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CHAPTER 1 

INTRODUCTION 

1.1 Introduction 

There have been considerable technological changes in the generation of electric 

power over the past few decades. As fossil fuels are not renewable and have harmful 

effects on the environment, the focus has been transferred to the renewable and 

sustainable energy sources. Biomass is one of the widely used renewable energy source 

(RES) because of its certain advantages. In 2007, 7% of the United States’ energy was 

generated from the renewable energy sources of which 53% is produced by the biomass 

[1]. The main difference between biomass and other RES is its storability. Unlike solar 

and wind, biomass can produce a near constant, non-fluctuating supply of electricity. 

Both power and biofuels can be produced by using the biomass. Energy from biomass 

can be extracted through various ways like solid fuel combustion, gasification, digestion, 

and fermentation [2]. After the extracting stage, a gas turbine will convert the energy 

from the gas to the mechanical energy.  

Developing the comprehensive model for the biomass generation includes 

building the mathematical model of a gasifier, a gas turbine, and connecting these 

components to the generator. The transient stability studies include the response of the 

1 
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biomass generation system connected with power distribution system to severe 

disturbances. The economic and environmental analysis of the biomass products includes 

the overall cost and emissions with different biomass resources over the project’s life 

time. This chapter explains in detail the motivation and the objectives of the research. It 

also describes how the goals have been achieved by performing several simulations. The 

contributions of the work as well as the organization of the thesis are also given. 

1.2 Motivation for Research work 

Impact of distributed generator (DG) on electric grid needs to be analyzed before 

interconnecting to distribution system. Biomass based generation is one of the commonly 

used DG and quantifying technical impacts and benefits of Biomass Generation will help 

utilities to plan ahead for necessary upgrade in distribution system. Analyzing the impact 

requires comprehensive modeling of Biomass Generation system. Modeling efforts 

require expertise in different fields of engineering. Developing a biomass generation 

model includes the modeling of a gasifier, modeling of a gas turbine and designing and 

studying an electrical generator. Developed model can be used for stability analysis, 

transient simulation, protection studies and fault analysis. Analyzing the economic 

impacts of various types of biomass will help to come up with most economic available 

option for given location and size of Biomass Generation. Economic analysis will further 

help to decide proper size of generation to be connected to grid for most efficient 

operation. Assessing environmental impact will further help in quantifying benefits and 

incentive for distributed generation to avoid use of fossil fuels. 

2 
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1.3 Research work Contributions 

Modeling of the biomass generation involves many challenges as it comprises of 

chemical and biological reactions.  This being an interdisciplinary topic, not much 

research and development has been reported in literature. This research work has 

contributed towards the development of the biomass generation model including all parts 

from the biomass input to the consumer loads in one system. The work includes modeling 

of the components and interconnecting them together as well as studying the transient 

stability using the stability indicators. The research also aims to find the economical and 

environmental impact of using the biomass resources to generate the power. 

1.4 Objectives of the Research 

The objectives of the research have been divided into two categories: the first is 

modeling and the second is analysis. The modeling part of the work includes developing 

a model for the turbine and a power system. The analysis part includes the stability and 

sensitivity studies as well as economic and environmental impacts. The objectives and 

the steps followed to achieve the goals are as follows. 

Modeling: 

 Comprehensive modeling of the gas turbine in MATLAB/Simulink. 

 Modeling of the power system test cases and other components of biomass 

generation system. 

Stability and Sensitivity Analysis: 
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 Testing the gas turbine with a small power system (single machine infinite bus 

system) using SimPowerSystem tool box available in MATLAB/Simulink.  

 Interconnecting the validated tested gas turbine model with the four bus system 

and observing the system response. 

 Applying balanced and unbalanced faults and studying the transient stability. 

 Sensitive analysis on stability by varying the parameters of the gas turbine. 

 Studying the stability analysis for the 6 bus system including asynchronous 

generator and observing the impact of the induction machine. 

Economic and Environmental Analysis: 

 Modeling a simple biomass and diesel based power systems in HOMER software. 

 Collecting the data on the installation and operating costs as well as the carbon 

emissions of different biomass fuels. 

 Calculating the economics of the different biomass fuels and comparing them 

with the conventional fuel (diesel). 

 Estimating the environmental impact (Carbon dioxide emissions) of different 

biomass fuels and comparing the results with the diesel fuel. 

1.5 Thesis Organization 

This thesis has been organized in seven chapters as follows. 

Chapter 2 gives the background knowledge of the renewable energy sources, 

biomass energy, and biomass power plants. It also gives the information about the 

simulation tools used and the test case systems. Chapter 3 gives the details of the gas 
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turbine including the related work in the literature for the gas turbine. Chapter 4 explains 

the gasification process and types of the gasifiers. It also explains the economics of the 

gasifiers based on the amount of power that is generated using the gasification process. 

Chapter 5 presents all the results for the gas turbine and the integrated power system. It 

gives the details of stability analysis and the sensitivity. Chapter 6 gives the detailed view 

of the power system modeling in HOMER, data collection for the different inputs, 

economic analysis, and the environmental impacts. Results obtained from economic and 

environmental analysis are presented in this chapter. Chapter 7 gives the conclusions and 

the future work of the research. 

1.6 Summary 

Biomass based generation involves converting raw fuel to electricity output and 

needs to be studied to investigate the impact of biomass based generation on the electric 

grid. This chapter explained the importance of developing the biomass generation model. 

The research work done for modeling and the analysis of the biomass generation are 

described. The objectives of the research are summarized in this chapter and the approach 

followed to achieve the objectives is explained. 
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CHAPTER 2 

BACKGROUND 

2.1 Introduction 

This chapter gives background knowledge of renewable energy sources and 

biomass. The renewable energy sources are becoming popular due to their environment 

friendly nature. This chapter explains different renewable energy sources, their 

advantages, and their role in present day power generation. Biomass is one of the 

renewable energy sources that can be used to produce electricity. The types of the 

biomass and generating power using biomass are explained in detail here. In this 

research, the test case system has been modeled in MATLAB/Simulink to analyze the 

stability and sensitivity. HOMER software has been used to study economic feasibility of 

the biomass resources. This chapter also presents the details of these two software tools 

and the test case systems that are used for the analysis.

 2.2 Renewable Energy Sources (RES) 

Renewable energy sources are any sources of energy that can be utilized without 

depleting their reserves. RES include micro/mini hydro power, wind energy, geothermal, 

solar energy, and biomass. Hydro power uses the energy of the water flow to produce 

electricity. Turbines convert the hydraulic energy into mechanical energy and thereby 

7 
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electricity through a generator. Wind turbines use the energy from the wind to rotate 

turbine blades and produce mechanical power. Geothermal power uses the natural 

sources of heat inside the Earth to produce heat or electricity. Energy from the sun can be 

utilized to generate power with the use of different solar collectors. The stored energy in 

the organic matter (biomass) can be extracted in various ways to produce heat, biofuels, 

or power. 

Why Renewable Sources? 

Non renewable energy sources such as coal, natural gas, and oil are hazardous to the 

environment due to the emissions they produce. As these fuels are non renewable, one 

may run out of them in future. This led to the increased development of the renewable 

energy sources.  The present technological advances in the renewable energy sources 

make them more cost-effective and efficient. The advantages of the RES are given below 

[1, 2]. 

i. RES emit fewer emissions and thus protect the environment and public health.  

ii. RES are more secure than conventional fossil fuels as RES are not affected by 

geopolitical considerations. 

iii. Use of RES creates new competition which helps in restraining fossil fuel price 

increases and insulates the nation’s economy from fossil fuel price spikes and 

supply shortages or disruptions. 

iv. Even small amounts of energy can make a significant difference in remote rural 

areas and hence higher costs are justifiable. 

v. Use of RES diversifies the options to generate power. 

8 
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vi. Employing RES to produce electricity increases the job opportunities. 

vii.  Improving the standards of living.  

RES in USA 

Renewable energy plays an important role in the energy generation of the USA. 

Biomass is the world’s third largest renewable fuel behind hydro and wind. The United 

States of America is generating approximately 7,000 MW of power from the biomass 

being in the first place throughout the world. It is estimated that by the year 2020, the 

world’s power production from the biomass can reach 30,000 MW. Figure 2.1 shows the 

USA states which are rich in different biomass fuels. [3] 

Figure 2.1 Different types of renewable energy sources throughout the nation [4] 
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TTable 2.1 Poower generatted from difffferent renewwable energyy sources [4] 

TTable 2.1 shoows the amouunt of the poower that is ggenerated froom differentt biomass fuels in 

thhe nation [4]]. 

Accorrding to reference [4], in the yearr 2007, 7% of the Ameerica’s energy is 

prroduced by renewable eenergy out oof which 53%% is producced by biomass and folloowed 

byy hydroelecttric energy wwhich is 36%% (Figure 2.22) 
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Figure 2.2 Energy released by different renewable sources 2007, USA. [4] 

2.3 Biomass 

Biomass is the form of the energy stored in any organic matter.  Biomass is 

extensively used to produce biofuels. Due to the advantages of the RES, generating 

power from the biomass is becoming a challenge issue. Trees utilize the energy from the 

sun and carbon dioxide from the environment in the process of photosynthesis to produce 

carbohydrates. When plants die, the process of decay releases the energy stored in 

carbohydrates and discharges carbon dioxide back into the atmosphere. The reaction that 

converts biomass into glucose is given by equation 1.1. 

6H2O + 6CO2  + Radiant Energy  C6H12O6 + 6O2  (2.1) 

(Water)  (Carbon Dioxide) (Sunlight) (Glucose) (Oxygen) 

11 
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When the biomass is burned, the chemical energy is released as heat and this heat 

can be used for home applications or can be converted into power. The biomass cycle is 

as shown in Figure 2.3. 

Figure 2.3 Biomass cycle [6] 

2.3.1 Types of Biomass 

Biomass resources include crops, wood, animal waste, landfill gases, and 

municipal waste [7].  

12 
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Figure 2.4 Types of biomass [7] 

Wood and Crops 

Biomass crops include the energy crops such as switchgrass, miscanthus, sweet 

sorghum, and bamboo; industrial crops such as kenaf, and fiber; agricultural crops such 

as corn, and vegetable oils; aquatic plants include seaweed, and micro flora. Burning the 

wood or waste after harvesting the plants produces heat or can be converted into 

electricity. 

Garbage and Animal waste 

Garbage includes the waste from the residential areas and industries such as paper 

waste, and wood waste. Animal waste such as poultry litter, and cow manure can be used 

in the process of digestion to generate either gases like methane or power. Human waste 

also can be used to produce energy. 

13 
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Landfill gases and Alcoholic fuels 

When solid waste or garbage are buried in the soil, bacteria eat this dead particles 

and convert them into landfill gases. Alcoholic fuels like methanol, ethanol, propanol, 

and butanol can be used as biofuels to run the drives or engines. 

2.3.2 Extracting energy from Biomass 

Energy from the biomass can be extracted through various ways such as solid fuel 

combustion, gasification, fermentation, digestion, and fermentation.  

Solid Fuel Combustion 

It is the simplest technology to transfer energy from the biomass. Biomass 

particles including agricultural wastes or wood are burned in the combustor to produce 

the steam. This steam is converted into mechanical energy through a steam turbine which 

in turn converted into the electricity through a generator. In this direct combustion 

process, large amounts of ash will be produced which affects the performance of the 

combustion chamber and reduces the efficiency, so only few types of biomass are used 

for this combustion process. 

Gasification 

Gasification is the most adopted technology to convert the raw biomass material 

into hot gases. Gasification converts the biomass into gases like CO, CO2, nitrogen, 

oxygen, and methane. The combination of carbon monoxide and hydrogen is known as 

synthetic gas (also known as producer gas) which feeds the gas turbine to generate 

mechanical energy and thereby to produce electricity. Gasification has several advantages 

over direct combustion. First, the gasification process is easy and methane is a byproduct 
14 
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which can be again used to generate energy. Second, the producer gas which is the output 

of the gasifier consists of much less impurities and thus fewer pollutants will be released. 

Third, it is more efficient compared to solid fuel combustion. The gasification concept 

has been explained more in section 2.4.1. The gasification cycle is as shown in Figure 

2.5. 

Figure 2.5 Gasification cycle [8] 

Digestion 

Digestion uses anaerobic bacteria to convert the animal waste into energy. These 

microorganisms live in the place where there is no air. Organic matter or animal waste 

can be filled in the tanks called digesters (shown in Figure 2.6) and feeding bacteria in it 

will produce gases which can be converted into energy. This process is very efficient 
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 annd two thirdds of the fuell energy of tthe animal mmanure couldd be recoverred in the forrm of 

mmanure, biogases, or elecctricity. The digestion cyycle is as shoown in Figurre 2.6. 

Figure 2.6 DDigestion cyccle [9] 

FFermentationn 

Yeasts can be useed to fermennt the sugars of variouss plants into ethanol. Tyypical 

exxamples off fermentatiion productts are ethaanol, lactic acid, and hydrogen. The 

feermentation process produces more exotic comppounds suchh as butyric aacid and aceetone. 

Fermentationn cycle is shoown in Figurre 2.7. 
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Figure 2.7 Fermentation cycle [10] 

2.4 Biomass Power Plants 

Biomass power plants include several components that convert the raw biomass 

into the electricity. This section explains different apparatus that are present in the plant 

and their operation. Though the components vary from one to the other, a general 

biomass power plant based on the gasification technology is presented here. Dried 

biomass is the input to the gasifier where synthetic gases are released and the gas turbine 

converts the energy from the gas to the mechanical energy which in turn converted into 

electrical energy with the help of generator. The details of the gasifier and gas turbine are 

presented in this section. 
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2.4.1. Components 

2.4.1.1 Gasifier 

A gasifier is the chamber where gasification takes place. Gasifiers are of different 

types: updraft, downdraft, cross draft, and fluidized bed gasifiers. A simple updraft 

gasifier is shown in Figure 2.8. In the gasification process, the matter flows in gasifier 

through different stages: combustion, reduction, and pyrolysis. 

Figure 2.8 Updraft gasifier [11] 
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Pyrolysis: In the pyrolysis, the dried biomass is burned to produce volatile gases such as 

carbon monoxide, methane, and hydrogen at around 700ºC. 

      (2.2) 

Combustion: Activated carbon reacts with water vapor and carbon dioxide to form 

combustible gases such as hydrogen and carbon oxide.  

C+O2  CO2 +heat. (2.3) 

Reduction: The main reaction here is CO being formed from CO2 molecules and 

charcoal. 

C+CO2 2CO (2.4) 

The combination of carbon monoxide and hydrogen is known as the producer gas which 

is the final output of the gasifier and input to the gas turbine. 

2.4.1.2 Gas Turbine 

Gas turbines operate on the Brayton cycle. It consists of a compressor, a 

combustor, and a turbine. The compressor compresses the air and along with the fuel, and 

it enters into the combustor where the fuel gets burned and high temperature gases are 

released. These gases expand in the turbine by releasing mechanical energy. The 

mechanical energy feeds the generator to produce electricity. More details of the gas 

turbine are presented in chapter 5.  
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 continuous stream of electricity and hot or cold water or steam

2.4.1.3. Generator 

The final stage of the producing electricity is the generator. The mechanical 

power from the turbine is converted into electrical energy. The generator can be either 

synchronous or induction type. 

2.4.2 Types of Generation 

Co-Generation 

Cogeneration, also known as Combined Heating and Power (CHP), is an energy 

efficient and environmental friendly method. Both electricity and heat can be 

simultaneously produced by using this technique. The fuels used in cogeneration include 

natural gas, heating oil, propane, and biomass. When a fuel, such as coal or natural gas, is 

burned only about 33% of the energy released can be converted into electricity with 

present day technology. The remaining 67% of energy released is wasted as heat unless 

captured in another way. With the installation of cogeneration, large proportion of the 

waste heat can be captured and used as steam or hot water. As a result, cogeneration can 

utilize 75% or more of the fuel’s energy. This is significantly higher than the efficiency 

of conventional systems generating electricity and heat separately. Hence, cogeneration 

produces much lower emissions for each unit of energy produced. The other important 

advantage of CHP is economy compared to individual power and heat generations [12]. 

Distributed Generation 

Distributed Generation is the small scale power generation (usually ranges from 

10kW to 50 MW [13]) at or near the load centers. By installing smaller, more fuel-

flexible systems near the energy consumer, transmission and distribution power losses 
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can be reduced, thus it is more reliable and economic to install DGs. Distributed 

generation is especially beneficial when RES are used, it is a great opportunity to exploit 

the renewable energies around the world and expanding the energy options. The costs can 

be reduced and reliability can be improved through the installation of DG. The use of 

renewables as DG, provides clean and environmental friendly energy which has reduced 

emissions. The employment of DGs in the network need new power flow techniques and 

protection strategies as DGs bring many changes in the network [13].  

Figure 2.9 Distributed generation [14] 
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2.5 Previous and Current Research on RES 

Many research efforts are being conducted in the area of power systems related to 

the modeling and analysis of the renewable energy sources including hydro, photovoltaic 

cells, wind, biomass, and hybrid power systems. The modeling and simulation of 

different renewable energy sources have been carried out from several years. The 

transient and small signal stability studies and modeling of the hybrid power plants as 

well as the fuzzy and neurofuzzy approach have also been proposed in the past. 

Distribution generation using renewable energy sources and the new technologies to add 

DG in the network have been recommended.  

Much of the research has been done on the hydro power plants in the past. The 

modeling and simulation of different hydro turbine models, hydro power plants, and the 

power system studies including stability are presented in [15 - 17]. Different modeling 

techniques including generic hydro power plants and advanced technologies including the 

fuzzy and neural approaches to model and to study the dynamics of the hydro power 

plants are presented in [18 - 21]. The authors also examined the accuracy of the models 

by comparing different techniques.  Different optimization techniques for the hydro 

power plants included particle swalm optimization and neural approach are discussed in 

[22 - 26]. Research related to the development of the wind turbines, wind integration to 

the power system, validation of the wind power systems, interconnecting the wind turbine 

to an induction machine, power electronic interfaces for the wind generation, and stability 

studies of the wind generation, are presented in [27 - 32]. Research work related to the 

area of photovoltaic cells is presented in [33 - 36]. The authors describe the modeling of 
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the PV cells, interconnecting the models with the grid, and the advanced technologies 

including fuzzy controller. The optimization of the PV cells using fuzzy logic controller, 

HOMER are presented in [37 - 39]. 

As biomass is an interdisciplinary area, not much research has been done related 

to the biomass generation compared to other renewable energy sources. The modeling of 

the gas turbine is presented in [40 - 43]. Validating the developed gas turbines using the 

industrial data is presented in [44 - 47]. Different gas turbine models and the comparison 

of them with the power system studies are presented in [48]. Research work related to the 

optimization of the hybrid plants which also includes the biomass generator as one of the 

sources are presented in [49 - 51]. Optimal location of the biomass generation plants is 

presented in [52]. This research aims on modeling of the gasification based biomass 

generation, and studying the technical impacts including stability, sensitivity analysis as 

well as analyzing the economical and environmental impacts.  

2.6 Simulation Tools Used 

Modeling the gas turbine, integrating it with the distribution network, and 

analyzing the stability as well as sensitivity have been done using MATLAB/Simulink 

(commercial software) [53]. Modeling of the power system for economic and 

environmental studies has been performed using HOMER (freely available) software 

[54]. This section provides a brief discussion about these two software program. 
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2.6.1 MATLAB/Simulink 

MATLAB/Simulink R2007a has been used in this research. Simulink is 

simulation tool to model and analyze the dynamic systems. Simulink has extensive built 

in models in its library which enables the users to easily model and simulate the systems. 

Powerful GUI in the Simulink allows the users to simulate the systems by using different 

solvers like Euler, Ranga-Kutta forth order and sixth order algorithms. It even allows the 

users to develop their own models and to add them to the libraries [53]. Various 

components in the Simulink library are used to model the gas turbine. The power system 

modeling has been done using the SimPowerSystems toolbox available in the Simulink. 

SimPowerSystems extends Simulink by providing many basic and some advanced power 

system components which help the user to model and analyze power systems. It has 

different types of machines, sources, loads, transmission and distribution parameters, 

voltage, current, active power, and reactive power measurements in its library. The 

simulink library and the SimPowerSystem toolbox provide much flexibility to the user to 

model and analyze power systems in Simulink.  

2.6.2 HOMER 

The economic analysis and the environmental impact studies have been carried 

out using HOMER. Hybrid Optimization Model for Electric Renewables (HOMER) is 

freely available software developed by U.S National Renewable Energy Laboratory 

(NREL). This is a micro- power optimization model through which the user can develop 

different power system models and compare their economics [54]. HOMER models a 

power system’s physical behavior and its life-cycle cost, which is the total cost of 
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installing and operating the system over its life span. It can solve several thousands of the 

simulations at a time and ranks different alternatives of the power systems based on the 

net present cost. The graphical user interface (GUI) for HOMER is as shown in Figure 

2.10. HOMER has a powerful GUI which allows the user to add or remove particular 

components including a generator, load, photovoltaic cells, or converters. The modeled 

power system is shown on the left top most position. Using the ‘add/remove’ button, the 

components for the power system can be either added or removed. HOMER also provides 

a choice to the user whether to connect the system to the grid or not. Once all the 

components have been modeled, the input parameters for each component need to be set. 

After modeling and initializing the system, ‘calculate’ button can be clicked to get the 

results. Multiple input parameters can be set for each component to do sensitivity 

analysis. The right side window shows the results. Apart from the cost analysis, the 

emissions that are released by using specific source also can be determined using 

HOMER. The details of the economic and environmental analysis are presented in 

Chapter 6. 
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Available equipments in library 

Output window 

Modeled power system 

Figure 2.10 Snapshot of HOMER 

2.7 Test case systems 

A simple four bus system with one machine and an extended six bus system with 

two machines have been taken as the test case systems in this research.  

2.7.1 Four bus System 

A single line diagram of a four bus system is shown in Figure 2.11. The system 

consists of a distribution network of 12.47 kV and a Y-Y transformer which is stepping 

down the voltage from 12.47kV to 4.157kV and a synchronous machine of salient pole 

type of 4.157 kV and 6 MVA which is driven by a gas turbine of 5.2 MW. The system 

feeds the power to the three RL loads of 3000kVA each.  
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Figure 2.11 Single line diagram of a four bus system 

The Simulink model of a four bus system is given in Figure 2.12. 
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Synchronous

 generator 

RL loads 

Gas turbine 
Ideal source 

Figure 2.12 Simulink model of a four bus system 
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2.7.2 Six bus System 

The four bus system has been extended to a six bus system by including 

additional loads and an asynchronous machine. An asynchronous machine of 6 MVA and 

4.175 kV has been included in the system and the loads in the four bus system have been 

split at different buses with an additional 3000kVA added in the system. The single line 

diagram of a six bus system is shown in Figure 2.13.  

Figure 2.13 Single line diagram of a six bus system 

The transformer used is of Y-Y type and the synchronous machine is a salient 

pole machine having 32 pole pairs. A squirrel cage induction machine is used for the 
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Component Value 
Ideal source 12.47 kV, Feeder 
Synchronous machine 6 MVA, 4.175 kV 
Asynchronous machine 6 MVA, 4.175 kV 
Gas Turbine  5.2 MW 
Transformer 12.47 kV/4.175kV 

study. The induction machine acts as a generator if the mechanical torque supplied to it is 

negative. If the torque input to the machine is positive, then it acts as a motor. Table 2.2 

shows the summary of the different components and their ratings. 

Table 2.2 Components and their ratings in the six bus system 

The Simulink model of the six bus system is as shown in Figure 2.14. 
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Ideal source 

Synchronous generator 

Gas turbine 

RL loads 

Asynchronous generator 

Figure 2.14 Simulink model of six bus power system 
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2.8 Summary 

Biomass is one of the renewable energy sources which are being used widely. 

This chapter gave the overview of the renewable energy sources and the biomass by 

explaining its types and the present research. It also described process of converting the 

energy from the biomass into useful heat, biogases, or electricity. The gasification 

process which is very important in converting biomass into producer gas is explained. For 

modeling and analysis of power system, MATLAB/Simulink and HOMER have been 

used. This chapter presented the basic overview of these two software tools. Finally the 

test case systems which are used for the research has been explained. Finally, part of the 

modeling and the analysis has been presented in this chapter by the detailed analysis of 

the test case systems. 
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CHAPTER 3 

MODELING OF GAS TURBINE 

3.1. Introduction 

Gas turbines convert the energy of the gases to mechanical energy. In the biomass 

generation plant model, the biomass will be fed to the gasifier where gases are generated 

and these gases are input to the gas turbine which consists of the three components: 

compressor, combustor, and a turbine. This chapter explains the gas turbine history, 

operating principle, its components, applications, and the modeling of the gas turbine in 

the MATLAB/Simulink. 

3.2. Gas Turbine History and Development 

There is a vast development in the gas turbine technologies during past few 

decades because of its applications and advantages. The gas turbine technology concept 

was first introduced by Whittle through his patent on jet engines in 1930 and later Brown 

Boveri Company introduced the first practical gas turbine of 4 MW to generate the 

electricity at Neuchatel, Switzerland in 1939 [1]. The first gas turbine for an electric 

utility was installed in 1949 in Oklahoma by General Electric and it produced 3.5 MW of 

power. During the starting stages of its development, the efficiencies of gas turbine were 

about 17% due to the less efficiency of the compressor and turbine, but with the present 
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day technologies, it is possible to design these components with less losses [2]. A 

cutaway of a gas turbine jet engine is shown in Figure 2.1. 

Figure 3.1 Sectioned gas turbine turbojet [2] 

Gas turbines can be used in a variety of configurations [4]: (1) simple cycle operation 

which is a single gas turbine producing power only, (2) combined heat and power (CHP) 

operation which is a simple cycle gas turbine with a heat recovery heat exchanger which 

recovers the heat in the turbine exhaust and converts it to useful thermal energy usually in 

the form of steam or hot water, and (3) combined cycle operation in which high pressure 

steam is generated from recovered exhaust heat and used to create additional power using 

a steam turbine. Now-a-days different applications use simple-cycle gas turbine based 

CHP systems. Several applications which use gas turbine technologies and their ratings 

are shown in Figure 3.2. 
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Figure 3.2 Existing Simple Cycle Gas Turbine CHP - 9,854 MW at 359 sites (EEA 
2000 report [5]) 

3.3. Gas Turbine 

3.3.1. Gas Turbine Components 

Compressor 

A compressor is a chamber where compression of air takes place. It is connected 

to the turbine by a shaft in order to allow the turbine to turn the compressor. If both are 

connected through a single shaft, then it is known as single shaft gas turbine. A twin pool 

gas turbine has two connecting shafts. Gas turbine compressors are either centrifugal or 

axial, or can be combination of both [3]. Centrifugal compressors have compressed air 

output around the outer perimeter of the machine and these are robust and cheap. These 
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are limits to the pressure ratios of 6 or 7 to 1. Axial flow compressors have compressed 

air output directed along the center line of the machine and are most widely used in the 

gas turbines. 

Combustor 

Combustion chamber is the place where burning of the fuel takes place. Design of a 

combustor should satisfy many requirements and some principle requirements are given 

below [3]. 

i. It should be designed such that it supports multiple fuels, such as natural gas 

and diesel fuel for industrial applications and kerosene for aircraft high 

combustion efficiency at all operating conditions. 

ii. The combustion process should be without pulsations and stable under all 

operating conditions. 

iii. For good life requirements, the combustor should be designed for a low 

temperature variation and low pressure drop. 

iv. For industrial applications, the combustor should be designed such that it 

attains long life time. 

v. The diameter and length of the combustor should be compatible with engine 

outside dimensions. 

vi. The combustor should be designed for minimum cost, repair, and maintenance 

and should be lightweight for aircraft applications. 

A combustor consists of at least three basic parts: a casing, a flame tube, and a fuel 

injection system.  
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Turbine 

The turbine uses the energy of high temperature gases to convert to the mechanical 

energy. The design and manufacturing of the turbines is complicated because of its 

operation with hot gases. Special materials and elaborate cooling schemes must be used 

to withstand high temperatures.  Axial flow turbines are easier to manufacture compared 

to axial compressors because the turbine requires less stages compared to the compressor. 

Some gas turbines of lower ratings use radial inflow, but most of the turbines are of axial 

type. A gas turbine showing its compressor, combustor, and turbine is shown in Figure 

3.3. 

Figure 3.3 Cutaway of the gas turbine showing its components [10] 
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3.3.2 Gas Turbine Advantages 

The two main applications of gas turbines are in aircrafts and in power generation. 

They also can be used in cruise missiles and unmanned aerial vehicles. Some of the 

principal advantages of the gas turbine are as follows. 

i. Having less size and weight, gas turbine can deliver large amount of power. 

ii. Less maintenance cost and long life time. 

iii. Though it must be started by some external source, once started it can be 

brought up to full load conditions in minutes which can be observed in 

aircrafts. 

iv. Gas turbine can work with a wide variety of fuels. 

v. It can provide high operating speeds with low operating pressures. 

vi. The gas turbine requires no coolant such as water. 

3.3.3. Gas Turbine Disadvantages 

Though it has several advantages, it suffers from the following disadvantages. 

i. Cost is much greater than for a similar-sized reciprocating engine as the 

materials must be stronger and more heat resistant.  

ii. Connecting and operating requires expertise. 

iii.  Gas turbines are usually less efficient than reciprocating engines. 

iv. It produces delayed response to the variation in power settings. 
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3.4. Brayton Cycle 

Gas turbines operate under the Brayton cycle, which is named after George Brayton. 

An open loop Brayton cycle is shown in Figure 3.4 [10]. Open loop can be converted into 

a closed loop by adding a heat exchanger (see Figure 3.5). A physical gas turbine consists 

of a compressor, a combustion chamber, and a turbine. Air enters into the compressor at 

temperature T1 and pressure P1 where it gets compressed and fed to the combustion 

chamber. Fuel which is the other input to the combustor burns in the combustion chamber 

under constant pressure and delivers high temperature gases. These gases flow to the 

turbine where expansion takes place and mechanical energy gets released. 

Figure 3.4 Open loop Brayton cycle [10] 

The P-V and T-S curves clearly explain the Brayton cycle (shown in Figure 3.6). In 

the P-V curve, as the air is compressed in the compressor, the pressure is increased and in 

the combustor, the fuel is burnt at constant pressure, hence a straight line in the graph. 

Next as the turbine expands the fuels, the pressure will decrease. In the T-S curve, the 
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temperature increases a little bit in the compressor, more in the combustor, so increasing 

trend in the T-S curve. As the turbine expands the gases, the temperature decreases. 

Figure 3.5 Closed loop Brayton cycle [10] 

Figure 3.6 P-V and T-S curves of the Brayton cycle [10] 
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The efficiency of the gas turbine is calculated by comparing the input power to 

the output power as measured by mechanical energy in the output shaft. Usually turbine 

efficiency is called as thermal efficiency and can be expressed as follows.  

     

 
(3.1) 

or 

   
 

(3.2) 

where rp is the pressure ratio defined as  and k is the specific heat ratio. 

3.5 Developed Simulink Model of Gas Turbine 

The equivalent mathematical model for the gas turbine is shown in Figure 3.7. In 

the modeling of the gas turbine, following assumptions were made [7]:  i) it is a simple 

cycle, single shaft, generator drive only; ii) allowable speed range is 95 to 107 percent of 

the rated speed; iii) it operates at an ambient temperature of 59° and  at an ambient 

pressure of 101.325 kPa. In the modeling, all the values are taken in pu except the 

temperature. 
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Figure 3.7 Gas turbine model block diagram 

Gas turbine has three main control loops: speed control, temperature control, and 

acceleration control [7, 8]. The outputs of these three controls are the input to the low 

value select where the minimum of these three inputs will be selected and the control 

which ever takes less fuel will be active during that time. The fuel request signal from the 

low value select passes through fuel system and gas turbine dynamics where the turbine 

torque and exhaust temperature are measured. The model has been developed in 

Simulink. It is a software tool for modeling, simulating, and analyzing linear, nonlinear, 

continuous, discrete, and multi-domain time varying systems in interactive graphical 

environment [9]. GT model in simulink is shown in Figure 3.8. 
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Temperature control 

Speed control 

Acceleration control 

 

Figure 3.8 Gas turbine model in MATLAB/Simulink 

In the modeling, the effect of the inlet guide vanes has been neglected because they 

are active during only in the startup and shutdown, so their effect on the dynamics of the 

turbine is almost negligible. The three control blocks are explained in detail below. 

Speed Control 

Speed control is the major control loop during normal operating conditions. It can 

be either in droop configuration mode in which output is proportional to the speed error 

or in isochronous mode in which rate of change of output is proportional to the speed 

error. These two modes allow the gas turbine to operate when connected to the grid or in 

an isolated mode. This control block operates on the speed deviation formed between the 
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reference speed and actual speed. The gain of this control is inversely proportional to the 

droop, which is taken as four percent. This block is shown in the Figure 3.12. 

Figure 3.9 Speed control of the Gas Turbine 

Temperature Control 

Temperature control is the other means of control for the gas turbine which controls 

the exhaust temperature of the turbine. If the load demanded to the gas turbine increases, 

the exhaust temperature also rises. If this temperature exceeds a fixed maximum value, 

the temperature control block will become active. When it is active, the output of the 

temperature control is less compared to the speed control. Thus reduces the mechanical 

power and there by the exhaust temperature. This control block is as shown in Figure 

3.13. The exhaust temperature is measured in the series of thermocouple and radiation 

shield. The measured temperature is compared with the reference value, which varies 

with the rating of the gas turbine, and the error is fed to the temperature control block. 
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Figure 3.10 Temperature control of the Gas Turbine 

Acceleration Control 

The third control of the GT is the acceleration control that controls the speed of the 

turbine. During the startup and in the case of load rejection, the generator accelerates 

more, and if this exceeds the particular value, the acceleration control will become active 

and it reduces the high positive acceleration. Acceleration control is shown in Figure 

3.14. 

Figure 3.11 Acceleration control of the Gas Turbine 
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Gas turbine dynamics measure the turbine torque and exhaust temperature by using 

thermodynamic principles. 

The following equation has been used for calculation of the exhaust temperature. 

F1 = Tr –A1 (1-Wf) + B1 (1-N) (3.3) 

Gas turbine mechanical torque is calculated using equation 3.4. 

F2 = A2 (1-Wf) +B2 (1-N) (3.4) 

where 

Wf – p.u. fuel flow; 

Tr – turbine rated exhaust temperature 

N – p.u. turbine rotor speed; 

A1, A2, B1, and B2 – coefficients used for calculation of torque and temperature. 

The gas turbine developed in MATLAB/Simulink is adopted from reference [7] and the 

stability and sensitivity studies have been performed to investigate the impact of the 

biomass on the electric grid.   

3.6 Summary 

This chapter presented the historical and technical details of gas turbines. Gas 

turbine components and their operating principles, and the Brayton cycle are explained in 

detail. The gas turbine model has been developed in MATLAB/Simulink. This chapter 

explained the model developed for the gas turbine in MATLAB/Simulink and details of 

the model including the calculation of the mechanical torque and exhausting temperature 

are described 

51 
 



www.manaraa.com

 

 

3.7 References 

[1] Kenneth C. Weston, “Energy Conversion”, Electronic book, 2000. 

[2] Yunus A. Cengel, and Michael A. Boles, “Thermodynamics-An Engineering 
Approach”, McGraw-Hill, 2006. 

[3] Lee S. Langston and George Opdyke, “Introduction to Gas Turbines for Non-
Engineers”, Global Gas Turbine News, Volume 37, 1997, No.2 

[4] “Gas Turbine”, accessed: 01-15-2009, available at: http://www.emt-
india.net/process/power_plants/Gas_Turbines.htm 

[5] Energy Solutions Center, DG Consortium 2004, “Gas Turbine”, accessed: 01-15-2009, 
available at http://www.energysolutionscenter.org/distgen/AppGuide/Chapters/ 
Chap4/4-3_Gas_Turbines.htm 

[6] David Flin, “Gas turbine efficiency: how to maximize it”, ”, accessed: 01-15-
2009, available at 
http://www.cospp.com/display_article/273000/122/ARTCL/none/ 
TECHS/1/Gas-turbine-efficiency/ 

[7] W. I. Rowen, “Simplified mathematical representations of single shaft gas 
turbines in mechanical drive service,” Int. Gas Turbine and Aeroengine Congr. 
and Expo., Cologne, Germany, 1992. 

[8] P. Centeno, I. Egido, C. Domingo, F. Fernandez, L. Rouco, and M.Gonzalez, 
“Review of gas turbine models for power system stability studies,” 9th Spanish 
Portuguese Congress on Electrical Engineering, Marbella, Spain, 2005. 

[9] www.mathworks.com 

[10] C R. Russell, “Internal combustion engine”, accessed: 01-15-2009, available at: 
http://www.britannica.com/EBchecked/topic-art/187279/19424/Open-cycle-
constant-pressure-gas-turbine-engine 

52 

http://www.britannica.com/EBchecked/topic-art/187279/19424/Open-cycle
www.mathworks.com
http://www.cospp.com/display_article/273000/122/ARTCL/none
http://www.energysolutionscenter.org/distgen/AppGuide/Chapters
https://india.net/process/power_plants/Gas_Turbines.htm
http://www.emt


www.manaraa.com

 

 

CHAPTER 4 

GASIFICATION AND THE STATISTICAL ANALYSIS 

4.1 Introduction 

Gasificaiton is an important stage of the biomass generation while generating 

power. Gasification occurs in a chamber known as a gasifier. Gasifiers are a good 

alternative for producing heat and power with minimal impact on the environment. The 

process of gasification includes several biological and chemical reactions forming 

different stages known as combustion, reduction, and pyrolysis. The reactions that take 

place in these three zones are described in Chapter II. This chapter explains the 

gasification process in detail with the factors that affect the gasification. Some of the 

statistics in the process of the biomass generation are also presented in this chapter. A 

case study of a Mississippi has been taken into account and the results are presented. 

4.2 Factor affecting Gasification 

Gasificaiton is a robust proven technology that can be operated either as a simple, low 

technology system based on a fixed bed gasifier, or as a more sophisticated system using 

fluidized bed technology [1]. From the gasification process, synthetic gas (known as syn 

gas) is generated which is considerably clean and convenient to use. Some research has 

been done in the past with regard to the operating factors that affect the gasification. Here 
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the summary of this analysis from different research efforts are presented. Some of the 

factors that affect the gasification are given below [1, 2].Temperature 

i. Moisture content 

ii. Wood diameter 

iii. Preheating of air 

iv. Pressure 

Temperature 

In gasification, temperature influences rate constants and equilibrium constants. 

The compositions of CO and H2 increase significantly as temperature increases thus 

increasing the syn gas. The increase in temperature also decreases CH4 and CO2 slightly. 

Moisture content 

Moisture content has a very important influence on the cumulative conversion 

efficiency and the reactor design requirement. As the moisture content increases, the 

cumulative conversion efficiency drops. Hence usually drying of the biomass is carried 

out before processing the gasification. 

Size of the particles 

Char conversion consists of two processes namely, fast conversion and slow 

conversion. Fast conversion of char takes place at the entrance of the reduction zone due 

to the fast reaction rate. Smaller wood diameters are more likely to get converted to gases 

completely before the slow conversion begins because of their size. Thus gasifiers with 

shorter reactor lengths need small wood size. For larger particles, because of their size, 
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complete conversion may not be possible. Hence smaller wood size increases the 

conversion efficiency. 

Preheating of air 

Gasifiers are generally operated using ambient air temperature at 300 K. 

Cumulative conversion efficiency increases as the inlet air temperature increases because 

hot air provides additional enthalpy necessary for reaction thereby decreasing the 

equivalence ratio. 

Pressure 

Increased pressure boosts the reaction rate, enhances the yields of the carbon & 

methane and decreases the CO & H2. 

4.3 Energy from the Gasification 

The amount of the biomass utilized to generate the power has been estimated by 

using cost of energy calculator [3]. A simple block diagram of a biomass gasification 

plant is shown in Figure 4.1. 

Figure 4.1 Gasification process and power generation 
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A set of equations in different stages of the power generation has been involved in 

this study. Based on the factors that affect the gasification, the required biomass feed to 

generate energy has been formulated. The list of inputs is given in table 4.1. All the input 

values are taken from [3] and [4] due to the lack of the real plant data.  

Table 4.1 List of inputs to calculate the energy from the biomass 

Parameter Values 

Net electrical capacity (N.E.C) 100 kW 
Capacity factor (C.F) 85% 
Efficiency of gasification: biomass to clean energy ( ) 

Clean gas compositions: 

CO 

H2 

CH4 

CO2 

O2 

N2 

65% 

21% 

36% 

11% 

14% 

0% 

18% 
Higher heating values of 

CO 

H2 

CH4 

11, 566 kJ/L 

11, 615 kJ/L 

36, 316 kJ/L 
Lower heating values of 

CO 11, 566 kJ/L 
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H2 

CH4 

9815 kJ/L 

32, 718 kJ/L 
Higher heating of biomass feedstock  to gasifier 18, 608 kJ/kg 
Moisture content of biomass feedstock to gasifier 40 % 
Ash content 2 % 
Carbon concentration of char 30 % 

The parameters associated with the overall plant are calculated in equations 4.1 to 4.16. 

      (4.1)
 

        (4.2) 

   
 

 (4.3) 

The parameters involved in the gasification process are calculated by using equations 4.4 

to 4.12. 

       (4.4)
  

  (4.5)  

   
 

   
 

(4.6) 

       

 
100 

(4.7) 

  
3 

     3600 (4.8)
  

       (4.9)
 

     (4.10) 
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100 1 100

 (4.11) 

       
1000

 (4.12) 

The parameters of biomass feed are calculated below. 

    

power 
 100 (4.13) 

     gas 
100 

(4.14) 
higher heating of biomass 3600 

      
1000

 (4.15) 

      
1 100

 (4.16) 

By using the these formulas, the biomass feedstock that is required to generate a 

certain amount of power can be calculated. By using the input values and the equations, 

biomass consumption to generate 100 kW is obtained and are shown in Table 4.2. 
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Table 4.2 Results of the biomass power plant 

Values of different Parameters to 

generate 100 kW 

Value 

Total fuel power input 435 kW 

Biomass feed rate 129 kg/hr 

Annual biomass consumption (dry) 964 tons/yr 

Wet annual biomass consumption 1606 tons/yr 

Char production rate 4 kg/hr 

Annual char production 28 tons/yr 

Thus in order to generate 100 kW from the biomass, the required biomass is 2570 

(=964+1606) tons per year. This may not be true in reality because of the some of the 

input values are assumed and not takes from the plants. By considering 2% ash content 

generated in the gasification process, the annual char production rate is 28 tons. 

4.4 Summary 

Gasification is the process where the biomass is converted into synthetic gas. The 

gasification process depends on several parameters. This chapter described the major 

parameters that affect the gasification process. It also gave the formulation to calculate 

the specific biomass needed to generate given power in the biomass generation plant 

using [3]. 
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CHAPTER 5 

STABILITY ANALYSIS AND SIMULATION RESULTS 

5.1 Introduction 

This chapter deals with the stability analysis of biomass power generation 

connected to power distribution system. Different types of stability and the stability 

indicators that are considered for the research have been discussed. The modeled gas 

turbine is validated individually and then connected to the power system to study the 

stability. The sensitiveness of the electrical parameters to the gas turbine variables has 

been investigated. All the simulated results are presented in this chapter. 

5.2 Gas turbine simulation results 

The gas turbine presented in Chapter III is validated and the results are presented 

in this section. To test the gas turbine, it is assumed that the speed of the gas turbine is 

ramping up 10% in 20 seconds. The change in speed is shown in Figure 5.1.  
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Figure 5.1 Input speed change to the turbine 

Mechanical power output of the turbine is shown in Figure 5.2. 

Figure 5.2 Mechanical power output of the turbine 

The gas turbine has been tested for different loads and the results with 0.2 and 0.4 

pu load requirements are presented in Figure 5.2. As the speed input of the turbine is 
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increasing at 40 seconds, the mechanical power is also increasing at 40 seconds and as 

the speed is decreasing at 60 seconds, the mechanical power is also decreasing. At 100 

seconds, the mechanical power is increasing as the speed is increasing and thereby 

decreasing following the input. The mechanical power of the gas turbine is satisfying the 

load requirements.  

5.3 Stability Analysis 

Power system stability may be broadly defined as the property of a power system 

that enables it to remain in a state of operating equilibrium under normal operating 

conditions and to regain an acceptable state of equilibrium after being subjected to a 

disturbance [1]. The stability is associated with the behavior of the power system when 

subjected to a disturbance. The disturbance could be small or large. The small 

disturbances are in the form of load changes and the system will adjust itself to the load 

changes and supplied maximum amount of load. A short circuit, loss of generation, or 

loss of entire load fall under severe disturbances. These disturbances affect the system 

performance.     

5.3.1 Stability Classification 

The classification of the stability helps to understand the stability problem clearly. 

Figure 5.3 shows the classification of the stability. 
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Figure 5.3 Classification of stability [2] 

The power system stability has been classified into three main types: rotor angle, 

frequency, and voltage stabilities. They are again subdivided into different types based on 

the type of the disturbance and the time period.  

Rotor angle stability 

It is the ability of the interconnected synchronous machines of a power system to 

remain in synchronism. This type of stability is associated with the behavior of the power 

outputs of synchronous machines when their rotors oscillate. Under steady state 

conditions, there is equilibrium between the input mechanical torque and the output 

electrical torque of each machine and the speed remains constant. If one generator runs 

faster than the other due to the disturbance, the angular position of its rotor relative to that 

of the slower machine will advance. The resulting angular difference transfers part of the 
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load from the slow machine to the fast machine, depending on the power angle 

relationship. 

Small Signal Rotor angle Stability: It is the ability of the power system to maintain in 

synchronism under small disturbances. Such disturbances occur continually because of 

the change in load and generation. Eigenvalue analysis is used to study the small signal 

stability. 

Transient Stability: It is the ability of the power system to maintain synchronism when 

subjected to a severe disturbance. Transient stability depends on both initial operating 

state of the system and the severity of the disturbance. The contingencies usually include 

phase-to-ground, phase-to-phase-to-ground, or three phase types of faults. 

Voltage Stability 

It is the ability of the power system to maintain steady acceptable voltages at all 

the buses in the system under normal operating conditions and after being subjected to a 

disturbance. The main factor causing the voltage instability is the inability of the power 

system to meet the demand for reactive power.  

Large disturbance voltage stability: It is concerned with the system’s ability to control 

voltages following large disturbances such as system faults, loss of generation, or circuit 

contingencies. 

Small disturbance voltage stability: It is the system’s ability to control voltages following 

small disturbances such as changes in the load and generation. 
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Frequency stability 

It is the ability of the power system to maintain steady frequency following a 

severe system upset resulting in a significant imbalance between generation and load. 

Instability will occur in the form of sustained frequency swings leading to tripping of a 

generating unit or loads. It is classified into short term and long term frequency stability. 

5.3.2 Transient Stability Studies for this Research 

The approach for the sensitivity and the stability analysis can be clearly 

understood by Figure 5.4. 

Figure 5.4 Approach for the analysis of transient stability 
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The stability criterion is carried out under the different scenarios such as with no 

fault, with different faults, and with different machines. The parameters varied are 

minimum fuel flow and the coefficients of the turbine. Stability indicators that are taken 

for the analysis are the mechanical power, oscillation duration, rotor angle, terminal 

voltage, and rotor speed deviation. Transient stability of the power system is carried out 

by varying the parameters under different scenarios and measuring different stability 

indicators that are mentioned. The details of these stability indicators are presented 

below. 

Rotor angle: 

Rotor angle of the synchronous machine is a constant value under normal 

conditions. When fault occurs, the rotor angle increases and after some time, it will come 

to its normal position. This increase in the rotor angle can be used to assess the stability. 

If the increase in the rotor angle is more, then the system is less stable and vice versa.  

Maximum Rotor Speed deviation: 

Rotor speed deviation of the synchronous machine is zero. When a fault occurs, 

the rotor speed deviation gets disturbed and deviates from zero. The maximum peak that 

it attains during the fault period is known as the maximum rotor speed deviation. The 

more the maximum speed deviation, the less stable the system is and vice versa. 

Maximum rotor speed deviation can be better understood with the help of Figure 5.5. 
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Oscillation Duration: 

For transient stability phenomenon, the post fault behavior of the system is very 

important. Oscillation duration is the time taken by the system to bring the rotor speed 

deviation to its normal value which is zero. Oscillation duration is defined in [3] as 

“equal to the time interval between the application of the fault and the moment after 

which the rotor speed stays within a bandwidth of 1*10-4 p.u during a time interval longer 

than 2.5 seconds.” Oscillation duration should be less for the stable system. 

Figure 5.5 Maximum rotor speed deviation and oscillation duration 

Terminal Voltage: 

When a fault is applied, terminal voltage magnitude or phase will change and 

after clearing the fault it will settle to normal value. The change in the terminal voltage 

can be used to assess the stability. 
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Mechanical Power: 

During normal operating conditions, the mechanical power satisfies the load 

requirement, but when fault occurs, there  will be a disturbance followed by oscillation in 

the mechanical power. Mechanical power varies according to the turbine parameters, so it 

is used to analyze the sensitivity of the power system stability. 

5.4 Sensitivity Analysis 

Sensitivity analysis was done to analyze the sensitiveness of the stability to the 

turbine parameters as well as to verify the performance of the turbine. Turbine dynamics 

are represented by two functions which calculate the turbine torque and exhaust 

temperature. 

Gas turbine mechanical torque is calculated using the equation (5.1) [4]. 

F1 = A1 (1-Wf) +B1 (1-N) (5.1) 

Equation (5.2) calculates the exhaust temperature. 

F2 = Tr –A2 (1-Wf) + B2 (1-N) (5.2) 

where 

Wf – p.u. fuel flow; 

Tr – turbine rated exhaust temperature 

N – p.u. turbine rotor speed; 

A1, A2, B1, and B2 – coefficients used for calculation of torque and temperature. 

F1, F2 – functions that calculate torque and exhaust temperature respectively. 
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The sensitivity analysis is being carried out by varying 

i) minimum fuel flow 

ii) coefficients of the F1. 

iii) coefficients of the F2. 

As the speed of the gas turbine is 1 pu, the variation in the associated coefficients 

B1 and B2, is negligible. Hence the analysis is done by varying only A1 and A2 

coefficients. The results of the sensitivity analysis are presented in next section. 

5.5 Simulation Results 

5.5.1 Base case Results 

The system having a synchronous machine fed by a gas turbine, a distribution 

network, and loads is run (4 bus test case system presented in Chapter II) and base case 

results are shown in Figures 5.6 to 5.9. 

Figure 5.6 Rotor speed deviation under normal operating conditions (no fault) 
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Figure 5.7 Rotor angle under normal operating conditions 

Figure 5.8 Terminal Voltage under normal operating conditions 
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Figure 5.9 Mechanical power under normal operating conditions 

After some initial oscillations in the rotor speed deviation (Figure 5.6), it becomes 

zero. The rotor angle initially oscillates and settles at some stable point. During no fault, 

it is observed that the terminal voltage is 1 pu and the mechanical power is meeting the 

load requirement which is taken as 0.8pu. 

5.5.2 Results with Three Phase Fault 

Three phase fault has been applied near the synchronous generator and the 

stability indicators were observed. The results are shown in Figures 5.10 to 5.13. Fault is 

applied at 4 seconds and released at 4.1 seconds, i.e. the fault is cleared approximately 

after 6 cycles. The mechanical power is settling to 0.8pu which is the load requirement. 

At 4 seconds, there is a disturbance in mechanical power and is settling to 0.8 again 

(Figure 5.10). In the similar way, the disturbance in the rotor angle, rotor speed deviation, 
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and the terminal voltage have been observed when a fault is applied and all the indicators 

are stabilizing after some time of fault clearing. 

Figure 5.10 Mechanical power during three phase fault 

Figure 5.11 Rotor angle during three phase fault 
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Figure 5.12 Rotor speed deviation during three phase fault 

Figure 5.13 Terminal voltage during three phase fault 

The rotor angle of the machine is settling to around 10 degrees and the fault at the 

4 seconds is disturbing the rotor angle behavior and it is increasing to 90 degrees then 

74 
 



www.manaraa.com

after some time, it is settling to the same initial stable value. The increment in the rotor 

angle is 80 degrees. The rotor speed deviation is increasing to 0.0075 from zero because 

of the fault and is becoming zero after some time. The measured oscillation duration is 3 

seconds. The terminal voltage of the machine is 1 pu and during the fault, the voltage 

became zero which can be observed from Figure 5.13.  

For three phase fault, the analysis has been done by varying the offset, coefficients of F1 

and coefficients of F2. The results with these three cases are presented in the following 

sections. 

5.5.2.1 With different offsets  

The offset is the minimum fuel which is required to start the combustion. It is 

varied to see the impact on the stability. The offset from [4] is taken as 0.23 pu. In this 

research, it has been varied from zero to 1 in steps of 0.1 and the stability indicators were 

observed (see table 5.1) 
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Table 5.1 Stability indicators with different values of offset for three phase fault 

Offset Pmech 
(pu) 

Rotor 
angle 

(degree) 

Maximum 
rotor speed 
deviation 
(pu)*10-3 

Oscillation 
duration 

(sec) 

Terminal voltage 
oscillation 

duration (pu) 

0 0.74 97.3 10.3 7.6 5.5 
0.1 0.77 97 10.75 7.5 5.5 
0.2 0.79 96.6 11.2 7.4 5.5 
0.23 0.8 97 11.3 7.2 5.5 
0.3 
0.4 

0.82 
0.845 

97 
97 

11.6 
12.0 

7.2 
7.2 

5.5 
5.5 

0.5 0.87 97 12.5 7.5 5.5 
0.6 
0.7 
0.8 

0.897 
0.923 
0.949 

96.6 
97.3 
96.5 

13.0 
13.4 
13.8 

7.5 
7.5 
7.5 

5.5 
5.5 
5.5 

0.9 0.975 96.7 14.35 7.5 5.5 
1.0 1.0 97.5 15.0 7.5 5.5 

As the minimum fuel is increasing, the mechanical power is also increasing, 

which is obvious. The increase in the offset increases the maximum rotor speed 

deviation, and thus higher values of the offset lead to the less stable system. Apart from 

this, the gas turbine should satisfy the load requirement. At 0.23 value of offset, the 

turbine is satisfying the load requirement of 0.8 pu. The graphical representation of the 

change in the mechanical power and the maximum rotor speed deviation with different 

offsets are shown in Figures 5.14 and 5.15. 
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Offset:0-1 

Offset:1 

Offset:0 

Offset:0 

 

 

 

 

 

Figure 5.14 Rotor speed deviation with different values of offsets (0-1) for 3 
phase fault 

Offset 0-1 

Offset:0 

Offset:1 

Figure 5.15 Mechanical powers with different values of offset for three phase fault 
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5.5.2.2 With different coefficients of A1 

The coefficients of the A1 are varied and effect on the stability indicators was 

observed as presented in table 5.2. 

Table 5.2 Stability indicators with different values of A1 for three phase fault 

A1 Pmech Rotor angle Max rotor Oscillation Term Voltage 
Increment speed duration Oscillation 

(pu) (deg) deviation 
(pu)*10-3 

(sec) duration (sec) 

0.52 0.321 96.8 3.77 6.4 5.4 
0.78 0.48 97.0 6.07 6.5 5.4 
1.04 0.641 96.5 8.45 6.8 5.5 
1.3 0.8 97 11.3 7.5 5.5 
1.56 0.961 96.3 14.18 7.8 5.5 
1.82 1.12 96.5 17.38 8.2 5.5 
2.08 1.28 96.6 21.2 9.5 5.8 

As the A1 is increasing, the mechanical power, speed deviation, and oscillation 

duration are increasing. For more stable system, A1 should be less and as mentioned, the 

mechanical power should meet the load requirement. The graphical representation of 

change in the indicators is shown in Figures 5.16, 5.17, and 5.18. 
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For A1 =0.52 

For A1 = 2.08 

Figure 5.16 Rotor angles with different values of A1 for three phase fault 

For A1 =0.52 

For A1 = 2.08  

Figure 5.17 Rotor speed deviations with different values of A1 for three phase fault 
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For A1 =0.52 

For A1 = 2.08 

 

 

Figure 5.18 Mechanical power with different values of A1 for three phase fault 

5.5.2.3 With different coefficients of A2 

The change in the stability indicators with different values of A2 are presented in 

table 5.3. 

Table 5.3 Stability indicators with different values of A2 for three phase fault 

A2 Exhaust temp  

(F) 

Pmech 

(pu) 

Max rotor speed 
deviation 
(pu)*10-3 

Oscillation 
duration 

(sec) 

Rotor 
angle 
(deg) 

420 820 0.8 11.3 7.2 97 
560 780 0.8 11.3 7.2 97 
700 750 0.8 11.25 7.2 97 
840 720 0.8 11.26 7.2 97 
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980 700 0.8 11.2 7.2 97 
1120 645 0.8 11.3 7.2 97 

The increase in A2 does not have any impact on the mechanical power, and rotor 

speed deviation, oscillation duration because A2 is associated with the exhaust 

temperature calculation not with the mechanical torque. Though the exhaust temperate is 

calculated based on the value of the A2, at low value select, the speed control is active 

rather than the temperature control.  

5.5.3 Results with LG Fault 

A phase to ground fault has been applied on phase A and the stability indicators 

were observed. Fault is applied at 4.0 seconds and released at 4.1 seconds. The increase 

in the coefficient A2 decreases the exhaust temperature but there were no changes 

observed in the stability indicators (see Table 5.2) because at low value select, the speed 

control is active rather than the temperature control.  

5.5.3.1 With different offsets 

The offset is again changed between 0 and 1 as in the case of LG fault. The 

stability indicators with the change in offset are presented in Table 5.4. 
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Table 5.4 Stability indicators with offset variation for LG fault 

Offset Pmech 
(pu) 

Rotor angle 
(degree) 

Maximum 
rotor speed 
deviation 
(pu)*10-3 

Oscillation 
duration 

(sec) 

Terminal voltage 
oscillation duration 

(pu) 

0 0.741 14.4 4.49 6.5 5.5 
0.1 0.767 13.8 4.62 6.5 5.5 
0.2 0.793 13.5 4.76 6.5 5.5 
0.23 0.8 13.5 4.82 6.5 5.5 
0.3 0.819 13.7 4.9 6.5 5.5 
0.4 0.845 13.7 5.03 6.5 5.5 
0.5 0.871 13.7 5.175 6.5 5.5 
0.6 0.897 13.5 5.32 6.5 5.5 
0.7 0.923 13.3 5.46 6.5 5.5 
0.8 0.949 13.6 5.6 6.5 5.5 
0.9 0.975 13.5 5.76 6.5 5.5 
1 1.0 13.95 5.9 6.5 5.5 

The graphical representation of the change in rotor speed deviation and the 

mechanical power are shown in Figures 5.19 and 5.20. 
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Increased mechanical power with 
increase in offsets 

Offset:0 

Offset:1 

 

 

Figure 5.19 Rotor speed deviations with different offsets for LG fault 

As the offset is increasing, the mechanical power and the rotor speed deviations 

are increasing as in the case of three phase fault, but with less effectively. The best offset 

value could be the one which gives the satisfied load requirements as well as minimum 

rotor speed deviation. 
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Increased mechanical power with 
increase in offsets 

Offset:0 

Offset:1 

 

 

Figure 5.20 Mechanical powers with different offsets for LG fault 

5.5.3.2 With different coefficients of A1 

The similar results as the three phase fault were observed. Table 5.5 shows the 

stability indicators with different values of A1. 

Table 5.5 Stability indicators with different values of A1 for LG fault 

A1 

0.52 

Pmech 

(pu) 

0.32 

Rotor angle

 (deg) 

13.7 

Max rotor speed 
deviation 
(pu)*10-3 

2.24 

Oscillation 
duration 

(sec) 
6.5 

Terminal voltage 
oscillation 

duration (sec) 

5.5 
0.78 0.48 13.44 3.05 6.5 5.5 
1.04 0.64 13.6 3.92 6.5 5.5 
1.3 0.8 13.8 4.8 6.5 5.5 

1.56 
1.82 
2.08 

0.961 
1.12 
1.28 

13.4 
13.5 
13.6 

5.75 
6.71 
7.74 

6.5 
6.5 
6.5 

5.5 
5.5 
5.5 
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The graphical representation of the variation is as shown in Figures 5.21, 5.22, and 5.23. 

Not much change in rotor angle 
difference with increase in A1 

coefficient 

For A1 = 2.08 

For A1 = 0.52 

Figure 5.21 Different rotor angles with different values of A1 for LG fault 

Increased rotor speed deviation 
with increase in A1 coefficient 

For A1 = 2.08 

For A1 = 0.52 

 

 

 

Figure 5.22 Different rotor speed deviations with different values of A1 for LG fault 
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Increased mechanical power with 
increase in A1 coefficient 

For A1 = 2.08 

For A1 = 0.52 

 

 

 

Figure 5.23 Different mechanical powers with different values of A1 for LG fault 

5.5.3.3 With different coefficients of A2 

Table 5.6 Stability indicators with different values of A2 for LG fault 

A2 Exhaust 

temp (F) 

Pmech 

(pu) 

Max rotorspeed 
deviation 
(pu)*10-3 

Oscillation 
duration 
(sec) 

Rotor angle 
(deg) 

420 820 0.8 4.8 6.5 13.8 
560 778 0.8 4.8 6.5 13.8 

700 750 0.8 4.8 6.5 13.8 

840 737 0.8 4.8 6.5 13.8 

980 720 0.8 4.8 6.5 13.8 

1120 700 0.8 4.8 6.5 13.8 
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The simulation results with different values of A2 are presented in Table 5.6. The 

simulation results with LG fault are similar to those of three phase fault except the effect 

on the indicators due to LG fault is less compared to those of three phase fault. 

5.5.4 Simulation Results of 6 bus System 

The six bus system (presented in Chapter II) has been modeled with an additional 

induction machine. Fault is applied near the synchronous machine (at bus 5), near the 

induction machine (at bus 6), and at bus 4 which is equal distance from both the 

machines. This section explains the results in detail.  

5.5.4.1 No fault 

When there is no fault in the system, the base measurements are givens in table 

5.7. The speed of the asynchronous machine is quite a bit higher than 1 pu as it is 

operating in generator mode. 

Table 5.7 Terminal voltage & speed of synchronous and induction machines for 6  
bus system 

Indicators Synchronous machine Induction machine 
Terminal voltage (pu) 1.053 0.985 
Speed (pu) 1.0 1.01 

A three phase fault has been applied at buses 5 and 6 (near the induction machine 

and synchronous machine respectively).  
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5.5.4.2 Fault at Synchronous generator 

Results when 3 phase fault applied near the synchronous generator are presented 

in Table 5.8. 

Table 5.8 Indicators of both machines during 3 phase fault at synchronous generator 

Synchronous machine Induction machine 
Terminal voltage reduction 
(pu) 

0 0.496 

Terminal voltage peak (pu) 1.15 1.02 
Maximum speed (pu) 1.011 1.019 
Settling time (sec) 8 7 

When a fault is applied at the synchronous machine, the reduction of the 

synchronous generator voltage due to the fault is high compared to the voltage of the 

induction generator. The speed of the synchronous machine has been changed from 1 to 

1.011(difference=0.011) and of induction generator from 1.01 to 1.019 

(difference=0.009). Hence the increment in the speed of the synchronous generator is 

high. The settling time of the synchronous machine is high compared to the induction 

machine which means the asynchronous generator is taking less time to recover from the 

fault when compared to the synchronous generator. 

5.5.4.3 Fault at Asynchronous generator 

Results when 3 phase fault applied near the synchronous generator are presented 

in Table 5.9. 
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Table 5.9 Indicators of both machines during 3 phase fault at asynchronous generator 

Synchronous machine Induction machine 
Terminal voltage reduction 
(pu) 

0.728 0 

Terminal voltage peak (pu) 1.15 1.02 
Maximum speed (pu) 1.005 1.019 
Settling time (sec) 8 7 

When a fault is applied at induction machine, the effect of the terminal voltage 

magnitude of induction generator has much more impacted compared to that of 

synchronous generator. The speed of the synchronous generator is increasing from 1.0 to 

1.005 (difference=0.005) and that of induction generator is from 1.01 to 1.019 

(difference=0.009). Hence the speed change of induction generator is high compared to 

the synchronous generator. 

5.5.4.4 Fault at bus 4 

Table 5.10 Indicators of both machines during fault at bus 4 for 6 bus system 

Synchronous machine Induction machine 
Terminal voltage reduction 
(pu) 

0.33 0.05 

Terminal voltage peak (pu) 1.15 1.02 
Maximum speed (pu) 1.007 1.022 
Settling time (sec) 8 7 

When a 3-phase fault applied at equal distance from synchronous and induction 

generators, the change in the speed and the terminal voltages of the synchronous 
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 generator are more affected compared to the induction generator except the pu maximum 

speed. 

From the analysis and the results, it is concluded that the change in the induction 

machine parameters are less compared to the effect on the synchronous generator. The 

fault contribution of an induction generator is less, usually it dies out within a few cycles 

[5] and thus the settling time of an induction generator is less compared to the 

synchronous generator. 

5.6 Summary 

This chapter presented the details and the classification of the stability. The 

stability analysis used in this research is explained and all the results including gas 

turbine integrated with four bus, and six bus systems are given. The transient stability has 

been assessed using the stability indicators. A three phase and a phase-to-ground fault 

have been applied near the generator for stability studies. A six bus system studies are 

performed by applying fault at different locations.  
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CHAPTER 6 

ECONOMIC AND ENVIRONMENTAL ANALYSIS 

6.1 Introduction 

This chapter deals with the modeling of the power system for investigating the 

economic and the environmental impacts using Hybrid Optimization Model for Electric 

Renewables (HOMER). HOMER is a design model that determines the optimal 

architecture and control strategy of the hybrid system. Based on the given ratings, 

HOMER builds all the possible combinations and calculates an optimal solution. It ranks 

the systems according to the Net Present Cost (NPC). Different biomass energy types: 

agricultural residues, energy crops, forest residues, and animal waste; are taken as the 

inputs to the modeled power system and cost optimization analysis was developed. The 

Net Present Cost (NPC) is taken as the measure to analyze the economic aspects as well 

as to compare the biomass economics with the diesel source. The main advantage of the 

biomass is its environment friendly nature. This chapter also explains the detailed 

analysis on the effect of the different biomass resources on the environment. Research 

efforts include only studying the effect of carbon dioxide emissions in the environment 

not the other environmental factors such as sulfur and nitrogen. 

HOMER is a powerful software to design micro power systems and to analyze the 

cost of the power system. Extensive research efforts have been done in HOMER related 
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to the modeling of the hybrid power system and analyzing its economical and 

environmental impact.  The developed hybrid systems include different combinations of 

diesel, renewable energy sources, photovoltaic cells, or batteries. These hybrid systems 

are especially applicable for remote villages. The authors in [2] discuss the economic 

analysis and environmental impacts of integrating the photovoltaic array into diesel-

electric power systems for remote villages. The methodology to design the hybrid power 

system which consists of photovoltaic panel and fuel cells has been presented in [3].  This 

paper emphasizes on the hydrogen hybrid power system to obtain a reliable autonomous 

system with the optimization of the components size and the improvement of the capital 

cost. Authors in [4] present the modeling of the hybrid system consisting of diesel 

generator to which micro hydro power plant is added. It explains the cost effectiveness 

and the reduction of the gas pollutants by using hybrid systems and compares it with the 

conventional diesel source of the same capacity of the load.  Modeling of a hybrid system 

composed of a wind turbine, photovoltaic panels, and fuel cells is discussed in [5]. The 

authors proposed a new fuzzy logic power flow controller to provide continuous power 

based on the economic power generation. They concluded from the analysis that the 

renewable energy sources would be a feasible solution for distribution generation of 

electric power for standalone application at remote locations. 

This chapter explains the modeling of the power system in HOMER in detail by 

explaining all the components and its cost analysis. The results with different types of the 

biomass fuels as well as the comparison with the diesel generator will be discussed in 

detail. The effect of the biomass generation on the environment is emphasized by 
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considering the CO2 emissions. The results and conclusions from these economic and 

environmental analyses are presented at the end of this chapter. 

6.2. Components in the Model 

A simple small power system has been developed in HOMER which consists of a 

biomass generator, loads, and a grid. The details of these components and the input- 

output parameters of every component are explained in the following section. 

6.2.1 Biomass Generator 

HOMER assumes the biomass feedstock is fed into a gasifier to create biogas. 

One or more generators then consume the biogas to produce electricity. When a generator 

block is opened, the window appears as shown in Figure 6.1. 
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Figure 6.1 Generator dialog window in HOMER 

In the cost window, one can give the size of the generator, its capital, 

replacement, and operational and maintenance cost as the inputs to the generator. Based 

on the user’s data for the size and the cost, it will automatically update the cost curve. In 

fuel window, the type of fuel can be specified whether it is a biomass, diesel, gasoline, 

or natural gas. In the schedule tab, the user can indicate whether he or she wants the 

generator to be ON/OFF at a particular time. The emissions window helps the user to 

include the amount of carbon monoxide, unburned hydrocarbons, particulate matter, fuel 

sulfur, or nitrogen oxides released by generating using the particular type of source. 

HOMER also can perform sensitivity of the outputs to the changes in the inputs. 

Different sizes of the generator are considered to study the sensitivity analysis as well as 
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the economic architecture of the power system. The considered generator sizes are: 500 

kW, 1100kW, 1209kW, and 1300kW. These sizes of the generators are chosen such that 

it produces power equal to the peak load, above peak load, and below peak load. 

Different costs of the generator are given in the table 6.1 [6]. 

Table 6.1 Costs involved with the biomass generator 

Type of cost $/kW 
Capital cost 1000 
Replacement cost 800 
Operational and maintenance cost 0.01 

6.2.2 Load 

The load dialog window is as shown in Figure 6.2. Here the user can either upload 

any load profile file for the whole year or can enter the load profile for the 24 hour 

period. HOMER automatically calculates the whole year load profile from the 24 hour 

loads based on the day-to-day random variability and step values. 
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Figure 6.2 Dialog window of load component in HOMER 

The daily load profile is as shown in Figure 6.3 [6]. The yearly load profile with 

20% day-to-day random variability and time-step-to-step 10% is as shown in Figure 6.4. 

The peak load considered is 1209 kW and average daily load is 12 MWh/day. 

Figure 6.3 Daily load profile example 
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Figure 6.4 Annual load profile example 

6.2.3 Grid 

The user has three choices on modeling the grid. A user option “Do not model 

grid” allows the user to model off-grid system.  A system connected to the grid can be 

modeled when “System is connected to grid” button is checked. If the user wants to 

model an off-grid system but compare its economics with that of grid extension, 

“Compare stand-alone system to grid extension” option can be selected. 

When the system is connected to the grid, the price for buying the power from the grid 

needs to be specified. If the user does not want to sellback the power, he or she can 

mention the sellback rate as 0 $/kWh.  The grid dialog window is as shown in Figure 6.5. 

The price for buying the power from the grid is assumed as 0.1$/kWh and for sell back is 
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0.05 $/kWh [1]. Two different capacities of the grid: 0 and 700 kW are considered for the 

analysis. While optimizing the power system, HOMER takes both the grid capacities into 

account and ranks them according to their NPC.  

Figure 6.5 Grid dialog window in HOMER 

6.3 Biomass Resources 

For the analysis, four major biomass resources that are used widely: agricultural 

residues, forest residues, energy crops, and animal waste are considered. The costs and 

the availability of these resources are taken as inputs for the simulation. 

Agricultural Residues 
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The agricultural residues can be obtained from field or seed crops, fruit or nut 

crops, vegetable crops, and nursery crops. Straw or stubble from barley, beans, oats, rice, 

rye, and wheat, stalks; stovers from corn, cotton, sorghum, soybeans; orchard pruning, 

brushes, and vegetable crop residues consist mostly of vines and leaves that remain on 

the ground after harvesting can be used to generate electricity [7]. The availability of the 

corn in Mississippi is 1,141,000 tons/year and the cost of generating electricity from corn 

is nearly $ 40/ton [8 and 9]. This cost includes the cleaning, transportation, and storing. 

Energy Crops 

Energy crops are the fast-growing crops that are grown for the specific purpose of 

producing energy (electricity or liquid fuels) from all or part of the resulting plant. The 

most popular energy crops include switchgrass, willow, and poplar. The cost of using 

energy crops is high compared to the agricultural residues because the agricultural 

residues are the remaining waste products after harvesting where as the energy crops are 

grown with the sole aim of producing energy. The cost of the energy crops varies on the 

type of harvesting field, environment, and the number of acres used for harvesting. The 

availability of the switchgrass in Mississippi is 4.9 million tons and the cost of the energy 

crops is approximately $65/ton [10]. This cost includes the harvesting, cleaning, drying, 

transportation, and storing. 

Forest Residues 

Forest residues refer to treetops, branches, small-diameter wood, stumps, dead 

wood and even misshapen whole trees – as well as undergrowth and low-value species 

[11]. Mississippi logging residues availability is 3.6 million tons/year [12] and the cost of 
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logging residues is nearly $ 30/ton whereas the cost of the pellets is $ 36/ton as it 

includes cleaning, drying, and pellet making.  

Animal Waste 

Animal waste can be used to generate electricity by using anaerobic digestion or 

fermentation technique. Poultry litter, animal dung, and human waste can be used in this 

process. The availability of cow dung is 9,08,120 tons/year and the cost is approximately 

$50/ton [13]. This cost includes the cost of the digester, any other equipment for storing, 

and the transportation. 

6.4 Modeling the System in HOMER 

The developed model is shown in Figure 6.6. Based on the inputs given for the 

generator, load, and the grid, the simulations have been done.  HOMER ranks the systems 

by total Net Present Cost (NPC) not by the cost of energy (COE). 

Figure 6.6 Power system test case in HOMER 
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Net Present Cost (NPC) 

Net present cost is the discounted value of all the cash flows needed to operate 

and purchase the hybrid system over its lifetime. NPC is calculated by using the below 

formula [1]. 

  (6.1)
 

Where 

-total annualized cost ($/yr), defined as the sum of the annualized costs of each 

system component, plus the other annualized cost including capital, replacement, and 

operational and maintenance costs. 

CRF (i, N) -capital recovery factor and is the function of the real interest rate and the 

project lifetime. This factor is used to discount the cash flows to time zero. It is given by 

the following equation. 

  1  (6.2)
1 1 

Where i- interest rate 

N- number of years 

 - project life time (years) 

Cost of Energy 

It is the average cost per kWh of useful electrical energy produced by the system. 

To calculate the COE, HOMER divides the annualized cost of producing electricity with 

the loads and grid sales. The equation for solving the COE is given below [1]. 
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  (6.3)
 

Where 

- primary load served (kWh/yr) 

 – deferrable load served (kWh/yr) 

 - total grid sales(kWh/yr) 

Renewable Fraction 

It is the portion of the system’s total energy production originating from 

renewable power sources. The equation for calculating renewable fraction is given in 

equation [1]. 

   (6.4)
 

- renewable electrical production (kwh) 

 - renewable thermal production (kwh) 

 - total electrical production (kwh) 

 - total thermal production (kwh) 

6.5 Simulation Results 

The developed power system is tested with four different types of biomass 

sources and the total net present cost is compared with the conventional energy source. A 

range of costs is taken rather than a single value as the costs of these sources may vary 

time to time. Hence a range of net present costs exist. The results with agricultural 

residues, energy crops, forest products, animal waste, and diesel are presented in Figures 

6.7 to 6.11 based on screenshot from HOMER. In the results, the label and grid columns 
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show the available biomass generators and grid of different capacities. Columns 5 and 6 

give the initial and operating costs of different configurations. As mentioned, total NPC 

is a measure to find the optimal solution. The renewable fraction of the energy from the 

biomass, tons of biomass used to generate power, and the hours of operation are given in 

the results. 
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Figure 6.7 Results with Agricultural Residues for the price of 30-45 $/ton 
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Figure 6.8 Results with Energy Crops for the price of 60-70 $/ton 
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Figure 6.9 Results with Forest Products for the price of 30-36 $/ton 
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Figure 6.10 Results with Animal waste for the price of 46-50 $/ton 
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Figure 6.11 Results with Diesel for the price of 0.6-0.8 $/liter 

6.5.1 Results Summary 

The results presented in Table 6.1 are summarized in Table6.2. 
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Table 6.2 Net present costs for different fuels 

Fuel type Fuel cost ($/ton or 
$/lt) 

Net present cost (NPC) 

Agricultural 
residues 

30 – 45 $ 7,244,118 – $ 7,857,481 

Energy crops 60 – 70 $ 8,309,066 – $ 8,610,123 

Forest products 30 – 36 $ 7,244,118 – $ 7,586,529 

Animal waste 46 – 50 $ 7,887,586 – $ 8,008,009 

Diesel 0.6 – 0.8 $ 7,022,551 – $ 7,566,217 

The range of net present costs for the power system with different sources is 

presented in Table 6.2. Energy crops are costlier than other sources because of its 

additional harvesting cost. From the results, it is observed that the agricultural and forest 

residues are cheaper compared to other renewable sources. The cost of generating power 

from the diesel generator is cheaper than the other renewable energy sources, but the 

environmental effect from the biomass resources is less compared to the diesel. This 

study will be discussed in detail in next section. Though right now at this position, the 

biomass resources are costly compared to the diesel, in future, with the advanced 

technologies, renewable sources are expected to become cheaper.  

6.6 Environmental Impact 

Carbon dioxide is the main greenhouse gas that contributes to the global warming. 

Fossil fuels release CO2 to the atmosphere during their burning to release the energy. The 

amount of the CO2 from the fossil fuels is more when compared to the biomass. Biomass 

also releases the CO2 into the atmosphere, but the amount of carbon dioxide emissions 
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will be neutralized with the grown biomass which uses CO2 in their photosynthesis 

process. If the biomass resource is being used sustainably, there are no net carbon 

emissions over the time frame of a cycle of biomass production. In addition minor 

amounts of greenhouse gases may be created in producing the technology to transform 

the renewable energy resource into useable energy. The amount of the carbon dioxide 

emissions from different biomass fuels and of the diesel are clearly studied and analyzed 

with the help of HOMER. 

Figure 6.12 compares the levels of atmospheric greenhouse gases associated with 

one-million tons of biomass residues converted to energy in the year 2000, with the levels 

of atmospheric greenhouse gases that would have been caused by the same one-million 

tons of material in various alternative disposal pathways [14]. It also gives an idea of CO2 

that will be released from different sources for the future years. 
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Figure 6.12 CO2 emissions of different fuels 

6.6.1 Simulation Details and Results 

The carbon contents of different energy sources are presented in Table 6.3 based 

on [9, 14-18] 

Table 6.3 Carbon content of different sources 

No Fuel type Carbon content (%) 
1 Agricultural resources 47.4 
2 Energy crops 40 
3 Forest residues 15 
4 Animal waste 45 
5 Diesel 88 
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The carbon contents presented in Table 6.3 are taken as the inputs for the power 

system of different biomass fuels and the simulation results are presented. The quantity of 

all the biomass fuels obtained is 2355 tons and the CO2 emissions are given in Table 6.4.  

Table 6.4 CO2 emissions of different sources 

No Fuel type Quantity CO2 emissions (kg/yr) 
1 Agricultural resources 2355 tons 2547,986 
2 Energy crops 2355 tons 2547,348 
3 Forest residues 2355 tons 2545,190 
4 Animal waste 2355 tons 2544,284 
5 Diesel 212,646 lt/yr 3103,888 

The carbon dioxide emissions from the different renewable sources as well as of 

diesel are shown in table. From the results, it is evident that the CO2 emissions from the 

diesel are more compared to the biomass resources as the amount of carbon that is 

released during the conversion process is high compared to the biomass resources. 

Though CO2 emissions of the animal waste is less compared to agricultural and forest 

residues, the nitrogen emissions are crucial in the process of anaerobic digestion. 

6.7 Summary 

This chapter explained the economics of the different biomass resources and 

diesel fuel. HOMER software is used to model the system and to analyze the optimal 

power output as well as the overall cost of the system. The Net Present Cost (NPC) is 

taken as the measure to rank the different system combinations. Environmental effect of 

generating power from the diesel and biomass is presented and the amount of the carbon 
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dioxide emissions that are released during energy release has been discussed based on the 

simulations. 
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CHAPTER 7 

CONCLUSION AND FUTURE WORK 

7.1 Introduction 

This chapter gives the summary of the research work done related to modeling of 

the biomass generation system, and technical as well as the economic impacts of the 

biomass generation. This chapter concludes the findings, contributions, and the future 

work. 

7.2 Summary 

A comprehensive model for the biomass generation including a gas turbine has 

been developed. Developing a framework for analyzing the transient stability, economic 

feasibility, and environmental impact are the additional contributions of the research. 

The research goals were achieved successfully by developing a gas turbine based on the 

thermodynamic principles, integrating the gas turbine with the power system, studying 

the transient stability using the stability indicators and investigating the sensitivity of the 

stability with respect to the gas turbine parameters. The 4 bus and 6 bus power 

distribution systems were used as the test case systems for the analysis using 

MATLAB/Simulink. The economical and environmental analysis is carried out using 
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HOMER software developed by NREL. A simple power system has been modeled and 

the net present cost of the different biomass fuels over their life time has been calculated 

using the built in optimization techniques. A range of the costs were obtained for the 

biomass and diesel fuels and comparative analysis has been done. The carbon dioxide 

emissions released by different fuels has been investigated. It is concluded from the work 

that the overall cost of biomass resources is high compared to the diesel fuel, but the 

carbon emission from the biomass is less compared to the diesel. 

7.3 Research Contributions and Findings 

This research work contributes following: 

1. Development of comprehensive model for biomass generation. 

2. Development of framework for stability analysis for biomass generation 

integrated to distribution system. 

3. Development of framework for economic and environmental analysis for biomass 

generation integrated to distributed system. 

4. Technical, economical, and environmental impacts of biomass. 

Major findings of this research work include: from the economical analysis prove that 

agricultural residues are the most economic biomass resource among the considered 

biomass fuels. From the environmental analysis, it is concluded that the carbon dioxide 

emissions from the animal waste are less compared to other biomass resources. These 

results may vary depending on the plant location and the availability of the resources. 
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7.4 Future Work 

This work can be extended by detailed modeling of a gasifier and to study the 

system behavior with the gasifier control strategies. More realistic data from the utility 

plants can be used to do analysis. This research concentrated only on the transient 

stability analysis, which can be extended to study the system behavior in isolated mode, 

contingency analysis, and small signal stability in the future. The test case systems 

included in the study are four and six bus systems. The research can be extended by 

developing a bigger system consists of different biomass generations as distributed 

generators. 
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