flow turbines.  

A reaction turbine is a horizontal or vertical wheel that operates with the wheel completely 

submerged a feature which reduces turbulence. In theory, the reaction turbine works like a 

rotating lawn sprinkler where water at a central point is under pressure and escapes from the ends 

of the blades, causing rotation. A reaction turbine is turned by a mass of water falling through a 

duct encasing a wheel. Reaction turbines are the type most widely used. Examples of reaction 

turbine are Francis, Kaplan and propeller-type turbines (U.S Department of Interior Bureau of 

Reclamation Power Resources Office, 2005).  

 

The Propeller turbine and the Kaplan turbine have relatively small dimensions combined with a 

high rational speed. Hence the generator dimension is rather small and inexpensive. In addition, 

both the Propeller and the Kaplan turbines show a large overload capacity. The intake of the flow 

is radial. After the inlet the flow makes a right angle turn and enters the runner in an axial 

direction. The difference between the Propeller and Kaplan turbines is that the Propeller turbine 

has fixed runner blades while the Kaplan turbine has adjustable runner blades. Propeller turbines 

can only be used on sites with a comparatively constant flow and head while Kaplan turbines are 

quite flexible (Flaspohler, 2007).  

   

3.7.1.3.1 Hydro Turbine Selection 

The type of turbine to be used in a hydropower plant is specifically selected by considering all 

operational studies and cost estimates. The selection of turbine for a particular small hydro 



project depends on the site characteristics. However, the dominant factors are the specified head 

(H), flow rate (Q) and the power output. Table 3.1 gives an idea for the selection of a turbine for 

various combinations of net head and discharge rate (Harvey et al., 1998). 

 

Table 3.1: Classification of Hydro turbines according to head, flow rate and power output 

(Harvey et al., 1998) 

Classification Turbine Name Head Range 

(m) 

Flow Rate 

(m3/s) 

Power output 

(kW) 

Reaction Kaplan 3 – 40 3 – 20 50 – 5000 

Propeller 3 – 40 20 – 30 50 – 500 

Francis Radial-

flow 

40 – 200 1 – 20 500 – 15,000 

Francis Mixed-

flow 

10 – 40 0.7 – 10 100 – 5,000 

Impulse Pelton 50 – 1,000 0.2 – 3 50 – 15,000 

Turgo 30 – 200 0.2 – 3 20 – 5,000 

Cross flow 2 – 50 0.01 – 2 0.1 – 600 

 

By considering the available hydrological data of Otamiri river which includes its average 

discharge of 7.64m 3/s and head of 0.89m, in conjunction with the information in Table 3.1, it 

can be observed that the turbine type suitable for setting up a small hydro power scheme on the 

Otamiri river is reaction turbine, the Kaplan type to be precise. 

 



3.7.1.3.2 Sizing of Kaplan Turbine 

In order to evaluate the size of a turbine, it is necessary to consider the net head, Hnet of the river 

and the dimensions of interest are the alternator rotational speed, n, specific turbine speed, Ns, 

runner diameter, Drunner, jet thickness, tjet and runner length, Lrunner. The rotational speed range of 

a Kaplan turbine is from 79 to 429rpm. 

 

3.7.1.3.3 Specific Turbine Speed 

The specific turbine speed is calculated from the alternator rotational speed, net head at the best 

efficiency point as well as the maximum turbine power or the discharge at the best efficiency 

point according to equation 3.17 below (Kjolle, 2001). 

Ns = n Psh  or  Nq = n       

 3.17 
                H5/4                                 H3/4 
 

Assuming an alternator speed of 429rpm, the specific turbine speed can then be calculated with 

respect to Otamiri river as follows: 

Nq = 429  
                  0.893/4 
   

= 1294rpm 

3.7.1.3.4 Runner Diameter 

The runner diameter is given by equation 3.18 as follows: 

Drunner  =           3.18 

Hence, the approximate runner diameter for the turbine (∅ = 0.7) will be obtained as follows: 

Drunner  =   



           = 0.24m 

 

3.7.1.3.5 Jet Thickness 

The jet thickness is usually one-tenth of the runner diameter and is calculated according to 

equation 3.19 below. 

tjet  = 0.1 x Drunner         3.19 

Substituting the value of the runner diameter, we have: 

tjet = 0.1 x 0.24 = 0.024m or 24mm 

 

3.7.1.3.6 Runner Length 

Having tjet, the approximate runner length, Lrunner, can be obtained from the orifice discharge 

equation. The runner length will be equivalent to the jet width. 

 Q = Anuzzle net       3.20 

Where Anuzzle = tjet x Lrunner          3.21 

Hence, substituting equation 3.21 into equation 3.20 and re-arranging the resulting equation 

yields: 

Lrunner =           3.22 

  

By substituting the appropriate parameters, the runner length is therefore calculated as follows: 

Lrunner =    

 

Lrunner = 76.4m  

 



3.7.1.4  Generators 

There are basically two types of generators used for hydroelectricity generation namely: the 

synchronous generator and the induction generator. Synchronous generators are the primary 

types of generators and are used extensively for generating power on large scale basis. For low 

power output levels less than 10MW, induction generators are extensively used. Induction 

generators normally operate at variable speeds with constant frequency and are cheaply 

available. A synchronous generator has the ability to establish its own operating voltage and 

maintain frequency while it is operating in a remote location. Induction generators require less 

maintenance than the synchronous generators, though both of these generators have the 

possibility to be used connected to the grid or just stand-alone operation (Kunwor, 2012). 

 

3.7.1.5   Penstock 

Penstock is the pipeline or open channel that carries water to the turbine or generator. It connects 

the intake or the forebay with the hydraulic machine. The penstock is steadily filled up with 

water and the internal pressure established at its end represents the pressure of the nozzle which 

then drives the turbine. Most small hydroelectric sites have a small or moderate head, so it is 

very important to use large penstocks to reduce power losses. If a water source is being diverted 

far up the hill, plastic or aluminum irrigation pipe and the heavier walled, pressure rated PVC 

plastic pipe typically make good penstocks (NRAES, 1978). A penstock is usually characterized 

by such parameters as type of joint, internal diameter, length, wall thickness as well as the 

material used for construction. The material used in penstock is usually steel, high density 

polyethylene (HDPE) and increasingly polyvinyl chloride (PVC) and is selected by considering 

the design pressure, surface roughness, weight of material, ease of transportation, method of 



jointing, and cost of material. The diameter is selected to reduce frictional losses within the 

penstock to an acceptable level. The wall thickness is selected to resist the maximum internal 

hydraulic pressure, including transient surge pressure that will occur. Due to the risk of 

contraction and expansion of penstock pipes  as a result of fluctuation in seasonal temperature, 

sliding type of expansion joints are placed between two consecutive pipe lengths. Anchor block 

which is basically a mass of concrete fixed into the ground, is used to restrain the penstock from 

moving in undesired directions (Kunwor, 2012; ESHA, 2004). 

 

Penstocks can be installed over or under the ground, depending on factors such as the nature of 

the ground itself, the penstock material, the ambient temperatures and the environmental 

requirements. Buried penstocks must be carefully painted and wrapped to protect the exterior 

from corrosion. A penstock installed above ground can be designed with or without expansion 

joints. 

 

3.7.1.5.1 Sizing of Penstock 

The parameters of interest in used in sizing a penstock are the length, diameter, wall thickness 

and weight. The most suitable material is chosen based on strength and cost. Steel with a density 

of over 7800kg/m3 is preferable. 

3.7.1.5.2 Length of Penstock 

The length of the penstock has a major influence on both the cost and efficiency of the system. 

To determine the penstock length, the distance between the intake and turbine locations are 

measured. The maximum length of penstock (in metres) is calculated by taking into account the 

net head of water on turbine, Hnet, the effective governor closure time, Te (maximum = 6.0) and 



the permissible flow velocity in penstock, V according to equations 3.23 and 3.24 below 

(Ministry of New and Renewable Energy, 2008). 

V = 0.125﴾2gH﴿0.5           3.23 

Lmax = 3.14HnetTe          3.24 
                          V  

Applying equations 3.23 with respect to Otamiri river, the permissible flow velocity in penstock 

is hereby calculated as follows: 

V = 0.125(2x9.8x0.89)0.5 

 = 0.522m/s 

We can now calculate the maximum length of penstock according to equation 3.24 as follows: 

Lmax = 3.14x0.89x6 
                    0.522 
 
 = 32.12m 

 

3.7.1.5.3 Diameter of penstock 

The diameter of penstock can be calculated with the discharge or flow rate, Q, the head, H, and 

the acceleration of free fall due to gravity, g according to Sarkaria’s equation given as equation 

3.25 (Ministry of New and Renewable Energy, 2008). 

Dp = 3.55﴾Q2/2gH﴿0.25          3.25 

Applying equation 3.25 with respect to Otamiri river with a discharge of 7.64m3/s and head of 

0.89m, we can calculate the required penstock diameter as follows: 

Dp = 3.55﴾7.642/2x9.8x0.89﴿0.25 



 = 4.80m 

3.7.1.5.4 Penstock Wall Thickness 

The penstock wall thickness is calculated in two ways, namely the minimum thickness and the 

maximum thickness using the penstock diameter, D and the maximum head, H at turbine with 

normal water hammer. For Francis, Kaplan and Pelton turbines, the values of H are 1.3Hg, 1.4Hg 

and 1.15Hg respectively according to equation 3.26 and 3.27 below (Ministry of New and 

Renewable Energy, 2008). 

Tmin = 9.0+1.25D          3.26 
                    103 
  
Tmax = 0.0000272HD + 0.0015        3.27   

Applying equations 3.26 and 3.27 with respect to Otamiri river, we can calculate the wall 

thickness as follows: 

Tmin = 9.0+1.25(4.80) = 0.015m or 1.5cm 
                        103  
 

Tmax = (0.0000272x1.4x0.89x4.80) + 0.0015 = 0.0017m or 0.17cm 

 

3.7.1.5.5 Weight of Penstock 

An approximate estimate of steel penstock weight, Wp can be calculated based on the values of 

Tmin and Tmax according to equations 3.28 and 3.29 below (Ministry of New and Renewable 

Energy, 2008). 

If Tmax ≤ Tmin, then: 



Wp = 24.5TminDL          3.28 

If Tmax > Tmin, then: 

Wp = 24.5TminDL﴾Tmin﴿ + 24.5(Tmin+Tmax)DL﴾1-Tmin﴿     3.29 
                                   Tmax                   2                    Tmax 
 

With respect to Otamiri river, Tmax  Tmin as calculated above and so, the approximate weight of 

steel penstock required for the hydropower system is calculated using equation 3.28 as follows: 

 

Wp = 24.5x0.015x4.80x32.12 

 = 56.66kg 

 

3.7.1.6   Forebay tank 

A forebay tank is pool at the end of headrace canal from which the penstock pipe draws the 

water. It is basically designed to reduce the amount of air entering into the penstock pipe, which 

in turn could cause the explosion of the trapped air bubbles under pressure. As the water speed is 

lowered at the forebay, it can cause particles to sediment and this would require the construction 

of spillway. A forebay can be made with different materials such as plastic, concrete and stones, 

and with different shapes. 

 



  

Figure 3.4: Typical Layout of a Small Hydropower Scheme on Otamiri River 

 

3.7.2     PV Array and its Sub-components 

3.7.2.1  PV Array 

A PV array comprises of PV modules which are made up of a series of solar cells each of which 

has two or more layers of semiconductor material specially prepared to produce DC electricity 

when exposed to sunlight. A single, typical solar cell can generate approximately 3 watts of 

power in full sunlight. Usually, sets of four or more smaller modules are framed or merged 

together in what is called a solar panel.  This panel is typically around 20-35 ft2 in area for ease 

of handling on a roof. The semiconductor layers that make up the solar cells can be either 

crystalline (monocrystalline or polychrystalline which are made out of pure silicon crystals) or 

thin-film technology (which consists of a thin-like film made from molten silicon that is spread 

directly across large plates of stainless steel or similar material). Crystalline solar cells are 

generally have an efficiency of approximately 15%. Thin-film technology solar cells which 

include amorphous silicon, cadmium telluride, copper-indium diselenide and others, have 



efficiencies of approximately 8% to 11%. They are not as durable as silicon solar cells, but they 

are lighter and considerably less expensive (USDA and NRCS, 2010).  

 

PV panels may be arranged in arrays and connected by electrical wiring to deliver power. 

Multiple panel arrays should be wired in a series or parallel to make the resulting voltage and 

current compatible with the controller. When multiple panels are wired in a series, the total 

output voltage is the sum of the individual panel output voltages; the total current stays constant. 

Conversely, when panels are wired in parallel, the voltage stays the constant while the resultant 

total current is the sum of the individual panel current outputs. The total power output from a PV 

panel array is determined by multiplying the total output voltage by the total output current 

(USDA and NRCS, 2010). 

 

3.7.2.2   Inverter 

This is the device that takes the DC power from the PV array and converts it into standard AC 

power used by the load system. An inverter is usually utilized in larger PV systems which 

incorporate components that demand AC power. Also, if the instrument site is located some 

distance from the power production site, an inverter allows for an efficient means of getting 

electricity to the point of use. Alternating current is easier to transport over long distances and 

has become the conventional modern electrical standard. Two fundamental types of inverters are 

known, namely: synchronous inverter and static or stand-alone inverter. Synchronous inverters 

are capable of being tied into the electrical grid, or utility power. Except in the largest of 

infrastructure-based systems, this type of inverter finds little application in the field of solar 



energy driven electricity production research. Static inverters are designed for independent 

utility-free power systems and are the type recommended for use in this scheme. 

 

However, inverters can also be classified based on the type of AC waveform they produce. 

Under this condition, we have inverters which are available in square wave, modified square 

wave, and sine wave outputs. Square wave inverters are cheap, but have the disadvantage of 

providing poor output voltage control, limited surge capacity, and significant amounts of 

harmonic distortion. This type of inverter is not suitable for remote scientific research 

applications. Modified square wave inverters utilize more complex circuitry to create a wave 

form more closely approximating a true sine wave. They can handle greater surge loads, power a 

wider range of loads and have an output with less harmonic distortion. Their disadvantages are 

that some electronic devices can pick up inverter noise, or buzz, and any device utilizing a digital 

time keeper will run either fast or slow. Sine wave inverters are best used for powering sensitive 

electronics that require a high-quality wave form. They have little inherent harmonic distortion 

and typically have surge capacities of double or greater the continuous output rating. Sine wave 

inverters are now available in sizes from a few hundred watts to many kilowatts of output, and so 

there is little reason to consider any other type for polar research applications. 

 

3.7.2.2.1   Sizing of Inverter  

The input rating of the inverter should never be lower than the total watt of appliances. The 

inverter must have the same nominal voltage as the battery. For stand-alone systems, the inverter 

must be large enough to handle the total amount of Watts that will be used at one time. The 

inverter size should be 25-30% bigger than total Watts of appliances. Also, the voltage and 



frequency regulation should be very tight in a high-quality unit and should match the system 

requirements. According to Leonics (2009); 

Rating of Inverter = Ppv x Safety factor        3.30 

Where safety factor = 1.25 – 1.30 and  

Number of Inverters required = Ppv/Pir       3.31 

Where Ppv is the peak power demand and Pir is the inverter rating. Inverter efficiencies are typically 

85-95% (Soong, 2008). 

 

3.7.2.3  Solar Charge Controller 

This regulates the voltage and current coming from the PV panels and going to the battery so as 

to prevent battery overcharging when there is abundant solar insolation available. This helps to 

prolong the battery life. Overcharging a battery can lead to electrolyte imbalances and depletion. 

In cases of severe overcharging, batteries can be completely destroyed along with any 

instrumentation in the vicinity. 

3.7.2.3.1  Solar Charge Controller Sizing  

The solar charge controller is typically rated against Amperage and Voltage capacities. The solar 

charge controller is selected to match the voltage of PV array and batteries. It must be ensured 

that solar charge controller has enough capacity to handle the current from PV array. For the 

series charge controller type, the sizing of controller depends on the total PV input current which 

is delivered to the controller and also depends on PV panel configuration (series or parallel 

configuration). According to standard practice, the rating of solar charge controller (in amperes) 

is obtained by multiplying the short circuit current (Isc) of the PV array by 1.25 (safety factor) 

according to equation 3.32 below.   



Required Charge controller rating = Isc x 1.25      3.32 

 

3.7.2.4 Battery 

Batteries are the technological devices primarily used to store excess energy for later use due to 

daily and annual fluctuations in sunshine intensity especially in Polar Regions. A battery stores 

electrical energy in the form of chemical energy. For a PV battery system to function effectively, 

the electrochemical processes must work in both directions, in other words, the system must be 

rechargeable. Hence, batteries perform three main functions in a stand-alone PV system: 

i) Autonomy; this it does by meeting the load requirements at all times, including at night, 

during overcast periods, or during the winter when PV input is low or absent. 

ii) Surge-current capability; this it does by supplying, when necessary, currents higher than 

the PV array can deliver, especially to start motors or other inductive equipment. 

iii) Voltage control; this it does to prevent large voltage fluctuations that may damage the 

load. 

The battery suitable for PV applications the deep-cycle type of battery as opposed to a starting 

(SLI) type. Although the SLI battery may appear similar to the deep-cycle battery on the outside, 

its internal structure is quite different and it is intended to deliver a high-amperage output for a 

short period of time, but repeated deep discharges cause rapid deterioration of battery 

performance. These batteries are typically rated in cranking amps, or cold cranking amps (CCA). 

Deep-cycle batteries are designed to deliver a typically lower current for the size of the battery, 

but they are capable of withstanding numerous deep discharges without damage. The amount of 

energy a deep-cycle battery can store is referred to as its capacity. The unit that describes 

capacity is the amp hour (Ah). Battery capacity is determined by the manufacturer based on a 



constant discharge over a period of time. Oftentimes, batteries will appear to have multiple 

ratings due to this rating process. The 20-hour rate (C/20) and the 100-hour rate (C/100) are 

referred to most frequently. When determining which battery to choose, be sure to compare all 

batteries at the same discharge rate. 

The battery bank for any power system must be of the highest quality available, of the correct 

type for the application, and of sufficient capacity to ensure that the depth of discharge does not 

exceed design parameters. The size of a battery bank for even relatively low-power applications 

can be surprisingly large, particularly if year-round autonomy is a design requirement. Cold 

temperatures reduce capacity but tend to extend battery life. System sizing work sheets  are 

essential for ensuring adequate battery capacity for a given project.  

3.7.2.4.1  Sizing and Selection of Battery 

The battery type recommended for use in solar PV system is deep-cycle battery. Deep-cycle 

battery is specifically designed to discharge at low energy levels. The battery should be large 

enough to store sufficient energy to operate the appliances at night and cloudy days. To find out 

the size of battery, the total Watt-hours per day used by appliances is calculated and divided by 

0.85 for battery loss. The answer obtained is divided by 0.6 for depth of discharge. The value 

obtained is then divided by the nominal battery voltage, and finally multiplied with the days of 

autonomy (the number of days that you need the system to operate when there is no power 

produced by PV panels) to get the required ampere-hour capacity of the deep-cycle battery. This 

is given in equation 3.33 according to Leonics (2009). 

Battery Bank Capacity (Ah) = Total Watt-hours per day used by appliances x D  3.33 
                                                        (0.85 x 0.6 x nominal battery voltage)  

 



where D is the number of days of battery autonomy, a storage factor which must be employed to 

allow the photovoltaic battery system to operate reliably throughout these periods. This is 

because the sun does not shine with equal intensity every day, at night and during inclement 

weather. Cloud cover, rain, snow, etc, diminish the daily insolation. The number of days is 

established by evaluating the peak hours of sun per day for the lowest insolation month of the 

year; with the solar array oriented for maximum output during that month. The minimum number 

of days that should be considered is 5 days of storage for even the sunniest locations on earth 

(Concorde Battery Corporation, 2009). 

 

Usually, several battery strings are connected in parallel in order to increase the power output as 

there are no batteries that would match the required battery bank capacity. Thus, 

Number of battery strings = Battery bank capacity      3.34 
                                             Battery string capacity 
 

The most common type of battery found in PV systems is the lead acid battery, although other 

rechargeable battery types do exist which include nickel-cadmium (NiCd), nickel-metal hydride 

(NiMH), nickel-iron (NiFe), lithium ion, and lithium polymer batteries. Battery efficiency is 

typically 80-90% (Soong, 2008). 

3.7.3    The Load System 

These are electrical and electronic appliances and devices that need to be powered by the PV 

system. They include lights, radio, television, computer, refrigerator, etc. However, load 

forecasting is important as it entails the estimation of future load demand of a given power 

system. 

 



CHAPTER FOUR 

RESULTS AND DISCUSSION 

4.1 PRESENTATION OF RESULTS 

4.1.1 Electric Energy Consumption in FUTO 

The electric energy consumption in FUTO Community during 2002-2011 is presented in Table 

4.1.  

Table 4.1: Monthly Energy Consumption in FUTO during 2002 – 2011 (in kWh)  

 

     Year 

Month 

2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 

Jan 45,500 45,500 45,500 45,500 84,800 45,000 30,000 50,000 60,000 112,000 

Feb 45,500 55,000 45,500 45,500 52,000 45,000 40,000 50,000 70,000 112,000 

Mar 45,500 45,500 45,500 45,500 87,700 40,000 40,000 60,400 70,000 112,000 

Apr 55,000 55,000 45,500 45,500 40,400 30,000 46,000 60,400 95,000 112,000 

May 45,500 45,500 45,500 45,500 68,700 30,000 46,000 50,000 95,000 112,500 

Jun 45,500 45,500 45,500 75,000 43,000 40,000 32,200 45,000 95,000 112,500 

Jul 45,500 45,500 45,500 75,000 56,900 35,000 32,200 50,000 95,000 112,500 

Aug 55,000 45,500 45,500 94,400 53,000 30,000 32,200 35,000 110,000 112,000 

Sept 55,000 45,500 45,500 84,500 35,500 40,000 40,000 31,000 110,000 112,000 

Oct 45,500 45,500 60,000 84,700 39,300 40,000 45,000 31,000 110,000 50,000 

Nov 45,500 45,500 45,500 79,800 53,200 45,000 53,000 40,000 110,000 50,000 

Dec 45,500 45,500 45,500 89,900 57,000 40,000 50,000 42,000 112,000 50,000 

Total 574500 565000 560500 810800 671500 460000 486600 544800 1132000 1159500 

 



The table shows the monthly quantity of electricity consumed over a period of ten years. During 

this period, the lowest annual consumption of electricity is 460MWh in 2007 while the highest 

consumption value is 1,159.5MWh in 2011. It is seen that the annual electricity consumption 

slightly decreased steadily from 574.5MWh in 2002 to 560.5MWh in 2004 after which it rose to 

810.8MWh in 2005 and dropped to 671.5MWh in 2006. A significant increase in annual 

electricity consumption was observed from 460MWh in 2007 up to a maximum of 1,159.5MWh 

in 2011. The slight decrease in consumption corresponds to the period of epileptic or irregular 

power supply by the Power Holding Company of Nigeria Plc. The significant increases from 

2007 can be attributed to the beginning of improvements in infrastructural facilities such as new 

buildings for offices, classrooms and laboratories which are all sources of electricity demands. 

 

For the purpose of this work, the maximum monthly electricity consumption occurred in the 

months of May to July, 2011 with a value of 112,500kWh. This is considered the design load 

demand when the system will be most heavily loaded to meet the electricity demand.  

    

4.2 ANALYSIS OF OTAMIRI HYDROLOGICAL OUTPUT 

The hydrological data of Otamiri river obtained from the Anambra-Imo River Basin 

Development Authority is presented in Table 4.2. The flow characteristics of the river show good 

potential for a small hydropower scheme. From the data, it can be seen that the hydrological year 

starts with the rains in April. The maximum natural head for the year occurs in August and 

October with a value of 1.02m, the minimum head occurred in April with a value of 0.75m while 

the average head is 0.89m. The river experiences high flow rates during the rainy season months 

of March to August, with the peak flow of 9.38m3/s occurring in the months of August and 



October. The minimum water discharge of 5.90m3/s occurred in April. Thus, the Otamiri river 

flow pattern corresponds to the weather variations of rainy and dry seasons. This is perhaps why 

the hydrological year starts with the rains in April with minimum natural water stage for the year 

and increases to maximum natural water stage in August in most cases. This implies that the 

hydropower system’s output will not be the same during all the seasons of the year. In dry 

season, it would be low or completely insignificant because of low water level. This is a period 

of abundant and longer hours of sunshine, so that using a hydro/PV hybrid system ensures 

availability of power supply all year round. 

 

Table 4.2: Hydrological Data of Otamiri River 

S/N Month Water Stage or Head (m) Water Discharge (m3/s) 

  Minimum Maximum Minimum Maximum Average 

1 April 0.75 0.79 5.90 6.38 6.14 

2 May 0.76 0.82 6.02 6.74 6.38 

3 June 0.79 0.85 6.38 7.10 6.74 

4 Jul 0.84 0.95 6.98 8.40 7.69 

5 Aug 0.86 1.02 7.22 9.38 8.30 

6 Sept 0.84 0.92 6.93 7.98 7.46 

7 Oct 0.89 1.02 7.58 9.38 8.48 

8 Nov 0.93 0.98 8.12 8.82 8.47 

9 Dec 0.73 0.97 8.12 8.68 8.40 

10 Jan 0.87 0.94 7.34 8.26 7.80 

11 Feb 0.80 1.01 6.50 9.24 7.87 

12 Mar 0.87 1.01 7.34 9.24 8.29 

    



4.2.1 Otamiri River Flow Duration Curve 

The flow duration curve is a plot which relates the discharge of a river or stream to the 

percentage of the time its flow is equaled or exceeded in the record. The discharge could be 

obtained from the available flow data which could be mean daily, weekly or monthly values over 

a specified period of time. A flow duration curve is plotted using flow on a logarithmic scale as 

the ordinate and percentage of time discharge exceeded on a probability scale as the abscissa. 

The curve represents data in a condensed form and is useful for the estimation of the hydropower 

potentials (Arora, 2004). The essence of this curve is to establish a relationship between 

discharge and percentage of time so that the turbine efficiencies can be matched to find the one 

suitable to work with the available hydropower of the river (Deshande, 1986). For the Otamiri 

river, the values of the percentage of time of flow are shown in Table 4.3 and are used to obtain 

its flow duration curve shown in Fig. 4.1. 

 

Table 4.3: Values of Percentage Time of Flow 

 Month  Discharge (m3/s) Number of Days of 
Rainfall 

Percentage of time 
(%) 

January 690.83 1 91.7 
February 1064.74 2 83.3 
March 2531.19 6 66.7 

April 4632.87 12 58.3 
May 7336.00 15 41.7 

June 8638.55 16 33.3 
July 9342.19 21 16.7 
August 8879.32 21 25.0 

September 10112.25 21 8.30 
October 6777.64 18 50.0 

November 1712.48 5 75.0 
December 284.95 1 100.0 
 



   

Figure 4.1: The Flow Duration Curve of Otamiri River 

 

The flow duration curve is a regressive curve; the discharge decreases with increase in the 

percentage of time due to the fact that seasonal variation in the year affects the degree of flow. 

 

4.2.2 Otamiri River Hydograph 

A hydrograph is a type of graph which shows how a river’s discharge responds to a period of 

rainfall or precipitation. A hydrograph describes flow as a function of time usually known as a 

time series of flow. Fig. 4.2 shows the hydrograph of Otamiri river obtained from the data 

supplied by the Anambra-Imo River Basin Development Authority. It illustrates the minimum, 

maximum and average monthly water discharge trend of the river.  
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Figure 4.2: Hydrograph of Otamiri River 

 

4.3 ANALYSIS OF OTAMIRI SMALL HYDRO POWER OUTPUT 

The net monthly hydropower available from Otamiri river is presented in Table 4.4. The values 

are computed with the hydrological data of the river using equation 3.5 and assuming 80% 

efficiency. According to Paish (2002), the efficiency of a hydropower plant is between 70 – 90%, 

which makes it by far, the best of all energy technologies. The choice of 80% efficiency for this 

work therefore seems plausible. 
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Table 4.4: Computed Monthly Hydropower of Otamiri River for an 80% efficient Plant 

  

From Table 4.4 above, it can be seen that there is a steady increase in the power output from 

42.84kW in April to 57.91kW in August with a slight drop to 52.05kW in September during the 

hydrological year. It can also be seen that the maximum hydropower output occurs in October 

with a value of 59.17kW. The average monthly hydropower output 53.51kW and for the purpose 

of this work, this value was considered the design value (Psh) which the system will most likely 

produce on monthly basis. Using an average month of 30 days (720 hours), the average monthly 

hydropower output of 53.51kW when converted to kilowatt-hour (kWh) gives about 

38,527.2kWh. This result has shown that the available small hydro power alone cannot meet the 

electricity load demand of FUTO Community which is 112,500kWh/month (112.5MWh/month). 

In this situation, two scenarios are practically realizable. 

Month Average Discharge 

(m3/s) 

Average Natural Head 

(m) 

Energy from Natural Head 

(kW) 

Apr 6.14 0.89 42.84 

May 6.38 0.89 44.52 

Jun 6.74 0.89 47.03 

Jul 7.69 0.89 53.66 

Aug 8.30 0.89 57.91 

Sept 7.46 0.89 52.05 

Oct 8.48 0.89 59.17 

Nov 8.47 0.89 59.10 

Dec 8.40 0.89 58.61 

Jan 7.80 0.89 54.43 

Feb 7.87 0.89 54.91 

Mar 8.29 0.89 57.84 

Total   642.07 



i) The energy deficit is supplied by the photovoltaic power system. Using equation 3.9, the 

energy deficit was estimated to be 73,972.8kWh/month. This would be supplied by the PV 

array. In this way, the load demand is satisfied by the small hydro/PV hybrid power system. 

ii) The small hydro/PV hybrid system may be utilized as a supplementary power source. In 

this case, the small hydro/PV hybrid system will not necessarily meet the electricity load 

demand but can only be used to supplement electric power for the community. 

 

4.4 ANALYSIS OF PV PEAK POWER OUTPUT  

Each PV panel (or module) is rated on its peak electrical output under standard test conditions 

which includes a temperature of 250C under a solar irradiance of 1000W/m2. For example, a 

module with a 75 Watt peak rating (75 Wp) will have an output of 75 watts under standard test 

conditions. Modules are available in sizes from 5 Wp to 200 Wp. A typical domestic system is 

around 1000 Wp to 3000 Wp. To get a total combined capacity of say 1000 Wp, you will need to 

buy a number of smaller modules and connect them to form a PV (solar) array. 

To analyze a PV module power output, we need to consider the solar insolation at the desired 

location. Solar insolation is the measure of solar radiation energy received on a given surface 

area and recorded during a given time. It is also referred to as solar irradiation. The values of 

global horizontal irradiation for Owerri for an average day of each month are presented in Table 

4.5 while Table 4.6 shows the monthly mean daily minimum and maximum ambient temperature 

for Owerri. In a whole day, a well-located PV panel will typically generate between 2.5 and 5 

times its rated power output. So a 1kWp (kilowatt peak) PV panel could produce between 

2.5kWh (kilowatt hours) and 5kWh per day, or between 880kWh and 1750kWh per year. 



Table 4.5: Average Daily Global Radiation Data per month on a Horizontal Surface 

Month Average Daily Global Horizontal 

Radiation (MJ/m2-day) 

January 15.40 

February 16.60 

March 15.62 

April 15.82 

May 15.27 

June 14.56 

July 13.02 

August 13.10 

September 13.10 

October 14.67 

November 15.20 

December 15.26 

 

 

Table 4.6: Monthly Mean Daily Minimum and Maximum Ambient Temperatures for Owerri 

 Jan Feb Mar Apr May Jun Jul Aug Sept Oct Nov Dec 

Tmin (
0C) 22.6 23.7 24.0 24.1 23.7 23.0 22.6 22.6 22.8 23.0 24.3 22.8 

Tmax (
0C) 32.0 35.6 34.1 33.0 31.2 30.0 28.6 28.7 29.9 31.0 33.2 33.0 

  

PV arrays are intended to be installed usually at a tilt angle of 100 to the horizontal. It is 

therefore, a usual practice to obtain the tilted global irradiation, Gt by multiplying the global 

horizontal irradiation, G with a tilt factor, ∅ since the solar radiation on a tilted surface differs 



from that on a horizontal surface. The tilt factors have been determined for a tilt angle of 100 and 

calculated for an average day of the month using a correlation relating the diffuse irradiation to 

the clearness index (Kenner and Gollett, 1985). These are presented in Table 4.7.  

Table 4.7: Tilt Factors for different Months and different Clearness Indices (K) at 100 tilt angle 

K Jan Feb Mar Apr May Jun Jul Aug Sept Oct Nov Dec 

0.3 1.06 1.04 1.01 0.99 0.97 0.99 0.97 0.98 1.01 1.03 1.05 1.06 

0.4 1.09 1.06 1.02 0.99 0.96 0.95 0.98 0.98 1.01 1.05 1.08 1.09 

0.5 1.11 1.07 1.03 0.99 0.96 0.94 0.95 0.98 1.02 1.06 1.10 1.13 

0.6 1.14 1.09 1.04 0.99 0.95 0.93 0.94 0.97 1.02 1.08 1.13 1.16 

0.7 1.18 1.12 1.05 0.98 0.94 0.91 0.92 0.97 1.03 1.10 1.16 1.20 

 

The month by month values of the clearness index for Owerri environment as found in the 

available literature (Anyanwu and Oteh, 2003) are considered and the corresponding tilt factors 

are obtained by interpolation using the data in Table 4.6. The interpolated values of the tilt 

factors and the computed values of the optimum tilted irradiance (global irradiation) are 

presented in Table 4.8 below.  

Table 4.8: Average Daily Radiation, Tilt Factors and Computed Values of Tilted Irradiance 

S Dry season Rainy or wet season 

Month Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sept Oct 

K 0.46 0.46 0.46 0.43 0.43 0.43 0.43 0.42 0.38 0.36 0.38 0.42 

∅ 1.092 1.114 1.102 1.063 1.023 0.990 0.960 0.948 0.978 0.980 1.010 1.052 

G 15.20 15.26 15.40 16.60 15.62 15.82 15.27 14.56 13.02 13.10 13.10 14.67 

Gt 16.60 16.70 16.97 17.65 15.98 15.66 14.66 13.80 12.73 12.84 13.23 15.43 



However, recent research by Ogueke et al. (2013) has shown that PV arrays give better 

performances when installed horizontally than when installed at a tilt angle in locations with low 

latitude and predominantly overcast weather conditions like my study area. Hence, for this work, 

the global horizontal radiation has been chosen as the parameter for estimating the array peak 

power rating. The design month is usually considered the month when the system would be most 

heavily loaded to meet the electricity demands (Oparaku and Iloeje, 1991). This is determined by 

considering the month with the maximum global horizontal radiation which will give a minimum 

array rating according to equation 3.16. Consequently, February was chosen as the design month 

with a global horizontal radiation of 16.60 MJ/m2-day and ambient temperature of 35.60C. 

Using equation 3.13, the solar cell temperature, Tcell can be estimated by considering the ambient 

temperature and global horizontal radiation for the design month and using the values of α, U 

and ∆t as specified in chapter 3. Thus; 

Tcell = αGt  + Tamb            
           U∆t  
 
Tcell = 0.8 x 16.60 x 106 + 35.6 
           25 x 43,200  
 
       = 12.30 + 35.6 

       = 47.900C 

Since the global horizontal radiation is measured in MJ/m2-day, it becomes absolutely necessary 

to convert the energy deficit of 73,972.8 kWh/month to a similar unit per day (1 kWh = 3.6 MJ), 

recalling that the radiant energy from the sun is available for over 5 hours per day on a stationary 

photovoltaic module installed to receive maximum sunlight. Therefore, for 5 hours per day solar 

irradiance and an average of 30 days per month, the above value gives 2,465.8 kWh/day or 



8,876.74MJ/day. Hence, to determine the required array reference peak power rating, we 

substitute for Ppv, Fm, B, Tcell and Gt into equation 3.16, thus: 

   
 
 
Ppv-peak =  1000Ppv  
      GtFm(1-B(Tcell-25))  
 
 =  1000 x 8,876.74MJ 
     16.60MJ x 0.9(1-0.005(47.9-25)) 
  
 = 671,000 Wp or 671 kWp 
 
 
This is the total array peak power rating. Assuming we use typical domestic modules each with a 

1000 Wp rating, then the number of such modules or panels required will be given by: 

 
Nm = 671,000 Wp 
         1000 Wp/module 
 
      = 671 modules 
 

 So this system should be powered by at least 671 modules of 1000 Wp rating. The required PV 

array size (area) is given by equation 3.10. Assuming we use monocrystalline solar panels which 

have typical module efficiency of 15%, then the required PV array area is estimated as follows; 

Apv =  Ppv            

           pvGt   

       =  8,876.74MJ            
          0.15 x 16.60MJ/m2 

      = 3565 m2 

Hence, each module will have the following area or size: 

Am =   3565m2 
             671 
      



      = 5.3 m2 
 
 

4.4.1 Battery Rating And Selection 

Total watt-hour used by appliances = 2,465,800 Wh/day 

Nominal battery voltage = 12 V 

Days of autonomy = 5 days 

Battery capacity = 671,000 x 5  = 548,202.6 Ah 
                             0.85 x 0.6 x 12 
 
So the battery should be rated 12 V; 548,300 Ah for 5 day autonomy. 

 

4.4.2 Inverter Rating And Selection 

For safety, the inverter should be considered 25-30% bigger in size or rating. Hence, given that 

the peak power of the appliances is 671,000 W, the inverter rating, Pir is given by: 

 Pir = 671,000 W + (30% of 671,000 W) 

      = 872,300 W or 872.3 kW 

Therefore, the inverter size should be about 872.3 kW or greater. 

 

4.4.3 Solar Charge Controller Rating And Selection 

The rating is obtained by multiplying the short circuit current (Isc) of the PV array by 1.25 

according to equation 3.23. Hence;   

Required charge controller rating = Isc x 1.25 

          = PV array total wattage  x Safety factor 
           System voltage 
     
          = 671,000W x 1.25 
           12V 



          = 69,895.8 A 
       
So the solar charge controller should be rated 70,000 A at 12 V or greater.  

 

4.5 POWER OUTPUT FROM A SMALL HYDRO/PV HYBRID SYSTEM 

The power produced by this plant is the combination of the power produced by the individual 

renewable energy sources which, in this study, are the small hydropower and photovoltaic power 

sources. Therefore, 

Phybrid = Psh + Ppv-peak          4.1 

The PV arrays, as can be seen in section 4.4, will contribute most of the energy for the whole 

month. Therefore, for 5 hours per day solar irradiance and average of 30 days per month, the PV 

modules will produce: 

671 kW/day x 5h x 30days = 100,650 kWh/month 

This is in addition to the hydropower source that will produce 38,527.2kWh/month for the study 

area. The total load of the study area corresponds to about a total electricity load of 

112,500kWh/month. Therefore, the evaluated capacity of the small hydro/PV hybrid system is 

given by: 

Phybrid = Psh + Ppv-peak  

           = 38,527.2 kWh + 100,650 kWh 

= 139,177.2 kWh/month 

It can be seen that the total primary electricity load demand of the study area is about 80.8% of 

the evaluated capacity of the small hydro/PV hybrid power system, leaving an excess energy of 

26,677.2kWh/month. 

 



4.6 DISCUSSIONS 

This study has evaluated the small hydro/photovoltaic hybrid power system aimed at satisfying 

the electricity load demands of FUTO. The sizing and selection of the major components of the 

hybrid system which include the hydro turbine, penstock, intake, weir and forebay for the small 

hydro source and PV array, battery bank, DC/AC inverter, solar charge controller and control 

panel for the PV system were considered in the respective sections of this work.  

The natural flow characteristics of Otamiri river includes an average monthly net head of 0.89m 

with the maximum mean monthly discharge of 7.64m3/s.  The choice and selection of hydro 

turbine for the small hydropower plant is based on the above design head and discharge of the 

river as well as the required range of power output. A cursory look at the available natural flow 

characteristics of the river reveals that the appropriate hydro turbine for the hydropower plant is 

the Kaplan type. The specific speed of the Kaplan turbine was estimated to be 1294 rpm while 

the size characteristics include a runner diameter of 0.24 m, jet thickness of 24 mm and runner 

length of 76.4 m. the maximum length of penstock required is dependent on the net head of the 

water fall on the turbine as well as the permissible flow velocity in penstock. With these 

variables put into consideration, the maximum length of penstock appropriate for the 

hydropower plant is estimated to be 32.12 m while the penstock diameter and weight were 

estimated to be 4.80 m and 56.66 kg respectively. Whereas the total electricity load demands of 

the study area as obtained from the Power Holding Company of Nigeria (PHCN) was estimated 

to be 112,500kWh/month, the results show that the Otamiri river hydropower potential is 

38,527.2kWh/month. As the load demand is higher than the hydropower potential, the need for a 

hybrid power system is necessitated to take care of the energy deficit of 73,972.8kWh/month.  



The mean daily global horizontal radiation at the study site was the basis for the PV system 

designing as a sub-unit of the hybrid power system. According to available meteorological and 

solar radiation data, the average daily global irradiance has a maximum value of 16.6 MJ/m2day 

in the month of February, which is therefore considered the design month and the value was used 

to estimate the PV array peak power. The nominal output of the PV array is determined to be 671 

kWp/day which is equivalent to 100,650 kWh/month for 5 hours per solar irradiance and average 

of 30 days per month. This power output, corresponding to a total PV array area of 3565 m2, 

could easily be satisfied by 671 PV modules each with a peak power of 1000 Wp. The battery 

bank capacity was determined to be 12V, 548,300Ah for 5 days of autonomy, while the inverter 

and the solar charge regulator have the output of 872.3 kW and 70,000A at 12V respectively.  

The electrical system powered by photovoltaic arrays requires special design considerations due 

to varying nature of the solar power generated resulting from unpredictable and sudden changes 

in weather conditions which change the solar irradiation level as well as the cell operating 

temperature. A change in solar irradiation level causes a change in the cell photocurrent and 

operating temperature, which in turn affects the cell output voltage.  

Due to variations in the radiant energy from the sun and the cell operating temperature, the 

output power of a photovoltaic array is not constant at all times. PV arrays are produced by 

combining series or parallel combinations of solar modules constructed by connecting a number 

of cells in series to get a practically usable voltage. Generally, a photovoltaic array is built by 

using all the same photovoltaic modules and kept away from any shading. A study by 

Ramaprabha and Mathur, (2009) have revealed that partial shading can cause overheating and 

major reduction in the power output of a photovoltaic array. It is however, practically impossible 

to avoid shading completely in residential installations as a result of change in the direction of 



sunlight throughout the day, as well as obstacles such as trees, birds and other obstructions (Xiao 

et al., (2007). 

The above PV array power potential in combination with that of the small hydropower, gives the 

evaluated capacity of the small hydro/PV hybrid system as 139,177.2kWh/month which is 

adequate to satisfy the entire load of FUTO Community.  

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



CHAPTER FIVE 

CONCLUSION AND RECOMMENDATION 

5.1 CONCLUSION 

A small hydro/photovoltaic hybrid power system for FUTO Community has been evaluated and 

presented. The results obtained show that the electricity load demand of FUTO Community is 

about 112,500kWh/month. The available hydropower of Otamiri river was found to be 38,527.2 

kWh/month and this alone cannot meet the load demand of the Community. The peak power 

output of the PV array was found to be 100,650kWh/month, which is adequate to take care of the 

energy deficit. The results also show that a total output power of 139,177.2kWh/month is 

realizable from this small hydro/PV hybrid power system. The total primary electricity load 

demand of the study area is about 80.8% of the evaluated load capacity of the small hydro/PV 

hybrid power system, leaving excess energy of 26,677.2kWh/month. The sizing of the various 

individual components of the small hydropower and photovoltaic power systems which make up 

the hybrid scheme was also done. The runner length, runner diameter, jet thickness, maximum 

length of penstock, diameter of penstock and weight of penstock were estimated to be 76.4m, 

0.24m, 24mm, 32.12m, 4.80m and 56.66kg respectively. For the PV sub-components, the battery 

rating was estimated to be 548,300Ah, 12V at 5 days of autonomy. The inverter rating was 

estimated to be about 872.3kW while the rating of the solar charge controller was found to be 

about 70,000A, 12V.  The approach adopted in this work appears to be a valuable tool for the 

evaluation and design of small hydro/PV hybrid power systems supplying power in remote areas.  

 

 



5.2 ACHIEVEMENTS OF THE STUDY 

i) Successful evaluation of a small hydro/photovoltaic hybrid system potential for electric 

power generation for FUTO Community. This is considered a useful contribution to 

the solution of power problem in the institution in particular and other similar parts of 

the country with abundant small rivers and solar radiation in general. 

ii) A comprehensive estimation of the hydro electric power generation potentials of the 

Otamiri river from its natural flow characteristics has been successfully undertaken. 

The result of this study is a useful tool for decision making on the development of 

Otamiri river and similar rivers in the country as sources of hydropower. 

iii) Establishing design considerations for PV power generation. 

5.3 RECOMMENDATIONS 

This study makes the following recommendations: 

i)  The results of this study illustrate that renewable energy technologies are veritable 

alternative electricity generation and power supply systems in the country. Adequate 

funds should be provided to encourage further studies and research on these 

technologies to help harness the renewable energy potentials of our numerous rivers 

and readily available solar radiation to power our remote rural communities. 

Incentives should be provided to attract both local and foreign investors to make this 

dream realizable. This will go a long way in solving power supply problems in the 

country with high reliability and zero environmental pollution. 

ii) Meteorological Stations should be established, as a matter of urgent necessity, in close 

proximity to locations in the country with abundant hydro and/or solar radiation 



resources, especially the Federal University of Technology, Owerri, Nigeria that has 

been established to have renewable energy resources potentials for electric power 

generation. This recommendation is occasioned by the unavailability of climatic data 

and information in my study location which prompted me to make several trips and 

searches in a bid to obtain this vital information. Such meteorological stations are also 

expected to provide employment opportunities, create wealth and generate revenue as 

well as data base for researchers. 

iii) It is pertinent to note here that my study concentrated on the natural flow characteristics 

of the Otamiri river. It is also possible to construct a dam on the river course to help 

build up the head of the falling water and consequently increase the hydropower 

potentials of the river. The dam, in addition, will serve as a source of irrigation water 

for crop production as well as a tourist attraction. The dredging of the Otamiri river is 

also of great importance so as to get rid of sediments and enhance river flow. 

iv) Reinforcements should be constructed to prevent the continuous undercutting of the 

natural slope of riverbanks. Such reinforcements are intended to narrow the river 

channel and increase the speed of water flow and consequently generate higher 

amount of hydropower. 
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