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ABSTRACT

The industrial development of any nation is dependent on its electrical power supply. If there is any 
continent in dire need of industrial development and its attendant economic growth, it is Africa. 
With a rapidly growing population and some signs of economic growth, most African Nations are 
unable to meet the ever-increasing demand for electricity.

This thesis work looks at the present situation of power generation and utilization in Africa as 
compared to other parts of the world. The analysis then focuses on biomass resources in Nigeria, 
with a village in southern Nigeria taken as a case study. The importance of biomass-based electrical 
power generation in alleviating the energy situation in Nigeria is examined and discussed. The 
biomass is used as fuel in a combined heat and power (CHP) plant for electricity and heat 
generation. Remaining Biomass is used in the farmland for food production. Two cases were 
considered: one in which only a portion of the biomass produced in the mill is used for electricity 
generation and the other in which all biomass produced in the mill is used for electricity generation. 
These two cases were compared with a reference case representing the current energy utilization in 
the village and mill.

In the first case, using the total amount of electricity required by both the village and the mill as 
basis, the results suggest that steam flow rate required to produce that amount of electricity is 0.4 
kg/s using about 19% of total biomass available. This is less than the 0.6 kg/s steam required by the 
mill. Results of the second case, suggest that using the total amount of biomass as basis, the boiler 
produces steam at a rate of 2 kg/s (more than the mill steam demand), and about 1 MW of 
electricity generated – 81% in excess of the village and the mills demands. The excess electricity 
could be supplied to the grid. Sale of the excess electricity will generate additional revenue for the 
mill thereby reducing the payback period. Results of the calculation suggest that the second case is 
a more profitable option than the first.  

It is recommended that further study be undertaken using field data. Important parts of such a study 
is a more deep engineering study as well as investigation and updating of prices, investment costs 
and local conditions.
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1. Introduction   

The importance and wide-ranging role of energy in the development process of a nation is well 
known. Energy demand, supply and pricing have enormous impact on the socio-economic 
development, the living standards and overall quality of life of the population of a nation.  
Generally, population and economic growth result in increase in the rate of energy consumed.     

In developing countries, the energy situation is very diverse; per capital energy consumption is far 
less than in the industrialized countries. In Africa, per capital consumption of energy remains very 
low, while energy demand and intensity has increased sharply [1].  

An estimated 1.6 billion people or about one-fourth of the world population have no access to 
electricity and must rely on other sources for energy. Of these figures, about 50% is located in 
South Asia (35% in India alone), 32% in Sub-Sahara Africa and 14% in East Asia (not including 
China) [2]. 

The energy supply in many of the developing countries are unreliable, imposing a heavy economic 
burden, causing a high impact on the GDP of these countries, which has discouraged the 
development of these countries.

The energy use in the developing countries is expected to continue to increase; the increase in the 
services such as provision of electrical power for homes and industries that this energy provides is 
necessary and desirable. These energy services are essential for economic growth, improved living 
standards and to provide for the increasing population. But finding the energy supplies to provide 
these services could cause major economic and social problems. For many of the developing 
countries, much of the additional energy needed will be supplied by imported oil, but rising oil 
import will further burden those countries already saddled with high oil imports bills. Similarly, 
building dams or power plants to meet a higher demand for electricity could push these countries 
even deeper into debt. 

The rural areas in the developing countries are more affected by this energy problem. It is estimated 
that about 99% of people without electricity live in the developing countries and every four out of 
five live in the rural areas. The bulk of the energy consumed in these rural areas is used in the 
household. Rural household require energy mainly for cooking, lighting and space heating. Cooking 
accounts for between 90 and 100% of energy consumption. The rest of the energy consumed is for 
lighting, provided either by wood fuel (cooking fire), kerosene lamps and candles. Space heating is 
required in areas with cold climates and it is often catered for by the energy used for cooking.   

The energy needs for agricultural production in rural areas range from intensive power use in 
transportation, water lifting and pumping, irrigation, land preparation, primary seedbed cultivation 
to weed control, planting, transplanting, harvesting  and crop processing and also for refrigeration 
purposes.  

Most rural electrification programs are focused on connecting rural areas to the national or local 
grids. However, due to the disperse nature of the rural areas in most developing countries, this 
becomes rather too expensive [3].    
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Africa has a high potential of renewable energy in terms of its biomass resource mostly 
concentrated in the rural areas. The climatic condition which varies across the continent allows for 
the growth of trees and other types of biomass. However, due to the agricultural practises of food 
production to meet the demand of the ever increasing population and also the use of wood as source 
of energy, most of the forest are lost, causing desertification. The increase in food crop production 
to meet the increasing food demand in most parts of Africa has contributed greatly to the production 
of agricultural residues as a by-product in Africa.                                  

There are different technologies for the production of energy from biomass residues. These 
technologies involve the combustion or gasification of biomass to produce either steam or a clean 
gas that could be used in a steam or gas turbine to generate electricity. 

Different plants have been built and installed in different parts of the world for the production of 
energy from the available biomass residues. In different countries of Africa many such plants have 
been installed. One example is the installation of a 35 kWel downdraft gasifier in Seychelles which 
uses wood and coconut shell as fuels for electricity production. In Burundi, in the eastern part of 
Africa, there is the installation in Tora village of a 36 kWel downdraft gasifier for industrial 
electricity production using peat. In Mali, in western part of Africa, there is the installation, in 
Dogofiri community, of a gasifier for the production of 160 kWel using rice husks as a fuel [4]. In 
Mauritius, in northern part of Africa, the country which is devoid of any fossils fuels, about 300 
GWh of the country electricity is from bagasse residue. 11 cane sugar factories are in operation and 
10 of them export electricity to the grid [5].   

Similar plants have been installed in other developing countries of the world, like in India, 
Thailand, Brazil, Indonesia and Malaysia. These plants use the biomass resources available in these 
areas for energy production. 

1.1 Africa’s Energy Resources 
  
Africa is a vast continent with 53 countries. The continent is relatively well endowed with energy 
resources. In 2004, the proved oil, gas and coal reserves were 9.4%, 7.9% and 5.5% respectively of 
the world total. The hydropower potential of the continent amounts to 13% of the world. In Africa, 
energy is produced mainly from biomass 47%, oil 24.8%, coal 16.5%, gas 10.4% and other 
renewable sources, such as large and small hydro dams, solar and geothermal sources 1.3% [6].  

Most of the hydropower potential lies in central, eastern, and in western Africa (especially in Congo 
river basin, the Nile, the Niger, the Volta and the Zambezi). These resources remain largely 
untapped. It is estimated that Cameroon has hydro potential of up to 155000 MW and yet the 
installed hydropower capacity currently stands at 800 MW. In the Democratic Republic of Congo, 
the assessed potential of hydropower is the highest in Africa and one of the highest in the world. 
The gross theoretical hydropower potential is estimated at 1400 TWh per year of which 55% is 
regarded as technically feasible [7]. Oil and natural gas resources are located in the western and 
northern parts of the continent, coal reserves are concentrated almost exclusively in southern Africa, 
and geothermal energy is only being developed in eastern Africa.  

Figures 1 and 2 show that 68% of all proved natural gas reserves in Africa are located in two 
countries (Nigeria and Algeria), while more than 74% of proved oil reserves are found in Nigeria 
and Libya. These three countries hold a majority of oil and natural gas reserves in the continent. 
Because of the geographical location across the equator, Africa has abundant solar irradiation 
ranging from 5 to7 kWh/m2 per day, with the hours of sunshine ranging from 2600 to 3500 per year 



6

[8]. Africa also enjoys a relatively strong wind power potential in Northern, Southern and Eastern 
Africa, where wind regimes ranging from 4 to 10 m/s can be found. Finally, the continent has an 
estimated geothermal energy potential of 9000 MW in the rift valley area in East Africa [9]. Based 
on these potential reserves, it should be possible to achieve a well-balanced energy generation mix 
on the continent. However, due to numerous barriers this is not currently the case. 

The barriers to sustainable energy generation in Africa include:      

 Low refinery capacity in Africa 
 Low investment by the government on domestic energy production  
 Low private sector participation and investment in the energy sector 
 Inadequate policy, regulation and institutional framework 
 Transport, transmission and distribution challenges  

          

Egypt
13%

Algeria
32%

Libya
11%

Nigeria
36%

Other Africa
8%

                                     Figure 1: Proved natural gas reserves in Africa in the year 2004 [10] 
                                                          (Total: 14.06 Trillion m3)     

                                                      
     
1.2 Energy Consumption and Production in Africa  

In order to generate revenue, Africa exports more of its energy than it consumes. Figures 3 and 4 
show the disparities between the oil and natural gas produced and consumed in Nigeria, a leading 
producer of oil and natural gas in Africa. In the last decade, oil, natural gas and electricity 
production have increased by 48.1%, 24.3% and 32.8% respectively, while coal production 
increased much less as shown in Figure 5. 

In absolute terms, oil remains the largest source of modern energy in Africa, with production 
reaching 441 Mtoe in 2004, which represents 11.4% of the world total. (1Mtoe = energy 
corresponding to 1Million tonne oil= 11630 GWh).  In southern Africa, efforts for improving the 
energy resource mix through more import of electricity with the southern African power pool led to 
a slower increase in coal production.
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            Figure 3: Oil Consumption and Production in Nigeria [Source: Reference 12]                                    

                                                                 
                                                                               Year

       Figure 4: Natural Gas Consumption and Production in Nigeria [Source: Reference 13]

                                     

                           

     

Year
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                              Figure 5: Coal, Oil, and Natural Gas Production in Africa [14]

Despite the abundant energy resources in Africa, only 3.1% of the world electricity are generated in 
the continent - less than any other region of the world as shown in Figure 6. This share has not 
changed for the last 10 years and most analysts forecast that it will remain the case for the next 15 
years, though production of fuel used for electricity will continue to grow steadily. 

As shown in Figure 7, electricity is generated mainly from coal (46%), gas (23%), hydro (18%), oil 
(11%) and nuclear (2% in South Africa only). Other renewable sources such as solar, geothermal, 
wind, etc play an insignificant role so far, despite some noteworthy initiatives such as the 
development of wind farms in Egypt, Morocco, Algeria and South Africa. 

On the continent, there are strong disparities among countries: South Africa alone generates close to 
half of the total African electricity. Many Africa countries rely heavily on hydropower (70% to 
80%) for their electricity generation.

The bulk of the region generating capacity and transmission network was built in the 1950s and 
1960s. The continued under-investment in maintenance and renewal has left many African 
countries in worsening energy situations. Technical and non-technical losses typically exceeds 20%, 
power outages, brown out and power surges are common place, while load shedding in times of  
drought are routine [15].  
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Middle East
3.30% Africa

3.10%

Europe & Eurasia 
28.70%

S. & Central 
America
 5.20% Asia Pacific

 31.50%

North America
 28.20%

                                Figure 6: World Electricity Generation (2004) [16]
                               

Gas
23%

Hydro
18%

Nuclear
2%

Oil
11%

Coal
46%

Figure 7: Electricity generation in Africa per fuel in the year 2002 [17]

With 13.1% of the world total energy production, Africa consumes only 5.5%. The energy 
consumption per capita is 0.5 Toe per year, which is far lower than the world average of 1.2 Toe per 
capita per year, making the continent lag behind all others in energy use. 

In 2002, the continent electricity consumption was only 514 kWh per capita, lowest of all other 
world regions. The very limited availability of electricity combined with affordability issues to 
electricity services in most countries in Africa has made access to electricity by most Africans very 
elusive. International Energy Agency (IEA) data reports show access to electricity ranging from 
70% to over 95% in Northern Africa, and an average of 23% in sub-Sahara Africa, in 2002. These 
data does not reflect disparities between countries (for instance less than 4% in Uganda compared to 
66% in South Africa or 100% in Mauritius), and between urban and rural areas, where in the latter, 
access can be as low as 1%.    
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Energy consumption in Africa amount to 304 Mtoe and is largely dominated by combustible 
renewable resources (biomass, animal waste, municipal and industrial wastes). Energy from 
biomass accounts for more than 30% of energy consumed in Africa and more than 80% in some 
countries, such as Burundi (91%), Rwanda and central Africa Republic (90%), Mozambique (89%), 
Burkina Faso (87%), Benin (86%), Madagascar and Niger (85%)[18]. From 1994 to 2004, primary 
energy consumption in Africa has increased by 24%.

Biomass resources in Africa are estimated at 82 billion tons, with an annual average growth of 1.7 
billion tons. This rate of growth affords nearly three times the per capita wood demand in the 
continent at current consumption levels. Forest and agricultural residues have become significant 
untapped biomass energy resources in many parts of Africa [19].

All African countries consume some oil mainly for transportation, electricity generation and for 
industries regardless of whether they have refinery capacities or not as shown in Figure 8. Gas 
consumption, however, is limited to the few countries that produce it, such as Algeria, Libya, 
Egypt, Tunisia, Nigeria, Cote d’Ivoire, or those that are located in close proximity with them. This 
is explained by lack of transboundary pipeline infrastructure for the transportation of natural gas. 
South Africa, with its large reserve of coal is the only country with significant use of coal.

Others
65%

Transportation
14%

Industry
20%

Non-Energy Use
1%

                  Figure 8: Energy Consumption per Sector [20] 

1.3 Background Information on Nigeria
                     
Nigeria is located in Sub-Sahara Africa, between latitude 4o and 14oN and longitude 2o 45 and 
14o3E. It has a population of about 100 million, with a population growth rate of 3.3% [21]. At 
present, about 40% of the total population have access to grid electricity, of this only 6% in rural 
areas where a large percentage of the population live.  

Nigeria’s climate permits the cultivation of a variety of crops. As in other West African states, 
rainfall is heaviest in the south, where the forest and savannah benefits from abundant precipitation 
and relatively short dry seasons.  Figure 9 shows land use estimates in Nigeria. 
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Arable land
33%

Permanent 
crops

3%
permanent 

pasture
44%

Woodland
12%

Others
8%

              
                                               Figure 9. Estimated Land use in Nigeria [22]

The crops grown include cassava, yam, cocoyam, and sweet potato. Tree crops like cocoa, oil palm, 
rubber and timber constitute the areas main commercial products. Cocoa grows mostly in the south 
west, oil palm is predominantly in the southeast and is numerous in the southern area, rubber stands 
are common in south and south-eastern Nigeria, while timber is in the south and south west.

The northern part of the country experiences a dry season of between five to seven months. During 
this season, less than 25 mm of rainfall is reported. The region lies mostly in the Sudan savannah 
and Sahel savannah, where the crops cultivated are millet, cowpeas and a drought resistance variety 
of sorghum, corn, rice, cotton and groundnut. Between the arid north and the moist south lies the 
guinea savannah region sometimes referred to as the middle belt. This area produces staples such as 
sorghum, millet and cowpea but in low quantities. Yam is also produced together with fruits like 
orange and mango. [23]

The main export in Nigeria before the discovery of crude oil was cocoa, groundnut, cotton, oil palm 
and rubber. After the discovery of crude oil, there was a reduction in the cultivation of these crops 
due to the reliance on revenues from oil. Presently Nigeria is the fourth highest producer of cocoa 
and the highest producer of cassava in the world. [24]

As stated earlier, majority of Nigeria population lives in rural areas. Rural electrification is therefore 
an important issue which deeply concerns the Nigerian authorities. For example, in the year 2000, 
the Nigerian government signed a bilateral agreement with the Japanese government for the 
electrification of the rural areas in Nassarawa and Oyo states; this led to the electrification of some 
of the local government headquarters of these two states. Rural electrification has remained a major 
problem in Nigeria. The figure below shows the location of Nigeria.
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                                     Figure 10: Location of Nigeria in Africa [Source: Reference 25]

1.4 Energy Supply and Use
Nigeria current major sources of energy supply are from the combustible renewable, oil and natural 
gas as shown in Figure 11. The combustible renewables dominates as the principal source of 
primary energy for majority of Nigerians. Energy supply from this source has increased over the 
years from about 44000GWh in 1971 to about 93000GWh in 2003 corresponding to an increase of 
111%. This increase is mainly due to the increase in population which on the long run has caused an 
increase in pressure on the use of renewable mainly in the form of wood-fuel as a major source of 
energy supply.  

Nigeria
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Figure 11: Evolution of total primary energy supply from 1971 to 2003 [26]

It is estimated that about 80% of Nigerian households use wood-fuel and charcoal for cooking, 
about 70% of these 80% live in the rural areas [27]. Daily consumption of wood-fuel by the rural 
communities in Nigeria is estimated to be about 27 million kg per day. Nigeria looses an 
approximate of 1200 km2 of forest each year. This has resulted in several problems in the country, 
causing deforestation which has resulted in desertification in the northern part and massive soil 
erosion in the south eastern part of the country [28].   

The other sources of energy supply as shown in Figure 11 are the oil and natural gas. The supply of 
energy from these sources for domestic need is low. About 95% of the countries revenue comes 
from these sources. [29] Nigeria is a net exporter of crude oil, with an estimated reserve of about 32 
billion barrels of crude oil and 4300 billion m3 of natural gas.  Nigeria has four refineries with a 
total capacity of about 445000 barrels of oil production per day, but owing to inadequate 
maintenance and a general declining technical inefficiency, these refineries are currently unable to 
meet up to 300000 barrels production per day, causing incessant shortages, because most of the 
crude oil produced are exported.  [30] 

The total primary energy supply in Nigeria in the year 2003 was 114000 GWh. Figure 12 shows the 
percentages of the energy supplied from the different energy sources in the country. 
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                                                                                                                                  97789 Ktoe     
                                                                                                                                                                         
                            Figure 12: Total primary energy supply shares (year 2003) [31]   

As shown in Figure 12, the combustible renewable and waste make the largest contribution to the 
primary energy supply.

1.4.1 Present Electricity Generation and supply 

The total electricity generation in Nigeria in the year 2003 amounted to 20183 GWh of which 7836 
GWh was generated from hydropower, 7761 GWh from natural gas and 4586 GWh from crude oil. 
Figure 13, shows that electricity supplies from hydropower has increased considerable over the 
years. It has increased from about 2000 GWh in 1971 to about 7000 GWh in 2002, which this far 
was the peak of generation. Although this is not enough to provide all the potential users partly 
because of the continuously increasing number of inhabitants and partly due to excessive energy 
losses in the transmission and electricity distribution.

               

Figure 13: Electricity Generation in Africa by Fuel (1971 to 2003) [Source: IEA Energy Statistics, 
2007] 
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The electricity generated was consumed in the various sectors as shown in figure 14 below.                                                                                     

        

Energy 
sector; 

577; 3%
Losses; 

6739; 33%

Industries; 
1660; 8%

Public 
services; 

3538; 18%

Residential; 
7669; 38%

                                                   
Figure 14: Utilization of the Energy in different Sectors of the Economy [33]

As shown in figure 14, the residential sector consumes the highest share of the electricity generated. 
The losses from transmission and distribution are very high, and in-between the losses and the 
residential sectors consumption, are the public services, and industrial sectors. The energy sector 
which generates the electricity, consume the least electricity. 

In Nigeria, the power sector is presently being managed by the National Electric Power Authority 
(NEPA), as an integrated utility company providing generation, transmission and distribution 
services. The available transmission and distribution lines cover 53980 km and 790 km substations. 
The transmission network is comprised of 5000 km of 330 kV lines and 6000 km of 132 kV lines, 
while the substation is comprised of 23 km of 330/132 kV lines and 91 km of 132/33 kV lines. The 
distribution network is comprised of 23750 km of 33 kV lines, 19230 km of 11 kV lines and 680 
km of 33/11 kV substations. There are also 1790 distribution transformers and 680 injection 
substations [34]

1.4.2 Electricity Access and Demand

With the increase in population and increase in the various sectors of the economy, there has been 
an increase in the demand for electricity in the country. Presently, Nigeria has a grid capacity of 
4000 MW, but the present peak demand is presently around 6000 MW far higher than the 
generating capacity. The electricity demand has been estimated to increase to about 8000 MW in 
the year 2007 and 10000 MW in the year 2010. The country may face serious power shortage due to 
low electricity generation.

In Nigeria about 40% of the population has access to electricity from the national grid. Of these, the 
urban centres have more than 80% accessibility, while the rural areas have less than 20%. Nigeria 
has about 90000 villages; these constitute about 70% of the total population. [35] 

Presently, the rural dwellers rely on the use of kerosene and wood-fuel as their energy sources. The 
pump price for kerosene in these rural areas is 3-4 times higher than in the urban centres, even with 
this high price, it is rarely available. Other energy sources like coal and LPG are not available. 
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The results of a study made to show the domestic load assessment in Nigeria, in order to know the 
electricity demand per household in rural areas with and without grid electricity supply are shown 
in Table 1 and 2. Using an end-use load or appliances power rating of 50 W. 

Table 1: Domestic Load Assessment for Villages without Access to Grid Power
  Factor Average number of

load/household/day(W)
Average 
duration of 
use/day (h)

Average daily power 
requirements/household
/day (Wh)

Lighting 
requirement

6.3 4.6 1449

Radio 
requirement

1.2 5.2 134.2

Total 1583.2

Table 2: Domestic Load Assessment for Villages with Access to Grid Power
Factor Average number of 

load/household/day
(W)

Average 
duration of 
use/day (h)

Average daily power 
requirements/household/
day (Wh)

Lighting 
requirement

6.3 6.1 1921.5

Radio requirement 1.6 5.8 352.6

Television
requirements

0.2 4.2 50.4

Total 2324.5

This study did not take into consideration higher power equipment exceeding 100 W. The 
electricity demand was based on regular use of electricity. The study shows that rural households 
without access to grid electricity in Nigeria requires a total of 1583.2 Wh/day or 597.5 kWh/yr, 
while those with grid access use 2324.5 Wh/day or 850.8 kWh/yr. [36]

General Comments on biomass 

 As mentioned, the electricity generated in Nigeria is presently far less than the demand. The 
rural dwellers in Nigeria constituting about 73 million of the total population are mostly 
concerned to end this problem that has affected their standard of living to a great extent. In 
the absence of grid electricity to meet their electricity demands, one of the best options is to 
generate energy from biomass. 

 One problem in using biomass for energy is that the farmland is also needed for food 
production. Therefore, it would be better to use agricultural residues as fuel.
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2. Scope of work

Assessment of a sustainable source of electricity will require a study of the economic, 
environmental and societal impacts - the three pillars of sustainability. This study has considered 
the impact of electricity generation for a village and a mill using biomass with focus on the impact 
on the residents of the village and the economics of the process. The environmental impacts have 
not been considered and could be studied in a future work. Also, this study has not considered other 
renewable sources of energy (such as solar, fuel cells etc.) for the village and mill. 

The objectives of this study are to:
1. Assess the possibility of using renewable energy for electricity generation for a village in rural 

Nigeria
2. Assess the quantity of biomass that will be required to power the village and the Mill
3. Assessment of the quantity of electricity and heat generated from a cogeneration plant using 

biomass as fuel
4. Assessment of the scenario under which excess power generated using biomass could be fed to 

the grid, thereby generating revenue 

Quantitative data contained in this study has been obtained from literature. Future studies using 
field data will be required in order to validate the results. This study is therefore a generic (mostly 
qualitative) study. 
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3.   Biomass Resources

3.1 Oil Palm Tree

Oil palm thrives in hot, wet tropical lowlands. The major production regions receive at least 1829 
mm of rain per year. The optimal temperature is in the 27-32 oC range. Oil palm is generally grown 
within a few hundred meters above the sea level, and sunshine of 5-7 hrs per day is beneficial.

Apart from the energy value of the oil palm residue, it serves many other purposes. Two types of oil 
can be derived from the fruit; palm oil from the mesocarp and palm kernel oil from the seed. Both 
can be used as edible oil and today both oils can be put to non-food uses. About 10% of palm oil is 
used for non-food purposes, primarily in soaps and detergents, candles in rubber processing, tin 
plating of metals, cosmetics, plastics, lubricants and glycerol. Methyl esters from palm oil can be 
used as a diesel fuel substitute. Palm oil contains over 500 ppm of carotenoids which have cancer 
fighting properties. Table 3 below shows the percentage of oil palm production in different 
countries of the world in the year 1998.
             
                        Table 3: Shows Top 10 countries with High Production of Oil Palm, 1998 [37] 

                                                                         
Country

  %world production 
(17.7 Million Metric Tons)

Malaysia 44
Indonesia 34
Nigeria 6

Thailand 2
Colombia 1

Cote d´ivore 1
Ecuador 1

Cameroon 1
Congo 1
Ghana 1

3.2 Cashew Tree

Cashew nut tree, whose botanical name is Anacardium occidentale L, is a botanical species native 
from Peru and Brazil and was taken by the Portuguese traders to India during the 16th century. But 
nowadays the cashew tree can be found in countries as Sri Lanka, the Philippines, Indonesia, China, 
Thailand, India, Malaysia (Asia), Haiti, Panama, Guatemala, Mexico, Venezuela, and other 
countries including Nigeria.

In Nigeria, cashew nut tree are found in the southern part of the country and in the middle belt. 
Apart from the fruit and nut which serve as food, the leaves and bark are also used for many 
purposes including as medicine for many diseases. Documented properties of cashew plant include 
antiseptic, antibacterial, anti-dysenteric, antimicrobial, anti-inflammatory, aphrodisiac, astringent, 
diuretic, febrifuge, hypoglycaemic, hypotensive, purgative, refrigerant, and stomachic, these 
properties are due to an enormous number of different chemicals that are found in its composition 
which include approximately 50 different organic species.

The juicy and pulpy apple is edible itself and can also be used to produce jam, wine, juice, syrup, 
which are highly-nutritive. It has plenty of vitamins, minerals and indispensable nutrients. The 
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shells are used not only as energy sources but also for industrial applications in plastics, rubber and 
painting industry due to its phenol content. [38]

3.3 Cassava Plant

Cassava is of the family of manihot esculenta. There are two species, manihot ultissima Phol and 
manihot aipi Phol. This classification is due to the cyanogenic glucoside concentration. Cassava 
originated from Brazil and Paraguay. It is a perennial woody shrub cultivated mainly due to its 
starch roots.

Cassava is a tropical root crop requiring at least 8 months of warm weather, it does not tolerate 
freezing condition but tolerates a wide range of soil pH of 4.0 to 8.0 and is most productive in full 
sun. Currently, Nigerian cassava production is the largest in the world, three times more than 
production in Brazil and almost double the production in Indonesia and Thailand. Cassava can be 
processed by totally removing its cyanide content which is poisonous, and the finished product 
made into a popular food in Nigeria, known as garri. It can be made into flour to serve as substitute 
for wheat in bread making. The fresh roots can be sliced thinly and deep fried to make a product 
similar to potato chips.

Industrially, cassava is used in the processing procedures or manufacture of products which include 
paper-making, textiles, adhesives, high fructose syrup and alcohol. [39]

3.4 Yam     

Yam is a tuber crop. Its botanical name is Discorea. It has two main varieties grown mainly in 
Nigeria, and these are the white yam, Discorea Rotunda and the water yam, Discorea Alata. Yam 
requires a fertile soil, it is commonly grown as a first crop after clearing a bush fallow, and the land 
should be free draining and sandy loam. 

 Yam can be processed into yam floor; this is eaten in most parts of Africa. Yam peels is a good 
biomass residue for energy production. [40]   

3.5 Sorghum Plant    

Sorghum, botanical name sorghum bicolour L moench, is a cultivated tropical cereal grass 
cultivated across the world in the warmer climate areas. It is quantitatively the world’s fifth largest 
most important cereal grain after wheat, maize, rice and barley.
Sorghum is the most widely grown of all the cereal crops produced by farmers in the savannah 
zones of Nigeria. It has been recognized as a potential valuable industrial crop by the brewing 
industries. A well drained, fertile land that has not been cropped with sorghum the previous planting 
season is the best for its cultivation. 
Sorghum is processed into a very wide variety of attractive and nutritious traditional foods, such as 
semi-levered bread, dumplings and fermented and non-fermented porridges. It is the grain of choice 
for brewing traditional African beer [41].
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4. Results

This study was based on the biomass residues produced in the country during the year 2004. The 
estimated quantity of the crops produced is shown in Figure 15. From the Figure, it is shown that 
cassava has the highest production output. It is produced in most of the region of the country, and 
has an estimated output of about 45 million metric tonnes. Yam, which is also produced in most 
part of the country, has an estimated output of about 30 million metric tonnes. Sorghum has an 
output of about 11 million metric tonnes. Millet and maize has an output of 8 and 7 million metric 
tonnes respectively. Crops like cowpea, groundnut, sweet potato, plantain, cocoyam and rice has an 
estimated output ranging from 2 to 4 million metric tonnes. The remaining crops have an output 
ranging from 200 to 900 thousand metric tonnes. [42]                                                  
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               Figure 15: Estimated crop output in Nigeria in the year 2004 in Metric tonnes

In Nigeria most of the industries that process these crops into their various finished products are 
located in the rural areas. During the processing of these crops, a lot of residues are generated, 
mainly in form of husks, bran, cobs, shells, fibre, bunches, bagasse, peels and nut.  The output of 
the residues in the year 2004 is shown in figure 16. These mass of residues were calculated by using 
the processing residue to product ratio.  
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      Figure 16: Estimated Output of the Processing-Based Biomass Residue, in Metric Tonnes. 

As shown in Figure 16, cassava has the highest output of residues generated and its estimated value 
is about 29 million metric tonnes, and that from yam is about 20 million metric tonnes. Crops which 
include groundnut, maize, rice, sorghum and cocoyam have an output ranging from 5 to 1.5 million 
metric tonnes of residues. While that from other crops including oil palm, sweet potato, sugarcane 
and coffee, range from 200 to 400 thousands metric tonnes respectively.

4.1 Energy Content of Available Biomass Residues
      
The lower heating value for various biomass residues is shown in table 4

             Table 4: Heating value of biomass Residues (kJ/kg). [43]
   Crop Residues Lower Heating Values

Sugar cane bagasse 7700-8000
Yam peels 16433

Cocoa husks 13000-17237
Groundnut shell 13785
Coconut shell 18000
Cotton trash 14000

Maize 13000-16509
Sweet potato peels 16430
Sorghum bagasse 16255

Rice husks 14000-14557
Cassava peels 16400

Oil palm residues                  17800-18133
                        Coffee husks                        16000
                        Rubber tree residues                        17000
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Using the total mass of each residues and the corresponding heating value, the theoretical potential 
of available energy of the agricultural residues can be calculated. The results are shown in Figure 
17.
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                         Figure 17: The total energy content of the biomass residues in TWh
                                                            (Total: 290 TWh)
   
As shown in Figure 17, cassava and yam residues constitute the largest energy potential from 
agricultural residues in Nigeria. The total energy content of 290 TWh from the biomass residues is 
more than the total energy supply of 114 TWh presently in Nigeria.

4.2 Chemical Composition of the Biomass

To a large extent, the composition of the biomass determines the most proper technology option to 
be employed for biomass based electricity generation. The chemical and ash compositions are as 
shown in Tables 5, 6 and 7.

     
Table 5: Proximate Analysis (wt %) Dry Basis

Crop residues Ash Volatiles Fixed carbon
Coconut shell 4.0 70.5 17.5
Rice husks 15.8 69.3 14.9
Groundnut shell 3.1 68.1 28.8
Sugarcane bagasse 2.4 85.6 24.8
Palm fibre 8.4 72.8 18.8
Sorghum bagasse 8.1 73.4 18.5
Cocoa 10.5 67.8 21.7
Cotton 3.2 73.0 23.8
Coffee husks 0.9 72.0 27.1
Maize 8.5 n.a n.a
Cassava peels 11.7 59.4 28.9
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Table 6: Ultimate Analysis (wt %) Dry Basis
Crop 
residue

     C      H     O      S     N    Cl      F  

Coconut 
shell

   49.6     5.43     41.8     0.1      n.a     n.a    n.a

Groundnut    49.3      7.34    39.1     0.02     1.16     n.a    n.a
Sugarcane    48.6     5.87    42.8     0.04     0.16   0.03    n.a
Sorghum    39.5     7.51    43.0     0.22     1.1   0.604    n.a
Cotton 
husk 

   48.8     8.13    38.5     0.59     1.36   n.a    n.a

Coffee 
husk

   46.4    4.86    46.7     n.a     0.59   n.a    n.a

Maize    44.6    5.37   39.6     0.05     0.41   n.a    n.a
Palm fibre    47.5    6.01   36.4     0.3     1.4   n.a    n.a
Cocoa    47.4    5.24   33.6     0.19     3.03   0.014    0.011
    

      Table 7: Ash Composition of the Biomass Residues [44]
Crops P2O5 Al2O3 Na2O FeO3 MgO K2O CaO TiO2

Coconut 1.6 8.8 4.8 6.4 1.6 8.8 2.5 0
Rice n.a n.a 0.16 0.03 2.6 1.8 3.2 n.a
Groundnut 3.7 8.3 0.8 10.3 5.4 8.5 24.8 0.1
Sugarcane 2.7 17.7 0.8 14.1 3.3 4.2 4.5 2.6
Palm fibre 4.6 n.a 1.1 2.4 3.7 21.5 7.0 n.a
Cotton 4.0 1.3 1.3 1.9 7.5 49.6 20.7 n.a
Maize 4.7 0.7 0.2 0.2 0.6 18.5 4.0 n.a
Coffee 3.4 4.5 0.5 n.a 3.7 36.9 9.8 n.a
Walnut 4.6 n.a 1.1 2.4 3.7 21.5 7.0 n.a
n.a = not available

Biomass fuels may contain a considerable amount of ash forming elements, which clearly 
distinguishes them from liquid and gaseous fossil fuels. These elements may cause three different 
types of problems like deposition, corrosion and erosion. 

Erosion wear is markedly influenced by the size, properties and concentration of carryover particles 
entrained with producer gas. The ash elements that are of main concern for the deposition and 
corrosion problems are Potassium (K), Sodium (Na), Chlorine (Cl), Silicon (Si) and Calcium (Ca). 
The presence of alkali elements (Na + K) in the producer gas above a certain level can cause the 
corrosion problems [45].              
                                                                                                 
Additionally, Chlorine has some influence on increasing corrosion problems. The presence of    
Chlorine in the ash entrained with the producer gas even in low percentage may lead to lower 
melting temperature of the ash. Calcium and Silicon are mainly of concern for formation of the hard 
deposits in gas turbines and the melting temperature of compounds with these elements, are lower 
in the presence of potassium and sodium compounds. For a successful implementation of power 
plant, the producer gas must conform to the allowable limits specified by the turbine manufacturers 
regarding alkali metals and particulates.   

From the analysis, cotton and coffee residues are not viable fuel for electricity production due to 
high concentration of Potassium in their ash.



24

5. State-of-the-Art Biomass to Electricity Technology 

Based on biomass combustion, different technology exist for the production of electricity from 
biomass, these are 

 Steam turbine process 
 Steam piston engine process 
 Screw type engine process 
 ORC process 
 Stirling engine process 
 Directly fired gas turbine process 
 Indirectly fired gas turbine process   

But for the generation of electricity from a decentralized biomass CHP plant based on biomass 
combustion, the following technologies and sizes are effective.  

 Stirling engine processes up to an electricity capacity of about 1000 kWel  
 ORC processes in a capacity range between 400 and 1,500 kWel 

 Steam turbine process for a capacity of more than 2,000 kWel (although some applications 
with lower capacities are in operation)   

Some of these technologies, like the directly and indirectly fired gas turbine are still in  
developmental stages. Both the ORC and Steam turbine processes have been introduced into the 
market. The Stirling engines are still in operation in the pilot plant stage, with the production of 
small series of these plants launched in the year 2004. The use of the Screw-type engine for 
biomass CHP plant has been in operation since the year 2003; however, limitations in temperature 
to about 300oC have reduced the electricity generation efficiency. The problem in the use of the 
steam piston engine for biomass CHP plant is that the plant consumes a lot of lubricating oil 
resulting in an increase in the operational cost, this has limited the use of the plant in biomass 
combustion [46].

Besides the technology for biomass combustion for electricity generation, other technologies exist 
for electricity generation from biomass. These technologies are based on biomass gasification. The 
relevant technologies are: 

 Fixed bed gasification and gas turbine  
 Fluidized bed gasification and gas engine 
 Fluidized bed gasification and gas turbine 

5.1 Steam Power Plant   

Basically, steam power plant generates electrical power by using fuels from coal, oil, biomass and 
natural gas. Typical size of this plant for the generation of electricity from biomass is ten times 
smaller (1 to 100 MW) than coal-fired plants, because of the scarce availability of local feedstock 
and the high transportation cost [47]. The power plant consists of a boiler, a steam turbine 
connected to a generator, a condenser and a pump. A flow sheet of the various component of a 
steam power plant is shown in Figure 18.   
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              Figure 18: Components of a Boiler/Steam turbine system [48]

5.1.1 The Boiler  

The boiler serves as the heat source of the power plant, where the fuel is burned to generate heat to 
the working fluid which is water, the water is heated to the saturated liquid state, vaporised to the 
saturated vapour state and superheated. Water and steam both serves as the working fluid in the 
boiler. The heating process of the boiler steam generating unit takes place at a fairly constant 
pressure. In the boiler heat is transferred through radiation from the firebox liner to the tube directly 
exposed to the fire, by convection from the hot burned gasses and by conduction within the tubes 
and support structure and again by convection from the tubes to the water. The efficiencies of the 
boiler ranges from 70-85% HHV, depending on the boiler type, age, fuel use, the duty cycle and the 
steam conditions [49].

5.1.2 Steam Turbine and Types

The steam turbine consists of two sets of blades, the stationary sets of blades (nozzles) and the 
moving set of adjacent blades (rotor blades) installed within a casting. The two sets of blades work 
together such that the steam turns the shaft of the turbine and the connected load. The combination 
of torque and speed is the output power of the turbine, this is use to power the generator to produce 
electrical energy. The turbine expands the pressurized steam to lower pressure and the steam is then 
exhausted either to a condenser at vacuum conditions or into an intermediate temperature steam 
distribution system that delivers the steam to the industrial or commercial application.   

The primary type of turbine used for central power generation is the condensing turbine. These 
power-only utility turbines exhaust directly to condensers that maintain vacuum conditions at the 
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discharge of the turbine. An array of tubes cooled by water condenses the steam into (liquid) water; 
the cooling water condenses the steam turbine exhaust steam in the condenser creating the 
condenser vacuum. The condensing turbine process result in maximum power and electrical 
generation efficiency from the steam supply and boiler fuel.    

For CHP application use, two types of steam turbines, non-condensing and extraction turbine are 
applicable. 

The non-condensing steam turbine is also referred to as back-pressure turbine, it exhaust its entire 
flow of steam to the industrial process or facility steam mains at conditions close to the process heat 
requirement.   

       
         Figure 19: Non-Condensing (Back-pressure) Steam Turbine [50]

The steam sent into the mains is usually not much above saturation temperature. The term “back-
pressure” refers to turbines that exhaust steam at atmospheric pressure and above. The discharge 
pressure is usually established by the specific CHP applications. For steam distribution system, the 
most typical pressure levels are 3.5, 10.3 and 17.2 bars. District heating systems most often use the 
lower pressure and industrial processes use the higher pressures. Power generation capacity reduces 
significantly when steam is used at appreciable pressure rather than being expanded to vacuum in a 
condenser [51]. 

The extraction turbine has opening in its casting for extraction of a portion of the steam at some 
intermediate pressure before condensing the remaining steam. The extracted steam may be used for 
process purposes in a CHP facility or for feed-water heating as in the case in most utility power 
plants.    
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                                          Figure 20: Extraction Steam Turbine [52]

The steam extraction pressure may or may not be automatically regulated. Regulated extraction 
permits more steam to flow through the turbine, to generate additional electricity during periods of 
low thermal demand by the CHP system. In utility type steam turbine, there may be several 
extraction points, each at a different pressure corresponding to different temperature. The facility’s 
specific need for steam and power over time determine the extent which steam in an extraction 
turbine is extracted for use in the process [53].  

5.2 Gasifier Power Plant   

The major task in biomass gasification is the conversion of the 75% to 90% of the volatile material 
produced after pyrolysis of biomass into gas. The remaining non-volatile materials containing a 
high carbon content, is referred to as char. This is easy to gasify there is no volatile “tars” formed 
[54]. A wide range of gasifiers are currently being used and developed for producing combustible 
gases from biomass. All include basic features such as an effective feed system, a method to inject 
air, oxygen or heat, a means to clean the gas and a   method to remove ash and unreacted char. Each 
gasifier has specific advantages and limitations. An ideal design should be able to produce a clean 
producer gas from a wide range of fuels, be capable of working at high efficiencies and respond 
rapidly to changes in load and finally, the investment and running cost should be reasonable.

Basically, gasifiers are classified based on the principle applied in fuel conversion. There are two 
main classifications of gasifiers, these are:

 Fixed bed gasifiers
 Fluid bed gasifiers  

The fixed bed gasification process involves a bed of fuel that is maintained at a constant-depth by 
the addition of fuel from the top of the gasifier. The gasifiers have a stationary reaction zone 
supported by a grate. The direction of flows of the oxidant (air), to and through the feed or fuel is a 
distinguishing feature between the updraft (counter flow) and the downdraft (co-flow) gasifier. The 
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updraft gasifiers are known to be flexible with respect to the quality of biomass fuel and as such 
able to process fuel with high water and ash content. However this flexibility leads to the 
production of producer gas with high tar content. And subsequently there is high investment in 
cleaning the gas prior to entering the gas engine.

Downdraft gasifiers on the other hand are sensitive in respect to fuel quality and hence the use of 
biomass fuel with high water and ash content is not desirable. However, this gasifier produces a hot 
producer gas with low tar content which only needs a minimum of cleaning.

For larger installations, fluid bed gasifiers are more of choice. This gasifier has a high output,   high 
flexibility to biomass fuel and as such can be used to process wider range of biomass fuel. The 
efficiency of the fluid bed gasifiers is high and there is a minimum concentration of particles and tar 
in the gas [55]
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6. Case Study

Agbonwoba village is located in Edo state, a Midwestern state in Nigeria. This village is in Ikpoba-
oka local government area, 22 km from Benin City, the capital of Edo state. Its population is about 
2000 people, with around 200 households. An average of two different families of five persons in 
each household is typical. The village has a health care centre, schools, a cassava and maize 
processing machine as well as a water pumping machine. It also has an industry that processes oil 
palm into various products. In the oil palm industry, various products like special palm wine, 
refined, bleached and deodorised palm oil, palm fatty acid; olein and stearin, crude palm kernel oil 
and refined palm kernel oil are produced from oil palm fruits and kernel. The industry has an hourly 
capacity of 40 tonnes of Fresh Fruit Bunches (FFB/hr). It has an oil palm plantation with mature 
palm of 7,000 hectares at Obaretin estate and 3,000 hectares at Ologbo village, both in Edo state. 
They also have 2,780 hectares in Cowan estate in Delta state.

Human activity (bush burning, cultivation and planting) has been so intense in the village, that most 
of the forest has become degraded. The major arable crops grown are cassava, yam, cocoyam, 
plantain/banana, maize, melon, sweet potato, pineapple and vegetables. Farm landholdings range 
from 0.3 ha to 3 ha. Major tree crops grown include oil palm, cocoa, rubber, timber, coconut, 
mango, orange, walnut and guava. Other farming activities include sheep and goat rearing, poultry 
and rabbit keeping and fish farming. 

It is difficult to find a village that is typical for all Nigerian villages. One reason for choosing this 
village (Agbonwoba) was its proximity or nearness to the grid and the presence of a mill delivering 
residues in that village. It was considered important to start by studying a case where realisation 
could be possible within a reasonable time and with a reasonable demand of resources and cost.

6.1 Residues Generated from Village and Mill

About two to three farmlands are cultivated by the farmers in the village for each crop grown. They 
cultivate about three hectares of land for timber and rubber trees, the latex of the latter from which 
polymer products are produced. The trees are also logged for wood production, this result in the 
generation of saw dust which can be use for power production.

Cassava is one of the staples in the village, it is widely cultivated. During the processing a lot of 
peels and bagasse are generated. These are good sources from which power can be generated.  

Other biomass residues generated from the village are peels from yam, cocoyam, plantain and 
banana. Residues are also generated from maize, melon and walnut. 

From the mill, a lot of residues are generated daily during the processing of the oil palm. This 
residues are generated in the form of empty fruit bunches, fibres and shells. Around 72-76% of the 
crop input into the milling process becomes residues. The mill generates around 28000 kg of fibres 
and 12000 kg of shells per day. As earlier noted in Table 4, the residues of fibres and shells have a 
heating value of 17800 kJ/kg and 18133 kJ/kg respectively. The total energy from the residues 
corresponds to 73000 MWh per year.  

6.2 Quality of Residues from the Village and Mill   

As previously mentioned, considerable quantity of residues are generated from the village; during 
farming operation, in the processing of the crops and also from the oil palm mill. 
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From Table 4 to 7, the chemical properties of the biomass residues, the ash content and heating 
values, shows that the residues can be used for the generation of power to both the mill and village. 
The typical moisture contents are shown in Table 8.
  
              Table 8: Typical Moisture Contents of the Residues [56]

             Crops              Residues              Moisture Content
         Coconut                husks                 10.3%

               shells                   8.9%
         Oil palm                fibre                   40%

               shells                   10%
         Maize                stalks                  7.50%

               husks                  11.1%
         Cassava                stalks                   n.a

               peelings                    50%
         Yam                peelings                   64.5%
        Melon                shells                   27.60

n.a=not available

As shown in Table 8, the yam peelings have high moisture content more than 50%. Operational 
experiences suggest that there can be significant decrease in boiler efficiency when the moisture 
content exceeds 50%, if the feed stocks are allowed to air-dry to 30% moisture, there can be usable 
net heat gains. However, if the feed stocks are allowed to absorb moisture during storage, a point 
can be reached where combustion can no longer be sustained. In this instance boiler blackouts can 
occur and an auxiliary fuel will be needed to sustain combustion. Boilers specifically designed to 
handle high moisture content fuel do not have these problem [57].                                                           

The EFB is also a residue generated from the mill. It has a heating value of 6028 kJ/kg at a moisture 
content of 65% [58]. The ash content is about 6.5% by weight of the EFB with the presence of 
potassium in form of potassium oxide (K2O) having a concentration as high as 30-40%. This serves 
as a valuable substitute for chemical fertilizers. Operational experience shows that the use of the 
EFB in the boiler for energy production or burned in the incinerator is harmful to the environment. 
Hence, the EFB is applied directly to the plantation along with inorganic fertilizers to increase the 
rate of decomposition [59]. The palm kernel cakes (PCK) are also used as fertilizers in the fields. 
Hence, the organic waste from the mill serves as useful product on the plantation as soil 
enrichments. 

6.3 Present Electricity Situation in the Village and the Mill

The demand for electricity in the village comes mainly from the use of electricity for lighting in the 
village households, for farming activities, agro-industries, and small commercial and manufacturing 
establishments, which use electricity for irrigation pumping, water supplies, crop processing, 
refrigeration, and motive power. The major focus of the village’s electrification is to connect it to 
the national grid.

The village is currently not connected to the national grid, which means that the main lighting 
sources are kerosene lamps and candle waxes. The processing machines as well as the water 
pumping machines are operated on diesel. Wood fuel is used for cooking and space heating during 
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the dry harmattan season. The only electric appliance in use in the households is the radio operated 
for a short period of the day. 

The electricity supplied to the mill comes from a diesel plant. Electricity requirement in the mill is 
for processing the oil palm, lighting, refrigeration, for operating the boiler and for meeting other 
electrical demands in the mill. 

6.4 Electricity Demand in the Village and the Mill 

The mill demands 20 kWh of electricity per tonnes of produced palm oil FFB [60]. This gives an 
annual electricity demand of 1460 MWh. The mill process steam demand is 2 tonnes per hour 
steam. This gives a process steam flow rate of 0.6kg/s, resulting in a process steam demand of 
7200MWh per year.

As previously mentioned, the village is not connected to the electricity grid. The specific demand of 
a household not connected to the electricity grid is as presented in table 1. For a household with 
access to the electricity grid, the specific demand per household is about 2324 Wh per day, an 
annual demand of about 850 kWh. Hence the households will demand about 120 MWh of 
electricity per year.

The total electricity demand in the village, from both the mill and the 200 households in the village 
is about 1630 MWh per year.

6.5 Choice of Fuel and Technology

Using the biomass residues (oil palm fibre and kernel) from the mill as fuel to produce electricity 
would be most feasible, partly because it is at little cost and partly to avoid further deforestation in 
the village.

These residues from the mill are produced in large quantities, and discarded as waste from the mill. 
They are produced all year round and as long as the mill is in operation, and as such, the cost of 
transporting the residues to the plant is minimal. The residues generated by the farmers in the 
village on the other hand, might not be enough for the effective running of the power plant. The 
power plant requires a constant and regular supply of fuel for its optimal operation.

With the presence of an effectively working boiler in the mill, the use of a steam cycle with a 
condense or extraction turbine for power generation would be best alternative. A back pressure 
turbine is more expensive and could be recommended only if there is a market for back pressure 
steam and or district heating.

Two different cases have been studied and compared to a reference case (Case 0):  

 Case 0:  Presently the mill uses diesel (generator) to produce electricity. The people of 
the village use energy, in kerosene lamps, corresponding to 120 MWh. This is equivalent 
to 12000 litres diesel.

 Case 1: Using some of the biomass fuel produced to fulfil the steam and total electricity 
demand of plant and village. 

 Case 2: Using the total available fuel residues to generate as much electricity as possible 
to meet demand of both village and plant, and sell the excess electricity to the grid. 
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Case 0

This is the reference case representing current practices in village and mill. The mill uses electricity 
produced from a diesel generator, and the village has no source of electricity. The residents of the 
village currently use kerosene lamps which produce energy corresponding to 120 MWh (equivalent 
to 12000 litres of diesel). Implicit in this Case is that both village and mill do not depend on 
electricity from the grid, as they are not yet connected to the grid.

Case 1 

In this case, some of the fuel residues available in the mill are used to meet the power demand of 
both the village and the mill. In order to calculate the fuel required, the electricity and heat 
generated, some assumptions were made on the combined heat and power plant (CHP). These 
assumptions are outlined below.  

 Steam pressure and temperature out from the boiler are 40 bars and 400oC  
 Steam pressure and temperature out from turbine are 3 bars and 150oC 
 Steam turbine and generator mechanical efficiency is 98%
 That 90% of backpressure steam is used as a process steam in the factory and the remaining 

10% is internal heat consumption in the power plant used for heating of the feed water. 
 That all process steam can be recovered from the factory as condensate at a temperature of 

98 0C.
                                                

Figure 21: Flow diagram of the production of electricity and heat from the biomass residues
                   
In case 1, using the assumptions outlined above, the calculated biomass energy to generate the 
required 1630MWh (186kW) of electricity is 1544kW. The calculated process steam flow rate is 
0.38kg/s, while the process steam generated is 7627MWh (800kW). The power to heat ratio is 0.2. 
This calculation is presented in the appendix.
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Figure 22: Distribution of electricity from power plant to village and mill and heat to the                                       
mill

Case 2    

In this case, all the biomass residues corresponding to about 73 000 MWh (8330kW) are used as 
fuel. The process steam flow rate is calculated as 2.05kg/s, about 1004.5kW (8807MWh) of 
electricity is generated from the process. The excess electricity that can be sold to the national grid 
from this process is calculated as 818.43kW (7177MWh). The generated CHP heat is 4795kW
(42020 MWh), while the power to heat ratio is 0.2. The full calculation is also presented in the 
appendix. The flow diagram is presented in Figure 23, while the distribution is presented in Figure 
24 below.

Figure 23: Flow Diagram of the Production of Electricity and Heat from Biomass Residues
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Figure 24: Distribution of electricity from power plant to village and mill and excess sold off to the 
electricity grid 
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7. Financial Analysis

The financial analysis of this work is calculated based on the two cases studied. Assumption was 
made on the total investment on the CHP plant. The investment of a similar plant in Denmark is 
used as a guide. The analysis highlights the difference in electricity generation cost using diesel as 
source of fuel for the boiler (present situation), from that of substituting diesel with biomass. The 
quantity of diesel required to operate the boiler is calculated from the steam demand.  

Case 0: Reference  

Consumption of diesel oil in plant: From the annual steam demand in the mill, and with an energy 
content of 2.33 kg/MJ, in steam, calculating with an energy content of 38.68 MJ/l of diesel. The 
annual diesel required is presented in Table 9.

          Table 9: The Annual Diesel Required to Operating the Plant
Annual required process steam       (MWh)         7200
Annual process steam generated    (MWh)         7627
Required diesel for process steam  (litres)         720000
Unit price of diesel                         ($/litre)         0.76
Annual cost of required diesel        ($)        547200

Consumption in the village: As explained in section 6 above, in the reference case (Case 0), the 
village is not connected to the grid. Kerosene is used as a source of energy. The diesel equivalent of 
the approximately 120 MWh of energy from kerosene is estimated to be 120000 litres (as shown 
below). 

Approximately 120 MWh = 120000 litres diesel = $91200

Therefore, 
Total consumption cost = 547200 +91200 = $638400

The electric capacity, full load operation time, the total annual electricity generated for case 1 and 2, 
and their specific investment according to [61], are as presented on table 10.  

         Table 10: Shows the calculated data for Cases 1 and 2
Parameters (units)        Case 1     Case 2
Electric capacity (kWel)          272     1467
Full load operation time (hours)       6000     6000
Total annual electricity generated (MWh)        1630       8803
Specific investment ($)         4000       4000
Total investment ($)   1080000 5868000

From an electricity sales price of 0.06 $/kWh, the annual revenue generated from sales of electricity 
to the village is calculated as presented in Table 11 and that to the grid is presented in table 12. 

            Table 11: Annual revenue from Electricity sales in case 1 
Annual electricity generated    (MWh)                     1630 
Annual electricity sales           (MWh)                       120 
Annual sales price                   ($/kWh)                     0.06  
Annual sales revenue               ($)                             7200
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            Table 12: Annual Revenue from Electricity Sales in case 2
Annual electricity generated (MWh)        8803
Annual electricity sales  (MWh)         7343
Electricity sales price  ($/kWh)         0.06
Annual sales revenue ($)         440580

The economic calculation for case 1, 2 compared to that of the reference case is presented on table 
13.
        Table 13: Shows the economic calculation of Cases 1 and 2, and that of the reference case.
Parameters      Unit Reference 

case
Case 1 
Production for 
Plant + Village

Case 2 
All available  
Residue is used, 
surplus to grid

Interest rate %/year        5        5
Depreciation time   year      15      15
Capital cost  $/year    108000    586800
Fuel price  $/kWh        neg        neg
Fuel price  $/litre    0.76        neg        neg
Fuel cost(excl ash disposal)  $/year        neg        neg
Electricity cost(own need)  $/year
Diesel for plant  $/year   547200
Fuel village(calc as diesel) $/year     91200        neg        neg
Electricity cost  $/year        neg        neg
Consumption cost  $/year        neg        neg
Person ell cost $/employee/year       8400       8400
Total labour cost(5 workers)  $/year      42000      42000
Maintenance cost  $/year      10800     58680
Operating cost  $/year      52800     100680
Total cost  $/year   638400     160800   687480
Revenue  $/year       0      7200     440000
Total cash flow for energy  $/year -638400   -153600     371252
Difference in cash flow 
(case 0 from case 0, 1 and 2

 $/year       0 484800   1009652

Neg: negligible
The maintenance cost is calculated as 1% of the total investment in reference to [61]. The fuel is 
free to the mill, but there is a minimal cost incurred during its transportation to the plant, this is 
negligible. From the above calculation, presently, the mill and village spend about $638400 
annually to meet their energy demand resulting in a negative cash flow of $-638400, but in Case 1, 
from the use of some of the biomass produced for energy generation the cost for energy generation 
is reduced to about $160800, also resulting in a negative cash flow of $-153600. However, with the 
use of all the residues generated in the mill, a total cost of $687480 is use for energy generation, 
resulting in revenue of about $440000, and a total cash inflow of 371252, and a possible payback 
period of one year on total investment.
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8. Discussion 

Most of the data used in this study were calculated, in some cases comparison made with data from 
Thailand and Malaysia, here there is existing installation of plants that uses oil palm residues as 
boiler fuel for co-generation. The power coefficient (alpha value) calculated for case 1 and 2 are 
0.23 and 0.21 respectively. A back pressure turbine is mainly applicable where there is high 
demand for steam, than electricity and hence has a lower alpha value. If higher alpha values are
required i.e. higher demand for electricity than steam, a condensing/extraction turbine offers greater 
design and operating flexibility. Also a back pressure turbine has a higher installation cost, hence 
should a turbine be installed in a Nigerian village for electricity production, the condensing/
extraction turbine which offers higher electricity output, lower installation cost and much easier 
operating flexibility is preliminary recommended, but a future study is required on this. It is outside 
the scope of this study due to unavailability of data to know if the mill will be capable of installing 
back pressure turbine.

In order for effective application of this technology in Nigeria, a lot of technical problems have to 
be overcome. These include:   

 Limited technical capacity to design, install, operate, manage and maintain co-generation 
technologies in Nigeria. 

 High capital cost of co-generation equipment and projects 
 Capital investment of the industries located in the rural areas should also be directed to new 

innovation in terms of energy use and not only committed to their industrial related 
investment 

 The involvement of government in encouraging private companies by provision of subsidies 
and tax reduction from power generation.

The financial calculation is based on technical data available from literature. The calculation is 
especially sensitive to uncertainties in the relatively large contributions from investment cost, 
maintenance cost and electricity market price. A more exact calculation would need a more detailed 
engineering and design study and an updating of price level. This is important for a future project 
but outside the scope of this study. 
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9. Conclusion

The use of biomass residues for power production in rural Nigeria has been with a typical village 
(containing a Mill) taken as case study.   Two cases have been considered Case 1 and Case 2. These 
cases were compared to a Reference Case (Case 0). These case studies considered the possibility of 
using the biomass residues generated from the local palm oil processing mill located in the villages 
to generate power to meet the demand of both the mill and the village. 

From the case study, it is shown that Case 2 is more profitable to the industry, with a shorter pay 
back period due to the excess heat and electricity generated. Case 1, in comparison to the present 
cost of operating the boiler on diesel fuel is economical to the industry, but it has a longer pay back 
period of about 10 years, and also, the process steam flow rate is lower than that required in the 
mill. Hence Case 2 is recommended since sufficient power is generated to serve the mill, village 
and the electricity grid, a shorter payback period is required, and the process steam generated more 
than meets the mill steam demands.

In conclusion, there should be an encouragement from the government, for the biomass residues in 
Nigerian rural areas to be used in generating electricity for the rural dwellers, by encouraging the 
local industries located in these areas to invest on electricity generation. Also other renewable 
energy sources like solar radiation should be utilised and invested on for electricity generation. 
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10. Future Studies

This thesis is by no means exhaustive. Further work will be required as listed below:

 A more detailed engineering study using field data. Improved calculation of investment  

 A study of the environmental impacts of use of biomass fuel (e.g., deforestation, erosion, air 
pollution etc.)

 An assessment of alternative renewable sources of energy (e.g., solar, fuel cells etc.), and 
how these compare with this study.

 A further updating of production and cost data for village as well as updated estimation of 
sales price for electricity

 Improved economic calculation based on field data
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Appendix A: CALCULATIONS

CASE 1

BASIS: 1630 MWh/yr (= 186.073 kW) of electricity to mill and village.

P = m * ∆h * ET          Eq. 1

Where,
m = mass flow rate (kg/s)
∆h  = h2 – h3 = Enthalpy (kJ/kg)
ET = Turbine efficiency

m = 186.073/(500 * 0.98) = 0.38 kg/s

CHP heat assumptions

a. 90% (i.e., 0.342 kg/s) of the steam generated by the boiler is used as process steam, and 10 
% (0.038 kg/s) is used in internal heat consumption in the mill for feed water heating

b. All process steam can be recovered from the factory as condensate at a temperature of 98oC. 
hwater [at 98oC water temperature and at atmospheric pressure (1 bar)] = 411 kJ/kg 

     Therefore, Recovered energy (QR) = 0.342 * 411 = 140.56 kW and 
     Feed water heat (QFW) = 0.038 * 411 = 15.618 kW

Process heat consumption or the CHP heat for the 0.342 kg/s process steam is QT = 0.342 * 
(2750 - 411) = 799.94 kW.

      Hence, Power to Heat Ratio (P/QT) = 186.073/799.94 = 0.23

To find the amount of biomass energy required to produce the steam, an energy balance is carried 
out around the boiler using Eq. 2,

Hfluid = Eboiler * Hfuel          Eq.2

Where,
Hfluid = Heat exported by boiler steam (kW) = m * h2 = 0.38 * 3250 = 1235 kW
Eboiler = Boiler efficiency = 80 %

STEAM BOILER      TURBINE

40 bars, 
400oC

h2 = 3250     
kJ/kg

 1  2  3

Biomass Feed
3 bars, 
150oC

h3 = 2750     
kJ/kg

186 kW
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Hfuel = Heat provided by Fuel (kW)

Therefore, Hfuel = 1235/0.8 = 1543.75 kW. The total biomass energy available for use in 
generating electricity for the Village and Mill is 73000 MWh (= 8330 kW). 

Unused biomass = 8330 – 1544 = 6784 kW 

CASE 1 CONCLUSION

CHP Heat = 800 kW
CHP Electricity = 186 kW
Mass flow rate of steam from boiler = 0.38 kg/s
Biomass Energy required to generate this amount of steam = 1544 kW.

CASE 2

BASIS: 73000 MWh/yr (=8330 kW) of heat provided by biomass (fuel) to the boiler.

From Eq. 2,

Hfluid = Heat exported by boiler steam when 8330 kW of biomass is used to fuel the boiler 
           = 0.8 * 8330
           = 6664 kW
Hfluid = m * h2 = 
Therefore, mass flow of steam corresponding to 8330 kW biomass = Hfluid/h2 = 6664/3250 

                                      = 2.05 kg/s

Therefore, electrical power generated by the turbine is estimated using Eq. 1
P = 2.05 * (3250 – 2750) * 0.98
   = 1004.5 kW

From case 1 we know that power to mill & village = 186.073 kW
Therefore, excess power available to be supplied to grid when the total biomass is used in the boiler   
                                                                             = 1004.5 – 186.073

                                 = 818.43 kW

We now estimate QR, QT and P/QT using same assumptions as in Case1:
a. QR = 2.05 * 411 = 842.55 kW
b. QT = 2.05 * (2750 – 411) = 4794.95 kW
c. P/QT = 1004.5/4794.95 = 0.21

CASE 2 CONCLUSION

CHP Heat = 4795 kW
CHP Electricity = 1005 kW
Mass flow rate of steam from boiler = 2.05 kg/s
Excess electricity generated = 818.43 kW.




