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ABSTRACT 

 

This work reports an assessment of coupling micro gas turbine and high temperature fuel cell 

(SOFC) as a possibility to realize power plant with an efficiency of 60% to70%. The application 

of such a technology will be in the decentralized feed-in of housing estates and buildings with 

electricity, heat and cooling energy and further can be extended to centralized power plant with 

the developments in the technology of commercial fuel cell. Nowadays the first implemented 

prototypes reach efficiencies among 57- 58%. Solid oxide fuel cell (SOFC) stacks are at the core 

of complex and efficient energy conversion systems for distributed power generation. Such 

systems are currently in various stages of development. A micro gas turbine working alone has a 

lower efficiency around 30%. A fuel cell is a clean energy generator but it also has lower plant 

efficiency when fuel cell is used alone. A hybrid system combines the micro gas turbine and fuel 

cell to achieve a higher efficiency around 60 -70% by utilizing the exhaust of both fuel cell and 

micro gas turbine. A major amount of power output of the plant is generated by the fuel cell and 

fraction of the plant power output is generated by the micro gas turbine. The advantage of fuel 

cell is that it is not a heat engine and it is not limited by the Carnot efficiency, and since the 

efficiency of fuel cell is not limited by the second law of thermodynamics it can be reached up to 

100%.  

The mathematical model developed for SOFC/GT hybrid system, the developed model is then 

simulated in EES software. The SOFC/GT fueled with methane as fuel, an electrical efficiency 

of 66.5% using first law approach based upon LHV of fuel is calculated from the simulation of 

the developed model and delivering 1.5 MW power. The second law efficiency is also calculated 

and found 63.5%.In such a system more than 70% of the total power output is contributed by the 

SOFC unit. 
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Chapter 1 

Introduction 

We all are very well acquainted with the law of conservation of energy i.e. energy neither can be 

created nor destroyed and we do agree also with the doctrine, that the sources of energy are 

limited.  On another hand, increasing use and diminishing resources of fossil fuels and concerns 

about environmental issues such as emissions and global warming are leading people to pay 

more attention towards alternative resources of energy and highly efficient energy conversion 

systems. 

An extensive research is in progress in the field of fuel cell-gas turbine combined power plant 

systems. These systems use a high temperature fuel cell and a gas turbine to achieve higher 

overall performance and efficiency than a single mode power plant. Due to the high temperature 

of the exhaust gasses of the fuel cell, heat can be recuperated and used to drive a gas turbine. The 

gas turbine produces additional power by expansion of the exhaust gases and hence, utilizes the 

heat available in the exhaust of the fuel cell. 

1.1 Introduction to hybrid system 

Hybrid Systems are power generation systems in which a heat engine, such as a gas turbine, is 

combined with a non-heat-engine, such as a fuel cell. The resulting system exhibits a synergism 

in which the combination performs with an efficiency that far exceeds that which can be 

provided by either system alone. Thus the combination performs better than the sum of its parts. 

The working definition of Hybrid Power Systems is evolving, but currently the following 

statement captures the basic elements: 

Hybrid Power Systems combine two or more energy conversion devices that when integrated 

provide 

 (1) Additional advantages over those devices operated individually, and 
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 (2) A synergism that yields performance that exceeds the sum of the components.  

Based upon the definition of hybrid system, combination of gas turbine with a fuel cell (High 

temperature fuel cell) is a hybrid system. There are basically two methods which are generally 

used for coupling a micro turbine with a fuel cell to achieve a gas turbine and fuel cell hybrid 

system for power generation. 

1. Integration of a Micro Turbine and a SOFC by a Heat Exchanger 

2. Direct Integration of a Micro Turbine and a SOFC 

1.2 Motivation for the present work 

Fuel cells have the potential for high efficiency energy conversion, and they are very well suited 

to operate on hydrogen. Consequently, this technology appears to be very suitable for a post-

fossil-fuel based energy economy. However, the transition from a fossil fuel based energy 

system to a hydrogen based system is complicated and will take time. The SOFC suits well into 

this perspective, as it is the most applicable fuel cell type for both fossil fuels and hydrogen. 

Furthermore, the high operating temperature of SOFCs facilitates the combination with gas- and 

steam turbines to reach electrical efficiencies beyond the limitations of conventional 

technologies. Fuel cells in general are able to achieve high efficiencies even for small units, and 

this makes them very suitable for distributed generation. SOFC/GT power plants have been 

suggested for several applications such as stand-alone power plants, distributed generation, large 

scale power production and marine propulsion. 

An experimental investigation of this system for performance evaluation is very expensive. In 

this respect, mathematical modeling of system and its simulation on computer proves to be very 

inexpensive.  

1.3 Organization of the report  

This report presents the work of my master’s thesis based upon gas turbine and solid oxide fuel 

cell hybrid system, which is a part of the curriculum of master of engineering program.  The 
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report deals with the zero dimensional modeling of gas turbine and solid oxide fuel cell and 

simulation of the system based upon the developed modeling. 

 The report has been sub divided into seven chapters, chapter one deals with the introductory part 

of the gas turbines, fuel cell and hybrid system in brief and explains the reasons of motivation. In 

chapter two, a detailed review of literatures is presented. These literatures explain about the 

advancements and developments in the field of fuel cells, gas turbines and, gas turbine and fuel 

cell hybrid system. The literatures discussed are presented in a manner, which not only provides 

the notions about the developments in the respective field, but these build the basic knowledge of 

the system also.  

After the discussion of literature review, conclusion drawn from it and objective of the present 

work is elucidated. In chapter 3, a detailed study about the fuel cell is presented.  It explains 

about the fuel cell, types of fuel cell and solid oxide fuel cell in detail. After a theoretical 

discussion about the fuel cell, formulation of fuel cell is explained. To evaluate the performance 

of fuel cell through mathematical modeling, these formulations are used. Analogous to chapter 3, 

formulation of gas turbine power plant is explained in chapter 4. Each component of gas turbine 

power plant (such as gas turbine, compressor, and Combustion chamber etc.) is modeled 

separately using control volume approach with mentioned assumptions.  Chapter 5 deals with the 

introduction of hybrid system. It explains the method and technique to combine a fuel cell with a 

gas turbine. All the methods of combining a gas turbine with solid oxide fuel cell are discussed 

with the help of neat sketches. In chapter 6, solution methodology has been discussed for the 

analysis of model. In chapter 7, results obtained from simulation of gas turbine and solid oxide 

fuel cell hybrid system, based upon the model developed in EES (Engineering Equation solver) 

software, are explained. Finally in Chapter 8, conclusion drawn from the thesis work and scope 

for future work are explained in detail.   
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Chapter 2 

Literature Review 

Gas turbine and fuel cell system are an extensive area of research, in which several researchers 

have already made some mark and several others are indulging themselves in this direction. 

Literature survey for project is enlisted here. For sake of convenience, literature review has been 

divided into three groups: Fuel cell power plant system, Gas turbine power plant system and Gas 

turbine and fuel cell hybrid power system. 

2.1 Classification of literature review 

(1) Fuel cell power plant system 

(2) Gas turbine power plant system 

(3) Gas turbine and fuel cell hybrid power system 

2.1.1 Fuel cell power plant system 

Fuel cell is an electrochemical device which converts fuel (e.g. hydrogen) directly to electricity 

without undergoing combustion. Fuel cell technology is suitably integrated into the renewable 

energy scheme [1]. Fuel cells are an ideal means for generating electrical power and can provide 

benefit to the stationary power sector due to their, high efficiency in both part load and full load 

performance, ability to produce electrical power without combustion or rotating machinery, 

capability to function with cogeneration technologies, i.e., power and thermal energy production, 

and low non-combustion pollution level[2]. 

The common types of fuel cells are phosphoric acid (PAFC), molten carbonate (MCFC), proton 

exchange membrane (PEM) and solid oxide (SOFC), all named after their electrolytes. Because 

of their different materials and operating temperatures, they have varying benefits, applications 

and challenges, but all share the potential for high electrical efficiency and low emissions. 

Because they operate at sufficiently low temperatures they produce essentially no NOx, and 

because they cannot tolerate sulfur and use desulfurized fuel they produce no SOx. Because they 
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rely on electrochemical reactions instead of combustion, fuel cells need an easily oxidized 

substance, such as hydrogen. Some fuel cells, such as solid oxide fuel cells (SOFC), can also 

utilize carbon monoxide (CO). This makes them more fuel flexible and also generally more 

efficient with available fuels, such as natural gas or propane. Hydrogen and CO can be produced 

from natural gas and other fuels by steam reforming, for example. Fuel cells like SOFCs that can 

reform natural gas internally have significant advantages in efficiency and simplicity when using 

natural gas because they do not need an external reformer[3]. 

Solid oxide fuel cells (SOFCs) have been considered in the last years as one of the most 

promising technologies for very high-efficiency electric energy generation from natural gas, both 

with simple fuel cell plants and with integrated gas turbine-fuel cell systems. Among the SOFC 

technologies, tubular SOFC stacks with internal reforming have emerged as one of the most 

mature technology, with a serious potential for a future commercialization. A model is calibrated 

on the available data for a recently demonstrated tubular SOFC prototype plant. The model 

applies to a tubular SOFC stack fed with natural gas with internal reforming. The model 

calculates: thermodynamic properties and chemical composition of anode and cathode outlet and 

stack exhaust gases, SOFC thermal balance (efficiency, heat generated), SOFC second law 

analysis (entropy losses), as a function of fuel and air utilization, of the inlet compositions and 

average working temperature. The analysis of model reported an electrical efficiency of 52% 

based upon LHV of fuel. The discussion of the results of the thermodynamic and parametric 

analysis yields interesting considerations about partial load SOFC operation and load regulation, 

and about system design and integration with gas turbine cycles[4].  

A semi-empirical model presented that can be used to evaluate the performance of a proton 

exchange membrane (PEM) fuel cell, with less calculation than other models presented in 

literature [5].The PEM fuel cell operates at a lower temperature [6] (<100°C) [7].An empirical 

model of a PEM fuel cell has been developed to simulate the performance of fuel cells without 

extensive calculations and the effect of operating conditions on the cell performance has been 

investigated [8]. 
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The solid oxide fuel cell (SOFC) is one of the most promising fuel cells for direct conversion of 

chemical energy to electrical energy with the possibility of its use in co-generation system 

because of high temperature waste heat. The SOFC operates at 600-1000℃ where the ceramic 

electrolyte becomes conductive to oxygen ions, but nonconductive to electrons [9]. For modeling 

of a fuel cell a detailed review of modeling approach is explained in[9].One of the major 

advantage offered by the SOFC is, it offers a greater fuel flexibility; means fuel can be a mixture 

of hydrogen, methane, carbon monoxide and some other higher hydrocarbons. The effects of 

different variables (such as fuel utilization efficiency, air to fuel ratio etc.) on the plant efficiency 

of SOFC power plant has studied by [10]. 

An analytical model of a micro solid oxide fuel cell (SOFC) system fed by butane is introduced 

and analyzed in order to optimize its exergetic efficiency. The performance of SOFC micro 

power plant is calculated using operational parameters based on experimental results of several 

recent studies by [11]. 

Two different computational models developed for the electrical performance of the tubular 

SOFC designed by Siemens Westinghouse Corporation. The results of both the methods are in 

good agreement with the experimentally quoted data. A relatively simple analytical procedure 

can be used to predict the performance of cell as a function of cell dimensions [12]. 

The tubular solid oxide fuel cell (TSOFC) developed by Siemens Power Generation Inc. (SPGI), 

is selected .it is considered to be the most advanced design and is approaching 

commercialization. A computer simulation model of the SPGI 100 kW AC CHP (combined heat 

and power) TSOFC stack was developed using Aspen Plus®. The optimum realistic net electrical 

efficiency of the plant ranging between 36.1 to 37.8 % was identified [13].  

2.1.2 Gas turbine power plant system 

The Gas turbines have been used to produce power for many years. They are the main source of 

power for jet aircraft and can be used to create industrial power in gas turbine power plants. The 

concept is similar to that of a combustion engine: to convert chemical energy of a fuel into 

mechanical energy. The fluid cycle is similar to a combustion engine. A working fluid (usually 
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air) is compressed, fuel is added and the mixture is ignited to initiate combustion. The 

combustion releases energy and the fluid expands moving a physical barrier. The moving of the 

barrier is the mechanical work out of the cycle. A portion of this mechanical energy is then used 

to compress the fluid in the next cycle. The difference between a gas turbine and a combustion 

engine is that the gas turbine cycle runs continuously instead of in iterative cycles (one after the 

other). The basic components of a gas turbine are a compressor, combustor or heat exchanger, 

and a turbine [14]. 

 The gas turbine engine is known to have a number of attractive features, principally: low capital 

cost, compact size, short delivery, high flexibility and reliability, fast starting and loading, lower 

manpower operating needs and better environmental performance in relation to other prime 

movers, especially the steam turbine plant, with which it competes. However, it suffers from 

limited efficiency, especially at part load. Cogeneration, on the other hand, is a simultaneous 

production of power and thermal energy when the otherwise wasted energy in the exhaust gases 

is utilized. Hence, cogeneration with gas turbines utilizes the engine's relative merits and boosts 

its thermal efficiency. Thereby, the worldwide concern about the cost and efficient use of energy 

is going to provide continuing opportunities, for gas turbine cogeneration systems, in power and 

industry [15]. A comparison of various possible cogeneration schemes for gas turbine power 

plant has explained by [15].  

Another method of improving the efficiency of a gas turbine power plant system is to reduce the 

air inlet temperature. Adding an inlet air pre-cooler connected to the evaporator of an aqua 

ammonia absorption chiller which is driven by the tail-end heat recovered from the engine 

exhaust gases. A heat recovery boiler is used to partly recover the exhaust heat before entering 

the generator of the chiller. The performance of this combined system, namely power, efficiency 

and specific fuel consumption is studied and compared with the simple cycle. The variables in 

this parametric study are mainly compressor pressure ratio, turbine inlet temperature (TIT) and 

ambient Temperature. Result shows that the combined system achieves gains in power, overall 

efficiency, and overall fuel consumption, of about 21.5, 38 and 27.7%. The performance of the 

combined system shows less sensitivity to variations in operating variables [16].Gas turbines 

with air–water mixtures as the working fluid promise high electrical efficiencies and high 
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specific power outputs to specific investment costs below that of combined cycles. Different 

humidified gas turbine cycles have been proposed, for example direct water-injected cycles, 

steam-injected cycles and evaporative cycles with humidification towers. However, only a few of 

these cycles have been implemented and even fewer are available commercially. The basic idea 

of gas turbine humidification is that the injected water or steam increases the mass flow rate 

through the turbine. This augments the specific power output, since the compressor work 

remains constant (i.e. if water is injected after the compressor) and much less work is required to 

increase the pressure of a liquid than a gas[17]. 

A straightforward modification of the simple gas turbine cycle is to utilize the waste heat 

available at turbine exit by means of a heat exchanger or recuperator. A recuperator is a heat 

exchanger located in a gas turbine exhaust. It enables to transfer the heat from heat available in 

turbine exhaust gases to the combustor inlet air, consequentially increasing the temperature of 

the combustion inlet air and reduces the amount of fuel required to reach the desired TIT. It 

reduces specific fuel consumption compared to a conventional simple cycle gas turbine, while 

ensuring exhaust temperature is still suitable for CHP. The biggest challenge to the designer of 

heat exchangers is in the small engine class (micro-turbines); efficiencies over 30% can then be 

achieved. Gas turbine cycles with heat recovery are generally known as advanced cycles. Heat 

recovery schemes (recuperators or regenerators) are one of the most important ways increasing 

the efficiency of the power generation process by more than 40%; they also result in lower levels 

of pollution for a given output of electricity[18]. Pilavachi [18] has discussed some examples of 

developments/modifications to the gas turbine such as, increased TIT, waste heat recuperation, 

steam or water injection, combined cycle etc. to reach to a conclusion of higher efficiency 

obtainable from gas turbine system. 

2.1.3 Gas turbine and fuel cell hybrid power system 

The current concern with the consumption of fossil fuels and pollutant emissions (especially 

green house gases such as CO2) is the main motivator for the exploration of fuel cell systems as 

an alternative to traditional power generation systems. Solid oxide fuel cell (SOFC) 

hybridization with micro gas turbine (MGT) is an attractive option for power generation up to a 
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few MW. Electrochemical means of energy conversion (such as fuel cells) make it possible to 

achieve higher efficiencies than in conventional thermal cycles, because they are not limited by 

theoretical Carnot efficiency [19].  

In a close future, aircraft will probably consume a greater amount of electric power than present 

ones and will be subject to more severe environmental laws. These factors will demand a 

reformulation of the power production model, aiming at a system of increased power, more cost 

effective and with lower emissions. Solid oxide fuel cell (SOFC) micro turbine hybrid systems 

are a promising option for this reformulation, but it will be necessary to adequate them to the 

aerospace requirements[7]. Solid oxide fuel cell (SOFC) stacks are at the core of complex and 

efficient energy conversion systems for distributed power generation. Such systems are currently 

in various stages of development. These power plants of the future feature complicated 

configurations, because the fuel cell demands for a complex balance of plant. Moreover, 

proposed SOFC-based systems for stationary applications are often connected to additional 

components and subsystems, such as a gasifier with its gas-cleaning section, a gas turbine, and a 

heat recovery system for thermal cogeneration or additional power production[20]. 

Power generation using gas turbine (GT) power plants operating on the Brayton cycle suffers 

from low efficiencies, resulting in poor fuel to power conversion. A solid oxide fuel cell (SOFC) 

is proposed for integration into a 10MWgas turbine power plant, operating at 30% efficiency, in 

order to improve system efficiencies and economics. The SOFC system is indirectly coupled to 

the gas turbine power plant, paying careful attention to minimize the disruption to the GT 

operation. A thermo-economic model is developed for the hybrid power plant, and predicted an 

optimized power output of 20.6MWat 49.9% efficiency [21]. The advantages of these modern 

power plants are high electrical efficiency and low emissions. SOFC cogeneration systems 

achieved 46% electrical efficiency working at 1 atm.  Pressure and SOFC/GT hybrid systems 

achieved 53% electrical efficiency working at 3 atm. Pressure. The next target for SOFC/GT 

hybrid system is to achieve 55-60% electrical efficiency [22]  

A conceptually designed 30 kW capacity SOFC hybrid micro generation system has been 

investigated for its use in small distributed energy systems. Firstly the design-point and part-load 



 

 

26 

 

characteristics were investigated, and then part load performance of the system has been 

evaluated under two different operating modes of gas turbine. In these typical operating modes, 

i.e. constant and variable rotation speed gas turbine operation has considered and found that 

variable sped mode is more advantageous to performance degradation under part load 

condition[23].   

For a 200 kW power plant in which the fuel cell accounts for approximately three quarters of the 

generated power (149 kW) and the gas turbine one quarter (50 kW). The total system efficiency 

based upon electrical output of the design was calculated to be 43.4% [24]. A comparison with 

the efficiency of simple gas turbine cycle and regenerative gas turbine cycle shows the 

superiority of SOFC power plant for the considered electrical power range [25]. Methane fed 

hybrid SOFC-GT power generation system of capacity 1.25 MW is successfully modeled.  It has 

been demonstrated that SOFC-GT can achieve 60% net electrical efficiencies and it is feasible 

for SOFC to be integrated with a gas turbine engine. If we consider the recuperation at the 

downstream of the gas turbine, efficiencies can be further improved [26]. 

A Hybrid System based on High Temperature Fuel Cells coupled to a Micro turbine allows a 

high efficiency, low environmental pollution and it may be exploited as a CHP System 

producing heat and electricity both Grid Connected and Stand Alone; the overall electrical 

efficiency could reach a very high value (up to 60%) and total efficiency could be over 70% 

including the contribution due to heat recovery. The steady state simulation of the Hybrid 

System shown that the efficiency both of the Electrochemical Unit and of the whole Hybrid 

System can be higher than that of gas-steam turbine conventional power plant [27]. The overall 

thermal efficiency and specific power output of the hybrid gas turbine system was determined 

from a control-volume analysis using the first and second laws of thermodynamics. The cycle 

achieved a thermal efficiency of 64.1% at a pressure ratio of 14. The specific power output was 

found to be 520 W/kg s [28]. 

For a solid oxide fuel cell (SOFC) integrated into a micro gas turbine (MGT) hybrid power 

system, SOFC operating temperature and turbine inlet temperature are the key parameters, which 

affect the performance of the hybrid system. Thus, a least squares support vector machine (LS-
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SVM) identification model based on an improved particle swarm optimization (PSO) algorithm 

is proposed to describe the nonlinear temperature dynamic properties of the SOFC/MGT hybrid 

system by the author in his research paper. During the process of modeling, an improved PSO 

algorithm is employed to optimize the parameters of the LS-SVM. In order to obtain the training 

and prediction data to identify the modified LS-SVM model, a SOFC/MGT physical model is 

established via Simulink toolbox of MATLAB6.5. Compared to the conventional BP neural 

network and the standard LS-SVM, the simulation results show that the modified LS-SVM 

model can efficiently reflect the temperature response of the SOFC/MGT hybrid system[29]. 

A novel concept for integrating fuel cells with desalination systems is proposed and investigated. 

Two unique case studies were discussed; the first involving a hybrid system with a reverse 

osmosis (RO) unit and the second: integrating with a thermal desalination process such as multi-

stage flash (MSF). The exhaust gas from a hybrid power plant (fuel cell/turbine system) utilized 

for desalination units. This system global efficiency was found to be 76.69% that meets the US 

DOE’s (United States Department of Energy) goal of lower heating value efficiency above 70% 

[30].  

A system level modelling study of three combined heat and power systems based on biomass 

gasification is available. Product gas is converted in a micro gas turbine (MGT) in the first 

system, in a solid oxide fuel cell (SOFC) in the second system and in a combined SOFC–MGT 

arrangement in the third system. An electrochemical model of the SOFC has been developed and 

calibrated against published data from Topsoe Fuel Cells A/S and the Riso National Laboratory. 

The SOFC converts the syngas more efficiently than the MGT, which is reflected by the 

energetic electrical efficiency of the gasifier and MGT system in opposition to the gasifier and 

SOFC configuration. By combining the SOFC and MGT, the unconverted syngas from the 

SOFC is utilized in the MGT to produce more power and the SOFC is pressurized, which 

improves the efficiency to as much as ηel = 50.3% [31].  

A gas turbine and fuel cell hybrid plant scheduled to go online in the year 2012, and will achieve 

an efficiency of around 70% [32]. A critical survey of thermal efficiencies of combined SOFC-

GT in past literatures adopted from [33] is listed in Table 2.1. 
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Table 2.1: Survey of Thermal Efficiencies 

System configuration                                                   Efficiency                          Reference 

 

Pressurized cycle using an SOFC and integrated GT bottoming cycle                           68.10                                         Harvey and Richter [34, 35] 

Gasification process linked with an SOFC and GT                                                        60.00                                          Lobachyov and Richter [36] 

Pressurized SOFC–GT combined cycle                                                                          60–65                                        George [37] 

Pressurized SOFC–GT cycle with a heat recovery bottoming cycle                              70<                                            Campanari and Macchi [38] 

500 kW with GT reheat and air compression inter-cooling                                            65<                                            Palsson et al. [39] 

Recuperated micro gas turbine (MGT) with a high temperature SOFC                         60<                                            Costamagna et al. [40] 

SOFC stack, combustor, GT, two compressors and 3 recuperators                                60<                                            Chan et al. [41] 

50 kW microturbine coupled with a high-temperature SOFC                                         60.00                                         Massardo et al. [42] 

Pressurized tubular SOFC combined with an intercooled-rehear GT                             66.23                                         Rao and Samuelsen [43] 

Humid air turbine (HAT) cycle incorporated with the above cycle                                69.05                                         Rao and Samuelsen [43] 

Dual SOFC–HAT hybrid cycle                                                                                       75.98                                         Rao and Samuelsen [43] 

Internal-reforming (IR) SOFC–GT power generation system                                        60<                                            Chan et al. [44] 

Combined SOFC–GT system with liquefaction recovery of CO2                                  70.64                                         Inui et al. [45] 

30 kW MGT–SOFC hybrid system                                                                                 65.00                                         Uechi et al. [46] 

IR tubular SOFC–GT plant with 3 heat exchangers and mixers                                     65.4                                           Calise et al. [47] 

1.5 MW integrated IRSOFC with two GTs and one HRSG                                            60.00                                         Calise et al. [48] 

Two-staged low and high temperature SOFC power generation cycle                           56.10                                         Araki et al. [49] 

Multi-staged SOFC–gas turbine–CO2 recovery power plant                                          68.50                                         Araki et al. [50] 

Recuperated GT integrated with SOFC                                                                           59.4                                           Tse et al. [51] 

Recuperated GT with compressor air inter-cooling and two SOFCs                               68.7                                          Tse et al. [51] 

Recuperated GT integrated with SOFC                                                                           60.6                                           Haseli et al. [33] 
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2.2 Conclusions from literature review 

Solid oxide fuel cells (SOFC) are considered prime candidates for stationary power generation in 

the intermediate to long-term future. In addition to its clean and efficient operation, its high 

temperature of operation (800–1100 K) allows for use of a wide range of fuels (including CO), 

up to few MW power generation and for CHP application SOFC’s are the best option to combine 

with gas turbine system. The combine system offers a very high electrical efficiency ranging 

between 60 – 70% and with the advancement in the technology very soon these systems will 

achieve the targeted efficiency (75%).  

Recent interest in the field of gas turbine and solid oxide fuel cell hybrid system applications for 

the power industry has led to the need for accurate computer simulation models to aid in system 

design and performance evaluation.  

2.3 Objective of present work 

The purpose of the present work is to promote the near term realization of high efficiency 

decentralized power plants. The present research work has been performed to achieve the 

following objectives: 

1. To find best configuration of integrated gas turbine and solid oxide fuel cell hybrid system 

power plant from the available configurations. 

2. Thermodynamic modeling, simulation and performance evaluation of integrated gas turbine 

and solid oxide fuel cell hybrid system power plant using natural gas. 

3. Parametric study of this system using first and second law of thermodynamics. 
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Chapter 3 

Formulation of Fuel Cell 

In past sections we discussed about the fuel cell, gas turbine and combined gas turbine and fuel 

cell system. In this chapter we will discuss about fuel cell in detail and develop a formulation for 

modeling and simulation of fuel cell. We will first discuss fuel cell, types of cell and then about 

the formulation of the fuel cell. 

3.1 Fuel cell  

Fuel cells are electrochemical devices that convert the chemical energy of the fuel directly into 

electrical energy. The generic fuel cell basically consists of an electrolyte layer sandwiched 

between a porous anode and cathode electrode.  

 

A schematic representation of a fuel cell with all these parts is shown in Figure3.1. In a typical 

fuel cell, fuel1 is fed continuously to the anode compartment (negative electrode) and an oxidant2 

                                                           

1 The fuel is reformed before feeding into anode compartment if, fuel is not pure hydrogen.   

C

A

T

H

O

D

E 

H2 

Fuel in   

A

N

O

D

E 

0.5O2 

 Load 

H2O 

Depleted fuel and 

Negative ion 

Positive ion  

ELETROLYTE 

Oxidant in 

Or  

H2O Depleted oxidant 

and 

2e 

FUEL CELL 

Figure3.1: Description of Fuel Cell 



 

 

31 

 

is fed continuously to the cathode (positive electrode) compartment; the electrochemical reaction 

takes place at the electrodes to produce the current3. The hydrogen fuel and oxygen combines to 

produce electricity, heat and water. Heat is released due to exothermic electrochemical reaction. 

A catalyst 4 presents between in electrode and electrolyte splits the hydrogen into two parts a 

proton and an electron. The protons travel through the electrolyte to the cathode. The electron 

cannot pass through the electrolyte so they must flow through an external circuit, creating a DC 

circuit. The electron finally arrives at cathode where they recombine with the hydrogen and 

oxidant (i.e. oxygen). Heat and water is thus produced.      

3.2 Types of Fuel cell 

Fuel cells are classified primarily on the basis of electrolyte they employ. This determines the 

kind of chemical reactions that take place in the cell, the kind of catalysts required, the 

temperature range in which the cell operates, the fuel required, and other factors. These 

characteristics, in turn, affect the applications for which these cells are most suitable.  

There are 5 major types of fuel cells currently under development: 

1. Alkaline fuel cell (AFC) 

2. Polymer electrolyte membrane fuel cell (PEMFC) 

3. Phosphoric acid fuel cell (PAFC) 

4.  Molten carbonate fuel cell (MCFC) 

5. Solid oxide fuel cell (SOFC) 

Each type of cell has its own characteristics, limitations, advantageous, and application which 

has been tabulated in table 3.1. 

                                                                                                                                                                                           

2 The oxidant is oxygen which is taken from air; pure oxygen can be also supplied. 

3 Current is strictly defined as motion of a charged specie and can be in the form of anions (negatively charged 
species such as O2-), cations (positively charged species such as H+), or negatively charged electrons.   

4 The material of catalyst depends upon the electrolyte used; it could be made of platinum, nickel, perovskites.  
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Table 3.1: Type of fuel cell and properties [52-53] 

Fuel cell 
Type 

Operating 
Temperature 

Efficiency Charge 
carrier 

Electrolyte Catalyst Product 
water 

management 
 

Alkaline 
Fuel cell 
(AFC) 

 

60-70℃ 

 

36% 

 

OH- 

Aqueous solution 
of potassium 

hydroxide soaked 
in a matrix 

 

Platinum 

 

Evaporative 

Proton 
Exchange 
Membrane 
Fuel cell 
(PEMFC) 

 

85-105℃ 

 

40% 

 

H+ 

Solid organic 
polymer poly-

perfluorosulphuric 
acid 

 

Platinum 

 

Evaporative 

Phosphoric 
Acid Fuel 
cell (PAFC) 

 

160-220℃ 

 

40-45% 

 

H+ 

Liquid phosphoric 
acid soaked in a 

matrix 

 

Platinum 

 

Evaporative 
 

Molten 
carbon Fuel 
cell (MCFC) 

 

600-650℃ 

 

45-47% 

 

CO3= 

Liquid solution of 
lithium, sodium 
and/or potassium 
carbonate soaked 

in a matrix 

 

Nickel 

 

Gaseous 
product 

 

Solid oxide 
fuel cell 
(SOFC) 

 

800-1000℃ 

 

48-55% 

 

O= 

zirconium Solid 
oxide to which a 
Small amount of 
ytrria is added 

 

Perovskites 

 

Gaseous 
product 

Form table 3.1 we can conclude that the MCFC and SOFC are the fuel cell that has a high 

operating temperatures i.e.600-660oC for MCFC and 900-1100oC for SOFC. Due to these 

reasons these fuel cells are preferred for the gas turbine and fuel cell hybrid system. The SOFC 

has a quite high operating temperature than all the other fuel cells and it also offers a very high 

efficiency than other fuel cells. Because of the high operating temperature and high efficiency 

characteristic of the SOFC, this fuel cell is generally preferred for the hybrid system technology.  

3.2.1 Solid oxide fuel cell (SOFC) 

Solid oxide fuel cell (SOFC) systems have been recognized as the most advanced power 

generation system with the highest thermal efficiency with a compatibility with wide variety of 

hydrocarbon fuels, synthetic gas from coal, hydrogen, etc. [54]. A SOFC is a continuously fed 

electrochemical cell, where the electrodes and electrolyte are ceramic materials. The major 
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electrochemical reaction which takes place in an SOFC is the oxidation of fuel. A large variety 

of materials are used in SOFCs and novelSolid oxide fuel cells employ a solid oxide material as 

an electrolyte [ 55]. The material used for electrolyte is Yttria(����) stabilized Zirconia(����) 

and perovskites is used as catalyst. The SOFC is a straightforward two-phase gas-solid system so 

it has no problems with water management, flooding of the catalyst layer, or slow oxygen 

reduction kinetics. Internal reforming in SOFCs is possible over the anode catalyst, also partial 

oxidation reactions and direct oxidation of the fuel have been found to occur. Different concepts 

for solid oxide fuel cells have been developed over the years. Flat plates have an easier stack 

possibility while tubular designs have a smaller sealing problem. Monolithic plate and even 

single-chamber designs have been considered and investigated for SOFC use. Due to the high 

power density of SOFCs compact designs are feasible. An important advantage of SOFCs is the 

internal reforming. 

3.2.2 SOFC Design 

There are three types of SOFC designs are available: 

1. Tubular type 

2. Planar type  

3. The HEXIS (Heat Exchange Integrated System) tubular concept for SOFC (under 

development) 

3.3 Fuel cell stacking 

A single fuel cell theoretically can be made to achieve desired current and power output simply 

by increasing the active surface area of the electrode and flow rate of reactants. However, the 

output voltage of a single fuel cell is limited by the fundamental electrochemical potential of the 

reacting species involved and it is always less than 1V for real operating condition. Therefore to 

achieve a higher voltage and a compact design, a fuel cell stack of several individual cells 

connected in series are utilized. For a stack in series, the total current is proportional to the active 
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electrode area of each cell in stack and is the same through all cells in series. The total stack 

voltage is simply the sum of individual cells. For fuel cell in parallel, the current is additive and 

the voltage is the same in each cell. The combination of parallel and series is also used. The no. 

of stack is determined by the following equation: 

	
 = 	�
��	�
��
����                                                                   (3.1) 

	�
�� = ����                                                                        (3.2) 

�� = ��                                                                               (3.3) 

                                       

�
 = 	�
��
���� × ��
��                                                         (3.4) 

3.4 Electrochemical reaction 

When an electrochemical reaction takes place, the overall global ruction and thus the chemical 

energy difference between the beginning and the end states of the reactant and products are 

identical to the analogous chemical reaction. However, an electrochemical reaction circulates 

current through a continuous circuit to complete the reaction, while a purely chemical reaction 

does not. The electrochemical reaction for hydrogen and methane are as follows: 

For hydrogen 

Anode:                                       

�� → 2� + 2"#                                                                      (3.5) 

Cathode:                                          

2� + 2"# + 12 �� → ���                                                      (3.6) 
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Overall:                                           

�� + 12 �� → ���                                                                       (3.7) 

For methane 

Reforming Reaction:                       

'�( + 2��� → 4�� + '��                                                    (3.8) 

Anode:                                             

'�( + 4� → 2��� + '�� + 8"                                           (3.9) 

Cathode:                                               

12 �� + 2" → �                                                                      (3.10) 

Overall:                                            

'�( + 2�� → 2��� + '��                                                 (3.11) 

3.4.1 Consumption and production of species 

This section answer to an important question: how much mass of a given reactant is required to 

produce the required amount of current? Conversely, how much current is required to produce a 

certain amount of product? The production and consumption of species are governed by the 

Faraday’s law of electrolysis: 

1. For a specific charged passed, the mass of the products formed are proportional to the 

electrochemical equivalent weight of the products. 

2. The amount of product formed or reactant consumed is directly proportional to the charge 

passed. 

The second law is the most important for fuel cell study. The current generated is proportional to 

the mass reacted or produced: 
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, ∝  �                                                                                     (3.12) 

Considering a purely electrochemical reaction, rate of molar Consumption or production of 

species x (mol of x/s) given as: 

./ 0  = ���.1 = �.1                                                                        (3.13) 

3.4.2 Measure of reactant utilization efficiency 

Faradic efficiency: it is the measure of the percent utilization of reactant in galvanic process: 

23 = 4ℎ"6�"4�789 �":;��"< �84" 6= �"8748.4 >;??9�"<874;89 �84" 6= �"8748.4 >;??9�"<                                       (3.14) 

When applied to the fuel in a galvanic redox reaction the Faradic efficiency is known as fuel 

utilization efficiency: 

 @3 = 4ℎ"6�"4�789 �":;��"< �84" 6= =;"9 >;??9�"<874;89 �84" 6= =;"9 >;??9�"<                                               (3.15) 

In case of electrolytic process, some side reaction takes place and inefficiencies may occur, 

which results in less than a complete conversion. The current efficiency is defined as: 

23 = 874;89 �84" 6= >?"7�"> �"874"< 6� ?�6<;7"<4ℎ"6�"4�789 �84" 6= >?"7�"> �"874"< 6� ?�6<;7"<                                     (3.16) 

3.4.4 Stoichiometric ratio 

Cathodic Stoichiometric ratio is defined as:  

A� = 123,� = 874;89 �84" 6= 6C�<�D"� <"9�E"�"< 46 784ℎ6<"4ℎ"6�"4�789 �84" 6= 6C�<�D"� �":;��"<                               (3.17) 

Anodic Stoichiometric ratio is defined as:  
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A� = 123,� = 874;89 �84" 6= =;"9 <"9�E"�"< 46 8.6<"4ℎ"6�"4�789 �84" 6= =;"9 �":;��"<                                           (3.18) 

3.4.5 Flow stoichiometry 

Due to inefficiency in reactant utilization, the molar flow rate of reactant is given as: 

./ FG = AF ���.1 = AF �.1                                                                   (3.19) 

The consumption of reactant is evaluated by using Faraday’s law as stated above is rewritten 

here 

./ �HG
IJ
K = ���.1 = �.1                                                            (3.20) 

Therefore the amount of reactant out of a fuel cell is  

./ HI� =  ./ FG − ./ �HG
IJ
K = (AF − 1) ���.1                                                  (3.21) 

3.5 Calculation of voltage  

3.5.1 Calculation of maximum expected voltage (Eo):  

Invoking first law of thermodynamics for a simple compressible system 

<M = NO − NP                                                                       (3.22) 

The work can be divided into mechanical expansion work and electrical work: 

NP = NPQ + NP
 = R<� + NP
                                                      (3.23) 

 For a reversible system, second law of thermodynamics can be given as 

NO = S<T                                                                         (3.24) 
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The differential change in the Gibbs free energy is given as: 

<U = <� − S<T − T<S                                                        (3.25) 

For a constant temperature process equation (3.24) becomes 

<U = <� − S<T                                                                       (3.26) 

The differential change in enthalpy for a given reaction is 

<� = <M + R<� + �<R                                                        (3.27) 

For a constant presure process, the differential change in enthalpy is 

<� = <M + R<�                                                                       (3.28) 

Now, subsitttuting eq. (3.23) and (3.22) in (3.21) we get, 

<M = S<T − NP
 − R<�                                                         (3.29) 

Now by subsittution of eq. (3.27) and (3.28) into (3.25), we can show that 

−<U = NP
                                                                         (3.30) 

Since the equation (3.29) has been derived for a reversible system, it is an expression of the 

maxium electrical work possible from the system. Now consider the work required to move a 

given charge: 

 V
 = .1WH                                                                                    (3.31) 

It should to be noted here, that WH
 is not energy; it is voltage. Combining equations (3.31) and 

(3.30) WH can be written as: 

WH = − ∆U.1                                                                               (3.32) 
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This is the maximum possible reversible voltage of an electrochemical cell and WH is also called 

the reversible voltage. 

3.5.2 Calculation of thermal voltage ([\\):  

When all the potential chemical energy for a reaction went into electrical work, if there were no 

heat transfer, there were no entropy changes (i.e. reversible adiabatic process); form equation 

(3.25) <U = <�. In this case: 

WHH = − ∆�.1                                                                              (3.33) 

This is the maximum voltage for a reversible adiabatic system. It is also known as the thermal 

voltage. 

3.5.3 Calculation of thermodynamic cell efficiency (ηth ):  

The thermodynamic efficiency of a fuel cell is defined as the ratio of actual electrical work to 

maximum  

]�^,J�0 = WH
WHH = −∆U/.1−∆�/.1 = ∆� − S∆T∆�                                                 (3.34) 

The equation (3.34) can be rearranged as: 

]�^,J�0 = 1 − S∆T∆�                                                              (3.35) 

3.5.4 Calculation of Nernst voltage (E): 

Since the enthalpy is a function of only temperature it can be easily concluded that the thermal 

voltage (WHH)  is also a function of temperature alone, while the reversible voltage (WH)  is 

actually a function of temperature and pressure of the reactant and products. The Nernst equation 
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is an expression of the maximum possible open circuit voltage5 as function of temperature and 

pressure and is an expression of an established thermodynamic equilibrium. Consider a global 

redox reaction in a fuel cell: 

E`� + Ea ↔ Ec' + Ede                                                                              (3.36) 

Where the E′> are the stoichiometric coefficients of the balanced electrochemical reaction. From 

thermodynamics of systems in equilibrium: 

∆U = ∆U(S) − fIS 9. g8h̀`   8aha
8chc8dhd i                                                           (3.37) 

Where the 8’s are the thermodynamic activity coefficients for the reacting specie. To convert 

above equation in voltage form, dividing by .1: 

W(S, R) = W = − ∆U .1 + fIS.1 9. g8h̀`   8aha
8chc8dhd i                                                     (3.38) 

This equation is known as General Nernst voltage expression. By using this we can write Nernst 

voltage equation for variety of fuels. The expression for hydrogen and methane are given below: 

Nernst voltage expression for hydrogen fuel cell 

W = Wj + fIS21 9. kRlmRnm
o/�

Rlmn p                                                                   (3.39) 

Nernst voltage expression for methane fuel cell 

W = Wj + fIS81 9. g RclqRnm�
Rlmr� Rcnm

i                                                                           (3.40) 

                                                           

5
 The voltage available at the zero cells current is termed as the open circuit voltage. 
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3.6 Polarization curve: 

It represents the cell voltage-current relationship for evaluation of fuel cell performance. 

Polarization curve is a very important tool for studying the complete performance of any fuel 

cell. The polarization curve is generally plotted between cell voltage and current density instead 

of voltage and total current. A polarization curve plotted between cell voltage and current density 

of the fuel cell is shown in Fig3.1. The graph show in the Fig3.1 has been plotted for a polymer 

electrolyte membrane fuel cell in EES. There are five types of losses which results in departure 

from maximum thermal voltage to actual cell voltage: 

3. Losses due to entropy change which cannot be engineered. 

2. Losses due to activation overpotential at the electrodes. 

3. Losses due to Ohmic polarization. These are the resistive losses which include all electrical 

and ionic conduction losses through the electrolyte, catalyst layer, cell interconnects, and 

contacts. 

4. Losses due to concentration polarization of the fuel cell, caused by the mass transport 

limitation of the reactant to the electrodes. 

5. Losses due to undesired species crossover through electrolyte, internal currents due to leakage 

of electron through the electrolyte, or any other impurity.   

Hence, actual cell voltage is the difference of Nernst voltage and losses, given as: 

��
�� = W − ]�,� − s]�,�s − ]�,� − s]�,�s − ]t                                                       (3.41) 

Where, ��
�� is actual cell voltage, W is theoretical cell voltage, ]�,� is activation loss at anode, 

]�,� is activation loss at cathode, ]�,� is concentration loss at anode, ]�,� is concentration loss at 

cathode, and ]t is losses due to resistance. These losses have been discussed in detail in next 

sections.  
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Figure 3.2: Polarization Curve for a Typical Fuel Cell. 

3.6.1 Activation polarization (uv) 

Some voltage difference from equilibrium is needed to get the electrochemical reaction going. 

The activation losses are due to sluggish kinetics of electrochemical reaction. It dominates losses 

at low current densities. Activation losses are less dominant in case of SOFC due high operating 

temperature. Physically, the activation losses are the losses required to initiate the reaction. In 

similar fashion, consider a gasoline vapor and air mixture in combustion chamber, it needs an 
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ignition energy input for combustion. It is evaluated by using Butler–volmer model of kinetics. 

Some semi empirical relations are also available. The BV6 equation is given as: 

 � = �H w'
'∗yz {exp w��1fIS ]y − exp w��1fIS ]y�                                             (3.42) 

� is the total fuel cell current density. 

�H  is the exchange current density of the electrode of interest and function of reaction 

concentration. 

'
 is the electrode reactant concentration at the catalyst surface.   

'∗ is the reference concentration of the reactant at STP condition. 

� is the reaction order for elementary charge transfer step, which can vary for different electrodes 

and reactant and is typically determined experimentally. 

exp ����
t�� ]� is the oxidation reaction at the particular electrode. 

exp ����
t�� ]� is the reduction reaction at the particular electrode. 

�� is the anodic charge transfer coefficient. 

�� is the cathodic charge coefficient. 

] is the activation overpotential. 

A detailed derivation of the BV equation is available in56. 

                                                           

6
 BV is an acronym for Buttler-volmer equation 
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In 1905, based on experimental investigation, Tafel [57] proposed the following relationship 

between electrode overpotential and current density: 

 ] = 8 + �96�(�)                                                                (3.43) 

8 = 2.303 fIS��1 96�(�H)                                                          (3.44) 

� = −2.303 fIS��1                                                                    (3.45) 

Where, b is the Tafel slope. Experimentally, the exchange current density and charge transfer 

coefficient are found with a Tafel plot, which is a plot of log of current exchange density versus 

overpotential for a given reaction.  

3.6.2 Ohmic polarization (u�) 

At moderate current densities, a primarily linear region is evident on the polarization curve. In 

this region the voltage is affected by the internal resistive losses ]t  through the fuel cell, 

resulting in the nearly a linear behavior, although the activation and polarization losses remains 

present in this region. The Ohmic polarization is evaluated by using ohm’s law: 

]t = �� �� ��
G

��o
�                                                                (3.46) 

For a fuel cell the equation can be written as: 

 ]t = �. fH^JF� = ��f�GHK
 + fc��^HK
 + f��
���H���
 + f�G�
��HGG
��FHG�               (3.47) 

And R is calculated by using 

 f = �9�                                                                                  (3.48) 
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Where,  

f = Resistance (Ω) 

� = Resistivity (Ωm) 

9 = Linear path length of ion travel (m) 

A = Cross – sectional area of ion travel (m2) 

The resistivity (�) is a function of temperature and calculated by using the following relation: 

� = 8 ∗ "C? w�Sy                                                                              (3.49) 

Where, the T is fuel cell operating temperature, 8 and � are constants. The value of constants 

depends upon the material of the component. The constants 8  and �  for the tubular SOFC 

electrode materials (the lanthanum manganite cathode tube, yttria-stabilized zirconia (YSZ) 

electrolyte, Ni/YSZ anode and doped lanthanum chromite interconnection) [58] are listed in 

table A. 1 of appendix - A. 

 3.6.3 Concentration polarization(u�) 

It is caused by the reduction in the reactant surface concentration which dominates the 

thermodynamic voltage from the Nernst equation and exchange current density from BV 

equation. The voltage losses due to concentration polarization are determined by using following 

equation: 

]� =  − fIS.1 9. {1 − ����                                                                 (3.50) 

And total concentration polarization is given as: 

]�,� + ]�,� = − fIS.1 9. g1 − ���,�i − fIS.1 9. g1 − ���,�i                                    (3.51) 
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Another semi-empirical approach is often used by replacing the term 
t��
G�  with a constant B to 

better fit with experimental data. Hence equation becomes:  

 ]� =  −�9. {1 − ����                                                                      (3.52) 

Therefore total concentration polarization is given as: 

]�,� + ]�,� = −��9. g1 − ���,�i − ��9. g1 − ���,�i                                  (3.53) 

Alternate empirical approach a completely empirical approach is also available to calculate the 

fuel cell concentration polarization: 

]� =  , exp(.�)                                                                      (3.54) 

If this equation is used, the constant , and . are typically fit from several polarization curves, 

and this single expression includes both anode and cathode concentration polarization. 

Limiting current density (��): The current density at which cell voltage becomes zero is known 

as limiting current density. Now, we derive an analytical expression for this value. Assuming one 

dimensional transport to the catalyst surface: 

�� �.1�
cHG
IJQ�FHG

= −e�� <'�<C��� ��¡dF33I
FHG���G
QH��
+ '��¢0� ¡`Kh
��Fh
���G
QH��

                                               (3.55) 

If we assume one dimensional flux to the electrode surface in x direction with zero bulk flow 

velocity, we can write: 

 �� = −.1e
33 '∞−'
N                                                              (3.56) 

But the surface concentration '
 is reduced to zero at limiting condition. Hence equation ()  
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�� = −.1e
33 '∞N                                                                       (3.57) 

Where,  

'∞  known as the concentration of the reactant at the boundary with the flow channel and is 

calculated by using ideal gas law. It is given as 

'∞ = £FRfIS                                                                                 (3.58) 

                                                

e
33 = Effective diffusion coefficient   

N = Diffusion layer thickness 

3.7 Diffusion coefficient  

Knudsen diffusion coefficients for the anode and cathode gases: 

e¤,F = 97 × � × {S�
��¥F �j.¦                                                               (3.59) 

Effective Knudsen diffusion coefficients for the anode and cathode gases: 

e¤,F(
33) = e¤,F × 2§                                                                           (3.60) 

Where subscript  � represents the gaseous component (H2, H2O, O2 or N2), � is the electrode pore 

radius (m), S�
�� is the cell operating temperature (K),  ¥F is the molecular weight (kg/kmol) of 

the gaseous component, 2 is porosity and § is tortuosity of the electrodes. The ordinary binary 

diffusion coefficient for both anode and cathode is given as: 
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eF� = 1 × 10#¨ × S�
��o.¨¦ � 1¥F + 1¥��o�

R ©EF
oª + E�

oª«�                                         (3.61) 

Where subscripts � and ¬ represent the gaseous components that make up the binary gas mixture 

(H2-H2O at the anode and O2-N2 at the cathode),  R is pressure in atmospheres and E is the Fuller 

diffusion volume listed in table A2 of Appendix – A. the effective ordinary diffusion coefficient 

is calculated in similar fashion as in case of  Knudsen diffusion, which is given as: 

eF�(
33) = eF� × 2§                                                                           (3.62) 

The overall effective diffusion coefficient for each gas is given as: 

1eF(
33) = 1eF�(
33) + 1e¤,F(
33)                                                          (3.63) 

The effective anode and cathode coefficient is given as: 

e`G(
33) = ©£lmnj . R
R « elm(
33) + ©£lmj . RR « elmn(
33)                (3.64) 

ec��(
33) = enm(
33)                                                                          (3.65) 

3.8 Power Output 

Power output of the cell is given by the fundamental equation: 

R = � × �                                                                        (3.66) 

Where, 

R is total cell power output, 
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� is actual cell voltage and  

�  is total cell current.  

3.9 Exergy analysis of fuel cell 

Physical exergy at anode and cathode is given as: 

Physical exergy at anode inlet: 

W�GH,FG­l = ℎF,�GH,FG − ℎF,�GH,FGH − Sj�>F,�GH,FG − >F,�GH,FGH �                               (3.67) 

Physical exergy at cathode inlet: 

W���,FG­l = ℎF,���,FG − ℎF,���,FGH − Sj�>F,���H,FG − >F,���,FGH �                                    (3.68) 

Physical exergy at anode outlet: 

W�GH,HI�­l = ℎF,�GH,HI� − ℎF,�GH,HI�H − Sj�>F,�GH,HI� − >F,�GH,HI�H �                         (3.69) 

Physical exergy at cathode outlet: 

W���,HI�­l = ℎF,���,HI� − ℎF,���,HI�H − Sj�>F,���H,HI� − >F,���,HI�H �                            (3.70) 

Exergy balance for fuel cell is given as: 

W�GH,FG­l + W���,FG­l + W���,FGcl + W�GH,FGcl = W�GH,HI�­l + W�GH,HI�cl + W���,HI�­l + W���,HI�cl + W/0K 

+��
�� × �                                                                   (3.71) 

Where, W�GH,FG­l  and W���,FG­l  are physical exergy at anode and cathode inlet respectively, ℎF,�GH,FG 

and ℎF,���,FG  are enthalpy of substance at anode and cathode inlet respectively, ℎF,�GH,FGH  and 

ℎF,���,FGH  are enthalpy of substance at reference condition corresponding to anode and cathode 

inlet respectively, >F,�GH,FG  and >F,���H,FG  are entropy of substance at anode and cathode inlet 
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respectively, >F,�GH,FGH  and >F,���,FGH  are entropy of substance at reference condition corresponding 

to anode and cathode inlet respectively, W�GH,HI�­l  and W���,HI�­l  are physical exergy at anode and 

cathode outlet respectively, ℎF,�GH,HI�  and ℎF,���,HI�  are enthalpy of substance at anode and 

cathode outlet respectively, >F,�GH,HI�  and >F,���H,HI�  are entropy of substance at anode and 

cathode outlet respectively, >F,�GH,HI�H  and >F,���,HI� H  are entropy of substance at reference 

condition corresponding to anode and cathode outlet respectively, W���,FGcl  and W�GH,FGcl  are 

chemical exergy at anode and cathode inlet respectively, W�GH,HI�cl  and W���,HI�cl  are chemical 

exergy at anode and cathode outlet respectively, W/0K  is exergy destruction in fuel cell, Sj  is 

temperature at reference condition in K, ��
�� is actual cell voltage and � is current. 
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Chapter 4 

Formulation of Gas Turbine Power Plant System 

This chapter deals with the modeling of the basic components of the gas turbine power plant 

system. All the components have been modeled using a control volume approach.  

4.1 Compressor  

To develop an analytical mathematical model for the analysis of compressor following 

assumptions has been taken into consideration: 

1. A control volume enclosing the compressor is considered. 

2. The control volume operates at steady state. 

3.  For air, the ideal-gas mixture principles are valid, and air is mixture of O2, N2, H2O, and 

CO2. 

4. The compressor operates adiabatically. 

5. Kinetic and potential energy effects are negligible. 

 

 

 

 

 

 

 

The function of the compressor is to raise the pressure of fluid from the inlet state 1 to the 

specified pressure at exit (state 2). The exit pressure is specified in terms of pressure ratio; 

Figure 4.1: Control volume enclosing compressor 

1 

 

Compr

essor 

2 



 

 

52 

 

defined as the ratio of pressure of the fluid at exit to the pressure of the fluid at inlet. 

Mathematically: 

?�� = ?�?o                                                                                                   (4.1) 

Where, ?��  is the compression pressure ratio, ?�  is the pressure of the fluid at exit of the 

compressor, and ?o is the pressure of the fluid at inlet of the compressor. The pressure ratio 

expression is used to determine the pressure ?�.  

To compress (i.e. to increase the pressure of) the air, energy is absorbed by the compressor in the 

form of work. The specific work required to compress the air is given as: 

V�HJ = (ℎ� − ℎo)/]�HJ,J
�^                                                            (4.2) 

Where, V�HJis the specific work done on the compressor, ℎ� is the actual specific enthalpy of 

the fluid at compressor outlet, ℎo is the specific enthalpy of the fluid at compressor inlet, and 

]�HJ,J
�^is the mechanical efficiency of the compressor. The enthalpy of the fluid at compressor 

inlet is calculated by knowing the pressure and temperature of the fluid at compressor inlet i.e. ?o 

and So respectively. Here its worth to note that eq. (4.2) is written without considering the sign 

convention. The actual specific enthalpy at outlet (ℎ�) of the compressor is calculated from the 

expression of the isentropic efficiency given as: 

]�HJ,F
 = ℎ�
 − ℎoℎ� − ℎo                                                                                   (4.3) 

Where, in eq. (4.3) ]�HJ,F
   the isentropic efficiency of the compressor and ℎ�
 is the specific 

enthalpy at the outlet of the compressor for an isentropic compression. Since for an isentropic 

compression the entropy change is zero, for the isentropic compression of an ideal-gas mixture 

we can write:   
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>�
 − >o = Co®m {>H(S�
) − >H(So) − fI9. ?�?o�®m
                                                         

+Conm {>H(S�
) − >H(So) − fI9. ?�?o�nm
                                                          

+Cocnm {>H(S�
) − >H(So) − fI9. ?�?o�cnm
                                                      

+Colmn {>H(S�
) − >H(So) − fI9. ?�?o�lmn = 0                                  (4.4) 

Where, >�
  is specific entropy of the mixture after isentropic compression, >o  is the specific 

entropy of the mixture at inlet of the compressor, So and S�
 are temperature of the fluid at inlet 

and after isentropic compression respectively, CoF  is the mole fraction of the gases where � 
denotes the type of species present in the mixture, and >H is the specific entropy at reference 

pressure (?�
3 taken as 1 bar) and at corresponding temperature. Now, by evaluating specific 

entropies at So and inserting the specific entropy expression for the species in eq. (4.4), then the 

solution of equation gives the value of S�
. By knowing the S�
 the corresponding enthalpy of the 

mixture can be evaluated by using ideal-gas mixture principle.  

The exergy balance equation for compressor can be written as:   

Wo + P� = W� + WK                                                                      (4.5) 

Where, Wo and  W� are exergy of substance at inlet and outlet of compressor respectively, WK and 

P� is exergy destruction in compressor and work input to the compressor respectively. 

 

4.2 Combustion chamber  

To develop an analytical mathematical model for the analysis of combustion chamber following 

assumptions has been taken into consideration: 

1. A control volume enclosing the combustion chamber is considered. 
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2. The control volume operates at steady state. 

3.  For air and combustion products, the ideal-gas mixture principles are valid. 

4. The combustion is complete, N2 is inert. 

5. Kinetic and potential energy effects are negligible. 

6. Heat transfer from the control volume is 2% of the lower heating value (LHV) of the fuel. 

 

 

 

 

 

 

Let, λ is fuel-air ratio on molar basis. The molar rate flow of the fuel, air, and combustion 

products are related as follows: 

A = ./ �./ �  ,                 1 + A = ./ ­./ �                                                                  (4.6) 

Where,  ./ � ,  ./ � and ./ ­ are the molar flow rate of fuel, air, and combustion products respectively. 

Applying first law of thermodynamics to the control volume: 

� ./ F ℎF + O/�h − O/ �H

 − P/�h =  � ./ 
 ℎ
                                            (4.7) 

By knowing the inlet enthalpy and lower heating value of the fuel enthalpy at outlet can be 

calculated and outlet temperature can be evaluated through iterative method.  

The exergy balance equation for combustion chamber is given as: 

Wo = W� + WK                                                                      (4.8) 
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Figure 4.2: Control volume enclosing combustion chamber 
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Where, Wo  and  W�  are exergy of substance at inlet and outlet of combustion chamber 

respectively, and WK is exergy destruction in combustion chamber.  

4.3 Turbine  

To develop an analytical mathematical model for the analysis of gas turbine following 

assumptions has been taken into consideration: 

1. A control volume enclosing the gas turbine is considered. 

2. The control volume operates at steady state. 

3.  For combustion products, available at gas turbine inlet, the ideal-gas mixture principles are 

valid. 

4. Kinetic and potential energy effects are negligible. 

5. Heat transfer from the control volume is negligible. 

 

 

 

 

 

 

 

The function of turbine is to produce power by expansion of fluid at high pressure and high 

temperature to lower pressure and lower temperature. The working fluid expands in the turbine 

from the inlet state 1 to the specified pressure at exit (state 2). The exit pressure is specified in 

terms of pressure ratio; defined as the ratio of pressure of the fluid at exit to the pressure of the 

fluid at inlet. Mathematically: 

Figure 4.3: Gas turbine 
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?�
 = ?�?o                                                                                                   (4.9) 

Where, ?�
  is the expansion pressure ratio, ?�  is the pressure of the fluid at exit of the 

compressor, and ?o is the pressure of the fluid at inlet of the compressor. The pressure ratio 

expression is used to determine the pressure ?�.  

Due to expansion of working fluid work transfer takes place, the specific work produced by the 

turbine is determined from enthalpy change of the working fluid. Mathematically, it is given as: 

V�I� = (ℎo − ℎ�)/]�I�,J
�^                                                            (4.10) 

Where, V�I� is the specific work delivered by the turbine, ℎo is the specific enthalpy of the fluid 

at turbine inlet, ℎ� is the actual specific enthalpy of the fluid at turbine outlet, and ]�I�,J
�^ is 

the mechanical efficiency of the turbine. The enthalpy of the fluid at turbine inlet is taken same 

as the enthalpy at combustion chamber exit. The actual specific enthalpy at outlet (ℎ�) of the 

turbine is calculated from the expression of the isentropic efficiency given as: 

]�I�,F
 = ℎo − ℎ�ℎo − ℎ�
                                                                  (4.11) 

Where, in eq. (4.11) ℎ�
  is the specific enthalpy at the outlet of the turbine for an isentropic 

expansion. Since for an isentropic expansion the entropy change is zero, for the isentropic 

expansion of an ideal-gas mixture we can write:   

>�
(S�
, ?�) − >o(So, ?o) = 0                                                  (4.12) 

Where, >�
 is specific entropy of the mixture after isentropic expansion, >o is the specific entropy 

of the mixture at inlet of the turbine, So and S�
 are temperature of the fluid at inlet and after 

isentropic expansion respectively, solving equation (4.12) gives the value of S�
. By knowing the 

S�
 the corresponding enthalpy of the working fluid (gas mixture) can be evaluated by using 

ideal-gas mixture principle. The exergy balance equation for gas turbine can be written as:  

Wo = P� + W� + WK                                                                      (4.13) 
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Where, Wo and  W� are exergy of substance at inlet and outlet of gas turbine respectively, WK and 

P� is exergy destruction in gas turbine and work delivered by the turbine respectively. 

4.4 Recuperator 

Heat exchanger/Recuperator is a device in which heat is transferred between two moving fluids.  

 

 

 

 

The effectiveness of the recuperator is described as: 

¯ = S(−SªSo−Sª                                                                         (4.14) 

Writing the energy balance equation for the recuperator control volume one may find the outlet 

temperature or enthalpy depending upon the formulation: 

(ℎ( − ℎª) = (ℎo − ℎ�)                                                                        (4.15) 

Where, Sª,  S(,  ℎª, and  ℎ(  are temperature and specific enthalpy of cold stream at inlet and 

outlet respectively; So , S�, ℎo, and  ℎ�  are temperature and specific enthalpy of  hot stream at 

inlet and outlet respectively. The exergy balance equation for heat exchanger can be written as: 

Wo + Wª = W� + W( + WK                                                                      (4.16) 
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Figure 4.4 Control Volume for Heat Exchanger 
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Where, Wo and  Wª are exergy of hot and cold stream at inlet of heat exchanger, W� and  W( are 

exergy of hot and cold stream at outlet of heat exchanger and WK is exergy destruction in heat 

exchanger. 
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Chapter 5 

Hybrid System 

This chapter explains the working of the hybrid system and the different techniques used in the 

hybrid system. As in introduction it is said that Hybrid system couples the micro gas turbine with 

the fuel cell (generally SOFC), there are some methods to couple them. These methods will be 

discussed here in detail after an introduction about hybrid system.  

5.1 Hybrid System 

Hybrid Systems are power generation systems in which a heat engine, such as a gas turbine, is 

combined with a non-heat-engine, such as a fuel cell. The resulting system exhibits a synergism 

in which the combination performs with an efficiency that far exceeds that which can be 

provided by either system alone. Thus the combination performs better than the sum of its parts. 

The working definition of Hybrid Power Systems is evolving, but currently the following 

statement captures the basic elements:  

 Hybrid Power Systems combine two or more energy conversion devices that, when integrated 

provide (1) additional advantages over those devices operated individually, and (2) a synergism 

that yields performance that exceeds the sum of the components. With these attributes, combined 

with an inherent low level of pollutant emission, Hybrid configurations are likely to represent a 

major percentage of the next generation advanced power generation systems [59]. Studies on 

plant concepts for SOFC/GT-systems attract more attentions recently. A hybrid system 

consisting of a micro turbine and a SOFC achieves electrical efficiencies that are comparable to 

those of large power plants and beyond, especially in the case of direct integration and high 

SOFC-operating temperatures and turbine inlet temperatures. 

A MGT has a smaller volume and weight but also a lower efficiency (about 30%) and larger 

emissions than a "normal" gas turbine. Therefore, a MGT working as a stand-alone device 

generates not so much benefit. A fuel cell is a clean energy generator and has a considerably 

higher and constant efficiency even at different operating temperatures, but its volume is still 
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extremely large. Normally, the fuel cell is a SOFC (solid oxide fuel cell) which works at 

temperatures of about 950°C, so that the temperature level of the exhaust heat is high enough to 

be used for the operation of a micro turbine. At the same time the exhaust heat of the turbine can 

be utilized in the fuel cell for the preheating of cathode- and anode-gas. The fuel utilization of 

solid oxide fuel cells lies in the range of 80% to 85%.  

Therefore, a further enhancement of the efficiency is possible by an additional combustion of the 

fuel cell exhaust in the combustion chamber of the turbine. This means that hybrid MGT/FC 

systems could be a promising technology for distributed power supply. 

5.2 Types of Hybrid System 

There can be various plant layouts for a hybrid system combining solid oxide fuel cell and gas 

turbine system but a simple classification of hybrid system can be made on the basis of coupling 

of the fuel cell with the micro gas turbine. On the basis of coupling scheme or integration 

scheme, there are two types of hybrid system: 

1. Integration of MGT and SOFC via Heat Exchanger or indirect fuel cell turbine cycle 

2. Direct Integration of MGT and SOFC or direct fuel cell cycle 

5.2.1 Integration of MGT and SOFC via Heat Exchanger or indirect fuel cell turbine cycle 

The simplest fuel cell/gas turbine cycle consists of a coupling of the two components by a heat 

exchanger. In this case the fuel cell exhaust heats compressed air in the micro gas turbine 

recuperator (Figure 5.1) while anode and cathode gas preheating is done with heat from the gas 

turbine exhaust gas and the heat released from combustion of residual fuel contained in the fuel 

cell exhaust gas.  

As this concept leads to high temperatures at the recuperator exit, there is only small additional 

firing necessary to reach the nominal turbine inlet temperature, provided this is in the same range 

as the temperature of operation of the fuel cell. The high temperatures that occur in the 

recuperator require special materials, however, particularly high temperature alloys or expensive 
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ceramics. There is still the need to develop inexpensive and heat-resistant materials, resulting in 

components with a sufficient life-span. The same problem occurs at the interconnection between 

SOFC and recuperator.  

 

 

 

 

 

 

 

 

 

The various state points shown in the Fig.5.1 are as follows: 

State 1: Inlet to air compressor, 

State 2: Outlet from air compressor and inlet to heat exchanger, 

State 3: Air entering into heat exchanger 1 at atmospheric pressure, 

State 4: Fuel entering into heat exchanger 1 at atmospheric pressure, 

State 5: Gases leaving the heat exchanger 1 and entering into fuel cell, 

State 6: Gases leaving the fuel cell and entering into another heat exchanger 2, 

Figure 5.1: Integration of a Micro Turbine and a SOFC by a Heat Exchanger 
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State 7: Compressed air leaving the heat exchanger 2 and entering into combustion chamber, 

State 8: Mixture of gases leaving the heat exchanger 2 and entering into atmosphere, 

State 9: Mixture of gases at combustion chamber exit and at turbine inlet, 

State 10: Mixture of gases at turbine exit entering into heat exchanger 1, 

State 11: Mixture of gases leaving the heat exchanger 1 and entering into atmosphere, 

State 11: Fuel supply into combustion to achieve the desired turbine inlet temperature (TIT). 

 An additional problem in this area is the necessity for adapting the cooling system of the 

combustion chamber walls to the elevated temperatures of the entering gas. Often the 

combustion chamber is kept in operation after the introduction of the fuel cell exhaust gas into 

the process. This is done in order to reach the maximum turbine inlet temperature. But then the 

film cooling of the combustion chamber walls has to be modified in such a way that the 

admissible material temperatures are met. Otherwise, also in this area new materials have to be 

applied. Another possibility is to omit additional combustion and to accept lower turbine inlet 

temperatures. 

5.2.2 Direct Integration of MGT and SOFC 

An alternative to combining a fuel cell and a micro gas turbine is the direct integration of the two 

components. This configuration is more popular than indirect integration system. If this is the 

case, the SOFC can be operated at higher pressure which is beneficial for its efficiency, and 

exegetic losses at heat exchangers are reduced.  

This configuration offers an electrical efficiency of 50% to 60% assuming a conventional turbine 

inlet temperature and an SOFC operating temperature range of 900 - 1000°C  This result is in 

agreement with other studies based on state-of-the-art technology. The plant concept for this 

configuration is shown in Fig. 5.2.  
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The various state points shown in Fig. 5.2 are as follows: 

State 1: Inlet to air compressor, 

State 2: Outlet from air compressor and inlet to heat exchanger, 

State 3: Inlet to fuel compressor, 

State 4: Outlet from fuel compressor and inlet to heat exchanger, 

State 5: Air leaving the heat exchanger and entering into fuel cell, 

State 6: Fuel leaving the heat exchanger and entering into fuel cell, 

State 7: Mixture of gases at fuel cell exit entering into combustion chamber, 

State 8: Mixture of gases at combustion chamber exit entering into gas turbine, 
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Figure 5.2: Direct Integration of a Micro Turbine and a SOFC 
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State 9: Mixture of gases at turbine exit entering into heat exchanger, 

State 9: Mixture of gases at heat exchanger exit entering into atmosphere. 

The fuel cell exhaust gas still contains 15% to 20% of the original fuel as residual combustible 

substances. These can be utilized for further temperature augmentation before the hot gases are 

expanded in the micro gas turbine   yielding a temperature gain of 150 to 350 Kelvin at reference 

point operation (TSOFC = 950 °C, ?�=6,5). This operating point represents the basic condition 

on which further parameter variations of design point operating parameters are based. Compared 

to the original concept, where residual fuel is burnt for additional internal cathode/anode gas 

preheating, this alternative design requires increased internal anode and cathode gas recirculation 

for temperature equalization. 

For all scenarios assuming additional firing in the gas turbine combustor, efficiency increases 

with pressure. The reason for this behavior is that a larger portion of the fuel is added in the fuel 

cell rather than in the gas turbine combustor. This is reflected by an increase of temperature 

augmentation by residual fuel combustion compared to the above mentioned basic condition. It 

leads to a better fuel utilization at given turbine inlet temperatures. The addition of conventional 

fuel should be limited to a minimum amount, in order to maximize the efficiency gain. This 

requires appropriate burner systems which avoid flash-back and ensure stable premixed 

combustion with a low amount of auxiliary fuel. 

5.3 Applications of Hybrid System 

Hybrid system can be applied in the residential area as well as in small industry, trade and 

services or public buildings as they offer an opportunity for an environmentally friendly 

electricity supply and, at the same time, a cooling and heat supply with high fuel utilization. The 

world's first SOFC/gas turbine hybrid system was delivered to Southern California Edison for 

operation at the University of California, Irvine's National Fuel Cell Research Center. The hybrid 

system includes a pressurized SOFC module integrated with a micro turbine/generator supplied 

by Ingersoll-Rand Energy Systems (formerly Northern Research and Engineering Corp.). The 

system has a total output of 220 kW, with 200 kW from the SOFC and 20 from the micro turbine 
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generator. This system, a photograph of which is shown below, is the first-ever demonstration of 

the SOFC/gas turbine hybrid concept. This proof of concept demonstration is expected to 

demonstrate an electrical efficiency of ~55%. The system is being tested at the NFCRC to 

determine its operating characteristics and operating parameters. As of January 2002 the system 

has operated for 900+ hours and has demonstrated 53% electrical efficiency. It will be operated 

for several more months to gain experience for the design of prototypes and commercial 

products. Eventually, such SOFC/GT hybrids should be capable of electrical efficiencies of 60-

70%. 
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Chapter 6 

Solution Methodology 

6.1 Solution Methodology  

First of all a hybrid system configuration was selected as shown in Figure 6.1. Then based upon 

the mathematical modelling presented in chapter 3 and 4, a computer program has developed. 

The computer program for the simulation of the model has been developed in the EES software. 

EES is a general equation solver with built-in functions for thermodynamic and transport 

properties. The diagram shown in Figure 6.1 has been also treated as information flow diagram 

for the system.  

 

Figure 6.1: Hybrid System Configuration Considered for Analysis 
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The various state points of Fig. 6.1 are as follows: 

State 1: Inlet to air compressor, 

State 2: Outlet from air compressor and inlet to heat exchanger 1, 

State 3: Inlet to fuel compressor fuel at atmospheric pressure enters into fuel compressor, 

State 4: Fuel compressor outlet and compressed fuel enters into heat exchanger 2, 

State 5: Fuel leaving heat exchanger 2 and entering into mixer, 

State 6: Mixer outlet, 

State 7: Compressed air leaving the heat exchanger 1 and entering into fuel cell, 

State 8: Air at cathode outlet of the fuel cell, 

State 9: Mixture of gases at anode outlet of the fuel cell, 

State 10: Mixture of gases at turbine inlet leaving the combustion chamber, 

State 11: Mixture of gases at turbine exit, leaving turbine after expansion, 

State 12: Hot gases leaving the heat exchanger 1 and entering into heat exchanger 2, 

State 13: Hot gases leaving the heat exchanger 2 and entering into heat recovery steam generator, 

State 14: Hot gases leaving the heat recovery steam generator and entering into atmosphere, 

State 15: Water enters into water pump i.e. inlet to water pump, 

State 16: Water pump outlet, water leaving the water pump and compressed water entering into 

heat recovery steam generator. 
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State 17: Heat recovery steam generator outlet, steam leaving heat recovery steam generator and 

entering into mixer. 

The information flow for combined hybrid system can be summarized as follows: 

[1] At compressors and pump known inlet conditions are specified with pressure ratio, and 

compressor isentropic and mechanical efficiency. 

[2] Heat exchanger and HRSG analysis requires effectiveness as an input and outlet 

conditions of streams are determined. 

[3] For calculation of properties of outlet stream equation for effectiveness and energy 

balance equation is solved simultaneously. 

[4] The outlet temperature of the mixture of fuel and steam at mixer outlet is determined by 

assuming that total entropy change is zero. 

[5] SOFC analysis requires all the geometric dimensions as an input for calculation of 

polarization losses. Chemical reactions are specified for calculation of heat generated and 

cell power. 

[6] Combustion chamber analysis gets the input information from SOFC exit conditions. 

Input such as combustion chamber efficiency (]�HJ°), calorific value of fuel is supplied, 

based upon these inputs and assuming the complete combustion, the temperature and 

composition of outlet gas streams are determined.  

[7] For calculation of temperature at combustion chamber exit, first of all composition of 

gases at outlet is determined by using stoichiometry equation then by using energy balance 

equation outlet temperature is calculated.   

[8] For gas turbine outlet pressure is specified and power output is calculated. 

[9] For calculation of chemical exergy the chemical exergy value at reference condition 

tabulated in Table 7.1 for various substances are supplied. 

[10] Finally the program is executed and it calculates the value of desired parameters, such as 

cell voltage, turbine power output, first law efficiency, second law efficiency, exergy 

destruction in various component and properties of working fluid at different state points.  
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Table 6.1: Standard molar chemical exergy ±²�³  (´µ/´¶·¸)  of various substances at 

298.15 ¹ and º» (1.013 bar) [60]. 

Substance Formula Model I Model II 
 

Nitrogen  	�(�)  639 720 

Oxygen ��(�)  3,951 3,970 

Carbon dioxide '��(�)  14,176 19,870 

Water ���(�)  8,636 9,500 

Water ���(9)  45 900 

Carbon (graphite) '(>)  404,589 410,260 

Hydrogen ��(�)  235,249 236,100 

Sulfur T(>)  598,158 609,600 

Carbon monoxide '�(�)  269,412 275,100 

Nitrogen monoxide 	�(�)  88,851 88,900 

Sulfur dioxide T��(�)  301,939 313,400 

Nitrogen dioxide 	��(�)  55.565 55.600 

Hydrogen peroxide ����(�)  133,587 -------- 

Hydrogen sulfide ��T  799,890 812,000 

Ammonia 	�ª(�)  336.684 337,900 

Oxygen �(�)  231,968 233,700 

Hydrogen �(�)  320,822 331,300 

Nitrogen 	(�)  453,821 --------- 

Methane '�((�)  824,348 831,650 

Acetylene '���(�)  ---------- 1,265,800 

Ethylene '��((�)  ---------- 1,361,100 

Ethane '��¼(�)  1,482,033 1,495,840 

Propylene  'ª�¼(�)  ---------- 2,003,900 

Propane 'ª�½(�)  ---------- 2,154,000 

n-Butane '(�oj(�)  ---------- 2,805,800 

n-Pentane '¦�o�(�)  ---------- 3,463,300 

Benzene '¼�¼(�)  ---------- 3,303,600 

Octane '½�o½(9)  ---------- 5,413,100 

Methanol '�(��(�)  715,069 722,300 

Methanol '�(��(9)  710,747 718,000 

Ethyl alcohol '��¦��(�)  1,348,328 1,363,900 

Ethyl alcohol '��¦��(9)  1,342,086 1,375,700 
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6.2 Input Parameter 

The input parameters are summarized in the Table 6.2. 

Table 6.2: INPUT PARAMETERS 

PARAMETER 
 

VALUE 
Gas–air heat exchanger effectiveness  0.80 
Gas–air heat exchanger effectiveness  0.80 
Gas–superheated steam heat exchanger eff.  
 

0.80 
Combustor efficiency  
 

0.98 
Electric generator efficiency  0.98 

 Inverter efficiency  
 

0.95 
Pump isentropic efficiency  0.80 

 Fuel compressor isentropic efficiency  0.80 
Air compressor isentropic efficiency  0.80 

 Gas turbine isentropic efficiency  0.80 
Fuel compressor mechanical efficiency  
 

0.98 
Air compressor mechanical efficiency  
 

0.98 
Pump mechanical efficiency  0.98 

 Gas turbine mechanical efficiency  0.98 
 Limiting current density (A/m2)  9000 
 Methane inlet molar flow rate (kmol/s)  0.0028 

Water inlet molar flow rate (kmol/s)  
 

0.0057 
Oxygen inlet molar flow rate (kmol/s)  
 

0.0070 
Cell operating pressure (bar)  
 

7x1.013 
Environment pressure (bar)  1.013 

 Environment temperature (oC)  
 

25 
Fuel utilization factor  
 

0.85 
Minimum steam-to-carbon ratio  
 

2.04 
Cell current density (A/m2)  1000 

 Anode thickness (cm)  
 

0.010 
Cathode thickness (cm)  
 

0.220 
Interconnection thickness (cm)  0.004 

 Cathode activation energy (kJ/kmol)  1.1x105 
 Anode  activation energy (kJ/kmol)  1.5x105 
 �anode (A/m2)  2.13x108 �cathode (A/m2)  1.49x108 
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Chapter 7 

Result and Discussion  

The formulation of fuel cell and gas turbine system is discussed in Chapter 3 and 4 respectively. 

The method of coupling gas turbine and fuel cell is also discussed in the chapter 5.Based upon 

these formulations and solution methodology discussed in chapter 6, results and discussions of 

the developed model are discussed below. 

7.1 Program validation 

The program has been validated for the calculated value of cell voltage and hybrid system 

electrical efficiency based upon the input parameter supplied. Since each and every data is not 

available in a single literature, various literatures have been considered for selection of input 

parameters for simulation of the developed model. The results obtained by the simulation are 

summarized in Table 7.1 and the value of various parameter obtained from execution of program 

is listed in Table 7.2. 

Table 7.1: Result Validation 

Component Present model Literatures 

 

Cell voltage 

 

0.67 

0.683 [13] 

0.684 [44] 

Cell power output 1122 --------- 

Turbine power output 373.5 kW ----------- 

Total power output 1.495 MW 1.5 MW 

 

First law electrical efficiency (LHV) 

 

66.5% 

60 % [48] 

62.2%[41] 

61.9% [44] 

Second law efficiency  63.52% ------------ 
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Table 7.2: Results obtained from calculation 

State 
points 

Molar 
flow 
(kmol/s) 

Temperature 
 
(℃) 

Pressure 
 
(bar) 

Enthalpy 
 
(kJ/kmol)  

Physical 
exergy 
(kJ/kmol) 

Chemical  
exergy 
(kJ/kmol) 

       

1 0.035 25 1.013 0 0 1301 

2 0.035 296.3 7.093 8046 7161 1301 

3 0.0028 25 1.013 -74595 0 824348 

4 0.0028 209.4 7.093 -67091 6543 824348 

5 0.0028 509.2 7.093 -50789 15109 824348 

6 0.008512 485 7.093 23534 17048 276962 

7 0.035 845.2 7.093 25655 18351 1301 

8 0.03041 1073 7.093 33194 24096 901.5 

9 0.01411 1073 7.093 -194441 29335 42985 

10 0.04351 1407 7.093 -282255 35621 3360 

11 0.04351 982.4 1.2 -44435 18435 3360 

12 0.04351 584.2 1.2 -58599 8306 3360 

13 0.04351 553.3 1.2 -59648 7628 3360 

14 0.04351 318.5 1.2 -67367 3180 3360 

15 0.005712 25 1.013 1889 0 45 

16 0.005712 25.05 7.093 1903 10.98 45 

17 0.005712 447.7 7.093 60702 19030 8636 
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7.2 Exergy Destruction 

The exergy destruction in various components is tabulated in Table 7.2. From table 7.2 it can be 

very easily concluded that the maximum exergy destruction takes place in SOFC and in 

combustion chamber. This is due to chemical reaction in SOFC and combustion reaction in 

combustion chamber. Due to these reactions the compositions of substances are affected which 

results in maximum exergy destruction. The minimum exergy destruction is found in water pump 

A comparative study of exergy destruction in each component with the help of bar chart is shown 

in Fig. 7.1. 

Table 7.3: Exergy destruction in various components 

Component Exergy destruction 
 (kW) 

  

Air Compressor 36.71      
   

Fuel Compressor 4.668 

Heat Exchanger 1 49.11 

Heat Exchanger 2 5.496 

Mixer 5.893  

Solid Oxide Fuel Cell 229.1 

Gas Turbine 43.73 

Heat Recovery Steam Generator 35.82 

Combustion Chamber 84.5 

Water Pump 0.06274 



 

 

Figure 7.1
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1 Exergy destruction rate in each component

Based upon the important parameters of the present configuration of SOFC/GT hybrid system a 

detailed parametric study is presented here. 

Effect of current density 

The current density is very important parameter for evaluation of any fuel cell performance. 

Around 70% power output of the hybrid system is contributed by the SOFC unit and fuel cell 

power output is solely function of cell voltage, since cell current density affects the voltage of 

cell, it is very important to study the behavior of cell and its power output with respect to cell 

, the variation of cell activation loss vs. cell current density is shown. 

ominant at low current density, it increases dramatically at low current 

3000 A/m2 and at higher current densities (more than 3000 A/m

0 50 100 150 200

Exergy destruction rate (kW)

 

 

each component 

uration of SOFC/GT hybrid system a 

The current density is very important parameter for evaluation of any fuel cell performance. 

uted by the SOFC unit and fuel cell 

power output is solely function of cell voltage, since cell current density affects the voltage of 

cell, it is very important to study the behavior of cell and its power output with respect to cell 

, the variation of cell activation loss vs. cell current density is shown.  

ominant at low current density, it increases dramatically at low current 

and at higher current densities (more than 3000 A/m2) the 

250



 

 

75 

 

variation is very less as compared to low current densities. Though it becomes constant at higher 

current density no decrease in the activation potential loss is registered. 

 

Figure 7.2: Activation loss vs. Current density (Present model) 

 

Figure 7.3: Ohmic loss vs. Current density (Present model) 

0 1000 2000 3000 4000 5000 6000 7000 8000
0

0.1

0.2

0.3

0.4

0.5

0.6

Current Density (A/m2)

A
ct

iv
at

io
n 

Lo
ss

 {V
}

800°C800°C

900°C900°C
1000°C1000°C
1100°C1100°C

0 1000 2000 3000 4000 5000 6000 7000 8000 9000
0

0.05

0.1

0.15

0.2

0.25

Current Density (A/m2)

O
hm

ic
 L

os
s 

(V
)

800°C800°C

900°C900°C
1000°C1000°C
1100°C1100°C



 

 

76 

 

 

Figure 7.4: Activation loss vs. Current density (Literature) [48] 

 

Figure 7.5: Ohmic loss vs. Current density (Literature) [48] 
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In Fig.7.3, effect of current density on Ohmic overpotential is shown; it follows a completely 

linear relationship nature with current density. It follows a linear relationship because the Ohmic 

overpotential is governed by the ohm’s law. For a particular fuel cell it decreases or increases 

only when a change in current density is registered or operating temperature of cell changes 

since, resistivity as function of temperature is chosen. The results available in literature are 

shown in Fig 7.4 and 7.5 for effect of current density on activation and ohmic loss respectively. 

 

Figure 7.6: Concentration loss vs. Current density (Present model) 
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Figure 7.7: Concentration loss vs. Current density (Literature) [48] 

Due to different overpotentials as discussed above, the actual cell voltage decreases from its 

theoretically calculated value. And since all the overpotentials are affected by current density, 

cell voltage also gets affected as the current density changes.  

The variation of current density on cell voltage is shown in Fig. 7.8. The maximum cell voltage 

is at zero current density (also known as open circuit voltage); as the current density increases 

the overpotential becomes active and a decrease in voltage is registered. The entire performance 

of the fuel cell is governed by the current and voltage relationship. In the investigation it has 

been found that at low temperature voltage decreases rapidly with increase in current density as 

compared to higher operating cell temperature. 
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Figure 7.8: Cell voltage vs. Current density (Present model) 

 

Figure 7.9: Cell voltage vs. Current density (Literature) [48] 
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Another very important parameter is cell power density. Effect of current density on this quantity 

is shown in Fig. 7.10.  

 

Figure 7.10: Cell power density vs. Current density (Present model) 
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Figure 7.12: Effect of current density on various cell parameters (Literature) [61] 

From Fig.7.10 it is clear that as power density increases, in similar fashion the power density 

decreases with varying current density. The maximum power density is somewhere at middle 

range of current density, but from Fig 7.10 and 7.11; it can be very easily concluded that though 

the power density is maximum between the current density 2000 to 3000 A/m2  the optimum 

current density lies in between 1000 to 1500 A/m2 . In Fig. 7.11 the all the losses, cell voltage, 

and power density is combined in single graph for easier comparisons. 

It is clear from above discussed results that voltage is highly influenced by the change in current 

density and as the power output is function of current and voltage, the current density will also 

affect the efficiency of the system. The effect of current density on electrical efficiency of the 

hybrid system is shown in Fig.7.13.  

Efficiency decreases as the cell current density increases. This happens because most of the 

power output around 70% is due to SOFC and whose power output is solely the function of the  
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Figure 7.13: Hybrid system electrical efficiency vs. Current density (Present model)

 

Figure 7.14: Cell Power vs. Current density (Present model) 
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Figure 7.15: Hybrid system electrical efficiency vs. Current density (Literature) [48] 

cell voltage and current. The efficiency reads a value around 30% while the cell contribution is 

very less, this because losses generate heat which is utilized by the GT system.  

The variation of cell power output w.r.t. current density is also shown in Fig. 7.14. The cell 

power decreases as the current density increases and is reported minimum at 5000 A/m2. The cell 

power decreases with increase in current density and at limiting current density, cell power 

output is zero because at limiting current density the value of cell voltage approaches to zero.   

7.3.2 Effect of fuel flow 

A variation of fuel flow between 0.0028 to 0.005 kmol/sec. and its effect on turbine power 

output and cell power output is shown in the Fig. 7.18 and 7.19 respectively. The cell power 

output increases from about 1200 to 1800 kW and turbine net power output varies in between 

380 to 690 kW. In terms of percentage the effect of fuel flow is greater on turbine output as 

compared to cell power output. 

The effect of fuel flow on cell power output and turbine output is shown in Fig. 7.16 and 7.17 

respectively available in literature are in good agreements with the present model.  
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Figure 7.16: Cell work output vs. molar flow of fuel (Literature) [41] 

 

 

Figure 7.17: Turbine work output vs. molar flow of fuel (Literature) [41]  
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Figure 7.18: Turbine work output vs. molar flow of fuel (Present model) 

 

Figure 7.19: Cell work output vs. molar flow of fuel (Present model) 
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7.3.3 Effect of oxygen to carbon ratio 

The oxygen to carbon ratio (OTCR) has a great impact on electrical efficiency of the combined 

hybrid system.  

 

Figure 7.20: Hybrid system electrical efficiency vs. oxygen to carbon ratio (Present model) 

 

Figure 7.21: Hybrid system electrical efficiency vs. carbon ratio to oxygen (Literature) [48] 
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This is shown in Fig. 7.20, oxygen to carbon ratio has varied between 2 to 4 and corresponding 

to these values the electrical efficiency decreases from around 0.67 to 0.44. The oxygen to 

carbon ratio helps to provide a complete combustion in combustion chamber, but on another 

hand increases the compressor work due to increase in mass of air, and secondly higher oxygen 

results in decrease of operating temperature of the system with a constant fuel flow and 

increasing flow of oxygen in air. 

7.3.4 Effect of fuel utilization efficiency 

Another key parameter is the fuel utilization efficiency. Its effect on electrical efficiency of the 

SOFC/GT hybrid system is shown in Fig. 7.22. The efficiency increases with an increase in fuel 

utilization efficiency. 

 

Figure 7.22: Hybrid system efficiency vs. Fuel utilization efficiency (Present model) 
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Figure 7.23: Hybrid system efficiency vs. Fuel utilization efficiency (Literature) [48] 

7.3.5 Effect of steam to carbon Ratio 

By varying the steam to carbon ratio (STCR) the system efficiency increases up to an optimum 

value of steam to carbon ratio.  

 

Figure 7.24: Hybrid system efficiency vs. Steam to carbon ratio (Present model) 
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Since up to a certain increase it promotes reforming reaction and after a particular limit it has no 

significant effect on the electrical efficiency of the system. For a variation of steam to carbon 

ratio from 2 to 3, a dramatic increase of efficiency is noticeable between the values 2 to 2.8. 

7.3.6 Effect of cell operating temperature 

By keeping other parameters constant, the effect of cell operating temperature on electrical 

efficiency of hybrid system and power output from SOFC unit and gas turbine unit has been 

studied and it is shown with the help of Fig. 7.25 and 7.26.  

 

Figure 7.25: Electrical efficiency vs. Cell operating temperature (Present model) 
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decreasing temperature from 1100 to 800 ℃  results in decrease off electrical efficiency from 

65% to 43%. Both the cell power output and gas turbine power increases with the increase in cell 

operating temperature, But the effect of cell operating temperature on cell power output is more 

as compared to its effect on gas turbine power output.   
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Figure 7.26: Power output vs. Cell operating temperature (Present model) 

7.3.7 Effect of pressure ratio 

Pressure ratio supplied here is the ratio of pressure at compressor inlet to pressure at compressor 

outlet which determines the cell operating pressure and the pressure at the inlet of turbine. The 

variation of the influence of pressure ratio on electrical efficiency of the combined system, 

power output of SOFC and turbine, and cell voltage is shown in Figure 7.27, 7.29, 7.28 and 7.30 

respectively. It is reported that with increase in pressure ratio the electrical efficiency increases 

and approximately a linear relation is followed by the efficiency increase. From the Fig. 6.17 it is 

clear that hybrid system offers efficiency around 57% even at a very low pressure ratio of 4. The 

cell power output is also affected by the increase in pressure ratio, because as pressure ratio 

increases the cell operating pressure also increases. The effect of pressure ratio on turbine output 
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Figure 7. 27: Hybrid system efficiency vs. pressure ratio (Present model) 

 

Figure 7.28: Turbine power output vs. Pressure ratio (Present model) 
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Figure 7.29: Cell power output vs. Pressure ratio (Present model) 

 

Figure 7.30: Cell voltage vs. Pressure ratio (Present model) 
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Figure 7.31: Power output vs. Pressure ratio (Present model) 

 

Figure 7.32: Cell power output vs. Pressure ratio (Literature) [41] 
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Figure 7.33: Turbine power output vs. Pressure ratio (Literature) [41] 

 

Figure 7.34: Cell voltage vs. Pressure ratio (Literature) [41] 
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Chapter 8 

Conclusion and Future work 

8.1 Conclusion 

[1] A general-purpose design methodology has been developed for parametric study and 

performance evaluation of a gas turbine and solid oxide fuel cell hybrid system. 

[2] The electrical efficiency based upon LHV of fuel is calculated and matched with literature. 

The efficiency reported by the simulation is in good agreement with the value of efficiency 

reported in the literatures. 

[3] The cell voltage based upon constant limiting current density is calculated and matched with 

various literatures. 

[4] Exergy at various state points of the system is calculated. 

[5] Results obtained are validated with available literature. 

[6] Based upon the input parameter supplied, developed model simulation calculated: 

Cell voltage = 0.67 V,  

Hybrid system first law electrical efficiency = 66.5 %.  

Hybrid system second law efficiency = 63.5 %.  

8.2 Recommendations for Future Work    

The present work can be extended in following areas: 

[1] Analysis can be extended for some more fuel cell geometries. 

[2] The system can be easily extended for mixture of gases (such as syngas). 

[3] Instead of constant limiting current density, its calculated value can be used. 

[4] The present work can be extended for modeling of fuel cells for different polarization models 

available. 

[5] The present work can be extended for the waste heat recovery available at system exhaust. 

[6] The system can be extended for thermo economic analysis. 
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Appendix – A 

Table A. 1: Resistivity constants [58] 

Component                                                                a                                                     b 

 

Anode                                                                  0.0000298 -1392 

Cathode         0.0000811    600 

Electrolyte         0.0000294 10350 

Interconnector        0.001256   4690 

 

 

Table A. 2: Fuller Diffusion volume’s  

        Gas                                                                                                          Fuller Diffusion vol.                                                                                  

 Species                                                                                                                       (E)         
                                                                                                                                                               

         H2                                                                                                                         7.07               

         H2O                                                                                                                      12.7 

         O2                                                                                                                         16.6 

         N2                                                                                                                         17.9 
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Appendix – B 

Table B. 1: Demonstrations Summary of Fuel Cell and SOFC/GT Power Plants [3] 

Year      Customer       Stack Rating        Cell Length            No. of             Oper.               Fuel 

                                           (kWe)                 (mm)             Cells/Stack         (Hrs) 

2006      BP Alaska 125  1500 1140 --------- 
                       
PNG 
 

2005 
      SW                 
Hannover 

125 1500 1140 --------- PNG 

2002       OPT 250 1500 2304 1000+ PNG 

2001       RWE 125 1500 1152 3872 PNG 

2000 
      SCE 
PSOFC/GT 

180 1500 1152 3257 PNG 

1999       EDB/ELSAM-2 125 1500 1152 12,577 PNG 

1998 S    CE-2/NFCRC 27 500 576 5700+ PNG 

1997       EDB/ELSAM-1 125 1500 1152 4035 PNG 

1995       JGU-2 25 500 576 13194 PNG 

1995       SCE-2 27 500 576 5582 
PNG 
DF-2 
JP8 

1994       SCE-1 20 500 576 6015 PNG 

1993       Utilities-B2 20 500 576 7064 PNG 

1992       Utilities-B1 20 500 576 1579 PNG 

1992       Utilities-A 20 500 576 2601 PNG 

1992       JGU-1 20 500 576 817 PNG 

1987       Tokyo Gas 3 360 144 4882 H2+CO

1987       Osaka Gas 3 360 144 3683 H2+CO

1987       Osaka Gas 3 360 144 3012 H2+CO

1986       TVA 0.4 360 24 1760 H2+CO
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