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 Abstract 

Power generation from biomass based renewable energy technologies is a promising option in 
retrofitting our dependence in conventional power generation processes. The development of 
any society is not possible without sustainable energy and access to energy creates that 
environment that allows the world to thrive. Electricity access especially in developing 
regions of the world is of particular interest. 

This work provides results on electricity efficiency, the economic feasibility and 
environmental impact of biomass based power technologies in small scale setting using Aspen 
Plus software. The power generation processes analysed on standalone basis include - micro 
gas turbine, gas turbine, steam turbine, Stirling engine and internal combustion engine. Some 
of the processes are optimized in the design to suit the specific climate and available wood 
waste stream in Nigeria is considered in this work. 

Simulation results indicate that gas engines power technologies gave a better electric 
performance of more than 30% with its integration with biomass gasification technology in 
production of fuel gas. The stirling engine power technology shows a good prospect despite 
its yet to be commercial status. The modification of the engine (removal regenerator) gives a 
better electric efficiency. Also result shows that internal combustion engine process emits 
more of nitric oxides compared to other technologies which create doubts over its 
environmental compatibility. Economic studies show that for small scale power generation, 
internal combustion engines and stirling engines are economic feasible. Also, steam turbine 
and gas turbine illustrate why they are mostly applied in medium/large scale biomass power 
generation specially recommended to regions where more biomass resource are produced. 
The micro gas turbine power technology can also be applied in small scale despite its high 
total investment capital. 

Furthermore, the study shows that about from 1.8 million tonnes per year of saw dust (wood 
waste) produced from lumber industries in Nigeria, about 1.3 TWh of electricity can be 
generated from 1000 MW power plant. Power generation via the utilization of biomass prove 
to be a possible path to Nigeria’s economic, social and environmental sustainability but the 
extent to which this can achieved is strongly dependent institutional framework, investment, 
incentives and information policies. 

Keywords: Biomass power technology, gasification, internal combustion engine (ICE), micro 
gas turbine (MGT), gas turbine, stirling engine, steam turbine. 
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1. Introduction  

Over the years, the development of technologies in utilizing renewable energy sources for 
power generation has become imperative. Despites the advancement achieved on the energy 
front in the last 20 years, still 1.7 billion people are without access to electricity and about 3 
billion people use solid fuel for cooking (United Nations, 2012, World Bank, 2013a). With 
the present impact by greenhouse gas emission, depletion of conventional fuel reserves, 
increasing demand of energy, rapid population and economic growth rate, health problems for 
air pollution, etc., the UN General Assembly in 2011 aimed to achieve three clear objectives 
come 2030. These consist of ensuring universal access to modern energy service (energy 
accessibility), doubling the global rate of improvement in energy efficiency, and doubling the 
share of renewable energy in the global energy mix. Also, reduction of greenhouse gas 
emission has been set as a focal goal by the European Union come 2020 (Capros et al., 2008, 
Antonia et al., 2001). 

Since the emergence and need for sustainability, different renewable energy technologies 
have been investigated and developed in production of electricity. These renewable energy 
sources include: wind energy, bio energy, ocean energy, solar energy, hydropower energy, 
hydrogen and fuel cell, and geothermal energy. Biomass as bio energy has been cited as the 
world‘s largest energy source and its resources are distributed around the world (Antonia et 
al., 2001). Biomass resources are considered renewable because they occur naturally and 
when properly managed, may be harvested without significant depletion. Electricity 
generation from biomass is not only renewable but it is CO2 neutral energy source, and 
versatile in application. 

Furthermore in improving the energy efficiency and energy accessibility for sustainable 
energy for all (globally) platform set by the United Nations, small scale power technology is 
seen as an efficient way in achieving this goal. Clean energy (gaseous, liquid and electricity) 
from biomass can be realized ranging from small scale processing plant to an industrial scale. 
And recent technologies have made it possible for its commercialization despites difficulty in 
supplying enough raw materials in large proportion to feed plant.  

Decentralisation of energy distribution via small scale settings is seen to impact on rural 
development, easy operation, high economic incentives, reduction of energy loss via 
transmission, encourage green economy, etc., small scale biomass power generation has 
attracted a lot of interest than larger ones. Researchers have widely proposed several 
technologies in harnessing power generation from biomass but experienced difficulties in 
predicting the behaviour (performance) of the process in real case scenarios due to difference 
in operating conditions (Elina, 2010). 

This study investigates the electricity efficiency, the economic feasibility and environmental 
impact of biomass based power technologies in small scale setting using Aspen Plus software. 
In other to carry out a detailed evaluations and comparisons between each technology with 
regards to estimating the electric efficiency and total cost of installation and operation, 
thermodynamic and economic analysis is considered as a suitable pathway. Furthermore, this 
work is validated with existing commercialised biomass power plant and with others still in 
the prototype or laboratory scale. Different size range of electricity generation has been 
identified as small scale form several experts (Antonia et al., 2001, energinet and Styrelsen, 
2012) but for the purpose of this work <5MWel has been considered to be a small scale. The 
power technologies considered in this thesis are steam rankine cycle, gas turbines, micro gas 
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turbines, internal combustion engines, organic rankine cycle, and stirling engines. Aspen Plus 
engineering tool is used in achieving this task. 

1.1 Overview of Global Energy Issues 

Despite the advancement experienced in power generation, heating and cooling, and fuel for 
transportation in the last two decades of global energy supply and demand, still the 
contribution of renewable energy sources remains quite limited and engrossed with 
uncertainties due to international financial crisis and declining policy support in some 
countries (World Bank, 2013b). Energy is said to be a ‘golden thread that connects economic 
growth, increased social equity and an environment that allows the world to thrive. 
Development is not possible without energy, and sustainable development is not possible 
without sustainable energy’(United Nations, 2012). According to 2013 international human 
development indicator report, human well-being of different regions in the world are been 
impacted by electricity consumption (UNDP, 2013). Mostly, developing regions in the world 
especially Sub–Sahara Africa and part of Asia have low human development index. Countries 
like China, India and Brazil indicator significant economic growth which is closely associated 
with increase in electricity consumption from renewable source.   

Presently, the total share of renewable energy source in global energy consumption has 
increased to about 19 percent with conventional fuel dropping to 78.2 per cent. Traditional 
biomass still remains the largest share from renewable energy sources with 9.3 percent, 
followed by hydropower at 3.7 percent and with other renewable source (solar, wind, 
geothermal, modern biomass and bio-fuels) account for 6 percent. The global installed 
capacity renewable energy generation globally mounted to 648 gigawatts (GW) toward the 
end of 2012 (REN21, 2013). Figure 1.2 illustrates the total shares in global final energy 
consumption. 

 

Figure 1.2: Energy shares in global final energy consumption, 2011 (REN21, 2013) 

The process of electricity production in the world is mostly achieved by the combustion of 
fossil fuels (coal, oil and natural gas). Emissions (greenhouse gas) accompanying this process 
have been a concern to the environment and human health. Its concentration in the 
atmosphere have lead to a rise in the average temperature of earth’s near-surface air and ocean 
which is called global warming (IPCC, 2007).  
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Efforts have been made by international organisations in adopting initiatives in reducing the 
emission of GHG. An examples is the Kyoto Protocol of the United Nations in 1992, which 
have been unsatisfying due to no set down limitation for emission in developing countries 
(United Nations, 1998). Another is the European Union 20-20-20 plan aim to reach by 2020: 
a 20 percent reduction in greenhouse gas emission compared with 1990 levels, 20 percent cut 
in consumption through improved energy efficiency and a 20 percent increase in the use of 
renewable energies (Capros et al., 2008). Also, the price of fossil fuel and its resource 
availability have been on unstable. These have been a drive to the use of renewable energy 
source. 

Current status of electricity accessibility showed that more than 1.3 billion people or 18% of 
world population were without access to electricity in 2011 and with more than 95% from 
both Sub-Saharan Africa and developing Asia collectively (IEA, 2013). The population of 
Sub- Saharan African without power access is almost equal to that of developing Asia. The 
population without electrification in these regions are more concentrated in rural areas. Over 
the years, developing Asia has increased their access to electricity. Examples of countries in 
this region are China, India, Indonesia, Sri Lanka, and Bangladesh. 

 

Figure 1.4: Population without electricity by developing region from 2009-2011(IEA, 2013, 
IEA, 2011) 

 

Figure 1.5: % Share of population without electricity in Africa (IEA, 2013) 
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Around 40% of population without electricity in Nigeria, Ghana, Ethiopia, Tanzania, Kenya 
and Liberia collectively live in Sub-Saharan Africa. Despite the slackness in enabling 
electricity accessibility in the region, there have been potentials of residue generated from 
processing of biomass in generating 100 terawatt – hour (TWh) from a 15000MW power 
plant. This estimate is equivalent to about 15% of electricity currently generated in Sub-
Saharan Africa (Dasappa, 2011). 

1.2 Waste Wood Biomass and Energy Issues in Nigeria 

About 56.219 million tonnes of biomass resource in form of fuel woods, saw dust, agro waste 
and municipal solid waste are estimated in Nigeria (Sambo, 2009). From this, 1.8 million 
tonnes of saw dust are disposed to the environment without harnessing its energy potentials. 
The common methods of disposal are open air combustion, dump on the roadside and water 
bodies, and heaping/ abandonment at the mills. Most of these wood waste produced are 
associated with activities of lumber industry and urban areas. These wood wastes disposed 
into the environment without treatment have result to some level of environmental impact. 
These include: aesthetic impact from heaping of saw dust at the saw mills; low quality of air 
from dumps along the roadside; greenhouse gas emission and smoke from open combustion, 
and loss of potential useful energy to the environment. Since most saw mills at the south-
south and south-west regions are located close to the river bank, there have been cases of 
wood waste negatively impact on the quality of water especially in rural communities 
(Ohimain, 2011). The challenge in solid waste management in Nigeria is due to lack of better 
managerial approach. 

There have been challenges with consistency in power generation in Nigeria. Since energy 
plays a vital role in the development of any economy, poor electricity access have been a 
major factor that is traceable to the slow rate of development in Nigeria. At the present, about 
65% of electricity generation in Nigeria is from fossil fuel (64.6% from petroleum and 0.4% 
from coal) and 35.6% from hydro power (Ohimain, 2011). The total electricity generated in 
2013 indicates a drop from the previous year by 954MW. The report shows that as at 30th 
December, 2013, Nigeria generated 3,563MW (HAMISU and SIMON, 2014) 

Nevertheless, there are existing opportunities from biomass waste resource in retrofitting the 
slackness and instability in the power sector in Nigeria. Table 1.1 give an estimate of wood 
waste (saw dust) produced (tons per day) in some cities situated in the south-west region of 
Nigeria. 

Cities Wood Residue (Tons/day) 

Lagos 810 

Abeokuta 1340 

Ibadan 70 

Ilorin 70 

Ado-Ekiti 20 

Akure 10 
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Ile-Ife 20 

 Total = 2330 

Table 1.1: Mass flow of wood waste generated in south-west Nigeria (Popoola et al., 2013). 

1.3 Objectives of this thesis 

Within this work, the electric efficiency is calculated and an economic evaluation of different 
biomass power technologies is performed. The power generation processes considered in this 
work are; micro gas turbine, gas turbine, steam turbine, Stirling engine and internal 
combustion engine. The economic analysis entails comparison of total capital cost together 
with the running cost of these processes. Another objective of this thesis is to design, simulate 
and analyse the behaviour of each processes using Aspen Plus engineering tool. Also, the 
available wood waste stream in Nigeria is considered in this work. Some of the processes are 
optimized in the design to suit the specific climate. 
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2. Small Scale Power Plant 

This section gives a brief description of power technologies analysed in this work. It identifies 
the working principle of each process. The technologies reviewed are: 

• Internal combustion engine power plant 

• Gas turbine power plant 

• Micro-gas turbine power plant 

• Organic power plant 

• Stirling power plant 

• Steam power plant 

2.1 Internal combustion engines power plant 

Internal combustion (IC) engines is said to be the workhorse in land, air and sea transportation 
(Ronney, 2005). From history, IC engine was initially developed for automobile sector but 
with continuous research over times, IC engine technology has been applied in power 
generation. Plant capacity at which this technology is used ranges from 1kWel – 10MWel 
(Carrara, 2010). In developing countries, IC engine technology is used for generating 
electricity for small industries, residential buildings and etc. 

Internal combustion engines are heat engines used in generation of mechanical work using 
products from the combustion as working fluid. The mechanical work (shaft work) produce 
by piston movement in turn drives the rotating shaft for power generation (Fernando, 1998).  
Internal combustion engines are usually reciprocating. There are mainly two types: 

• Spark ignition (SI) or Otto engines  

• Compression ignition engines 

The operating cycle of the SI engine is called Otto cycle. The name Otto  given because 
Nicholas August Otto in 1876 invented the first practical IC engine (Ronney, 2005). The basic 
principle of operation of this engine is divided into four phases: 

1. Intake phase: Where air and fuel mixture is drawn through the intake valve 

2. Compression phase: mixture is compressed adiabatically and ignited by the spark 
plug. The compression ratio of this cycle is limited to 10:14 to avoid knocks (mixture 
self- ignition) 

3. Expansion phase: the ignited mixture expands adiabatically in turn drives the piston to 
produce mechanical (useful) work 

4. Discharge phases: Hot exhaust gases are discharged through the exhaust valve and the 
cycle is repeated. 
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The name four stroke is give based on the four movement of the piston. There are still other 
types of stroke engines which are not adopted for CHP application due to their poor 
environmental performance. For compression engines, the operating principle is based on 
intake, compression, combustion, expansion and discharge. In its operation, air is compressed 
only and fuel is injected at high pressure which produces air-fuel mixture in the cylinder. The 
mixture self ignite in the cylinder because of the hot air from compression which has to be hot 
enough to ignite the fuel. The combustion process takes place at constant pressure. 
Compression ratio for this engine type ranges from 15 – 30 (Bereczky, 2006). The efficiency 
of the compression ignition engine depends on the compression ratio. 

In general, different fuel types can be use in IC engines. These include: natural gas, biogas, 
gaseous fuel from gasification, diesel fuel, biodiesel, bioethanol, etc. Most CHP application 
adopts natural gas as fuel due to its low cost and constant availability but methane which has 
good anti-knock behaviour is seen suitable for SI engines. 

Internal combustion engines are usually designed with charging systems. These systems affect 
air pressure, density, emissions and power output of working fluid. These charging systems 
are of different types. These include:  

• natural aspirated – compression of air is done by piston movement 

• mechanically charged – Compressor is driven by an engine 

• Turbo charged – compressor driven by an exhaust gas driven turbine.  

Turbo charging system is seen to be more efficient in CHP application than others. This 
system has been accredited to enhance air pressure, increase density, reduce emissions and 
increase power output (Fernando, 1998). 

The electrical efficiency of IC engines in power generation is high when compared to other 
small scale power generation technologies. The efficiency is seen to be averagely 30% for 
100 kWel size, 35-45% for more than 1 MWel (Goldstein et al., 2003, energinet and Styrelsen, 
2012). Other merits of IC engines include: high flexibility, long lifecycle, reliability, low cost, 
etc. It requires emission control systems because its operation produces high quality of NOx 
and CO pollutants. This increases the maintainance and operating cost. 

Heat can also be recovered from exhaust gas from IC engine through the installation of heat 
exchangers in the production of low-temperature and pressure steam or hot water. It can also 
be use for district heating (Engineer, 2012).  

In the United State, records shows that 1055 IC engines  based sites was used in 2000 in the 
generation of 800 MWel (Goldstein et al., 2003). In the current market, IC engine cogeneration 
systems ranging from 100 kW – 4 MW are commercially available. With improved design 
and control of combustion process and exhaust catalyst coupled with its high efficiency and 
reliability, makes internal combustion engine cogeneration technology a solution for 
decentralized energy supply. 
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2.2 Gas turbines power process 

Gas turbine can be termed as an internal combustion engine which uses air as the working 
fluid. It was originally developed for propulsion purposes (aeronautical applications). In 1941, 
the first jet engine was designed by Sir Frank Whittle (Spittle, 2003). It was documented that 
strong development of gas turbines started after the second world war and in the last decades 
gas turbine has been adopted for electric power generation due to its flexibility of design and 
installation, compactness, small building space requirement and etc (Carrara, 2010, Shridhar 
and ysore, Soares, 2011).  

Figure 2.1: Schematic flow sheet of a gas turbine power plant 
A typical gas turbine power plant mainly consist of air compressor (rotary type) coupled to a 
gas turbine, combustion chamber which is in between the compressor and turbine, power 
generator driven by turbine, and other auxiliaries (lubrication system, duct system, etc). 
The working principle involves the intake of the working fluid (air) to the compressor where 
it is compressed and injected into the combustion chamber where fuel is added (gaseous fuel 
from biomass integrated gasification/combined cycle, etc) for combustion. The hot gases 
produced from combustion, expands through the turbine (mechanical energy is produce in 
form of shaft power) and the exhaust gas is discharged(Brandin et al., 2011, Spittle, 2003, 
Soares, 2011).  
Thermodynamically, the gas turbine operates on a cycle called the Joule-Brayton cycle. 
The cycle consists of four stages. These include: 

• Adiabatic Compression of air (1-2) 
• Isobaric Combustion of air (2-3) 
• Adiabatic Expansion (3-4) 
• Isobaric cooling of exhaust gas (4-1) 
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Figure 2.2: Brayton Cycle Pressure and Volume diagram (Langston et al., 1997) 

 
There are two type of gas turbine power plant (Langston et al., 1997) 

a) Open cycle gas turbine power plant where exhaust gas is discharge to the atmosphere 
b) Closed cycle gas turbine power plant where the mass flow of air is constant and the 

exhaust gas is circulated over again. 
The electrical efficiency of a gas turbine is a function of size (output power capacity) i.e. the 
larger the size (500 kWel – 350 MWel) of gas turbine the higher the electrical efficiency and 
vice visa. The thermal efficiency of gas turbine power plant depends on compression ratio, 
efficiency of compressor, turbine inlet temperature and compressor inlet temperature. The 
configuration of gas turbine also plays an important part in the size. Gas turbines are usually 
in multistage (Axial) configurations but for sizes ranging for 500 kWel – 1 MWel with low 
mass flow adopts radial configuration. Compared to other small scale power plant technology, 
the advantages of gas turbines power plant are (Brandin et al., 2011); 

• Good electrical efficiency 
• Compact assembly 
• Ideal for cogeneration plant due to high temperature of exhaust gas 

But turbines components are exposed to combustion product which can be corrosive and 
efficiency of the process is significantly affected by partial loading. Nevertheless, gas turbine 
for small scale biomass power generation is seen viable in the commercial market 

2.3 Micro gas turbines power process 

The micro gas turbine is a gas turbine as earlier mention but the power output and volume 
defines the name “micro”, it also can be called “nano”.  The power range for this type of gas 
turbine is less than 200 kW. When hydrogen is use as fuel, a turbine inlet temperature as high 
as 1800ºC can be obtained. It works with low pressure ratios between 3:1 and 7:1 and high 
rotational speeds. Also, a huge amount of heat from exhaust gas can be utilised as process 
heat or district heating. This makes it suitable for small scale combined heat and power 
system (CHP) for decentralized energy markets. Micro gas turbines CHP plants can be 
identified by; single rotating part consisting of a shaft connecting the compressor and turbine 
wheel, combustor, recuperator and potentially a heat recovery unit, power conditioning 
system and enclosure of plant (Bohn, 2005, Carrara, 2010, Lymberopoulos, 2004). 
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Potential merits of micro gas turbines compared to other technologies include: compact size, 
reduced civil engineering cost, low maintenance cost, low noise, multi fuel capabilities and 
lower emissions 

Technology Rating NOx CO HC 

Micro turbines 30-100 kW 9-25 ppm 25-200 ppm 9-25 ppm 

Gas turbines 0.8-10 MW 6-140 ppm 1-460 ppm 6-560 ppm 

IC engines 35 kW 30-450 ppm 240-380 ppm - 

IC engines 0.17-1.5 MW 30-3200 ppm 320-830 ppm 2750 ppm 

Phosphoric Acid 
Fuel Cells 

200 kW 1 ppm 2 ppm - 

Table 2.1: Typical Emission values for micro gas turbines to other technologies utilizing 
natural gas for power production (Lymberopoulos, 2004). 

 The working principle of micro gas turbines is the same as the conventional gas turbine i.e. 
the brayton cycle. In this operation, incoming air is compressed to 3-5 bars by a single stage 
centrifugal compressor which passes through the recuperator after compression (gain energy 
from exhaust gases) and thereafter preheated air enters the combustor where the fuel is 
combusted (temperature reaching 900 - 1000ºC). Hot flue gases expand through the turbine 
where mechanical work is produce and exhaust gases leaves the turbine. The exhaust gases (a 
high heat content) then passes through the recuperator where it further drops it temperature. 
Process heat or district heating or hot water heat exchange can be installed to further extract 
energy from the exhaust gases. (Lymberopoulos, 2004) 

Figure 2.3: Schematic flow sheet of a recuperated micro gas turbine plant operation 
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Present manufacturers of micro gas turbine like Nissan’s DYNAJET 2.6 (power output of 2.6 
kW and 100000 rpm) uses kerosene as fuel. Also, Capstone C30 and C60 micro gas turbine 
(power output of 30 kW (C30) and 60 kW (C60)) uses natural or propane gas and biogas for 
C30 and natural gas only for C60.These manufacturer are based in USA (Bowman, Capstone, 
Ingersoll-Rand, Elliot) and Japan. Turbec (T100 micro gas turbine) manufacturer is the only 
manufacturer in Europe which was previously owned by ABB and Volvo before Italian-based 
API Com srl purchased it in Dec 2003 (Bohn, 2005). 

The designing of recuperator along with micro gas turbine for CHP plant have enhanced the 
efficiency of the process. Boman’s micro gas turbine (TG80RC-G-R) produces thermal output 
of 136 kW and constant electric output of 80 kW using recuperator but on by passing it tend 
to increase the thermal efficiency thereby reducing the electric efficiency to 22% compared to 
28% when recuperator was used. But the net electric efficiency of this process gives 15.5%  is 
low compared to the conventional gas turbine (Bohn, 2005).       

There are possibilities of micro gas turbine technology integrated with direct biomass 
combustion systems for CHP plant. Talbott’s heating Ltd has developed and reported that 
integrating biomass fired micro gas turbine yield 17% electric efficiency and overall 
efficiency of 80-85%. Also 1-15 kW externally- fired micro gas turbine CHP systems by 
Compower has been reported (Dong et al., 2009). There are still limitations in electric 
efficiency of this system (limited by the turbine inlet temperature to the heat exchanger) due 
to slagging and fouling. 

Despite the predictions by experts, that 80% of distributed power will be supplied by micro 
gas turbine systems, (Bohn, 2005), improving the electric efficiency remain a research focus 
in order to be successful  in the decentralized market in the near future. 

2.4 Organic rankine cycle (ORC) power process 

The ORC technology in generating electricity is similar path to Clausius (steam) rankine 
cycle with a difference in the working fluid which has a favourable thermodynamic properties 
(an organic fluid is used instead of water).This technology involves the conversion of thermal 
energy at relatively low temperatures (range 80ºC – 350ºC) to electricity with alternative heat 
source such as solar energy, biomass (wood chips), etc. Originally, this technology was 
applied in the area of geothermal energy conversion, but cogeneration in small scale using 
biomass as energy source has made it economically viable (Obernberger and Thek, 2004, 
Obernberger et al., 2003).  

The ORC process is a closed process which makes use of organic working fluids such as 
silicon oil, pentane, etc. From figure 2.4, the organic working fluid is pressurised by the feed 
pump before being vaporized and slightly super heated in the evaporator and then enter the 
expander (Turbine). The Turbine is connected to a asynchronous power generator where the 
entering fluid expands. The expanded organic working fluid then passes through a regenerator 
where an in-cycle heat recuperation takes place before entering the condenser. During the 
condensation of working fluid, useable heat is recovered which can be utilise for district 
heating network or process heat (hot water heat temperature ranging from 80°C to 100°C. The 
condensed fluid then goes to the feed pump where it is again pressurised for recycling. The 
ORC process is usually connected with the biomass boiler through a thermal oil cycle and 
thermal oil boiler 
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Figure 2.4:  An overall view of a 1000 kWel organic rankine cycle units                                    
1. Regenerator    2. Condenser   3. Turbine   4. Electric generator   5.  Circulation Pump              

6. Preheater        7.  Evaporator  8. Hot Water inlet  9. Hot Water outlet  10. Thermal oil inlet 
11. Thermal oil outlet (Obernberger et al., 2002) 

In obtaining a high electric efficiency in an ORC process, the back pressure of turbine must be 
kept as low as possible. The importance about this process is the use-ability of the heat-out 
provided by the condenser with temperature as high as 90°C to 95°C for district heating 
network in the winter. The operating cost of ORC process is low based on no loss of working 
medium and is a closed cycle. Also, the process has a moderate maintenance and 
consumption-based cost (Obernberger et al., 2003). A typical example of a biomass CHP 
plant using ORC process is in Lienz which is located in Tryrol, Austria. This plant supplies 
the town of Lienz with district heating. The ORC is designed to achieve a 7000hours of 
operation on full loading. In 2003, the plant has net electric efficiency of 15% with thermal 
efficiency of 75% and 10% electric and thermal losses resulting in total efficiency of 90%. 

Figure 2.5: Scheme of a biomass- fired organic rankine cycle (Obernberger et al., 2002) 
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Present ORC biomass CHP plant are design with automatic cleaning systems (biomass 
thermal oil boiler, economiser and air preheater) which further increase the performance of 
the process. Other advantages are high isentropic efficiency of about 85%, operates without 
high speed turbine’s expensive gear boxes, low noise operation, ease in starting up – stop and 
loading modulation, long life cycle of the working medium and ORC process, low mechanical 
stress in the turbine, and water treatment system not needed (Duvia and Gaia, 2004) 

From all indications and future development of  biomass CHP based ORC technology, 
undoubtedly shows economically and technologically interesting solution for small scale 
power plant (Obernberger et al., 2003, Obernberger et al., 2002).  

2.5 Stirling engine power system 

The stirling engines are externally combustion engines operating in a closed cycle called the 
stirling cycle. Unlike internal combustion engines, the heat source for the cycle is not 
generated inside but heat is transferred externally via a heat exchanger to the cycle. These 
heat sources include: combustion of biomass, waste, solar, etc. The working fluids are 
compressible fluid such as air, hydrogen, nitrogen, helium, etc. Since the working fluid is 
enclosed in the cycle, there is no problem of contamination. The working fluid or gas is 
compressed in cold cylinder and expands in hot cylinder volume alternatively. The transfer of 
working fluid between the hot and cold part of the engine is a constant- volume process. 
While a constant temperature heating and cooling process during compression and expansion. 
Its working principles is thermodynamically based (Biedermann et al., 2003, Kongtragool and 
Wongwises, 2003, Obernberger et al., 2003) 

 

Figure 2.6: Stirling Engine Operation (Series and Smith, 2009) 
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• Isothermal compression process occur, where heat is transferred from the working 
fluid at low temperature to a cold external medium or sink (used for process or district 
heat).  

• Isochoric process occur, where heat stored is absorb through the regenerator by the 
working fluid.  

• Isothermal expansion process occur, where heat is transfer at high temperature to the 
working fluid in the hot cylinder. 

• Constant volume process occur, where available work is done by the working fluid 
(heat transfer to the regenerator).  

Figure 2.7: Schematic flow sheet of stirling engine power system 

The hot heat exchanger plays an important role in achieving good cycle efficiency. Heat 
supplied at high temperature ranging from 680°C to 800°C and heat rejected from cycle to 
cooling water via a cold heat exchanger at 25°C and 75°C.  Combustion air can be preheated 
to about 600°C to achieve a high combustion chamber but this can lead to formation of slag 
and fouling in the biomass boiler and heat exchanger respectively. Biomass as a renewable 
source (wood chips) has been used as a heat source for this technology. A typical example is a 
Stirling engine CHP plant using biomass fuels has been developed at the technical University 
of Demark. The engine is designed with nominal capacity of 35 kWel. Helium is used as the 
working fluid (4.5 MPa). The engine is made up of 4 hot heat exchanger where heat is 
transfer directly to the panel by radiation from the combustion chamber. Hermetically seal 
unit is used to design the engine in other to avoid lubrication oil from entering and to keep the 
working fluid inside (Kongtragool and Wongwises, 2003, Obernberger et al., 2003). 
Presently, Stirling engine power plants are designed in small scale. Efficiency of this cycle  
depends on the size (Capacity) of the plant ( i.e. 12% - 20 % for 1-35 kWel plant and 30-35% 
for 50-100 kWel  plant)  
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Figure 2.8: A Small Scale CHP Pilot Plant with a 35KWel Stirling Engine (Biedermann et al., 
2003, Obernberger et al., 2003).  

In general, this technology is applied where multi fuelled characteristics is needed, quiet 
operation, slow changing of engine power output, good cooling source is available, less 
emission compared to other engines, etc. It has good useful lifecycle but installation cost is 
quite high (Carrara, 2010, Obernberger et al., 2003)  

2.6 Steam power technology 

The most applied technology use in power generation is the steam turbine. This involves 
using steam as working fluid for production of electricity. Irrespective of other power 
production alternative technologies, steam power is seen to meet the energy demand for many 
years (Kirjavainen et al., 2004). This technology has been applied locally to treat waste 
(thermally) for energy extraction and utilization of renewable energy resource. 

Working Cycle involves production of steam in a boiler, where combustion reaction of air and 
fuel (e.g. natural gas, biogas, biomass, etc) takes place. In the boiler, heat produced from hot 
flue gases are transferred through tubes to feed water which produces steam. The produced 
steam is directed to the steam engine where it expands and thereby producing mechanical 
energy transmitted by a rotating shaft to a generator for power generation. The rejected 
energy steam flows to the condenser where it is cooled and recycled by a feed pump to the 
boiler. Energy released from condenser can be use for district heating network. This working 
cycle is called steam rankine cycle. The cycle involves heating, expansion, condensation and 
pump. 

For small scale size, high degree of superheating of steam is not really need. Pressure of 
steam to steam engine ranges from 6 – 60 bars. Steam engines can be single or multi stage 
engines which influence the electric efficiency. For this technology in small scale, electric 
efficiency ranges from 10 – 20%. The drawbacks of this technology is: 
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• Installation cost for this technology is high 

• High cost operation and maintenance 

• Low power to heat ratio 

In general, steam engines power generation technology is not really seen as a solution to 
decentralization of energy supply but for centralised energy distribution (large scale). 
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Figure 2.9: Schematic flow sheet of a steam turbine power plant 
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3. Methodology 

Since some of the process considered in this research work are yet to be commercialised and 
with little information availability from reference plants (operating conditions or parameters), 
the use of modelling tools makes it possible in estimating these conditions. Figure 3.1 
illustrates the process integration methodology adopted in this work. 

 

Figure 3.1: Schematic illustration of the process integration methodology adopted in this work 
(Heyne, 2013) 

3.1 Process Modelling/Simulation 

Process simulation is a computer based engineering software, used in modelling (blue print), 
predicting behavior of processes and economical/sensitivity evaluations of chemical processes 
(Fogler and Gurmen, 2002). It can be used as an experimental means of validating 
performance of existing process. In general, it is useful all through the process lifecycle, from 
research and developing of process design to production. Over the years, new process 
simulation tools have been developed and updated to meet the present fast growing trend of 
process technology. Reliable thermodynamic data’s, realistic process characteristics 
(operating conditions), equipment design and simulating actual efficiency of plant or process 
are also benefit from using computer aided simulation tool. There are different types of 
process simulation tools relating to power generation. These include: ChemCad, Aspen 
engineering suite, Eclipse, Thermoflex software, ProSimPlus, etc (Carrara, 2010, Manual, 
McIlveen‐Wright et al., 1999).  

Aspen means Advance system for process engineering which was developed by researchers at 
MIT’s laboratory in the 1970s for process simulation. The software was later commercialised 
in the 1980’s by the foundation of a company named Aspen Tech (Fogler and Gurmen, 2002). 
Since then, improvement of Aspen engineering simulation tool has been developed for 
optimal simulation of different processes. Examples include: Aspen Hysys software for oil 
and gas sector (refining process, etc), Aspen plus software applies not only simulations of 
fluid related processes also solids. Aspen Plus creates easy environment to build and run a 

Evaluation 
(Thermodynamics 
and Economics) 

Process 
modifications 

Process modelling 
and validation 
(Aspen Plus) 
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process simulation model by providing comprehensive system of online prompts, expert 
system guidance at every steps and hypertext help.  It provides flexibility in input language 
for plant components, connectivity and computational sequences.  

In general Aspen Plus is designed to perform technical and economical evaluation of 
chemical and other related processes. According to Aspentech manual (Aspen Technology, 
2010), simulation of a process in Aspen Plus process model can be performed in the following 
steps: defining the process flow diagram, specify of chemical components in the process, 
defining the thermodynamic models to represent the physical properties of the components 
and mixtures in the process, defining the component operating conditions, and specifying the 
operating conditions of the unit operations models. 

In process modelling, specification can be changed interactively such as operating conditions, 
compositions and etc. Aspen Plus can be applied in estimating and regressing physical 
properties, tabulates output results, fitting plant data to simulation models, process 
optimization, and interfacing results to spreadsheets. 

For the purpose of this work, the base method employed under the power method filter for 
thermodynamic model is the Peng – Robinson equation of state with Boston – Mathias 
modification to represent the physical properties of the components. This is because of its 
standard.  The Aspen Plus version use for this thesis is V8.4. 

The process modelling result were validated with a reference plants for each technology. In 
Aspen Plus, biomass is modelled as a non conventional fuel solid, with its properties 
estimated by proximate and ultimate analysis compositions (average wood properties) 
(McKendry, 2002) . Char was also modelled as solid carbon. 

The following species were specified for both gasification and combustion modelling. These 
components include; CO2, CO, H2, H20, CH4, O2, N2, NO, C2H4, H2S, S, NH3, HCN, HCl, C, 
C6H6, SO2, and NO2. These species were specified as possible products from both combustion 
and gasification processes. 

The table below gives an overview of reference power plant use for simulation of biomass 
power technologies 

Table 3.1 Overview of modelling parameter used 

Biomass power technologies Reference plants (operating conditions) 

Micro gas turbine (Lora and Nogueira, 2000, Gimelli and Luongo, 2012) 

Internal combustion engines (Goldstein et al., 2003) 

Gas turbine (Goldstein et al., 2003, Aichering et al., 2004) 

Stirling engine (Obernberger et al., 2003, Obernberger and Thek, 2004) 

Steam turbine (Obernberger and Thek, 2004) 

Organic turbine (Aichering et al., 2004, Obernberger et al., 2003, 
Obernberger and Thek, 2004) 
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3.1.1 Gas turbine power plant process flow sheet 
 

 

Figure 3.2: Flow sheet of biomass gasification with gas turbine power plant 

Since the fuel use in gas turbine power processes are gaseous, biomass gasification process 
was integrated in the design for appropriate analysis. Biomass gasification was model using 
aspen plus into three stages. These stages are biomass decomposition, gasification, and solid 
separation. Aspen plus yield reactor was used to simulate the decomposition of biomass to 
component element. The equipment is used when the reaction stoichiometry of a component 
is unknown but yield or percent composition of element are known (Panda, 2012). Biomass 
decomposes to oxygen, hydrogen, sulphur, nitrogen, moisture, carbon (char) and ash. The 
value used are simply input the ultimate analysis composition of biomass. For gasification, 
Gibbs free reactor was used because is estimate phase and chemical equilibrium. It helps 
identify possible products. It is used when reactor pressure or temperature or heat duty is 
known. At this stage, the decomposed biomass is gasified to product gas and inert (ash). The 
last stage was the separation of product gas from particular matter (ash) using a cyclone. The 
clean product gas is cooled to reduce energy consumed by compressor, increase the energy 
density of gas, reduce operating/maintenance cost of compressor (Heyne, 2013). The cooled 
gas is compressed and combust in the reactor (Rstoic) with the compressed air, before the 
produced gas from the reaction expand through the turbine. 
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3.1.2 Micro gas turbine power plant process flow sheet 

 

Figure 3.3: Flow sheet of biomass gasification and micro gas turbine power plant 

The process is the same with the gas turbine process but the only different is the recuperator 
which exchange heat between the exhaust gas from the turbine and the compressed air. 

3.1.3 Internal combustion engine power plant process flow sheet 

 

Figure 3.4: Flow sheet of biomass gasification and internal combustion engine power plant 

The design of this process is a little similar to that of the gas turbine power process design 
flow sheet but just the introduction of a mix where but air and fuel gas are mixed before 
compression. 
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3.1.4 Stirling power plant process flow sheet 

 

Figure 3.5: Flow sheet of stirling power plant 

The above process flow sheet shows the representation of the stirling engine process model in 
using aspen plus. The stirling engine which consist of compressor, turbine, cooler and a 
heater. The process is integrated with a biomass boiler. This process is modified (no 
regenerator) to improve the electric efficiency for this work. 

3.1.5 Steam turbine power plant process flow sheet 

 

Figure 3.6: Flow sheet of steam turbine power plant 
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This configuration is made up of biomass combustion unit and steam power cycle (steam 
turbine, condenser, pump and heater). 

3.1.6 Organic turbine power plant process flow sheet 

 

Figure 3.7: Flow sheet of geothermal power plant 

This process consist of five section. This include: Biomass boiler unit, thermal oil cycle, and 
organic rankine cycle. The thermal oil unit as design using aspen plus is represented by a heat 
exchanger (evaporator), superheater, and pump. While the organic rankine cycle consist of a 
pump, regenerator, condenser and turbine. 

3.2 Process Evaluation 

This evaluation includes both thermodynamic and economic analysis. The thermodynamic 
part, aims at maximising electricity generation using biomass waste flow information from 
Nigeria. While the economic part aim to generate economically viable process option for 
electricity generation. Also, environmental analysis is done based on nitric oxide emission. 

3.2.1 Thermodynamics performance indicators 
This performance indicator can be evaluated in numerous ways. Thermodynamic indicators 
considered in this work include: 

• Cold gas efficiency ηcg – this is defined the energetic value of the resulting product (i) 
from gasification in relation to the thermal input feedstock (k) (Heyne, 2013, 
Waldheim and Nilsson, 2001). 

 
Where M - mass flow and LHV – lower heating value 
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• Electric Efficiency  ηel – this is the ratio of net power output or generated to the 
thermal input of feedstock (Gimelli and Luongo, 2012). 

 

Where  – Net electricity generated,  – mass flow of fuel and  – 
lower heating value of fuel 

3.2.2 Economic performance indicators 
The attractiveness of any technology is strongly based on the economic feasibility of that 
process. Basic significant factors for evaluation of economic efficiency are fixed capital cost, 
total capital investment cost, running or working capital cost, and profit (VDI guideline 
2067). In estimating the cost of a process, trusted cost estimation data’s of reference plants/ 
R&D articles or from manufacturer in some cases i.e. stirling engine power technology are 
needed (energinet and Styrelsen, 2012). Since not all power technology for small scale 
biomass power generation are present in the market, accurate estimation of economic 
efficiency can be difficult. For this work, many sources have been consulted ranging from 
R&D articles, sample data through case studies, data’s from implemented or predesigned 
plants, and etc. for validation. Also, the module costing technique is applied in this work since 
is a common cost estimation technique for new plants (Turton et al., 2008). The parameters 
analyzed in this work are: 

• Fixed capital cost: This cost is associated with building a plant. This cost calculated 
include; equipment cost (purchase cost of equipment, material, labor), indirect cost 
(contractor engineering expenses, installation and erection of equipments, freight, 
insurance, construction overhead), and contingency and fee (contingency and 
contractor fee).  

CFCC = C°BM + Ccont + Cfee 

Where; CFCC – fixed capital cost (total module cost), C°BM - bare module cost 
(equipment cost), Ccont – contingency cost and Cfee – other fee  

• Working capital cost: this is refer to the capital needed to startup or run a plant and 
finance the first period of operation before revenues are generated from the process. 
This is simply for operation and maintenance of plant, raw material inventories, 
salaries and any eventualities. This is estimated as, 15 – 20% of the fixed capital 
investment. 

 

Where CWCC – working capital cost and CFCC – fixed capital cost 

• Total capital investment: This is the sum of fixed capital cost and working capital 
cost.  

CTCI = CFCC + CWCC  
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Also, the effect of time on purchase equipment cost is given by; 

 
Where; C – Purchased cost, I – cost index, 1 & 2 represents base time when cost is known and 
time when cost is desired. The chemical engineering plant cost index (CEPCI) as at early 
2014 was estimated 580.22 from 0.75% lower than a year ago (CHE, 2014). Also the effect of 
capacity on purchased equipment cost is use for evaluating the economic cost of stirling 
engine. This given by; 

Ca/Cb = (Aa/Ab)n 

Where; C – purchased cost, A – equipment cost attribute,  n – cost exponent (0.6 was used as 
n) and a & b are refer to as equipment with the required attribute and equipment with the base 
attribute (Turton et al., 2008). 

NB: Details of feed stream properties and reference plant data for validation are given in 
appendix 1. 
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4. Result and Discussion 

4.1 Thermodynamic Evaluation Results 

In this section, results from the investigation of electric performance along with some 
modification of power process considered in this work were presented and discussed. Also, 
results determining the performance of gasification of biomass, since some of the 
technologies require fuel gas as fuel were also presented and discussed. 

Wood waste (saw dust) from Nigeria were used as feed streams (case 1 = 0.0938kg/sec, case 
2 = 0,1748kg/sec and case 3 = 0.7581kg/sec) to each power process simulation. 

4.1.1 Gasification  
The parameters investigated were the product gas composition, gasification temperature and 
the cold gas efficiency. The gasification process operates at atmospheric pressure (1.013 bars) 
condition and air at room temperature (25°C) was used as the gasifying media. Result of 
product gas composition is presented in the table below. 

Table 4.1: Simulated output of product gas composition (%) at different air-fuel ratio 

Air/Biomass CO (%) H2 (%) CH4 (%) CO2 (%) 

0.27 76.80 6.70 2.10 14.20 

0.32 77.90 6.60 1.40 14.10 

0.43 79.60 6.40 1.20 12.80 

0.59 81.50 6.20 0.70 11.60 

0.65 81.45 6.20 0.35 12.00 

0.72 81.20 6.10 0.00 12.70 

0.8 80.70 6.00 0.00 13.30 

Note: Analysis is done on mass basis. 

From the table, it indicates that at air-biomass ratio of 0.59 gave a total of 88.4% of product 
gas (CO, H2 and CH4) composition. Also, high amount of CO was produced when compared 
to hydrogen and methane in the product stream which as a result of the fuel composition 
(average wood elemental analysis). The percentage composition of CO in the product gas, 
depends on elemental composition of carbon in the fuel and also the gasifying media in 
gasification process. 

Using same air-fuel ratio, the gasification temperature was determine to be 787°C. The 
simulated output result from gasifier shows that large amount of product gases were produced 
at this temperature. Figure 4.10 shows the simulated gasification temperature with product gas 
composition output. 
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Figure 4.1: simulation result of biomass gasification temperature to product gas composition. 

The effectiveness of gasification process is defined by the cold gas efficiency (CGE) 
thermodynamic parameter. The efficiency (CGE) measures the energetic or heating value of 
the product gas to the thermal input of the biomass (Syed et al., 2012). The low heating value 
(LHV) is used for this analysis instead of the high heating value (HHV) because it reduce the 
complexity when heating of condensation is included and it give an estimate of fuel gas yield 
from feedstock. The figure below illustrates the effect cold gas efficiency as a function of air-
fuel ratio. 

83

84

85

86

87

88

89

90

91

92

0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1

Co
ld

 G
as

 E
ffi

ci
en

cy
 (%

)

Air-Fuel Ratio  

Figure 4.2: Cold gas efficiency as a function of air-fuel ratio at 25°C and 1.013bar 

The figure above shows that as high as 0.91 yield of cold gas efficiency when gasification 
process is operated at atmospheric pressure condition. It further indicates that most portion of 
the feedstock is converted to product gas. Nevertheless, this evaluation from simulated output 
result gives an ideal yield in cold gas efficiency when compared to that of the real case.   



 

27 

4.1.2  Electric Performance 
The electric efficiency of each power process was evaluated from the simulated output result 
of electric produced. The result indicates a little deviation from the reference plant based on 
the energy value of fuel simulation and process modification in some technologies. The table 
below presents the electric efficiency of the cases considered (different biomass waste 
streams) from different biomass power processes 

Table 4.2 : Electric Efficiency Evaluation 

Biomass power systems Electric efficiency (%) 

Reference 
power plant 

Case 1 Case 2 Case 3 

Micro gas turbine 30 30.50 30.40 30.40 

Gas turbine 29 30.70 30.80 30.80 

Internal combustion engine 33 33.20 33.10 33.10 

Stirling engine 20 21.30 21.30 21.30 

Steam turbine 23 23.80 23.80 23.80 

 

The table above shows that internal combustion engine has a better electric output compared 
to other power technologies but this was based on reference conditions. The micro gas turbine 
which operates as high a 6 bars pressure gave an electric performance of 30% and can 
increase to 31% below a electric output range of 500 kW (i.e. to say, micro scale production 
using a micro gas turbine gives a better electric performance) (Gimelli and Luongo, 2012). 
Also, the stirling power technology produced a better performance from simulation, when the 
stirling engine process design was modified for power production. Its performance is strongly 
dependent on the heat exchangers (both heater and cooling section). This give a further 
prospect better performance of stirling engine power technology irrespective yet to be 
commercialized status and present nominal electric output range of 10 – 150 kW 
(Obernberger et al., 2003). From same table, the gas turbine gave a lower efficiency when 
compared to internal combustion engine but this result was based on reference conditions. But 
on modifying the operating pressure condition of gas turbine to that at of the internal 
combustion engine operates (25 bars), the gas turbine performance increased to 35% which is 
higher than that of internal combustion engine. Figure 4.3 illustrate the effect of pressure on 
electric efficiency on both gas turbine and internal combustion engine. 
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Figure 4.3: Electric performance of both gas turbine and internal combustion engine operating 
at the same pressure. 

From a power performance perspective, gas turbine gives a better performance, followed by 
the internal combustion engine, then the steam turbine and stirling engine power process. 
Figure 4.4, shows the simulated power output results of different feed streams. 

 

Figure 4.4: Simulated power output result. 

4.2 Environmental Evaluation    

The parameter analyzed in this section is the nitric oxide (NO) produced from each process 
for different mass flow of biomass. Simulation output result of NO formation in kg/kWh from 
all process, indicate that internal combustion engine lead the chart in the production of NO. 
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This is because of its temperature at which it operates. Also, steam turbine gave a lower 
emission of 0.0037 kg/kWh of nitric oxide. This result further show while steam turbine 
power process widely recognized. Furthermore, gas turbine process produces a moderate 
amount NO. Table 4.3 illustrates the simulated output result from each process. 

Table 4.3: NO produced for the different biomass power processes 

Biomass power systems NO produced in all cases (kg/kWh) 

Micro gas turbine 0.00770 

Gas turbine 0.00530 

Internal combustion engine 0.01600 

Stirling engine 0.00930 

Steam turbine 0.00370 

 

The result further shows why gas turbine and steam turbine power technologies are widely 
applied in power generation. But NO formation is dependent on the flame temperature 
(operating condition), the composition of the flue and amount of air for a combustion process 
(Dong et al., 2010).  

4.3 Economic Evaluation 

The economically analysis results are estimated from simulated output data’s of different 
biomass power process except for the stirling engine power which evaluated using reference 
plant cost (energinet and Styrelsen, 2012). The fixed capital cost (also called the total capital 
cost) which is presented in table 4.4 include equipment’s, installation, labor, contingency and 
fee cost and all other cost associated with building of power plant. 

Table 4.4 Estimated fixed capital cost for different power plant in different cases 

Biomass power systems Fixed Capital Cost ($/kWel) 

Case 1 Case 2 Case 3 

Micro gas tubine 6089 4618 2533 

Gas turbine 6202 4704 2557 

Internal combustion engine 2814 2240 1539 

Stirling engine 3254 2537 1407 

Steam turbine 6221 4724 2578 
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The result shows that both internal combustion engine and stirling power plants have a low 
fixed capital when compared to other power technology. Also, the fixed capital cost of gas 
turbine and steam turbine indicate while they are mostly designed for centralized or large 
scale power generation. Furthermore, the per unit cost of small power plants are more than 
that of large ones (Turton et al., 2008). This is known as economic of scale. 

Another parameter considered in this section is the working or running capital cost. This cost 
takes into account finance for startup operation of the power plant for the first few months. 
This capital is been assumed as 20% of the fixed capital cost which covers the operating and 
maintenance cost, salaries, and any other cost pertaining to operation (Turton et al., 2008). 

Table 4.5 Working capital cost for different power plants in different cases 

Biomass power systems Working capital cost ($/kWhel) 

Case 1 Case 2 Case 3 

Micro gas tubine 0.33 0.25 0.14 

Gas turbine 0.35 0.26 0.14 

Internal combustion engine 0.16 0.12 0.09 

Stirling engine 0.18 0.14 0.08 

Steam turbine 0.35 0.26 0.14 

 

Table 4.5 gives the cost for starting up each of the power process. Gas turbine and steam 
turbine power requires more capital when compare to others. The micro gas turbine process is 
almost requires the same capital as the gas turbine for startup operation. While the internal 
combustion engine and stirling engine indicate low startup capital which suggest that both 
technologies can be considered economically feasible for small scale power production. 

Table 4.6 Total capital investment for different power plants  

Biomass power systems Total capital investment ($/kWel) 

Case 1 Case 2 Case 3 

Micro gas tubine 7306 5541 3039 

Gas turbine 7442 5645 3068 

Internal combustion engine 2814 2240 1538 

Stirling engine 3904 3044 1689 

Steam turbine 7465 5669 3093 

   



 

31 

The above table presents the total capital investment cost of the different biomass power 
processes. Internal combustion engine shows a TCI of 2,814 $/kWel with a nominal net 
electric output of 578 kW which is economically feasible when compared to gas turbine, 
steam turbine and the micro gas turbine that indicate 7,442 $/kWel with a nominal net electric 
output of 537 kW, 7,465 $/kWel with a nominal net electric output of 415 kW, and 7,306 
$/kWel with nominal net electric output of 531 kW respectively. Also from the table, the 
$/kWel decrease as the electric capacity of the different power processes increase. 

From the economic evaluation, internal combustion and stirling engines seems economically 
feasible in small scale (decentralized power investment) than that of gas turbine and steam 
turbine.  

4.4 Electricity potentials from biomass waste stream in Nigeria 

This section gives an estimation of electricity potentials of biomass feed streams from 
Nigeria. Detail calculation can be found in appendix 4. 

With the estimated biomass waste stream of 56.3 million tonnes per year produced in Nigeria 
(Sambo, 2009), about 41 TWh of electricity can be generated from simulation. Figure 4.6 
illustrate the electric generation potential in TWh from different source of biomass resources 
in Nigeria. 
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Figure 4.6 electric generation potential in TWh from different source of biomass waste 
streams in Nigeria 

The figure shows that about 1.34 TWh of electricity from a 1000MW power plant can be 
generated from saw dust from lumber industries. Furthermore, a total of 13 TWh from 
biomass waste stream alone can be generated compare to the present electricity generation of 
12.8 TWh. This estimated electric generation potentials from biomass waste streams alone 
provides viable solution to the challenges associated with the inconsistency of power in 
Nigeria especially in the rural areas of the country. 
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5. Conclusions And Recommendation 

From this study, which aims at estimating electric potential of Nigeria biomass waste (saw 
dust), environmental evaluation and estimating the economic feasibility in building and 
starting up operation via different biomass power technologies simulations, the following can 
be concluded, that: 

• From the different biomass power technologies i.e. gas turbine, micro gas turbine, 
internal combustion engine, stirling engine and the steam turbine, the gas generation 
based engines from biomass gave a better electric performance of more than 30%. But 
this would have not been possible without the integration of biomass gasification 
technology in production of fuel gas. 

• An efficiency of 91% was achieved from the biomass gasification process operating at 
atmospheric pressure with air (ambient condition) used as the gasifying media. This 
not only helps to reduce utility and operational cost compared when pure oxygen or 
steam is used but holds a large possibility for rural electrification via gas biomass 
power plant. 

• Despite the good electric performance of internal combustion engine, there are threats 
over its environmental compatibility. From the study, result shows that the technology 
emits more of NO compared to other technologies. This mean that additional cost is 
incured in treatment of flue gas and generally increases the operational and 
maintenance cost in the application of this technology. 

• The stirling engine power technology shows a good prospect despite its yet to be 
commercial status. The modification of the engine (removal regenerator) gives a better 
electric efficiency of more than 20%. There have been pilot scale of stirling engine 
integrated with biomass gasifier to improve the heater heat exchanger section thereby 
improving the electric efficiency (energinet and Styrelsen, 2012). Also, it proves to the 
environmentally compactable. 

• Economic studies show that for small scale power generation, internal combustion 
engines and stirling engines are economic feasible. Also, steam turbine and gas turbine 
illustrate why they are mostly applied in medium/large scale biomass power 
generation specially recommended to regions where more biomass resource are 
produced. The micro gas turbine power technology can also be applied in small scale 
despite its high total investment capital. 

Furthermore, the study shows that about 41 TWh of electricity can be generated from 56.3 
million tonnes per year of biomass waste in Nigeria. Also, from 1.8 million tonnes per year of 
saw dust (wood waste) produced from lumber industries in Nigeria, about 1.3 TWh of 
electricity can be generated from 1000 MW power plant.  

Since the amount of biomass waste streams generated in Nigeria differs in locations, 
recommending suitable biomass power plant technology depends on feed stock availability, 
economic feasibility, nearness to consumers, and the environment. 

Power generation via the utilization of biomass prove to be a possible path to Nigeria’s 
economic, social and environmental sustainability but the extent to which this can achieved is 
strongly dependent institutional framework, investment, incentives and information policies. 
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Appendix 1 

Table 6.1: Biomass waste stream (saw dust) properties used as input for the simulation 

Proximate Analysis (wt %) 

Moisture 20 

Volatile Material 82 

http://www.ignou.ac.in/upload/unit-9.pdf
http://hdr.undp.org/en/countries
http://unfccc.int/resource/docs/convkp/kpeng.pdf
http://www.worldbank.org/content/dam/Worldbank/document/SDN/energy-2013-0281-2.pdf
http://www.worldbank.org/content/dam/Worldbank/document/SDN/energy-2013-0281-2.pdf
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Fixed Carbon 17 

Ash 1 

 

Ultimate Analysis (wt %) 

C 51.60 

H 6.30 

O 41 

N 0 

S 0.10 

Ash 1 

Moisture 20 

 

Energy Value (MJ/kg) 

Net calorific value (NCV) 18.6 

Table 6.2: Low heating value of main component of syngas  

Energy Values (MJ/kg) 

CO 10.10 

H2 120 

CH4 50 

 

Table 6.3: Mass flow of biomass waste stream used as input for simulation 

Cases Location in Nigeria Mass Flow (kg/sec) 

1 Ile-Ife 0.0938 

2 Ado-Ekiti 0.1748 

3 Ibadan 0.7581 

 

Basic Modelling Assumptions for Key Units 
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Gasification and combustion units 

Gasification media Air 

Gasifier operating pressure 1.013 bars 

Air entering conditions 25°C & 1.013 bars (N2 =0.79 & O2 = 0.21) 

Biomass input conditions 25°C & 1.013 bars 

Decomposition modelling Yield reactor 

Reactor for gasification Gibbs equilibrium reactor 

 

Micro gas turbine power technology reference conditions for validation 

Parameters Values 

Exhaust gas temperature after recuperator 315°C 

Gas inlet turbine temperature 1010°C 

Net electricity power output 45 kW 

Electric efficiency 30% 

Biomass calorific value 14MJ/kg 

Working fluid Air 

Operating pressure 25 bars 

 

Internal combustion engine power technology reference conditions for validation 

Parameters Values 

Exhaust gas temperature 571°C 

Nominal capacity 100 kW 

Engine speed 1800rpm 

Exhaust gas flow 453.6 kg/hr 

Electric efficiency 33% 

Biomass calorific value 14MJ/kg 
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Working fluid Air 

Operating pressure 25 bars 

  

Stirling engine power technology reference conditions for validation 

Parameters Values 

Nominal electric capacity  35 kW 

Mean pressure 4.5MPa 

Heater temperature 1010°C 

Temperature of working fluid from heater 780°C 

Electric efficiency 20 kW 

Temperature of preheated air  500°C (ranges from 360 - 550°C) 

Temperature of cooling water at stirling inlet 55°C 

Working fluid Helium 

 

Gas turbine power technology reference conditions for validation 

Parameters Values 

Exhaust gas temperature 510°C 

Operating pressure 11 bars and 25 bars 

Turbine inlet temperature 1050°C 

Electric efficiency 30% 

Working fluid Air 

 

Steam turbine power technology reference conditions of validation 

Parameter Value 

Steam pressure 75 bars 

steam temperature 525°C 
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Working fluid Steam 

Cooling medium Water 

Inlet cooling temperature 36°C 

Outlet cooling temperature 75°C 

Boiler temperature 950°C 

Inlet air temperature 200°C 

 

Appendix 2 

Simulation Output Result (Thermodynamic Evaluation) 

• Cold gas efficiency and gasification temperature evaluation  from simulation 

Air 
(kg/sec) 

Air/Fuel Temp 
(°C) 

CO (%) H2 (%) CH4 
(%) 

CO2 (%) ηCold eff 
(%) 

0.025 0.27 758 76.80 6.70 2.10 14.20 84.0 

0.030 0.32 761 77.90 6.60 1.40 14.10 85.0 

0.035 0.37 765 78.80 6.50 1.30 13.40 86.5 

0.040 0.43 767 79.60 6.40 1.20 12.80 88.0 

0.045 0.48 770 80.40 6.30 1.10 12.20 89.5 

0.050 0.53 773 81.10 6.20 1.0 11.70 90.4 

0.055 0.59 787 81.50 6.20 0.70 11.60 91.0 

0.059 0.63 807 81.50 6.20 0.40 11.90 91.0 

0.061 0.65 819 81.50 6.20 0.30 12.0 90.0 

0.063 0.67 832 81.50 6.10 0.20 12.20 90.0 

0.068 0.72 869 81.20 6.10 - 12.70 89.0 

0.075 0.80 923 80.70 6.00 - 13.30 88.0 

0.080 0.85 961 79.70 5.80 - 14.50 87.0 

0.095 1.0 1067 79.30 5.50 - 15.20 84.0 
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• Micro gas turbine  

Parameters Case 1 Case 2 Case 3 

Turbine inlet temperature (°C) 1009.94 1009.72 1009.70 

NO produced (kg/hr) 4.115 7.651 33.18 

Mechanical power required by compressor (kW) 649 1210 5246 

Mechanical power produced by turbine (kW) 1229.17 2290.04 9931.90 

Net electric output (kW) 531 989 4289 

ηel(%) 30.45 30.42 30.42 

 

• Internal combustion engine 

Parameters Case 1 Case 2 Case 3 

Temperature inside the engine (°C) 1334.39 1334.30 1334.12 

NO produced (kg/hr) 9.468 17.635 76.449 

Exhaust gas temperature (°C) 570.75 570.75 571.10 

Net electric output (kW) 578 1076 4668 

ηel(%) 33.10 33.10 33.10 

 

• Stirling engine  

Parameters Case 1 Case 2 Case 3 

Exchanger inlet temperature (°C) 1009.66 1010.15 1010.40 

Helium mass flow (kg/sec) 1.40 2.60 11.28 

NO produced (kg/hr) 3.448 6.439 27.953 

Cooling water mass flow (kg/sec) 7.8 14.5 63.0 

Net electric output (kW) 371 691 3015 

ηel(%) 21.28 21.25 21.38 

 

• Gas turbine  
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Parameters Case 1 Case 2 Case 3 

Turbine inlet temperature 1049.59 1050.29 1049.72 

Exhaust gas temperature 509.90 510.29 509.996 

Mechanical power required by compressor (kW) 705.73 1313.77 5701.64 

Mechanical power produced by turbine (kW) 643.83 2360.95 10242.90 

Net electric output (kW) 562.42 1047.18 4336.42 

ηel (%) 30.70 30.80 30.80 

 

• Steam turbine 

Parameters Case 1 Case 2 Case 3 

Boiler temperature (°C) 949.75 95.33 950.39 

Steam mass flow (kg/sec) 0.49 0.915 3.96 

NO produced (kg/hr) 1.534 2.869 12.446 

Cooling water mass flow (kg/sec) 6.22 11.61 50.30 

Net electric output (kW) 414.50 774 3349.8 

ηel(%) 23.77 23.80 23.76 

 

Appendix 3 

Economic Evaluation 

• Internal combustion engine 

Equipment (CBM($)) 2014 

Case1 Case 2 Case 3 

Net electric output (kW) 578 1076 4668 

Internal combustion engine 422134,2406 612888,1722 1482130,482 

Cooler 43167,77779 62786,0354 174577,286 

Condenser 118255,6089 189328,5565 556051,6391 
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Gasifier 763467,4964 1130267,544 3732055,08 

Cyclone 31505,86391 47391,00371 142950,597 

Capital cost 1378530,988 2042661,312 6087765,084 

Contingency cost (15%) 206779,6481 306399,1968 913164,7626 

Other fee (3%) 41355,92963 61279,83937 182632,9525 

Total capital cost ($/kW) 2814,302016 2240,093261 1538,895201 

Working capital cost (20% TCC)($/kW) 562,8604033 448,0186521 307,7790402 

Total capital investment (TCC+WCC) )($/kW) 3377,16242 2688,111913 1846,674241 

 

• Micro gas turbine 

Equipment (CBM($)) 2014 

Case1 Case 2 Case 3 

Net electric output (kW) 531 989 4289 

Micro gas turbine 1549697,96 2100299,968 3780063,025 

Compressor (fuel gas) 232778,4723 338343,25 815947,5699 

Cooler 42837,54781 62299,60762 172883,9605 

Condenser 119671,33 191592,8946 562424,8354 

Gasifier 763467,4964 1130267,544 3732055,08 

Cyclone 31505,86391 47391,00371 142950,597 

Capital cost 2739958,67 3870194,268 9206325,067 

Contingency cost (15%) 410993,8006 580529,1402 1380948,76 

Other fee (3%) 82198,76011 116105,828 276189,752 

Total capital cost ($/kW) 6088,797045 4617,623091 2532,866304 

Working capital cost (20% TCC)($/kW) 1217,759409 923,5246181 506,5732609 

Total capital investment (TCC+WCC) )($/kW) 7306,556454 5541,147709 3039,439565 

 

• Gas turbine 



 

43 

Equipment (CBM($)) 2014 

Case1 Case 2 Case 3 

Net electric output (kW) 562.42 1047.18 4336.42 

Gas turbine 1562433,739 2115269,508 3814944,125 

Compressor (fuel gas) 298709,0622 434174,5226 1129233,351 

Cooler 42837,54781 62299,60762 172883,9605 

Condenser 123362,2018 197364,4131 578654,5051 

Gasifier 763467,4964 1130267,544 3732055,08 

Cyclone 31505,86391 47391,00371 142950,597 

Capital cost 2822315,911 3986766,599 9397837,658 

Contingency cost (15%) 423347,3867 598014,9899 1409675,649 

Other fee (3%) 84669,47734 119602,998 281935,1297 

Total capital cost ($/kW) 6201,737012 4704,384587 2557,281914 

Working capital cost (20% TCC)($/kW) 1240,347402 940,8769175 511,4563828 

Total capital investment (TCC+WCC) )($/kW) 7442,084415 5645,261505 3068,738297 

 

• Stirling engine 

Equipment (CBM($)) 

 

2014 

Case 1 Case 2 Case 3 

Net electric output (kW) 371 691 3015 

Capital cost 1023105,799 1485877,576 3596404,98 

Contingency cost (15%) 153465,8699 222881,6364 539460,747 

Other fee (3%) 30693,17397 44576,32728 107892,1494 

Total capital cost ($/kW) 3254,083134 2537,388625 1407,548218 

Working capital cost (20% TCC)($/kW) 650,8166269 507,4777249 281,5096435 

Total capital investment (TCC+WCC) )($/kW) 3904,899761 3044,86635 1689,057861 
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Steam turbine 

Equipment (CBM($)) 2014 

Case1 Case 2 Case 3 

Net electric output (kW) 414.50 774 3349.8 

Steam turbine 1244311,268 1747936,601 3128602,364 

Pump 23269,51772 28485,21907 56144,82794 

Boiler 732992,4796 1102397,715 3601441,647 

Condenser 85247,67429 99611,66042 178511,6793 

Flue gas condenser 81731,54179 97008,12845 293910,8859 

Cyclone 17932,96783 23453,30503 60013,2098 

Capital cost 2185485,449 3098892,629 7318624,614 

Contingency cost (15%) 327822,8173 464833,8943 1097793,692 

Other fee (3%) 65564,56346 92966,77887 219558,7384 

Total capital cost ($/kW) 6221,647357 4724,409951 2578,057509 

Working capital cost (20% TCC)($/kW) 1244,329471 944,8819902 515,6115018 

Total capital investment (TCC+WCC) )($/kW) 7465,976829 5669,291941 3093,669011 

 

Appendix 4 

Electricity generation potentials from biomass resource in Nigeria 

Biomass resource Million tons/ yr Electricity potentials in TWh (35% ηel)  

Fuel Wood 39 29.10 

Agro waste 11 8.40 

Saw dust 1.8 1.34 

Municipal solid waste 4 3.0 
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