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ABSTRACT

This work reports an assessment of coupling mi@® tyrbine and high temperature fuel cell
(SOFC) as a possibility to realize power plant vethefficiency of 60% to70%. The application
of such a technology will be in the decentralizedd-in of housing estates and buildings with
electricity, heat and cooling energy and further ba extended to centralized power plant with
the developments in the technology of commercial fiell. Nowadays the first implemented
prototypes reach efficiencies among 57- 58%. Smtide fuel cell (SOFC) stacks are at the core
of complex and efficient energy conversion systdorsdistributed power generation. Such
systems are currently in various stages of devesopnA micro gas turbine working alone has a
lower efficiency around 30%. A fuel cell is a cleamergy generator but it also has lower plant
efficiency when fuel cell is used alone. A hybrigt®m combines the micro gas turbine and fuel
cell to achieve a higher efficiency around 60 -7B89autilizing the exhaust of both fuel cell and
micro gas turbine. A major amount of power outpluthe plant is generated by the fuel cell and
fraction of the plant power output is generatedhry micro gas turbine. The advantage of fuel
cell is that it is not a heat engine and it is lmwited by the Carnot efficiency, and since the
efficiency of fuel cell is not limited by the seabtaw of thermodynamics it can be reached up to
100%.

The mathematical model developed for SOFC/GT hybystem, the developed model is then
simulated in EES software. The SOFC/GT fueled witthane as fuel, an electrical efficiency
of 66.5% using first law approach based upon LHMu&d is calculated from the simulation of

the developed model and delivering 1.5 MW powele $bcond law efficiency is also calculated
and found 63.5%.In such a system more than 70%eofdtal 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 servation of energy i.e. energy neither can be
created nor destroyed and we do agree also witlddle&rine, that the sources of energy are
limited. On another hand, increasing use and dghing resources of fossil fuels and concerns
about environmental issues such as emissions aimhlgivarming are leading people to pay
more attention towards alternative resources ofggnand highly efficient energy conversion

systems.

An extensive research is in progress in the fidléuel cell-gas turbine combined power plant
systems. These systems use a high temperaturedlieind a gas turbine to achieve higher
overall performance and efficiency than a singlelenpower plant. Due to the high temperature
of the exhaust gasses of the fuel cell, heat caetgerated and used to drive a gas turbine. The
gas turbine produces additional power by expansfdhe 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 inlwaibeat engine, such as a gas turbine, is
combined with a non-heat-engine, such as a fuél Teé resulting system exhibits a synergism

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

provided by either system alone. Thus the comtmngtierforms better than the sum of its parts.
The working definition of Hybrid Power Systems isolving, but currently the following

statement captures the basic elements:

Hybrid Power Systems combine two or more energyemion devices that when integrated

provide

(1) Additional advantages over those devices dpdradividually, and

17



(2) A synergism that yields performance that edsébe sum of the components.

Based upon the definition of hybrid system, comtiamaof gas turbine with a fuel cell (High
temperature fuel cell) is a hybrid system. Theee lzasically two methods which are generally
used for coupling a micro turbine with a fuel dellachieve a gas turbine and fuel cell hybrid

system for power generation.

1. Integration of a Micro Turbine and a SOFC byeatExchanger
2. Direct Integration of a Micro Turbine and a SOFC

1.2 Motivation for the present work

Fuel cells have the potential for high efficieneyesgy conversion, and they are very well suited
to operate on hydrogen. Consequently, this teclyyolppears to be very suitable for a post-
fossil-fuel based energy economy. However, thesttmm from a fossil fuel based energy
system to a hydrogen based system is complicatédvdhtake time. The SOFC suits well into
this perspective, as it is the most applicable fiedl type for both fossil fuels and hydrogen.
Furthermore, the high operating temperature of SOfeCilitates the combination with gas- and
steam turbines to reach electrical efficiencies obey the limitations of conventional
technologies. Fuel cells in general are able toaeaehhigh efficiencies even for small units, and
this makes them very suitable for distributed gatien. SOFC/GT power plants have been
suggested for several applications such as stamdglower plants, distributed generation, large
scale power production and marine propulsion.

An experimental investigation of this system forfpemance evaluation is very expensive. In
this respect, mathematical modeling of system &hdiinulation on computer proves to be very

inexpensive.
1.3 Organization of the report

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

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

simulation of the system based upon the develop=tkfimg.

The report has been sub divided into seven chgpteapter one deals with the introductory part
of the gas turbines, fuel cell and hybrid systerbrief and explains the reasons of motivation. In
chapter two, a detailed review of literatures issented. These literatures explain about the
advancements and developments in the field ofdalt$, gas turbines and, gas turbine and fuel
cell hybrid system. The literatures discussed aesgnted in a manner, which not only provides
the notions about the developments in the respetiid, but these build the basic knowledge of

the system also.

After the discussion of literature review, conctrsidrawn from it and objective of the present
work is elucidated. In chapter 3, a detailed statput the fuel cell is presented. It explains
about the fuel cell, types of fuel cell and solixide fuel cell in detail. After a theoretical
discussion about the fuel cell, formulation of fgell is explained. To evaluate the performance
of fuel cell through mathematical modeling, theserfulations are used. Analogous to chapter 3,
formulation of gas turbine power plant is explaimedhapter 4. Each component of gas turbine
power plant (such as gas turbine, compressor, ammbGstion chamber etc.) is modeled
separately using control volume approach with nogretil assumptions. Chapter 5 deals with the
introduction of hybrid system. It explains the nwtrand technique to combine a fuel cell with a
gas turbine. All the methods of combining a gabite with solid oxide fuel cell are discussed
with the help of neat sketches. In chapter 6, smumethodology has been discussed for the
analysis of model. In chapter 7, results obtaimedhfsimulation of gas turbine and solid oxide
fuel cell hybrid system, based upon the model dpedl in EES (Engineering Equation solver)
software, are explained. Finally in Chapter 8, ¢osion 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 extenswa af research, in which several researchers
have already made some mark and several othersdulging themselves in this direction.

Literature survey for project is enlisted here. Bake of convenience, literature review has been
divided into three groups: Fuel cell power plargteyn, 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 cots/éuel (e.g. hydrogen) directly to electricity
without undergoing combustion. Fuel cell technolagsuitably integrated into the renewable
energy scheme [1]. Fuel cells are an ideal meangeioerating electrical power and can provide
benefit to the stationary power sector due to fhegh efficiency in both part load and full load
performance, ability to produce electrical powethaut combustion or rotating machinery,
capability to function with cogeneration technoksjii.e., power and thermal energy production,

and low non-combustion pollution level[2].

The common types of fuel cells are phosphoric &®FC), molten carbonate (MCFC), proton
exchange membrane (PEM) and solid oxide (SOFChaatied after their electrolytes. Because
of their different materials and operating tempened, they have varying benefits, applications
and challenges, but all share the potential foh het¢ectrical efficiency and low emissions.
Because they operate at sufficiently low tempeestitthey produce essentially no N@nd

because they cannot tolerate sulfur and use deeifufuel they produce no SBecause they
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rely on electrochemical reactions instead of cortibns fuel cells need an easily oxidized
substance, such as hydrogen. Some fuel cells, asdolid oxide fuel cells (SOFC), can also
utilize carbon monoxide (CO). This makes them mimed flexible and also generally more
efficient with available fuels, such as natural gapropane. Hydrogen and CO can be produced
from natural gas and other fuels by steam reforpfimgexample. Fuel cells like SOFCs that can
reform natural gas internally have significant ateges in efficiency and simplicity when using

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

Solid oxide fuel cells (SOFCs) have been considenethe last years as one of the most
promising technologies for very high-efficiencyahic energy generation from natural gas, both
with simple fuel cell plants and with integratecsdarbine-fuel cell systems. Among the SOFC
technologies, tubular SOFC stacks with internabmafng have emerged as one of the most
mature technology, with a serious potential foutfe commercialization. A model is calibrated
on the available data for a recently demonstratdailar SOFC prototype plant. The model
applies to a tubular SOFC stack fed with naturad gath internal reforming. The model

calculates: thermodynamic properties and chemimalposition of anode and cathode outlet and
stack exhaust gases, SOFC thermal balance (efficidmeat generated), SOFC second law
analysis (entropy losses), as a function of fuel am utilization, of the inlet compositions and

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

based upon LHV of fuel. The discussion of the rssof the thermodynamic and parametric
analysis yields interesting considerations abodigldoad SOFC operation and load regulation,

and about system design and integration with gésrte cycles[4].

A semi-empirical model presented that can be usedvtluate the performance of a proton
exchange membrane (PEM) fuel cell, with less catooh than other models presented in
literature [5].The PEM fuel cell operates at a lowemperature [6] (<100°C) [7].An empirical
model of a PEM fuel cell has been developed to kitauhe performance of fuel cells without
extensive calculations and the effect of operatagditions on the cell performance has been

investigated [8].
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The solid oxide fuel cell (SOFC) is one of the maimising fuel cells for direct conversion of
chemical energy to electrical energy with the pmBis of its use in co-generation system
because of high temperature waste heat. The SOEtes at 600-1000 where the ceramic
electrolyte becomes conductive to oxygen ionsnoaiconductive to electrons [9]. For modeling
of a fuel cell a detailed review of modeling apmtoas explained in[9].0ne of the major
advantage offered by the SOFC is, it offers a grefaiel flexibility; means fuel can be a mixture
of hydrogen, methane, carbon monoxide and some tbilgber hydrocarbons. The effects of
different variables (such as fuel utilization eificcy, air to fuel ratio etc.) on the plant effiooy

of SOFC power plant has studied by [10].

An analytical model of a micro solid oxide fuel Ig$OFC) system fed by butane is introduced
and analyzed in order to optimize its exergetigéceficy. The performance of SOFC micro
power plant is calculated using operational paramdbased on experimental results of several
recent studies by [11].

Two different computational models developed foe #lectrical performance of the tubular
SOFC designed by Siemens Westinghouse Corpordtluresults of both the methods are in
good agreement with the experimentally quoted dateelatively simple analytical procedure

can be used to predict the performance of cellfasetion of cell dimensions [12].

The tubular solid oxide fuel cell (TSOFC) develofmwdSiemens Power Generation Inc. (SPGI),
is selected .it is considered to be the most addndesign and is approaching
commercialization. A computer simulation model loé SPGI 100 kW AC CHP (combined heat
and power) TSOFC stack was developed using Aspes?.PThe optimum realistic net electrical
efficiency of the plant ranging between 36.1 ta83%. was identified [13].

2.1.2 Gas turbine power plant system

The Gas turbines have been used to produce powerdoy years. They are the main source of
power for jet aircraft and can be used to creadestrial power in gas turbine power plants. The
concept is similar to that of a combustion engitteconvert chemical energy of a fuel into

mechanical energy. The fluid cycle is similar teanbustion engine. A working fluid (usually
22



air) is compressed, fuel is added and the mixtgragnited to initiate combustion. The
combustion releases energy and the fluid expandsnag@ physical barrier. The moving of the
barrier is the mechanical work out of the cyclepdktion of this mechanical energy is then used
to compress the fluid in the next cycle. The ddéfere between a gas turbine and a combustion
engine is that the gas turbine cycle runs contislyomstead of in iterative cycles (one after the
other). The basic components of a gas turbine arengressor, combustor or heat exchanger,
and a turbine [14].

The gas turbine engine is known to have a numbattactive features, principally: low capital
cost, compact size, short delivery, high flexigilénd reliability, fast starting and loading, lower
manpower operating needs and better environmemtdbrmance in relation to other prime
movers, especially the steam turbine plant, withctvhit competes. However, it suffers from
limited efficiency, especially at part load. Cogeat®n, on the other hand, is a simultaneous
production of power and thermal energy when thermtise wasted energy in the exhaust gases
is utilized. Hence, cogeneration with gas turbingkzes the engine's relative merits and boosts
its thermal efficiency. Thereby, the worldwide centabout the cost and efficient use of energy
is going to provide continuing opportunities, fasgiurbine cogeneration systems, in power and
industry [15]. A comparison of various possible engration schemes for gas turbine power
plant has explained by [15].

Another method of improving the efficiency of a gasgine power plant system is to reduce the
air inlet temperature. Adding an inlet air pre-ayotonnected to the evaporator of an aqua
ammonia absorption chiller which is driven by tlaé-end heat recovered from the engine
exhaust gases. A heat recovery boiler is used ritypacover the exhaust heat before entering
the generator of the chiller. The performance of dombined system, namely power, efficiency
and specific fuel consumption is studied and coepavith the simple cycle. The variables in
this parametric study are mainly compressor presgtio, turbine inlet temperature (TIT) and
ambient Temperature. Result shows that the comlsgsetm achieves gains in power, overall
efficiency, and overall fuel consumption, of ab@dt5, 38 and 27.7%. The performance of the
combined system shows less sensitivity to variationoperating variables [16].Gas turbines
with air-water mixtures as the working fluid promifigh electrical efficiencies and high
23



specific power outputs to specific investment cdsow that of combined cycles. Different
humidified gas turbine cycles have been proposed.ekample direct water-injected cycles,
steam-injected cycles and evaporative cycles withitlification towers. However, only a few of
these cycles have been implemented and even feweavailable commercially. The basic idea
of gas turbine humidification is that the injectedter or steam increases the mass flow rate
through the turbine. This augments the specific ggowutput, since the compressor work
remains constant (i.e. if water is injected after tompressor) and much less work is required to

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

A straightforward modification of the simple gaghtme cycle is to utilize the waste heat
available at turbine exit by means of a heat exgbar recuperator. A recuperator is a heat
exchanger located in a gas turbine exhaust. Itlesdb transfer the heat from heat available in
turbine exhaust gases to the combustor inlet amsequentially increasing the temperature of
the combustion inlet air and reduces the amourfuelf required to reach the desired TIT. It
reduces specific fuel consumption compared to a@utional simple cycle gas turbine, while
ensuring exhaust temperature is still suitableGbiP. The biggest challenge to the designer of
heat exchangers is in the small engine class (riictones); efficiencies over 30% can then be
achieved. Gas turbine cycles with heat recoverygarerally known as advanced cycles. Heat
recovery schemes (recuperators or regeneratorg)ne®f the most important ways increasing
the efficiency of the power generation process lbyenthan 40%; they also result in lower levels
of pollution for a given output of electricity[18Pilavachi [18] has discussed some examples of
developments/modifications to the gas turbine sashincreased TIT, waste heat recuperation,
steam or water injection, combined cycle etc. tacheto 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 fofiséls and pollutant emissions (especially
green house gases such asXd®the main motivator for the exploration of fudll systems as
an alternative to traditional power generation ays. Solid oxide fuel cell (SOFC)

hybridization with micro gas turbine (MGT) is arirattive option for power generation up to a
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few MW. Electrochemical means of energy convergguch as fuel cells) make it possible to
achieve higher efficiencies than in conventionakthal cycles, because they are not limited by
theoretical Carnot efficiency [19].

In a close future, aircraft will probably consumgraater amount of electric power than present
ones and will be subject to more severe environatdaivs. These factors will demand a
reformulation of the power production model, aimatga system of increased power, more cost
effective and with lower emissions. Solid oxidelfaell (SOFC) micro turbine hybrid systems
are a promising option for this reformulation, butill be necessary to adequate them to the
aerospace requirements[7]. Solid oxide fuel ceDES) stacks are at the core of complex and
efficient energy conversion systems for distribytesver generation. Such systems are currently
in various stages of development. These power Plaftthe future feature complicated
configurations, because the fuel cell demands fazomplex balance of plant. Moreover,
proposed SOFC-based systems for stationary agphecatare often connected to additional
components and subsystems, such as a gasifiertsvgas-cleaning section, a gas turbine, and a

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

Power generation using gas turbine (GT) power plaperating on the Brayton cycle suffers
from low efficiencies, resulting in poor fuel toywer conversion. A solid oxide fuel cell (SOFC)

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

order to improve system efficiencies and econoniit® SOFC system is indirectly coupled to
the gas turbine power plant, paying careful attentio minimize the disruption to the GT

operation. A thermo-economic model is developedtierhybrid power plant, and predicted an
optimized power output of 20.6MWat 49.9% efficieq®1]. The advantages of these modern
power plants are high electrical efficiency and lewissions. SOFC cogeneration systems
achieved 46% electrical efficiency working at 1 atrRressure and SOFC/GT hybrid systems
achieved 53% electrical efficiency working at 3 afAmessure. The next target for SOFC/GT

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

A conceptually designed 30 kW capacity SOFC hybrictro generation system has been

investigated for its use in small distributed epesgstems. Firstly the design-point and part-load
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characteristics were investigated, and then paat Iperformance of the system has been
evaluated under two different operating modes sftgébine. In these typical operating modes,
i.e. constant and variable rotation speed gasnarbperation has considered and found that
variable sped mode is more advantageous to perfa@nalegradation under part load

condition[23].

For a 200 kW power plant in which the fuel cell @acts for approximately three quarters of the
generated power (149 kW) and the gas turbine oaeeu(50 kW). The total system efficiency
based upon electrical output of the design wasutatled to be 43.4% [24]. A comparison with
the efficiency of simple gas turbine cycle and regative gas turbine cycle shows the
superiority of SOFC power plant for the consideedectrical power range [25]. Methane fed
hybrid SOFC-GT power generation system of capdcitp MW is successfully modeled. It has
been demonstrated that SOFC-GT can achieve 60%lexdtical efficiencies and it is feasible
for SOFC to be integrated with a gas turbine englheve consider the recuperation at the

downstream of the gas turbine, efficiencies cafultber improved [26].

A Hybrid System based on High Temperature FuelsCadupled to a Micro turbine allows a

high efficiency, low environmental pollution and may be exploited as a CHP System
producing heat and electricity both Grid Connected Stand Alone; the overall electrical

efficiency could reach a very high value (up to §08ad total efficiency could be over 70%

including the contribution due to heat recovery.eTs$teady state simulation of the Hybrid
System shown that the efficiency both of the Etettemical Unit and of the whole Hybrid

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

thermal efficiency and specific power output of tiydrid gas turbine system was determined
from a control-volume analysis using the first asatond laws of thermodynamics. The cycle
achieved a thermal efficiency of 64.1% at a pressatio of 14. The specific power output was
found to be 520 W/kg s [28].

For a solid oxide fuel cell (SOFC) integrated irgamicro gas turbine (MGT) hybrid power
system, SOFC operating temperature and turbineteneperature are the key parameters, which

affect the performance of the hybrid system. Tlukast squares support vector machine (LS-
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SVM) identification model based on an improved iggtswarm optimization (PSO) algorithm
is proposed to describe the nonlinear temperatymardic properties of the SOFC/MGT hybrid
system by the author in his research paper. Duhegorocess of modeling, an improved PSO
algorithm is employed to optimize the parameterthefLS-SVM. In order to obtain the training
and prediction data to identify the modified LS-S\uivbdel, a SOFC/MGT physical model is
established via Simulink toolbox of MATLABG6.5. Comamed to the conventional BP neural
network and the standard LS-SVM, the simulatiorultesshow that the modified LS-SVM
model can efficiently reflect the temperature resmof the SOFC/MGT hybrid system[29].

A novel concept for integrating fuel cells with désation systems is proposed and investigated.
Two unique case studies were discussed; the firgilving a hybrid system with a reverse
osmosis (RO) unit and the second: integrating withermal desalination process such as multi-
stage flash (MSF). The exhaust gas from a hybridepglant (fuel cell/turbine system) utilized
for desalination units. This system global effi@gwas found to be 76.69% that meets the US
DOE'’s (United States Department of Energy) godbuafer heating value efficiency above 70%
[30].

A system level modelling study of three combineathend power systems based on biomass
gasification is available. Product gas is conveilitech micro gas turbine (MGT) in the first
system, in a solid oxide fuel cell (SOFC) in them® system and in a combined SOFC-MGT
arrangement in the third system. An electrochemmuadiel of the SOFC has been developed and
calibrated against published data from Topsoe Be#is A/S and the Riso National Laboratory.
The SOFC converts the syngas more efficiently tben MGT, which is reflected by the
energetic electrical efficiency of the gasifier aéT system in opposition to the gasifier and
SOFC configuration. By combining the SOFC and M@&Te unconverted syngas from the
SOFC is utilized in the MGT to produce more powad ahe SOFC is pressurized, which
improves the efficiency to as muchms= 50.3% [31].

A gas turbine and fuel cell hybrid plant schedutedo online in the year 2012, and will achieve
an efficiency of around 70% [32]. A critical survef thermal efficiencies of combined SOFC-

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

System configuration Efficiency Reference
Pressurized cycle using an SOFC and integratedd&®rhing cycle 68.10 Harvey and Rat{34, 35]
Gasification process linked with an SOFC and GT 60.00 lachyov and Richter [36]
Pressurized SOFC-GT combined cycle 60-65 George [37]

Pressurized SOFC-GT cycle with a heat recoveryhbtly cycle 70< Campanari amatcchi [38]
500 kW with GT reheat and air compression interliogo 65< Palsstral. [39]
Recuperated micro gas turbine (MGT) with a highgerature SOFC 60< Costamagna ef40]
SOFC stack, combustor, GT, two compressors andupegators 60< Chan et dii]

50 kW microturbine coupled with a high-temperat8@FC 60.00 Massardake{42]
Pressurized tubular SOFC combined with an inteezbothear GT 66.23 Rao and Sanerelgl3]
Humid air turbine (HAT) cycle incorporated with thbove cycle 69.05 Rao and Salwen [43]
Dual SOFC-HAT hybrid cycle 75.98 Rao and Samuelsen [43]
Internal-reforming (IR) SOFC-GT power generatioatsyn 60< Chan et[44]

Combined SOFC—GT system with liquefaction recow#rgO2 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 exchangersraixérs 65.4 Calise eff47]

1.5 MW integrated IRSOFC with two GTs and one HRSG 60.00 Calise et[4B]
Two-staged low and high temperature SOFC powerrgéne cycle 56.10 Araki et al. [49]
Multi-staged SOFC—gas turbine—CO2 recovery powentpl 68.50 Araki et 0]
Recuperated GT integrated with SOFC 59.4 Tse et al. [51]
Recuperated GT with compressor air inter-coolind v SOFCs 68.7 Tse etal.J51
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 praardidates for stationary power generation in
the intermediate to long-term future. In additianits clean and efficient operation, its high
temperature of operation (800-1100 K) allows foz uf a wide range of fuels (including CO),
up to few MW power generation and for CHP applmatsOFC'’s are the best option to combine
with gas turbine system. The combine system oféexeery high electrical efficiency ranging
between 60 — 70% and with the advancement in thlentdogy very soon these systems will

achieve the targeted efficiency (75%).

Recent interest in the field of gas turbine anddsokide fuel cell hybrid system applications for
the power industry has led to the need for accurateputer 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 tbar nerm realization of high efficiency
decentralized power plants. The present researatk Wwas been performed to achieve the
following objectives:

1. To find best configuration of integrated gas tueéband solid oxide fuel cell hybrid system
power plant from the available configurations.

2. Thermodynamic modeling, simulation and performaecaluation of integrated gas turbine
and solid oxide fuel cell hybrid system power plasing natural gas.

3. Parametric study of this system using first anseddaw of thermodynamics.
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Chapter 3

Formulation of Fuel Cell

In past sections we discussed about the fuel gadl,turbine and combined gas turbine and fuel
cell system. In this chapter we will discuss alfaet cell in detail and develop a formulation for
modeling and simulation of fuel cell. We will firdiscuss fuel cell, types of cell and then about
the formulation of the fuel cell.

3.1 Fue cell

Fuel cells are electrochemical devices that convertchemical energy of the fuel directly into
electrical energy. The generic fuel cell basicalynsists of an electrolyte layer sandwiched

between a porous anode and cathode electrode.

2e

Fuelin —» cl € Oxidantin
0.50
H Positive ion | A 2
\_2, A " T
Or

N Negative ion| H
I dl
H0 | D H,0 :
2 DO M Depleted oxidant

Depleted fuel and = g| ELETROLYTE _ > and

FUEL CELL
Figure3.1: Description of Fuel Cell

A schematic representation of a fuel cell withth#se parts is shown in Figure3.1. In a typical

fuel cell, fuetis fed continuously to the anode compartment (riegalectrode) and an oxidant

! The fuel is reformed before feeding into anode parment if, fuel is not pure hydrogen.
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is fed continuously to the cathode (positive elmdt) compartment; the electrochemical reaction
takes place at the electrodes to produce the dfirfére hydrogen fuel and oxygen combines to
produce electricity, heat and water. Heat is reldatue to exothermic electrochemical reaction.
A catalyst* presents between in electrode and electrolytéssiie hydrogen into two parts a

proton and an electron. The protons travel throtinghelectrolyte to the cathode. The electron
cannot pass through the electrolyte so they mast through an external circuit, creating a DC
circuit. The electron finally arrives at cathode esh they recombine with the hydrogen and

oxidant (i.e. oxygen). Heat and water is thus poedu
3.2 Types of Fud cell

Fuel cells are classified primarily on the basisel#ctrolyte they employ. This determines the
kind of chemical reactions that take place in tle#, dhe kind of catalysts required, the
temperature range in which the cell operates, thed fequired, and other factors. These
characteristics, in turn, affect the applicatioms\ihich these cells are most suitable.

There are 5 major types of fuel cells currentlyemdievelopment:

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, thtnons, advantageous, and application which

has been tabulated in table 3.1.

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

3 Current is strictly defined as motion of a chargpeicie and can be in the form of anions (negatizhhrged
species such as’Q) cations (positively charged species such §s ¢ negatively charged electrons.

* The material of catalyst depends upon the elgd&alsed; it could be made of platinum, nickel opskites.
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Table 3.1: Type of fuel cell and properties [52-53]

Fuel cell Operating | Efficiency | Charge| Electrolyte Catalyst Product
Type Temperature carrier water
management
Aqueous solution
of potassium

Alkaline 60-70C 36% OH | hydroxide soaked pjatinum | Evaporative
Fuel Ce” In a matrix
(AFC)
Proton Solid organic
Exchange polymer poly-
Membrane 85-105C 40% H perfluorosulphuric|  platinum | Evaporative
Fuel cell acid
(PEMFC)
Phosphoric Liquid phosphoric
Acid Fuel acid soaked in a
cell (PAFC) 160-220C 40-45% H* matrix Platinum Evaporative

Liquid solution of

lithium, sodium
Molten 600-650C 45-47% coz | andlor potassium  Nickel Gaseous
carbon Fuel carbonate soakeg product
cell (MCFC) in a matrix

zirconium Solid

oxide to which a
Solid oxide 800-1000C 48-55% on Small amount of | perovskites Gaseous
fuel cell ytrria is added product
(SOFC)

Form table 3.1 we can conclude that the MCFC an&Ga@re the fuel cell that has a high
operating temperatures i.e.600-860for MCFC and 900-116Q for SOFC. Due to these

reasons these fuel cells are preferred for thewgase and fuel cell hybrid system. The SOFC
has a quite high operating temperature than albther fuel cells and it also offers a very high
efficiency than other fuel cells. Because of thghhoperating temperature and high efficiency

characteristic of the SOFC, this fuel cell is gatigrpreferred for the hybrid system technology.
3.2.1 Solid oxide fuel cell (SOFC)

Solid oxide fuel cell (SOFC) systems have been gezed as the most advanced power
generation system with the highest thermal efficyewith a compatibility with wide variety of

hydrocarbon fuels, synthetic gas from coal, hydmpgec. [54]. A SOFC is a continuously fed
electrochemical cell, where the electrodes andtreligte are ceramic materials. The major
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electrochemical reaction which takes place in akG@ the oxidation of fuel. A large variety
of materials are used in SOFCs and novelSolid oftidecells employ a solid oxide material as
an electrolyte [ 55]. The material used for eldgtmis Yttria(Y,0,) stabilized ZirconiéZr0,)

and perovskites is used as catalyst. The SOFGtimightforward two-phase gas-solid system so
it has no problems with water management, floodifighe catalyst layer, or slow oxygen
reduction kinetics. Internal reforming in SOFC9assible over the anode catalyst, also partial
oxidation reactions and direct oxidation of thel fa@ve been found to occur. Different concepts
for solid oxide fuel cells have been developed dher years. Flat plates have an easier stack
possibility while tubular designs have a smallealisg problem. Monolithic plate and even
single-chamber designs have been considered ardtigated for SOFC use. Due to the high
power density of SOFCs compact designs are feafNolémportant 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) lawbweoncept for SOFC (under

development)

3.3 Fudl cell stacking

A single fuel cell theoretically can be made toiaet desired current and power output simply
by increasing the active surface area of the @detrand flow rate of reactants. However, the
output voltage of a single fuel cell is limited the fundamental electrochemical potential of the
reacting species involved and it is always less th for real operating condition. Therefore to
achieve a higher voltage and a compact designehdeil stack of several individual cells

connected in series are utilized. For a stackriesethe total current is proportional to the aeti
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electrode area of each cell in stack and is theesimough all cells in series. The total stack
voltage is simply the sum of individual cells. Faoel cell in parallel, the current is additive and
the voltage is the same in each cell. The comhinati parallel and series is also used. The no.

of stack is determined by the following equation:

Ncell
" = N G
Ar
Ny = — (3.2)
cell Ac
I
Ar =~ (3.3)
Vs = csgl%Ck X Vcell (3-4)

3.4 Electrochemical reaction

When an electrochemical reaction takes place, Wieeati global ruction and thus the chemical
energy difference between the beginning and the stat@s of the reactant and products are
identical to the analogous chemical reaction. Hawean electrochemical reaction circulates
current through a continuous circuit to complete thaction, while a purely chemical reaction

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

Anode:
H, » 2H" + 2e~ (3.5)

Cathode:

1
2H* +2€™ + 50, > Hy0 (3.6)
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Overall:
1
HZ + 502 i H20
For methane

Reforming Reaction:
CH, + 2H,0 - 4H, + CO,

Anode:
CH, + 40 — 2H,0 + CO, + 8e
Cathode:
1
=0,+2e >0
2
Overall:

CH, + 20, - 2H,0 + CO,

3.4.1 Consumption and production of species

This section answer to an important question: havehmmass of a given reactant is required to
produce the required amount of current? Conversely, much current is required to produce a

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

Faraday’s law of electrolysis:

1. For a specific charged passed, the mass of tha@ugts formed are proportional to the

electrochemical equivalent weight of the products.

2. The amount of product formed or reactant consumedirectly proportional to the charge

passed.

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

the mass reacted or produced:
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me | (3.12)

Considering a purely electrochemical reaction, mftenolar Consumption or production of

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

idp 1
l, =—=— 3.13
" T UF T nF ( )

3.4.2 Measure of reactant utilization efficiency
Faradic efficiency: it is the measure of the petesitization of reactant in galvanic process:

theoretical required rate of reactant supplied
Ef =

3.14
actual rate of reactant supplied ( )

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

utilization efficiency:

theoretical required rate of fuel supplied

Hr = actual rate of fuel supplied (3.15)

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

which results in less than a complete conversitre. durrent efficiency is defined as:

actual rate of species reacted or produced

= theoretical rate of species reacted or produced (3.16)
3.4.4 Stoichiometric ratio
Cathodic Stoichiometric ratio is defined as:

2 = i _ actual rate of oxidizer delivered to cathode (3.17)

& c theoretical rate of oxidizer required

Anodic Stoichiometric ratio is defined as:
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1 actual rate of fuel delivered to anode
Ag=—= : . (3.18)
&.a theoretical rate of fuel required

3.4.5 Flow stoichiometry

Due to inefficiency in reactant utilization, the laoflow rate of reactant is given as:
N =Ab—F=Ak—F (3.19)

The consumption of reactant is evaluated by usiaigaday’s law as stated above is rewritten
here

. [Ar I
Neonsumed = F = E (3-20)

Therefore the amount of reactant out of a fuelisell

. . . [Ar
Nout = Nin — Nconsumed = (Ai - 1)F (3.21)

3.5 Calculation of voltage
3.5.1 Calculation of maximum expected voltage (E0):
Invoking first law of thermodynamics for a simplengpressible system
du = 8§Q — W (3.22)
The work can be divided into mechanical expansiorkvand electrical work:
SW = §W, + §W, = PdV + W, (3.23)
For a reversible system, second law of thermodycgaoan be given as

5Q = TdS (3.24)
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The differential change in the Gibbs free energyiven as:

dG = dH — TdS — SdT (3.25)

For a constant temperature process equation (Bedmes

dG = dH — TdS (3.26)

The differential change in enthalpy for a givenctem is

dH = dU + PdV + VdP (3.27)

For a constant presure process, the differentahgé in enthalpy is

dH = dU + PdV (3.28)

Now, subsitttuting eq. (3.23) and (3.22) in (3.2%) get,

dU = TdS — §W, — PdV (3.29)

Now by subsittution of eq. (3.27) and (3.28) in8a26), we can show that

—dG = §W, (3.30)

Since the equation (3.29) has been derived forvarsile system, it is an expression of the
maxium electrical work possible from the systemwNwmnsider the work required to move a
given charge:

w, = nFE° (3.31)

It should to be noted here, tHftis not energy; it is voltage. Combining equatioBs3{) and

(3.30)E° can be written as:

o= _2C (3.32)
~ nF '
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This is the maximum possible reversible voltagamfelectrochemical cell aritf is also called

the reversible voltage.
3.5.2 Calculation of thermal voltage (E°°):

When all the potential chemical energy for a reactvent into electrical work, if there were no
heat transfer, there were no entropy changesr@wersible adiabatic process); form equation
(3.25)dG = dH. In this case:

AH

E00 — ——
nF

(3.33)

This is the maximum voltage for a reversible adi@bsystem. It is also known as the thermal
voltage.

3.5.3 Calculation of thermodynamic cell efficiency (yth ):

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

maximum

E° —AG/nF _AH —TAS

= = = 3.34
nth,max EOO _AH/nF AH ( )
The equation (3.34) can be rearranged as:
TAS
Menmax = 1 =77 (3.35)

3.5.4 Calculation of Nernst voltage (E):

Since the enthalpy is a function of only tempemtiticran be easily concluded that the thermal
voltage (E°?) is also a function of temperature alone, while thegersible voltag€E?) is

actually a function of temperature and pressurth®teactant and products. The Nernst equation
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is an expression of the maximum possible open itivaltage as function of temperature and
pressure and is an expression of an establishech@kdgnamic equilibrium. Consider a global

redox reaction in a fuel cell:
VA +vg ©v:.C+vpD (3.36)

Where thev’s are the stoichiometric coefficients of the balahe&ctrochemical reaction. From

thermodynamics of systems in equilibrium:

A B
vC ,vD
ac ap

(3.37)

VA vB
AG = AG(T) — R,T ln[ ]

Where thex’s are the thermodynamic activity coefficients tbe reacting specie. To convert

above equation in voltage form, dividing h¥:

E(T,P) =F= —E-F nF n

AG R,T [a}{A agBl (3.38)

vC VD
ac-ap

This equation is known as General Nernst voltageession. By using this we can write Nernst
voltage equation for variety of fuels. The expresdor hydrogen and methane are given below:

Nernst voltage expression for hydrogen fuel cell

/2
R,T |Pu Pol
E=FE0 4% 2 0z 3.39
T 2F ™ Pao (3.39)
Nernst voltage expression for methane fuel cell
R,T [ Pcy,Pé
E=E0+-2% ln[ s 02] (3.40)
8F P, Pco,

> 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 relationsfop evaluation of fuel cell performance.
Polarization curve is a very important tool fordting the complete performance of any fuel
cell. The polarization curve is generally plotteztviieen cell voltage and current density instead
of voltage and total current. A polarization cupletted between cell voltage and current density
of the fuel cell is shown in Fig3.1. The graph shavthe Fig3.1 has been plotted for a polymer
electrolyte membrane fuel cell in EES. There ave fypes of losses which results in departure

from maximum thermal voltage to actual cell voltage
3. Losses due to entropy change which cannot beesrgd.
2. Losses due to activation overpotential at teeteddes.

3. Losses due to Ohmic polarization. These aradhistive losses which include all electrical
and ionic conduction losses through the electrolgatalyst layer, cell interconnects, and

contacts.

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

limitation of the reactant to the electrodes.

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

of electron through the electrolyte, or any ottmepurity.

Hence, actual cell voltage is the difference ofri¢éroltage and losses, given as:

Veen = E — Naa — |77a,c| —N¢a — |77c,c| — MR (3-41)

Where,V ., is actual cell voltagdy is theoretical cell voltage, , is activation loss at anode,
N4, IS activation loss at cathodg, . is concentration loss at anodg, is concentration loss at
cathode, angy is losses due to resistance. These losses havedsmissed in detail in next

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

3.6.1 Activation polarization (n,)

Some voltage difference from equilibrium is neededjet the electrochemical reaction going.

The activation losses are due to sluggish kineticdectrochemical reaction. It dominates losses
at low current densities. Activation losses ars @sminant in case of SOFC due high operating
temperature. Physically, the activation lossestlagelosses required to initiate the reaction. In
similar fashion, consider a gasoline vapor andmakture in combustion chamber, it needs an
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ignition energy input for combustion. It is evaledtby using Butler—volmer model of kinetics.

Some semi empirical relations are also availabe B\ equation is given as:

C\/ a, F a F
L=t (C_S) [eXp (RaT”) — P (RCT”)] (3.42)
u u

i is the total fuel cell current density.

i, is the exchange current density of the electrofleinterest and function of reaction

concentration.
C, is the electrode reactant concentration at theystsurface.
C* is the reference concentration of the reactaBfl& condition.

y is the reaction order for elementary charge temnstep, which can vary for different electrodes

and reactant and is typically determined experiaignt

42}

exp Fn is the oxidation reaction at the particular eledé.
RyT

ac

exp Fn is the reduction reaction at the particular etszr
RyT

a, is the anodic charge transfer coefficient.
a. is the cathodic charge coefficient.
n is the activation overpotential.

A detailed derivation of the BV equation is avai@in™.

®BVisan acronym for Buttler-volmer equation
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In 1905, based on experimental investigation, TE&l| proposed the following relationship

between electrode overpotential and current density

n =a + blog(i) (3.43)
R,T .
a= 2'3030(]__}7109(‘0) (3.44)
b= —23035L 3.45
= -2 o F (3.45)

J

Where,b is the Tafel slope. Experimentally, the exchangeent density and charge transfer
coefficient are found with a Tafel plot, which ikt of log of current exchange density versus
overpotential for a given reaction.

3.6.2 Ohmic polarization (ng)

At moderate current densities, a primarily lineagion is evident on the polarization curve. In
this region the voltage is affected by the interredistive lossegy through the fuel cell,
resulting in the nearly a linear behavior, althotlgh activation and polarization losses remains

present in this region. The Ohmic polarizationvaleated by using ohm’s law:

ng =14 (Z rk) (3.46)

k=1

For a fuel cell the equation can be written as:

Nr = i-RohmiC - i(Ranode + RCathode + RElectrolyte + Rlnterconnection) (3-4‘7)

And R is calculated by using

R==— (3.48)

44



Where,

R = Resistance(t)

p = Resistivity 2m)

[ = Linear path length of ion travel (m)

A = Cross — sectional area of ion travefm

The resistivity p) is a function of temperature and calculated bggithe following relation:

b

p =axexp (7) (3.49)

Where, the T is fuel cell operating temperatarandb are constants. The value of constants
depends upon the material of the component. Thetaotsa andb for the tubular SOFC
electrode materials (the lanthanum manganite cathobe, yttria-stabilized zirconia (YSZ)
electrolyte, Ni/YSZ anode and doped lanthanum clteonmterconnection) [58] are listed in
table A. 1 of appendix - A.

3.6.3 Concentration polarization(n,.)

It is caused by the reduction in the reactant serfaoncentration which dominates the
thermodynamic voltage from the Nernst equation amdhange current density from BV
equation. The voltage losses due to concentratitaripation are determined by using following
equation:

Ne = —n—l‘l’l [1 - (350)

And total concentration polarization is given as:

+ = R“Tz 1 : RuTz 1 : 3.51
Nea +lee =——In . n » (3.51)
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Another semi-empirical approach is often used Iptagng the tern%% with a constanB to

better fit with experimental data. Hence equatiendmes:

i
ne = —Bln [1 - Z (3.52)

Therefore total concentration polarization is giaesn

Nea +Mee = —Baln [1 - L] — Bcln [1 - L] (3.53)

lLa lpc

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

fuel cell concentration polarization:
e = mexp(ni) (3.54)

If this equation is used, the constantindn are typically fit from several polarization curyes

and this single expression includes both anodecatithde concentration polarization.

Limiting current density (i;): The current density at which cell voltage become® is known
as limiting current density. Now, we derive an gtiaal expression for this value. Assuming one

dimensional transport to the catalyst surface:

LA DA dc; + Cav, (3.55)
nF dx ~——
Consumption  Diffusion fr‘ﬂfsc;féﬁ
transport

If we assume one dimensional flux to the electrsddace inx direction with zero bulk flow

velocity, we can write:

C.—C
i, = —nFDeffTS (3.56)

But the surface concentrati@p is reduced to zero at limiting condition. Henceaipn ()
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Coo
iL = _nFDEffF (357)

Where,
C, known as the concentration of the reactant atbthwendary with the flow channel and is

calculated by using ideal gas law. It is given as

_ P
C, = R.T (3.58)
D.ss = Effective diffusion coefficient
6 = Diffusion layer thickness
3.7 Diffusion coefficient
Knudsen diffusion coefficients for the anode anthcde gases:
T 0.5
Dyx; =97 X 1 X [ Ce”] (3.59)
’ Ml
Effective Knudsen diffusion coefficients for theoale and cathode gases:
&
Dgicerry = Dk XE (3.60)

Where subscript represents the gaseous component K0, O, or N,), r is the electrode pore
radius (m),I.; is the cell operating temperature (K¥; is the molecular weight (kg/kmol) of
the gaseous componentis porosity and is tortuosity of the electrodes. The ordinary byna

diffusion coefficient for both anode and cathodgiigen as:
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1
1% 1077 X Topy~7® (Mi + Mi)z
Dy, = i M (3.61)

1 1\?2
3 3
P(vl. +vk>

Where subscriptsandk represent the gaseous components that make ugindmy gas mixture

(H2-H,0 at the anode and,\, at the cathode)P is pressure in atmospheres and the Fuller
diffusion volume listed in table A2 of Appendix — e effective ordinary diffusion coefficient

is calculated in similar fashion as in case of #&sen diffusion, which is given as:

€
Dikerr) = Dik XE (3.62)

The overall effective diffusion coefficient for dagas is given as:

t ! + ! (3.63)
Diesry  Dikterp  Dricerp '
The effective anode and cathode coefficient ismia®e
0 0
Yh,0-P Yu,-P
Daners) = < 3 >DH2(6ff) +< b )DHZO(eff) (3.64)
Dcat(erry = Doy(ers) (3.65)
3.8 Power Output
Power output of the cell is given by the fundamkeetgation:
P=VxI (3.66)

Where,

P is total cell power output,
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V is actual cell voltage and

I 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:

PH _ __ hno _ . . _ O
Eano,in - hi.ano,in hi,ano,in TO (Sl,ano,m Si,ano,in (3'67)

Physical exergy at cathode inlet:

PH _ __ o _ . . _ O
Ecat,in_hi.cat,in hi,cat,in TO(Sl,cato,m Si,cat,in (3-68)

Physical exergy at anode outlet:

PH — o o
Eano,out - hi,ano,out - hi,ano,out - TO (Si,ano,out - Si,ano,out) (3-69)

Physical exergy at cathode outlet:

PH — _ ho _ . _ <O
Ecat,out - hi,cat,out hi,cat,out TO (Sl,cato,out Si,cat,out (3'70)

Exergy balance for fuel cell is given as:

PH PH CH CH — PH CH PH CH ;
Eano,in + Ecat,in + Ecat,in + Eano,in - Eano,out + Eano,out + Ecat,out + Ecat,out + Exd

Vo X 1 (3.71)

Where,EFY . andEf]; ., are physical exergy at anode and cathode inlgeotsely,h; 4,0 in

ano,in

andh; .. in are enthalpy of substance at anode and cathode respectivelyh?,,, ,, and

h{.qcim are enthalpy of substance at reference conditmresponding to anode and cathode

inlet respectivelys; 4no,in ANAS; car0,in are entropy of substance at anode and cathode inle
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respectivelys; . in andsy . ;, are entropy of substance at reference conditieresponding
to anode and cathode inlet respectivel§), ... andEES ... are physical exergy at anode and
cathode outlet respectivelyt; gno our @aNd A, cqr0ue are enthalpy of substance at anode and
cathode outlet respectively; gno our aNA S; carooue @re entropy of substance at anode and
cathode outlet respectivelyy ., oue and s;%qc0ue are entropy of substance at reference
condition corresponding to anode and cathode outspectively,ESf ., and ECY ., are
chemical exergy at anode and cathode inlet respégtiESy, .. andEEE ... are chemical
exergy at anode and cathode outlet respectivglyjs exergy destruction in fuel cefly is

temperature at reference condition inlk,; is actual cell voltage andis current.
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Chapter 4

Formulation of Gas Turbine Power Plant System

This chapter deals with the modeling of the basimgonents of the gas turbine power plant

system. All the components have been modeled ascumtrol volume approach.
4.1 Compressor

To develop an analytical mathematical model for #mealysis of compressor following
assumptions has been taken into consideration:

1. A control volume enclosing the compressor is cosrgd.

2. The control volume operates at steady state.

3. For air, the ideal-gas mixture principles are diaind air is mixture of £ N, H,O, and
CO..

4. The compressor operates adiabatically.

5. Kinetic and potential energy effects are negligible

24

T~

Compr
essor

/

A

1

Figure 4.1: Control volume enclosing compressor

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

specified pressure at exit (state 2). The exit qunesis specified in terms of pressure ratio;
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defined as the ratio of pressure of the fluid ait ¢ the pressure of the fluid at inlet.

Mathematically:

()
Drc = E (4.1)
Where,p,. iIs the compression pressure rapg,is the pressure of the fluid at exit of the
compressor, ang; is the pressure of the fluid at inlet of the coegsor. The pressure ratio

expression is used to determine the pressure

To compress (i.e. to increase the pressure ofdithenergy is absorbed by the compressor in the

form of work. The specific work required to com@élse air is given as:

Weom = (hz - hl)/ncom,mech (4-2)

Where,w,,,is the specific work done on the compresagris the actual specific enthalpy of
the fluid at compressor outldt, is the specific enthalpy of the fluid at compressdet, and
NcommecniS the mechanical efficiency of the compressor. &hidalpy of the fluid at compressor
inlet is calculated by knowing the pressure andoenature of the fluid at compressor inlet pe.
andT; respectively. Here its worth to note that eq. (4s2ritten without considering the sign
convention. The actual specific enthalpy at ouitg) of the compressor is calculated from the
expression of the isentropic efficiency given as:

h,. —h
Ncom,is = = = (4.3)

hy = hy
Where, in eq. (4.3).0m,is the isentropic efficiency of the compressor ands the specific
enthalpy at the outlet of the compressor for antrepic compression. Since for an isentropic
compression the entropy change is zero, for thatnggic compression of an ideal-gas mixture

we can write:
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p
S5 — S1 = XN, [SO(TZS) —s°(Ty) — Ruln_2
b1 Ny
o o D2
t+X10, S (Tzs) — s°(Ty) — Ryln—
p1 0,
0 o &
+X1¢0, |$°(T2s) — s°(Ty) — Ryln—
p1 CO,
o 50T = 52 - Rn 22| =0 (4.4)
1-H,0

Where,s,, is specific entropy of the mixture after isentomiompressions, is the specific
entropy of the mixture at inlet of the compres§prandT,, are temperature of the fluid at inlet
and after isentropic compression respectively,is the mole fraction of the gases wheére
denotes the type of species present in the mixands® is the specific entropy at reference
pressure i, taken as 1 bar) and at corresponding temperaiow, by evaluating specific
entropies af’; and inserting the specific entropy expressiortlierspecies in eq. (4.4), then the
solution of equation gives the valueTgf. By knowing ther,; the corresponding enthalpy of the

mixture can be evaluated by using ideal-gas mixpuirgciple.
The exergy balance equation for compressor carritemvas:
E1 + WT == EZ + Ed (4‘.5)

Where,E; and E, are exergy of substance at inlet and outlet ofpressor respectively¥,; and

W, is exergy destruction in compressor and work inpuhe compressor respectively.

4.2 Combustion chamber

To develop an analytical mathematical model forahelysis of combustion chamber following

assumptions has been taken into consideration:

1. A control volume enclosing the combustion chamberoinsidered.
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The control volume operates at steady state.
For air and combustion products, the ideal-gagumexprinciples are valid.
The combustion is complete; I¢ inert.

Kinetic and potential energy effects are negligible

o gk~ w N

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

Qloss
| g _ ——1
I > / / I p-Products
Fuel I I
Inlet | | oOutlet
| |
Air } - ﬂ t —pp-Product
= _/( _______ I -
Qcv

Figure 4.2: Control volume enclosing combustion chaber

Let, A is fuel-air ratio on molar basis. The molar rai@nf of the fuel, air, and combustion

products are related as follows:

n n
1=-L 1+1=—2 (4.6)

na Ng

Where, ng, n, andn,p are the molar flow rate of fuel, air, and combusproducts respectively.

Applying first law of thermodynamics to the contkalume:
Z n; h; + ch - Qloss - Vi/cv = Z e he (4.7)

By knowing the inlet enthalpy and lower heatinguealbf the fuel enthalpy at outlet can be

calculated and outlet temperature can be evaluhtedgh iterative method.
The exergy balance equation for combustion charshkgiven as:

El = EZ + Ed (4‘.8)
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Where, E; and E, are exergy of substance at inlet and outlet of mgtion chamber

respectively, and; is exergy destruction in combustion chamber.
4.3 Turbine

To develop an analytical mathematical model for #Hmalysis of gas turbine following

assumptions has been taken into consideration:

1. A control volume enclosing the gas turbine is cdesad.
2. The control volume operates at steady state.
For combustion products, available at gas turimiet, the ideal-gas mixture principles are
valid.
4. Kinetic and potential energy effects are negligible

5. Heat transfer from the control volume is negligible

-
™~

4,@)

C3
Figure 4.3: Gas turbine

The function of turbine is to produce power by exgian of fluid at high pressure and high
temperature to lower pressure and lower temperailre working fluid expands in the turbine
from the inlet state 1 to the specified pressurexdt (state 2). The exit pressure is specified in
terms of pressure ratio; defined as the ratio epure of the fluid at exit to the pressure of the
fluid at inlet. Mathematically:
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b2
Pre = E (4.9
Where, p,.. is the expansion pressure ratig, is the pressure of the fluid at exit of the
compressor, ang; is the pressure of the fluid at inlet of the coegsor. The pressure ratio

expression is used to determine the pregsure

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

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

Wiur = (hl - hz)/ntur,mech (4-10)

Where,w,,, is the specific work delivered by the turbirg,is the specific enthalpy of the fluid
at turbine inleth, is the actual specific enthalpy of the fluid atbine outlet, andy;,; mecn 1S
the mechanical efficiency of the turbine. The elghaf the fluid at turbine inlet is taken same
as the enthalpy at combustion chamber exit. Theab&pecific enthalpy at outlehy) of the

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

hy — hy

Ntur,is = hy — hy, (4.11)

Where, in eq. (4.11),, is the specific enthalpy at the outlet of the tnebfor an isentropic
expansion. Since for an isentropic expansion theopy change is zero, for the isentropic

expansion of an ideal-gas mixture we can write:

S25(T2s,P2) — 51(T1,p1) = 0 (4.12)
Where,s, is specific entropy of the mixture after isentpkpansions, is the specific entropy
of the mixture at inlet of the turbin€&, andT,, are temperature of the fluid at inlet and after
isentropic expansion respectively, solving equatbt?) gives the value @},. By knowing the
T, the corresponding enthalpy of the working fluidaggmixture) can be evaluated by using

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

E1 = WT + EZ + Ed (4.13)
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Where,E; and E, are exergy of substance at inlet and outlet oftgdsne respectively,; and

Wy is exergy destruction in gas turbine and workweéd by the turbine respectively.
4.4 Recuperator

Heat exchanger/Recuperator is a device in whichibeéensferred between two moving fluids.

DI O
I

W@

Heat Exchanger

Figure 4.4 Control Volume for Heat Exchanger

The effectiveness of the recuperator is descrilsed a

_Ty—Ts
 Ty—Ts

€ (4.14)

Writing the energy balance equation for the recatercontrol volume one may find the outlet
temperature or enthalpy depending upon the fornaumat

(h4 - h3) = (hl - hz) (4.15)

Where,T5;, T,, hs, and h, are temperature and specific enthalpy of coldasir at inlet and
outlet respectivelyl; , T,, hy, and h, are temperature and specific enthalpy of haastr at

inlet and outlet respectively. The exergy balarg@aéion for heat exchanger can be written as:

El + E3 = E2 + E4 + Ed (416)
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Where,E; and E; are exergy of hot and cold stream at inlet of reeathangerE, and E, are
exergy of hot and cold stream at outlet of heatharger and,; is exergy destruction in heat

exchanger.
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Chapter 5

Hybrid System

This chapter explains the working of the hybridteys and the different techniques used in the
hybrid system. As in introduction it is said thatliid system couples the micro gas turbine with
the fuel cell (generally SOFC), there are some pugho couple them. These methods will be

discussed here in detail after an introduction abgbrid system.
5.1 Hybrid System

Hybrid Systems are power generation systems inlwaibeat engine, such as a gas turbine, is
combined with a non-heat-engine, such as a fuél Teé resulting system exhibits a synergism

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

provided by either system alone. Thus the comtmngtierforms better than the sum of its parts.
The working definition of Hybrid Power Systems isolving, but currently the following

statement captures the basic elements:

Hybrid Power Systems combine two or more energwersion devices that, when integrated
provide (1) additional advantages over those devigeerated individually, and (2) a synergism
that yields performance that exceeds the sum ofdhgonents. With these attributes, combined
with an inherent low level of pollutant emissionylitiid configurations are likely to represent a
major percentage of the next generation advancegmpgeneration systems [59]. Studies on
plant concepts for SOFC/GT-systems attract morentins recently. A hybrid system

consisting of a micro turbine and a SOFC achieVedtrical efficiencies that are comparable to
those of large power plants and beyond, especialthe case of direct integration and high

SOFC-operating temperatures and turbine inlet teatpess.

A MGT has a smaller volume and weight but also weloefficiency (about 30%) and larger
emissions than a "normal" gas turbine. Thereford@T working as a stand-alone device
generates not so much benefit. A fuel cell is arlenergy generator and has a considerably

higher and constant efficiency even at differenérafing temperatures, but its volume is still
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extremely large. Normally, the fuel cell is a SOF€0lid oxide fuel cell) which works at

temperatures of about 950°C, so that the temperdduel of the exhaust heat is high enough to
be used for the operation of a micro turbine. At $hme time the exhaust heat of the turbine can
be utilized in the fuel cell for the preheatingaaithode- and anode-gas. The fuel utilization of

solid oxide fuel cells lies in the range of 80%8&9%.

Therefore, a further enhancement of the efficigsgyossible by an additional combustion of the
fuel cell exhaust in the combustion chamber of tibine. This means that hybrid MGT/FC

systems could be a promising technology for digteld power supply.

5.2 Types of Hybrid System

There can be various plant layouts for a hybridesyscombining solid oxide fuel cell and gas
turbine system but a simple classification of hglsystem can be made on the basis of coupling
of the fuel cell with the micro gas turbine. On thasis of coupling scheme or integration

scheme, there are two types of hybrid system:

1. Integration of MGT and SOFC via Heat Exchangendirect fuel cell turbine cycle

2. Direct Integration of MGT and SOFC or directlfoell 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 consista aoupling of the two components by a heat
exchanger. In this case the fuel cell exhaust heatspressed air in the micro gas turbine
recuperator (Figure 5.1) while anode and cathodepgaheating is done with heat from the gas
turbine exhaust gas and the heat released fromusioh of residual fuel contained in the fuel

cell exhaust gas.

As this concept leads to high temperatures ate¢heperator exit, there is only small additional
firing necessary to reach the nominal turbine itdetperature, provided this is in the same range
as the temperature of operation of the fuel celie Thigh temperatures that occur in the

recuperator require special materials, howevetjqudarly high temperature alloys or expensive
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ceramics. There is still the need to develop inegpe and heat-resistant materials, resulting in
components with a sufficient life-span. The san@bj@m occurs at the interconnection between
SOFC and recuperator.

<

HE2 @
— D
AC GT
I\ SOFC
@
Air AC - Air compressor
Q» GT - Gas turbine
HE1 5 .

. ( ) CC- Combustion chamber
Air Fuel HE - Heat Exchanger
@ SOFC - Solid oxide fuel cell

Figure 5.1: Integration of a Micro Turbine and a SCFC by a Heat Exchanger

©)

The various state points shown in the Fig.5.1 arfollows:

State 1: Inlet to air compressor,

State 2: Outlet from air compressor and inlet tatlexchanger,
State 3: Air entering into heat exchanger 1 at apheric pressure,
State 4: Fuel entering into heat exchanger 1 absghreric pressure,
State 5: Gases leaving the heat exchanger 1 aadreninto fuel cell,

State 6: Gases leaving the fuel cell and entent@another heat exchanger 2,
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State 7: Compressed air leaving the heat excha@hged entering into combustion chamber,
State 8: Mixture of gases leaving the heat exchabgad entering into atmosphere,

State 9: Mixture of gases at combustion chamberaex at turbine inlet,

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

State 11: Mixture of gases leaving the heat excblah@nd entering into atmosphere,

State 11: Fuel supply into combustion to achieeedisired turbine inlet temperature (TIT).

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

combustion chamber walls to the elevated temperatwf the entering gas. Often the

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

the process. This is done in order to reach theimanx turbine inlet temperature. But then the
film cooling of the combustion chamber walls hasb® modified in such a way that the

admissible material temperatures are met. Othenaise in this area new materials have to be
applied. Another possibility is to omit additionadmbustion 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 migas turbine is the direct integration of the two
components. This configuration is more popular thatirect integration system. If this is the
case, the SOFC can be operated at higher pressucé v& beneficial for its efficiency, and

exegetic losses at heat exchangers are reduced.

This configuration offers an electrical efficienaf/50% to 60% assuming a conventional turbine
inlet temperature and an SOFC operating temperatange of 900 - 1000°C This result is in
agreement with other studies based on state-o&theéechnology. The plant concept for this

configuration is shown in Fig. 5.2.
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Figure 5.2: Direct Integration of a Micro Turbine and a SOFC

The various state points shown in Fig. 5.2 areHbgvs:

State 1: Inlet to air compressor,

State 2: Outlet from air compressor and inlet tatlexchanger,

State 3: Inlet to fuel compressor,

State 4: Outlet from fuel compressor and inletéattexchanger,

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

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

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

State 8: Mixture of gases at combustion chamberestering into gas turbine,
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State 9: Mixture of gases at turbine exit entenrig heat exchanger,
State 9: Mixture of gases at heat exchanger esétriag into atmosphere.

The fuel cell exhaust gas still contains 15% to 26f%he original fuel as residual combustible
substances. These can be utilized for further teatype augmentation before the hot gases are
expanded in the micro gas turbine yielding a terajure gain of 150 to 350 Kelvin at reference
point operation (TSOFC = 950 °@,=6,5). This operating point represents the basidition

on which further parameter variations of desigmpoperating parameters are based. Compared
to the original concept, where residual fuel isrbuor additional internal cathode/anode gas
preheating, this alternative design requires irggdanternal anode and cathode gas recirculation

for temperature equalization.

For all scenarios assuming additional firing in tees turbine combustor, efficiency increases
with pressure. The reason for this behavior is #hiairger portion of the fuel is added in the fuel
cell rather than in the gas turbine combustor. Thiseflected by an increase of temperature
augmentation by residual fuel combustion compaoethé above mentioned basic condition. It
leads to a better fuel utilization at given turbinket temperatures. The addition of conventional
fuel should be limited to a minimum amount, in arde maximize the efficiency gain. This

requires appropriate burner systems which avoighflsack 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 residentiahaas well as in small industry, trade and
services or public buildings as they offer an oppaty for an environmentally friendly

electricity supply and, at the same time, a coolind heat supply with high fuel utilization. The
world's first SOFC/gas turbine hybrid system wabvdeed to Southern California Edison for

operation at the University of California, Irvin@&stional Fuel Cell Research Center. The hybrid
system includes a pressurized SOFC module interaité a micro turbine/generator supplied
by Ingersoll-Rand Energy Systems (formerly NorthB@search and Engineering Corp.). The

system has a total output of 220 kW, with 200 k@hfrthe SOFC and 20 from the micro turbine
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generator. This system, a photograph of which @vshbelow, is the first-ever demonstration of
the SOFC/gas turbine hybrid concept. This proofcohcept demonstration is expected to
demonstrate an electrical efficiency of ~55%. TReteam is being tested at the NFCRC to
determine its operating characteristics and opeggiarameters. As of January 2002 the system
has operated for 900+ hours and has demonstraédei:trical efficiency. It will be operated
for several more months to gain experience for diesign of prototypes and commercial
products. Eventually, such SOFC/GT hybrids shod@dépable 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 stde as shown in Figure 6.1. Then based upon
the mathematical modelling presented in chaptend4 a computer program has developed.
The computer program for the simulation of the niddes been developed in the EES software.
EES is a general equation solver with built-in fiimes for thermodynamic and transport
properties. The diagram shown in Figure 6.1 has laéso treated as information flow diagram
for the system.

FUEL AR
AC / GT
" ®
()
FC ) IRSOFC @

-0 2
o !

AC - Air Compressor
FC - Fuel Compressor

IRSOFC - Internal Reforming Solid Oxide Fuel Cell
DC - Direct Current
AC - Alternating Current
° WP DC-AC - DC to AC Converter
WP - Water Pump
@ CC - Combustion Chamber

HE - Heat Exchanger, GT- Gas Turbine
M- Mixer, HRSG- Heat Recovery Steam Generator

HRSG

Figure 6.1: Hybrid System Configuration Consideredor Analysis
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The various state points of Fig. 6.1 are as foltows

State 1: Inlet to air compressor,

State 2: Outlet from air compressor and inlet tatl@xchanger 1,

State 3: Inlet to fuel compressor fuel at atmosigh@essure enters into fuel compressor,

State 4: Fuel compressor outlet and compressecfets into heat exchanger 2,

State 5: Fuel leaving heat exchanger 2 and entariognixer,

State 6: Mixer outlet,

State 7: Compressed air leaving the heat exchdnged entering into fuel cell,

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

State 9: Mixture of gases at anode outlet of tled dell,

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

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

State 12: Hot gases leaving the heat exchanged &raering into heat exchanger 2,

State 13: Hot gases leaving the heat exchanged 2raering into heat recovery steam generator,

State 14: Hot gases leaving the heat recovery sgeg@rator and entering into atmosphere,

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

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

heat recovery steam generator.
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State 17: Heat recovery steam generator outletirsteaving heat recovery steam generator and

entering into mixer.
The information flow for combined hybrid system desummarized as follows:

[1] At compressors and pump known inlet conditions sgrecified with pressure ratio, and
compressor isentropic and mechanical efficiency.

[2] Heat exchanger and HRSG analysis requires effestse as an input and outlet
conditions of streams are determined.

[3] For calculation of properties of outlet stream diquma for effectiveness and energy
balance equation is solved simultaneously.

[4] The outlet temperature of the mixture of fuel atehs at mixer outlet is determined by
assuming that total entropy change is zero.

[5] SOFC analysis requires all the geometric dimensiasmisan input for calculation of
polarization losses. Chemical reactions are spgetifor calculation of heat generated and
cell power.

[6] Combustion chamber analysis gets the input infaonafrom SOFC exit conditions.
Input such as combustion chamber efficie(y,;), calorific value of fuel is supplied,
based upon these inputs and assuming the competbustion, the temperature and
composition of outlet gas streams are determined.

[7] For calculation of temperature at combustion chaneb, first of all composition of
gases at outlet is determined by using stoichigmegjuation then by using energy balance
equation outlet temperature is calculated.

[8] For gas turbine outlet pressure is specified amdepoutput is calculated.

[9] For calculation of chemical exergy the chemical rgyxevalue at reference condition
tabulated in Table 7.1 for various substances @wpled.

[10] Finally the program is executed and it calculabtesvalue of desired parameters, such as
cell voltage, turbine power output, first law ef@incy, second law efficiency, exergy

destruction in various component and propertiesarking fluid at different state points.
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Table 6.1: Standard molar chemical exergyex® (kJ/kmol) of various substances at
298.15K and p, (1.013 bar) [60].

Substance Formula Model | Model II
Nitrogen N,(g) 63¢ 72C
Oxyger 0,(9) 3,951 3,97(
Carbon dioxid CO,(9) 14,17¢ 19,87(
Watel H,0(g) 8,63¢ 9,50(
Watel H,0(D) 45 90C
Carbon (graphit C(s) 404,58 410,26(
Hydroger H,(g) 235,24¢ 236,10(
Sulfur S(s) 598,15t 609,60(
Carbon monoxic CO0(9) 269,41; 275,10(
Nitrogen monoxid NO(g) 88,85 88,90(
Sulfur dioxide S50,(9) 301,93¢ 313,401
Nitrogen dioxid NO,(g) 55.56¢ 55.60(
Hydrogen peroxid H,0,(9) 13358 -
Hydrogen sulfid H,S 799,89( 812,00(
Ammonie NH3(g9) 336.68:¢ 337,90(
Oxyger 0(9) 231,96¢ 233,70(
Hydroger H(g) 320,82: 331,30(
Nitroger N(9) 453,82 e
Methan CH,(g) 824,34t 831,65(
Acetylene C,H,(g9) e 1,265,801
Ethylene CH,(9) - 1,361,101
Ethant C,Hg(9) 1,482,03 1,495,84
Propylene C3He(g) e 2,003,901
Propan CHg(g) 2,154,001
n-Butane CiHio(g) 2,805,80!
n-Pentan CsHi,(g) == 3,463,30!
Benzen CeHe(g)  =mmmemee 3,303,601
Octant CgHig(h) == 5,413,101
Methano CH,OH(g) 715,06 722,30(
Methano CH,OH(I) 710,74 718,00t
Ethyl alcoha C,H:0H(g) 1,348,32 1,363,901
Ethyl alcoho C,Hs0H(1) 1,342,08! 1,375,701




6.2 Input Parameter

The input parameters are summarized in the TaBle 6.

Table 6.2: INPUT PARAMETERS

PARAMETER

Gas—air heat exchanger effectiveness
Gas—air heat exchanger effectiveness

Gas—superheated steam heat exchanger eff.

Combustor efficiency
Electric generator efficiency
Inverter efficiency

Pump isentropic efficiency

Fuel compressor isentropic efficiency

Air compressor isentropic efficiency
Gas turbine isentropic efficiency

Fuel compressor mechanical efficiency
Air compressor mechanical efficiency

Pump mechanical efficiency
Gas turbine mechanical efficiency
Limiting current density (A/ff)

Methane inlet molar flow rate (kmol/s)

Water inlet molar flow rate (kmol/s)
Oxygen inlet molar flow rate (kmol/s)
Cell operating pressure (bar)
Environment pressure (bar)
Environment temperaturéQ)

Fuel utilization factor

Minimum steam-to-carbon ratio

Cell current density (A/f)

Anode thickness (cm)

Cathode thickness (cm)
Interconnection thickness (cm)
Cathode activation energy (kJ/kmol)
Anode activation energy (kJ/kmol)
Vanode(A/mz)

¥ cathode(A/ mz)

VALUE
0.80
0.80

0.80

0.98

0.98

0.95

0.80
0.80
0.80
0.80
0.98
0.98
0.98
0.98
9000
0.0028

0.0057

0.0070

7x1.013

1.013

25

0.85

2.04

1000

0.010

0.220

0.004

1.1%10

1.5%10
2.13x1¢
1.49x1¢
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Chapter 7

Result and Discussion

The formulation of fuel cell and gas turbine sysisrdiscussed in Chapter 3 and 4 respectively.
The method of coupling gas turbine and fuel cellso discussed in the chapter 5.Based upon
these formulations and solution methodology disedsa chapter 6, results and discussions of

the developed model are discussed below.
7.1Program validation

The program has been validated for the calculatddevof cell voltage and hybrid system

electrical efficiency based upon the input paramstgplied. Since each and every data is not
available in a single literature, various literasithave been considered for selection of input
parameters for simulation of the developed modbkk Tesults obtained by the simulation are
summarized in Table 7.1 and the value of variouarpater obtained from execution of program
is listed in Table 7.2.

Table 7.1: Result Validation

Component Present model Literatures
0.683 [13]
Cell voltage 0.67 0.684 [44]
Cell power output 1122 | e
Turbine power output 3735 kW | e
Total power output 1.495 MW 1.5 MW
60 % [48]
First law electrical efficiency (LHV) 66.5% 62.2%][41]
61.9% [44]
Second law efficiency 63.52% | @ e
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Table 7.2: Results obtained from calculation

State Molar  Temperature Pressure Enthalpy Physical Chemical

points flow exergy exergy
(kmol/s) (°C) (bar) (kJ/kmol) (kJ/kmol)  (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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7.2Exergy Destruction

The exergy destruction in various components iglédbd in Table 7.2. From table 7.2 it can be
very easily concluded that the maximum exergy destn takes place in SOFC and in
combustion chamber. This is due to chemical reacito SOFC and combustion reaction in
combustion chamber. Due to these reactions the asitigns of substances are affected which

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

A comparative study of exergy destruction in eammgonent 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
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7.3 Parametric Study

Based upon the important parameters of the presefiguration of SOFC/GT hybrid systerr

detailed parametric study is presented |
7.3.1 Effect of current density

The current density is very important parameter dealuation of any fuel cell performant
Around 70% power output of the hybrid system istdbuted by the SOFC unit and fuel c
power output is solely function of cell voltagense cell current density affects the voltage
cell, it is very important to study the behavioragl and its power output with respect to «

current density. In Fig. 7,2he variation of cell activation loss vs. celf@nt density is showt

The activation loss is prechinant at low current density, it increases dracady at low curren
density between 0 3000 A/n? and at higher current densities (more than 3000?) the



variation is very less as compared to low curremsities. Though it becomes constant at higher

current density no decrease in the activation piatidioss is registered.
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In Fig.7.3, effect of current density on Ohmic qaential is shown; it follows a completely

linear relationship nature with current densityfoltows a linear relationship because the Ohmic
overpotential is governed by the ohm’s law. Foragtipular fuel cell it decreases or increases
only when a change in current density is registeredperating temperature of cell changes
since, resistivity as function of temperature iosd#n. The results available in literature are

shown in Fig 7.4 and 7.5 for effect of current dgnsn activation and ohmic loss respectively.
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Figure 7.6: Concentration loss vs. Current densityPresent model)

Effect of current density on concentration overptt is shown in Fig. 7.6. The concentration
overpotential is less dominant at low current dgnas compared to higher current density; it
dramatically increases at higher current densitgnégally at an optimum operating current
density, decrease in cell voltage is around 0.05¥ this concentration overpotential. As The
cell operating temperature increases concentrgg@arization reduces but it has a very small

effect on concentration overpotential.
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Due to different overpotentials as discussed abthwe,actual cell voltage decreases from its
theoretically calculated value. And since all theerpotentials are affected by current density,

cell voltage also gets affected as the currentitjecsanges.

The variation of current density on cell voltagesi®wn in Fig. 7.8. The maximum cell voltage

is at zero current density (also known as operuitiroltage); as the current density increases
the overpotential becomes active and a decreagatage is registered. The entire performance
of the fuel cell is governed by the current andtage relationship. In the investigation it has
been found that at low temperature voltage decseag®dly with increase in current density as

compared to higher operating cell temperature.

78



Cell Voltage (V)

Cell Voltage (V)

0.9

- —o—800°C
0.8
. —~—900°C ]
0.7t —<—1000°C .
- —<—1100°C ]
0.6[ ]
0.5[
0.4] :
0.3[ :
0.2] f
0.1] :
O: . . . . . . . ]
0 1000 2000 3000 4000 5000 6000 7000
Current Density (A/m?)
Figure 7.8: Cell voltage vs. Current density (Presg model)
Polarization Curves
0.9 T T T T T
-==- 800 °C
IEEIIIR - o g
a8 -== 1000 °C
iy —— 1100 °C

V] 100 200 00 00 500 BOU
Current Density {ma/cm)

Figure 7.9: Cell voltage vs. Current density (Liteature) [48]
79



Another very important parameter is cell power dgnEffect of current density on this quantity
is shown in Fig. 7.10.
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From Fig.7.10 it is clear that as power densityeases, in similar fashion the power density
decreases with varying current density. The maxinpower density is somewhere at middle
range of current density, but from Fig 7.10 andL7itL.can be very easily concluded that though
the power density is maximum between the currensite 2000 to 3000 A/fn the optimum
current density lies in between 1000 to 1500 A/im Fig. 7.11 the all the losses, cell voltage,
and power density is combined in single graph &wier comparisons.

It is clear from above discussed results that geltis highly influenced by the change in current
density and as the power output is function of enirand voltage, the current density will also
affect the efficiency of the system. The effectcafrent density on electrical efficiency of the
hybrid system is shown in Fig.7.13.

Efficiency decreases as the cell current densityesses. This happens because most of the

power output around 70% is due to SOFC and whoseipoutput is solely the function of the
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cell voltage and current. The efficiency reads me/@round 30% while the cell contribution is

very less, this because losses generate heat vghitiized by the GT system.

The variation of cell power output w.r.t. currerengity is also shown in Fig. 7.14. The cell
power decreases as the current density increadds egported minimum at 5000 A?nThe cell
power decreases with increase in current density anlimiting current density, cell power

output is zero because at limiting current dertsigyvalue of cell voltage approaches to zero.
7.3.2 Effect of fuel flow

A variation of fuel flow between 0.0028 to 0.005 dfsec. and its effect on turbine power
output and cell power output is shown in the Fig.87and 7.19 respectively. The cell power
output increases from about 1200 to 1800 kW anbliriarnet power output varies in between
380 to 690 kW. In terms of percentage the effectuef flow is greater on turbine output as

compared to cell power output.

The effect of fuel flow on cell power output andiime output is shown in Fig. 7.16 and 7.17

respectively available in literature are in goodeggnents with the present model.
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7.3.3 Effect of oxygen to carbon ratio

The oxygen to carbon ratio (OTCR) has a great impaclectrical efficiency of the combined
hybrid system.

70 T T T T T T T T T T T T T T T T T T T T

65 —Oo—Hybrid system efficiency (%)

60

55

50

Hybrid system efficiency (%)

45

40 L L L L 1 L L L L 1 L L L L L L L
2 2.4 2.8 3.2 3.6 4

Oxygen to Carbon Ratio

Figure 7.20: Hybrid system electrical efficiency vsoxygen to carbon ratio (Present model)
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This is shown in Fig. 7.20, oxygen to carbon r&iis varied between 2 to 4 and corresponding
to these values the electrical efficiency decredsm® around 0.67 to 0.44. The oxygen to
carbon ratio helps to provide a complete combusitocombustion chamber, but on another
hand increases the compressor work due to incieas@ss of air, and secondly higher oxygen
results in decrease of operating temperature ofsystem 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 afitrcy. Its effect on electrical efficiency of the
SOFC/GT hybrid system is shown in Fig. 7.22. THeiehcy increases with an increase in fuel
utilization efficiency.
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Figure 7.22: Hybrid system efficiency vs. Fuel utikzation efficiency (Present model)

87



05 7

b

ety

LG

CLEd -

Qb

0k

o ——mo — o

Tisii Brs ™I 1
a=a

(il Fued L iz ation faglor

Figure 7.23: Hybrid system efficiency vs. Fuel utitation efficiency (Literature) [48]
7.3.5 Effect of steam to carbon Ratio

By varying the steam to carbon ratio (STCR) theesysefficiency increases up to an optimum

value of steam to carbon ratio.
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Figure 7.24: Hybrid system efficiency vs. Steam tcarbon ratio (Present model)

88



Since up to a certain increase it promotes refagm@action and after a particular limit it has no
significant effect on the electrical efficiency thfe system. For a variation of steam to carbon
ratio from 2 to 3, a dramatic increase of efficigienoticeable between the values 2 to 2.8.

7.3.6 Effect of cell operating temperature

By keeping other parameters constant, the effectetif operating temperature on electrical
efficiency of hybrid system and power output fro®FC unit and gas turbine unit has been
studied and it is shown with the help of Fig. 7a2fsl 7.26.
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Figure 7.25: Electrical efficiency vs. Cell operatig temperature (Present model)

The system efficiency is greatly influenced by ttexrease in the cell operating temperature,
decreasing temperature from 1100 to 800results in decrease off electrical efficiencynfro
65% to 43%. Both the cell power output and gasingrpower increases with the increase in cell
operating temperature, But the effect of cell opegatemperature on cell power output is more
as compared to its effect on gas turbine poweruiutp
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7.3.7 Effect of pressure ratio

Pressure ratio supplied here is the ratio of presaticompressor inlet to pressure at compressor
outlet which determines the cell operating pressune the pressure at the inlet of turbine. The
variation of the influence of pressure ratio onctieal efficiency of the combined system,
power output of SOFC and turbine, and cell voltesgeghown in Figure 7.27, 7.29, 7.28 and 7.30
respectively. It is reported that with increaseiassure ratio the electrical efficiency increases
and approximately a linear relation is followedthg efficiency increase. From the Fig. 6.17 it is
clear that hybrid system offers efficiency aroun@beven at a very low pressure ratio of 4. The
cell power output is also affected by the increes@ressure ratio, because as pressure ratio
increases the cell operating pressure also incsedbe effect of pressure ratio on turbine output
is much more as compared to the cell power outpistis because as the pressure ratio increases
the work consumed by the compressor also incresisied is supplied by the gas turbine.
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Chapter 8

Conclusion and Future work

8.1 Conclusion

[1] A general-purpose design methodology has been ame@l| for parametric study and
performance evaluation of a gas turbine and solideofuel cell hybrid system.

[2] The electrical efficiency based upon LHV of fuelcalculated and matched with literature.
The efficiency reported by the simulation is in damreement with the value of efficiency
reported in the literatures.

[3] The cell voltage based upon constant limiting curgeensity is calculated and matched with
various literatures.

[4] Exergy at various state points of the system isutated.

[5] Results obtained are validated with available ditiere.

[6] Based upon the input parameter supplied, develometel simulation calculated:

Cell voltage = 0.67 V,
Hybrid system first law electrical efficiency = 66%.

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 celhgaries.

[2] The system can be easily extended for mixture ségdsuch as syngas).

[3] Instead of constant limiting current density, igotilated value can be used.

[4] The present work can be extended for modeling @f dalls for different polarization models
available.

[5] The present work can be extended for the wasterbeavery available at system exhaust.

[6] The system can be extended for thermo economiysisal
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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 )
H 7.07
HO 12.7
16.6
17.9
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Appendix - B

Table B. 1: Demonstrations Summary of Fuel Cell an6OFC/GT Power Plants [3]

Year  Customer Stack Rating Celhgith No. of Oper. Fuel
(kWe) (mm) Cells/Stack (Hrs)
2006 BP Alaska 125 1500 1140 e PNG
2005, SW 125 1500 1140 e PNG
Hannover
2002 OPT 250 1500 2304 1000+ PNG
2001 RWE 125 1500 1152 3872 PNG
2000 SCE 180 1500 1152 3257 PNG
PSOFC/GT
1999 EDB/ELSAM-2 125 1500 1152 12,577 PNG
1998S 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
PNG
1995 SCE-2 27 500 576 5582 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+CC
1987 Osaka Gas 3 360 144 3683 H2+CC
1987 Osaka Gas 3 360 144 3012 H2+CC
1986 TVA 0.4 360 24 1760 H2+CC
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