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SUMMARY

The development of higéfficiency energy systems allows for the better
all ocation of humanityds resour dayfifecmnd t he
the environmentRecuperative solid oxide fuel cell/gas turbine hylpagvercyclesare a
promisingclass of energy system thHaveforecastedlevated electrical efficiencies in
excess of 70% LH\Across a range of power outpussng methane fueRdditionally,
these cycles exhaust hisdmperature flue gabkat has a potential application as the hot
side fluid in a bottoming heat exchanger.dikdy thisheat exchanger to the cycle before
its exhaust pointnodifies the system into a cogeneration cyaidallowsthecycle to
supply a heat outputhe heat output in the bottoming heat exchanger and the power
output of such a higkfficiency cyclearelargely coupledwith each other, but they can
be decoupled by inserting a bypass valve on the hot side of the recupéaatorg
amounts of thermal energy can be made available to transfer out of the cycle as the heat
output in the bottoming heat ehanger by allowing a varyingmountof working fluid to
bypass the hot side of the recuperaidis allows each power outpub nowcorrespond
to a range of heat outpuiBherefore thescope of thighesis is tasimulatea recuperative
solid oxide fuel ell/gas turbine cogeneration cyeléh a hot side recuperator bypass
valve to evaluate its ability to efficiently suppdgcoupled power and heat outputs across
a range ofralues The simulations indicate that the cycle can operate at approximately 50
T 75% electrical efficiency and 90% cogeneratgficiencyacross a 100 300 kW
range of power outputgind the operation of the bypass valve @aproximatelytriple

the natural heat output correspondingng given power output

Xiv



CHAPTER 1. INTRODUCTION

1.1 High Efficiency Energy Systems

The evergrowing energy demands of humanity warrant the prevalent, meatkrn
investigation into highefficiency energy systems. The adoption esfergy efficient
technologies andhe retirement of older, lessfficient systems allows for the better
allocation of resources and the mitigatioh humani t y 6 s negati ve
surroundings[1, 7. One clear pathway to achiéwy high efficiency systemss the
improvement of existig energysystems through innovag modificationsthe integration
of multiple systemsandthe improvement obperating schemedhis pathway towards
high efficiency energgystemsalsopossessabe benefit of years of previous reseamckl
industry efbrtson existing systemacting as guidance towards the development of high

efficiency version®f such existing energgystems.

There arevarioustypes ofexistingenergy systems and methods to achieve desirable
energy demandsindtwo common types of energy systems include power systems and
heating systems. The purpose of the former is to produsefal flow of energy such as
the rotation of a shaft or electricity in a witdeanwhile, he purpose of the latter is to
produceand/ormaintainelevated temperatures such as those desirable for manufacturing
processes or creature comfort within a house or offici® achieve a change in the phase
of a material Several types of modern power systems and their efficieaciégpower
outputsare shown below in Figurk Specifically, this ploshows the electrical efficiency
based on the lower heating value (LHV) of natural gas (NG)dndl power output in

megawatts (MWfJor various fuelto-electricity power systems
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Figure 1. Power Systems and their Efficiencie§3]

From Figuréel, it can be seen that tisarrentpower system with the highest electrical
efficiency is a fuel cell turbine hybrid system. This system can achieve electrical
efficiencies around 70 80% for a large range of power outputs, which tideast10%
percentage pointkigher than the capabilities of the other technologidse elevated
efficiency of this system is due to its hybrid natuféis means that the system is a
combination of tw other types of power systerasd their respective power production
methods and this integration of multiple technologies allows the new system to achieve
greater efficiencies than either of its basic constituents. Specifically, the fuel cell turbine

hybrid is a combination ofraalternating current (AC) electriciyeneratinggas turbine



simplecycleandadirect current (DC) electricitgenerating del cell orcollection offuel
cells (often referred to as a stack of fuel celBpth of thesepower sysems and their
efficiencies are also shown FiguteFurthermore, the schematic ofaneric gas turbine

cycle is shown below in Figuiz

Fuel Intake

Combustor

AC
Generator

Compressor

A

Air Intake System |Flue Gas) Exhaust

Figure 2. Gas Turbine Cycle

This gas turbine cycle is an open, Braytytle style powesystem. The system
increaseghe pressure and temperature of air in a compreasdthen further increas
the temperature of the air by using the oxygen present in the air to combust a fuel within
the combustorAfterwards, the system allovise hot, pressizedgas to expand through a
turbine, Spinning t haed thusicoryvertimgetbeshenedgyaimtoe s and
mechanical energ¥inally,h e t ur bi nedés shaft is connected
so this entire process allows the system to corrextgy present between the air and fuel

streams intd\C electricity.



A generic fuel cell turbine hybrid systetmat integrates a gas turbine cycle and a
fuel cellis shown below in Figur8. Thesesystens aresimilar in structure to gas turbine
cycles such as the cycthown in Figure, except thdybrid system contairefuel cellor

fuel cell stacknserted into the pressurized side of the cycle.

Fuel Cell

Fuel Intake
Turbine

Generator

Compressor

A

Air Intake System (Flue Gas) Exhaust

Figure 3: Fuel Cell Turbine Hybrid System

The hybrid system shown above intakes fuel intbigh-temperaturduel cell or
fuel cell stackinstead ofdirectly into the combustor such as in the previously shown
generic gas turbine cycle. The fuel cells allow the fuel and the oxygen present in the air
stream to electrochemically react, producing an electrical current. This process results in
the direct caversion of the energy present between the fuel and air stream into DC
electricity. This type oflirectenergy conversion is inherently more efficient than indirectly
converting the energy present between the fuel and air stream into AC electricity using
fluid and shaft intermediariggl], and this relatively high efficiency of fuel cells was

previously seen in Figure However, the operation of the fuel cells generate [Baand



this heat can be used to increase the temperatargasin a turbine cyclenuch likehow

the operation of theeombustolin the generic gas turbine cycle increases the temperature

of the air. Furthermore, thaptimal operation of fuel cellsequiresthem to not consume

all the fuel that they intake so that taean be a sufficient concentration of fuel throughout

the entire cell[6]. Thus, the fuel cells exhaust unutilized fuel that can be sent to a
combustor. For these two reasons, fuel cells are inserted into turbine cycles to create fuel
cell turbine hybridsystemdike the system shown abgweherein the fuel cells generate

DC electricity, and the heat produced in this proeesithe combusbn of the fuel celis

unspent fuel are both used to increase the temperature of the pressurized gas in a gas turbine
cycle.The gas turbine uses these seemingly extraneous effects to generate additional power
in the form of AC electricity. Thus, fuel cell turbine hybrids are very efficient power
systems because they add turbine power to the efficient power alreadyeutduttiel

cells without necessarily increasing the energy input to the syStamnthese reasons, fuel

cell turbine hybridsirethe highest electrical efficiency power systems shown in Fiyure

However, as previously mentioned, povegistems are only entype of energy
system, and they are only wused to fulfildl
energy system that was previously mentioned was a heating system, or a system used to
fulfil heat demandsPower systems and heating systems can alsmivdined much like
how fuel cells and turbine cycles were combined, and the combination of a power system
and a heating systemcalleda combined heat and pow@&@HP)system or a cogeneration
system A cogeneratiorsystem allows an energy system torape even more efttively

because it allows the system to generate an additional, desirable energy flow without



necessarily increasing the energy input to the system. An example of a generic gas turbine

CHP system is shown below in Figute

Fuel Intake

Combustor

Turbine

Generator

Compressor Thermal
Load Heat
A Exchanger
Air Intake Thermal I I Thermal
Load Fluid D D Load Fluid
Intake ‘ ‘ Exhaust

System [Flue Gas) Exhaust

Figure 4: Gas Turbine CHP System

The operation of the generic gas turbine CHP system is almost identical to the
operation of the generic gas turbine system except the CHP systempdsssvathermal
load heat exchanger inserted intoshg st e més exhaust fl ow. A rea
of converting all the thermal energy in the pressurized gas into elecfkityo thermal
energy |l eaves the system through the syste:
a the generic gs turbine systembs exhaust point .
exchanger inserted in the generic gas turbine CHP system allows some of this thermal

energy to be transferred intd@ver temperaturghermal load fluid thus increasing the



temperature ofhe thermal load fluid. The thermal load fluid can then be used for heating
purposes, such as in a manufacturing process or the heating of arsesetore, the CHP

systemcan convert more of the energy between a fuel and air stream into usable energy
flows because it adds a heat output to the system that previously only had a power output.
While this additional heat output does not increase the electricity produced by the system
and thus does not increase t leasesshpmaghitadeads el e
of energy demarsithat the systencan fulfil per amount of fuel assuming that there are

both power demands and heat demands available for it to Tihils, fuel is used more

effectivelyin a CHP system than sperate power and heajisystems.

So far, it has been seen tiihé combination of fuel cells and gas turbine cycles
leads to a power system with elevated electrical efficiencies, and the combination of a gas
turbine cycle with a thermal load heat exchanger (heating sysiermonen) leads to a
cogeneratiorsystem that can utilize fuel more egtively by allowing the system to fulfill
heat demands in addition to power demantserefore, the natural next step is the
combination of a fuel cell turbine hybrid cycle with a thertoald heat exchanger. This
combination leads to a fuel ceglas turbine hybridogeneratiortycle that should be able
to attain and maintain elevated electrical efficiencies while simultaneously fulfilling power
and heat demandghis type of system is idel f or hu mafulfil its grédwsng n e e d t
power and heat demands efficiently and effectiv@lyus, the scope of this thesis is the
simulation of such a cycke determine its capabilities of fulfilling various power and heat

demands and the efficiensiéhat it reaches while doing so.



1.2 Solid Oxide Fuel Cell/Gas TurbineCombined Heat andPower Systens

The Department of Energyds National
years developing fuel cell turbitebridcycletechnology[8, 9]. A portion of treirresearch

was thesimulateddevelopment of high electrical efficiency recuperative solid oxide fuel

cell/gas turbineROFCGT) cycleqd10], such as thgype ofgeneriaecuperativeSOFC/GT

cycleshown below in Figuré.

System (Flue Gas) Exhaust
Fuel Intake Fuel Cell

Combustor
' ' DC Load
l ' Turbine
AC

Recuperator

Generator

Compressor

A

Air Intake

Figure 5. Recuperative SOFC/GT System

This SOFC/GT cycle is similar to the previously shown fuel cell turbine hybrid in

Ene

Figure 3 except the fuel cell component is now defined to be a stack of SOFCs and a

recuperator heat exchanger is added tacylode. The SOFCs are the chosen fuel cell for

the cycle because of their high efficiene)} and their ability to operate at the elevated

temperatures that they experience withindipele [L1]. The motivation for includinghe



recuperator isimilar to trat of thethermal load heat exchanger previously shown in Figure

4. The turbine cannot convert all the thermal energy present in the gas into power, so

t her mal energy is |l ost at the systembs exh

system to reclaim some of this thermal energy and keep it within the system, and this allows
the system to expend less fuel and operate more efficidattlitionally, the recuperator
allows the air to enter the fuel cells at a temperature closer to tlaesldemperature that
SOFCs typically operate at, thus reducing any thermatlydadstressesvith the fuel

cells.

The research conducted for this thesis involves modifying the National Energy
Technol ogy Labor at or yr@apetitie §OFC/6T mwer gystema |
simulations intohigh efficiency recuperativ€ OFC/GTCHP systemsimulations.Thus,
thetype of SOFC/GT simulated system shown in Fighiie modifiedinto a cogeneration
system by adding a thermal load heat exchanger beforeshe symdé s ex haust ,
the thermal load heat exchanger in the gas turbine CHP system in&ifjoemew system

now contains a recuperator and a thermal load heat exchanger, and the pulpmike of

ef

components is to fpurpose the unused thermaleneargy t he t ur Dheref@ed s e x h

a bypass valve is also addsetoss the hot side of the recuperator (the side that intakes the

turbinebds exhaust), and this valve can al

bypass the recuperator and hea@atly towards the thermal load heat exchanger. This
process allows a variable amount of thermal energy to be reclaimed by the system via the
recuperator and, subsequently, a variable amount of thermal energy to be available to

produce a variable heat outdor the system via the thermal load heat exchanfas

n



allows the system to produce a variable heat output for any given power output, thus

decoupling the power and heat outputs of the system.

These modifications in tandem with the abilities of thiginal systencreate anew
system that is capable of supplying a range of variable, decoupled power and heat outputs
at elevated efficiencies. Thuthe results obtained from the simulations of such a system
are the rangesnagnitudes, and combinationspmiwer and heat outputs achievable by the
system through variable power demand and operation of the recuperator bypasheralve,
elevated efficiencieghe systemachieves while dudng these outputs, and the
operational methods and parameters that altevsystem to produce these outpuith
such high efficiencied he results show thétis SOFC/GT CHP system can efficiently aid
in the fulfill ment o f h u ma n iiftinpplereenteddar i o u s

applications within its range of energytputs.

1.3 Thesis Contents

The remaining contents of the thesis are as follows. Chapter 2 provides some
additional background into SOFCs and the
simulated systems that are modified into the system of interest in this study. Chapter 3
covers tie methodology of constructing and simulating the system of interest in this study
and the methods of collecting, processing, and organibmgimulationdata. Chapter 4
presents and anagsthe data collectetly simulating the system throught a rangeof
steady states. Chapter 5 standardizes the heat output of the cycle presented in Gbapter 4
that the system can be evaluated not only for its ability tdlfaliieat demand but also for

its ability to produce a hot fluid to be used for a heating gaemt a specifidesirable

1C



temperature. Chapter 6 applies a gshsadystate assumption to the steady state data
presented in Chapter 4 to gain some insight into the methods of control that may be needed
to operate the system during transient everttapr 7 summarizes the data and provides
concluding remarks. Finally, Chapter 8 lists future work that will follow this study and

some additional future work that may follow this study.

11



CHAPTER 2. BACKGROUND

2.1 Solid Oxide Fuel Cells

Fuel cells are energy conversidrvices that directly convert the electrochemical
potential energy between a fusfreamand an oxidanstreaminto electricity. They
accomplish this using the simultaneous electauction haHcell reaction of an oxidant at
a cathode and the electoaidation halfcell reaction of a fuel at an anodéhe oxidation
reaction produces free electrons that can be routed through an external circuit towards the
cathode where they can be consumed in the reduction reaction. The movement of these free
electrons i®lectricity that can be used for power supply purposes. However, the movement
of electrons from the anode to the cathode is only half of an electrical circuit, and the circuit
is completed with the flow of ions across an electrobgtwveen the cathode Ganode
The electrolyte separates the fuel and oxidants streams from directly mixing and it only
conducts ions, thus forcing the electrons to move through the external circuit for power
supply. The type of ion (anion or cation) depends on the type ofcélelHowever,
negative anions move from the cathode to the anode and positive cations move from the
anode to the cathode, so the direction of the flow of conventional current is independent of

the type of ion.

There are many different types of fuel c#tlat are constructed from various
materials, involve the flows of various ions across their electrolytes, and have various ideal
operating temperaturesol#l oxide fuel cell{SOFCs)are one type of fuel cell that utilize
a solid oxide material as theieetrolyte This class ofmaterial is not onlyigh temperature

resistantbuttypically needs to reach elevated temperatures in excegpaiximatelyb00

12



C so that it can conduct oxygen idd£]. Additionally, the operation of most other types

of fuel cells is not ideal at such high temperat&3. Therefore, the requireoperation

of SOFCs at elevated temperatures makes ttir@mdeal fuel cell candidate for the
integration of fuel cells with gas turbine cyclbse to the elevated temperaturest tthe

gas turbine cyclenay subjecfuel cellsto. There are also additional benefits to using
SOFCs over other types of fuel cells in any type of sysdanh) asheir increased tolerance

of impurities in their reactdrstreams and their ability to flexibly utilize a variety of fuels

[14, 15. For all of these reasons, SOFCs are selected as the fuel cell for integration with

gas turbine cycles\ diagram of an SOFC is shown below in Figére

O = Hydrogen Atom
. = Oxygen Atom
]

= Electron

Fuel Stream
(Hydrogen Gas)

Anode Exhaust (Water
Vapor and Unused Fuel)

External
Electronic Circuit

Cathode e @

' Cathode Exhaust

(Unused Oxidant)

Oxidant Stream
(Oxygen Gas)

Solid Oxide Fuel Cell

Figure 6: SOFC Diagram
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Figure6 shows a SOFC electrochemically reacting hydrogen gas and oxygen gas
to produce water. The oxygen gas is electaduced at the cathode to form oxygen ions by
consuming electrorfsom an external circuifThe oxygen ios travel across the electrolyte
to the anode where they oxidize the hydrogentg&srm water vapqreleaing electrons
in the processThe electrons then pass throdlggexternal circuit back towards the cathode
to repeat the process, producing eledyipower in the processhe electrochemical
reactiors at the cathode and anode are respectively shown below in Equiadiod2. The

overall reaction that releases enetgygeneratelectricity/power is shown in Equati@

6 T1Q © ¢ (1)
|y} ¢0 O ¢00 1Q (2)
0 ¢OO° 0o (3)

Electrons tend to flow up an electric potential gradient due to their negative charge,
and the potential difference that causes the electrons to flow externally from the anode to
the cathode is established by the two electrochemical reactions at thedelecite
standard equilibrium potential is the potential difference between the two reactions at
standard state and whereth is no net current associated with the reactions. This means
that the reactions in Equatiohsnd?2 simultaneouslyroceed forwads and backwards
dynamic equilibrium. The equilibrium potential difference is a modification of the standard
equilibrium potential that accounts feariationsin pressure and temperature from standard
state. This modification is summarized with the Mrequation shown in Equatiah
where the equilibrium potential is E, the standard equilibrium potentil, ihe ideal gas

constant is R, the temperature is T, the moles of electrons in the electrochemical reactions

14



i's n, Far ada ydeahRdenotesthmmapressare dfthe claemical species

in its subscriptAdditionally, it can be seen from Equatidthat increasing the pressure of
the reactants increases the equilibrium potential of the fuel cell. Therefore, the
pressurization of the fuel cédl oxidant stream from the compressoamas turbine cycle

(or the pressurization of the fuel stream thtougher meansyhen the fuel cell is
integrated with such a cycle lieneficialto the fuel cell because it allows the fuel cell to

maintain a higher voltage and therefore supply more pomiezn all else is held constant)

o o0 —iT—— (4)

The operating voltage of the fuel cell is a modification to the equilibrium potential
that accounts for thevolvement of theslectrochemical reactiongith a net current, or a
net flow of electros. The net motion of electronseans that the fuel cell is producing
power andthat the forward direction of the electrochemical reactions as written in
Equationsl and 2 now dominates the behavior at the electrodes. The net motion of the
electrons, and fisequently the forward electrochemical reactions and the net motion of
ions all come with realworld energy losses. Specifically, the kinetics to drive the
electrochemical reactions require energy, the depletion of reactamtesult in energy
losses duéo a lack of reactants across the entirety of the electraddghe currenwithin
the electrolyteand electrodes results inlass in voltage andenergy due to electrical
resistancg16]. These losses result in a deviation in the operating voltageedtiel cell
from the equilibrium potential of the cell while producing power. This deviation is a
decrease, so drawing a current from the fuel cell and producing power decreases the

potential across the fuel celfhe primary use of fuel cells is to pramupower, so this
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decrease in potential with an increase in culigenbavoidableThe three losses previously

listed tend to affect the operating voltage at different magnitudes of current draw from the
fuel cell. The kinetic lossqwimarily affect the operating voltage at low current draws. The
depletion losseprimarily affect the operating voltage at high current draws. Finally, the
electrical resistance losses are linear and affect the operating voltage throughout a wide
range of currentrdws but cawividly be seen in the middle range of current draws where
the kinetic and depletion losses are not as active. All of these losses, the operating voltage
and power the equilibrium potential, and the standard equilibrium potential are

summaried in Figure7 below.
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Current Density [A/cmz] —

Figure 7: Fuel Cell Polarization Curve

Figure7 portrays a typical polarization curve of an SOFC, where current density
and power density are staits for current and power respectively. The densities are

calculated by dividing the original values by the area of the electrolyte that is normal to the
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flow of the ions crossing the electrolyte. This calculation is standard for comparison of
electrochemicatechnologies butloes not affect the operational trends that have been

discussed.

Figure7 also shows that the power of a fuel cell initially increagiés current, but
then reaches a maximum and starts to decrease with current. This indicates that any power
value can be achieved in two wdya lower current and a higher voltageadiigher current
and a lower voltage. This nonlinear behavior couldseathallenges for control schemes
of a fuel cell or a power system involving fuel cells. However, as will be seen later in
Chapter 4, the system simulated in this study remains within the lower current and higher

voltage region, so this control challengenot relevant to this study.

Finally, it must be noted that the hydrogen gas that SOFCs use to generate power
is not a readily availablendnaturally occurring resourcAs such, hydrogen gas is usually
derived from other sources such as hydrocarb&eatiethane. The process of converting
hydrocarbons into hydrogen gamn(other products) is referred to as fuel reforming and
typically takes place within a fuel reformer. Therefore, a direct hydrogen source is rarely
connected to a fuel cell. Insteadhydrocarbon is inserted into a fuel reformer which then
produces hydrogen gas, and the output of the fuel reformer that contains the hydrogen gas

is then connected to the fuel cell.

2.2 Computational Modeling of Solid Oxide Fuel Celk

Computational models areften created to increase the developmental rate of
technology and decrease the cost of such developments. This is because computational

models that can accurately model the behavior of technology can be used to perform
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simulated studies rapidly with thieelp of modern computers and at a reduced cost
stemming from the decrease in experimentation resources. Axsugbitationamodels

for SOFCs arecreatedto aid in the development of systems involving SOFUse
simulated system of study in this thesigalves SOFCs, so an SOFC computational model

is needed to perform the simulated study. The SOFC computational model used in this

study is the modgdrimarily developed and detailed by Hughes in his dissertatign [

This model is a onrdimensional SOF@odel that simulates the various phenomena
within a planar SOFC. The phenomena simulated include the electrochemical behavior
previously detailed (chemical kinetics, potential losses, operating voltage, current density,
etc.) in addition to thermalndfluid phenomenand material propertieghe model can
intake fuel and oxidant streams of various composititow rates,temperatures, and
pressures, thempply the electrochemical, electrical, chemical, thermal, anididlu
governing equations and any physical properties to such streams, combine these
calculations with material properties of the solids in the éadl] and determine the fuel
cellés operating voltage, current, power, and composifiow rates, temperatres, and
pressure®f the exhaust streamshe modelits inputs, outputs, and parameters can also
be linearly scaled with the number of fuel cells that is desirale simulated so that a

stack of fuel cells can be simulated.

Additionally, this compuational model is a numerical model written in MATLAB
code This allows it to be readily integrated with other software such as Simulink and
Ebsilon.T hu s , the model 6s ease of I ntegrabil it

make itanideal model to b used in the simulated study of this thesis.
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2.3 Simulated High Electrical Efficiency Solid Oxide Fuel Cell/Gas TurbinePower

Systemsusing Computational Models

The Nati onal Energy Technol ogy Labor a-
computationalmodel to develop S®C technology on multiple fronts. They have
integrated this SOFC model with a cylpdrysical SOFC/GT system to develop controls
methods for tis type of system during tramsnt events[18, 19, 20], and they have
integrated the model with Ebsilon, a simidatsoftware for energy systems, to perform
simulateddesignspace studies for various types of SOFC/GT systéfjs$everal of the
Nati onal Energy Technology Laboratoryés si
ability of SOFC/GT power systems to aehe elevated electrical efficiencies in excess of
70% based on the LHV of the methane fuel that was Us®#dThe purpose of the study
in this thesis is to simulate an SOFC/@dgeneratiorsystem to determine its ability to
efficiently supply power and heat at elevated efficiendiéerefore, the National Energy
Technol ogy L ab o roffet an idealdplatforsnitorbuildl thetsimwlatian of the
cogeneration system and subsequerithukate it to acquire the desirable data. As such,

t he National Energy Technol daebeeh adguwredat or y
directly from them, and @tsesimulated systemare modified to meet the needs of this
study.One of the National Energy Tlem ol ogy L abor SORCIGY posvers i mu |

systems is shown below in FiguBe

19



Methane
Exhaust

Steam
Air
. Methane | +
Bileed Air
R > >
- Power Ebeinriiyme

Bypass Exhaust
Gas |—| A
! ! i

Hot-air Comb
Bypass

r

1 Cathode

S0FC Monifold .__.-'
HX !

-\ Power
i i Post
Ak Comb
R !—

Cold-air - - i}
Bypass + LT | = | d——pr——— Methane

Yo et Auxiliary

Fuel Volve

Figure 8: A National Energy Technology Laboratory SOFC/GT Power Systenil(]

The National Energy Technolsargopmbhelbor at o
MATLAB/Simulink/Ebsilon simulatiors, wher e t he computati ona
MATLAB code is integrated into the Simulink platform and interface for ease of
operability and useinput. MATLAB scripts are also used to connect the SOFC model to
Ebsilon, whit contains the simulated turbomachinery (compressors, turbines, pumps),
heat exchangers (single phase and phase change), pghess and other various
componentsOverall, thecombinedsimulation allows the computational SOFC model to
exchange informadh with the various components in the Ebsilon model so that the entire

system can be simulated simultaneously.

The purpose of the study in this thesis isnmdify an SOFC/GT power system into
a cogeneration system addtermine the magnitudes and combora of power and heat

that the system casupplyin addition tothe efficiencies thatan be achievedis such,
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many of the operating parameters and component definitions that the National Energy
Technology Laboratory has assigned to their simulated myated componentsre

preserved when modifying the simulated system into a cogeneration syBbem.
preservation of the power systembs operat
facilitates the ability of the newly created cogeneration system to achieve elevated
efficiencies because the cogeneration modifications to the system do not drastically affect

the structure and connectiontbk power producing unitsAdditionally, the preservation

of the power system parameters and definitions into the cogeneration system allow the
cogeneration study to focus on the newly added cogeneration aspects of the system
(recuperator bypass valve and thermal load heat exchanger) insteaedeariviey

paraméers and definitions thaallow such a system to operate efficienthor these
reasons, t he National Energy Technol ogy Lz
allowed them to maximize their efficiencies are chosen to be preserved in the cogeneration

system.

The next chapter describes the various parameters and definitions, but a list of the
preserved parameters is as follows. The parameters include the pressure ratio across the
compressorthe pressure ratio across the puthe, anode recycle for ttf®OFC stack, the
composition of the fuel intake to the SOF
operating temperature, tlr@tial system power supply valug 100 kW, the SOFC stack
fuel utilization, the average temperature within the SOFC statkntiast be maintained,
the power split of the systembés tot al powe:
the turbomachinery isentropic efficiencies, the generator efficiencytherdfectiveness

of thevariousheat exchangers (except for the headded thermal load heat exchanger).

21



CHAPTER 3. METHODOLOGY

3.1 Simulated SystemDesignand Definition

The type of existing simulated higlelectricatefficiency SOFC/GT power system
seen in the previau chapter is leveraged to construct a combined
MATLAB/Simulink/Ebsilon system that simulates an SOFC/GT cogeneration sygtam
dynamic operability via a hot side recuperator bypass v&8pecifically, the simulated
research previously performed by the National Eypdiechnology Laboratory is modified
into an Ebsilon model that simulatesdesirableturbine power blockcomplete with a
multistage compressoan intercooler,a recuperatoand other thermal reclamation heat
exchangersa boiler (to produce steam for fugeforming), and a preombustor
Meanwhile, the SOFC and reformBIATLAB/ Simulink models used by the National
Energy Technology Laboratory are connected to the Ebsilon model using MATLAB scripts
so that pressure, temperature, mass flow rate, and floigaition data can be transferred
between the Simulink model and the Ebsilon turbine power hlockg simulationgo
create the overaflimulatedpower block Additionally, the thermal load heat exchanger is
added to the Ebsilon portion of the simulake¢y st em | mmedi ately bef
exhaust, as is typical of cogeneration systefnmass flow controller is attached the
cold-side fluid in this heat exchanger, and the operation of this controtietaded later
in this chapterFinally, the Ebsilon model isnodified to include the recuperator bypass
valve across the hot side of the recuperator. The oyviafadlledsystem schematic is shown
below in Figured. Meanwhilethe Ebsilorportion of the simulation systeimishown below

in FigurelO.
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Figure 9: Simulated SOFC/GT Cogeneration System with Recuperator Bypass
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The purpose and parameters of each component of the system are now detailed
beginning with the air intake to the first stagfethe compressor. This is théuid that is
compressed within the multiple stages of the comprestamtrooxidizes the fuel in the
SOFC stack to generate DC power, expands throughout the turbine to generate AC power,
andacts aghe hotside fluid within the thermal load heat exchangehrdlp create the heat
supply. This air intake and its subsequent transformations throughout the various chemical
reactors (combustors and SOFC stalereferred to as the working fluid. This air enters
the first stage compressor at the reference conditiposed on the system, which is a
temperature of 25 C and a pressure of 101.325 kpa,a. Finally, the composition of this air is

79% nitrogen gas by mole and 21% oxygen gas by mole.

The compressor compresshe working fluid (airto pressurize it so thétcan be
heated and expanded through the turbine to generate AC.pldveecompressor contains
two stages separated by an intercooler. The pressure ratio across the entire compressor is
constrained to a value of 4, and the pressure ratios across theluatistages are
constrained to bequal The intercooler has a pressure drepthe pressure ratio across
each stage of the compressoslightly greater than a value of 2. The compressor shafts
are coupled to the turbine shaft, so they are autonigtipalvered and do not require an
external source of power as an input to the system. Lastly, the compressor has an isentropic

efficiency of 82.65%.

The intercooler is located between the two stages of the compressor, and it
decreases the temperature ofdhrdoetween the two stages of the compressor which allows
the compressor to consume less power to compress the fluid. The temperature of the air is

decreased by allowing it to transfer heat to the water that is ultimately used in the fuel
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reformer. The fal reformer needs to operate at an elevated temperature, so this increase in
the temperature of the water mminally beneficial. The pressure drops within the
intercooler are 1% of the inlet fluid pressures, and the effectiveness of the intercooler is

80%.

The recuperator is a heat exchanger that allows thermal energy present in the
turbine exhaust gases to be reclaimed by the compressor exhaust. Therefore, the cold side
of the recuperator is the compressahaustand the hot side of the recuperator is the
turbine exhaust. The recuperator is bypassed by thsid®trecuperator bypass valve to
allow the thermal energy that it reclaims to be varied, which allows the heat supply in the
thermal load heat exchangeraiso vary. The pressure drops within teuperatoare 1%

of the inlet fluid pressures, and the effectiveness of the recuperator is 93%.

The hot air bypass vala different valve than the bypass valve across the hot side
of the recuperatoiiy usedo transfer pressurized air directly to the turbine inlet instead of
sending it to the SOFC stack. The amount of air bypdsgdhisvalveis set equal to the
massflow rate of the fuel entering the preombustor. This exchange allows the-pre
combustor tacombustmoreor less fuel as necessamthout changingthe mass flowate

of working fluid going through the cathodes of the fuel cells in the SOFC stack.

The precombustor combusts a pure methane intake using the oxygen present in the
working fluid to incease the temperature of the fluid going to the SOFC stack. This allows
the SOFC stack to operate at a desirable, elevated temperature. The amount of methane

entering the preombustor through the methane intake is increased until the operating
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temperatures reached.The combustion in the pmmbustor proceeds at a constant

pressure.

The solid oxide fuel cell stack iscllection ofsolid oxide fuel cells thatontain
reactionsites for the electroeductionof the oxygen gas in the working fluid and the
electreoxidationof the hydrogen gas in tmeformedfuel streamSpecifically, he oxygen
gas in the working fluid is electneeduced into oxygen ions at the cath@dgthe fuel cells
These ions cross the electrolyte to the anode where they oxidlpgdttogien gaseleasing
electronsand forming water. Theeleaseclectrons then pass through an external circuit
thus allowing the SOFC stack to operate as a DC power gendtaaddOFC power supply
referred to in later chapters is this DC power getedry the SOFC stacRdditionally,
the heat exchange related to the caithfidid stream occurring within the manifolds of the
SOFC stacks simulated with the manifold heat exchanger, dwedpressure drops within
this component are 1% of the inletilypressuresMeanwhile, the heat exchange related
to the anodic fluid stream occurring within the SOFC stack is simulated with the reformate
preheat heat exchangendthe pressure drops within this component are 1% of the inlet
fluid pressuresFinally, there are 1000 solid oxide fuel cells in the stack, and these cells
are electrically in series with each oth€he fuel cells in a stack do not all need to be in
series with each other, but they are in series with each other in this simulated study to

facilitate the calculation of power and current densities.

The postcombustor is a combustor that combines both exhaust streams from the
SOFC stack. The cathode exhaust stream is what remains of the working fluid after some
of its oxygen content is transfer to the anode stream. The anode exhaust st@a@ains

the water formed in the oxidatieeduction reaction in the SOFC stack, any excess water
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that isalready present in this stream from the reformer, and any residual fuel that is not
consumed withinhe SOFC stackue toexcess fuebeingsupplied to the SOFC stabk

mitigate transport losses in the fuel cells. The qposhbustor uses oxygen in the working

fluid coming from the cathode to combust any residual fuel coming from the anode. This
process is carried out to ensure that the exhaust gases of the system do not contain any fuel,
however, this process is also beneficial to the system as it increases the temperature of the
working fluid as it heads towards the turbine inlet which allowguibine to produce more

power. The combustion proceeds at a constant pressure.

The turbinentakesthe hot, pressurized, working flugshd allows ito depressurize
via expansionconvering the enthalpy in the fluid into kinetic energy of the turbiredielk
and shaftThe shaft of the turbine is coupled to the shafts of both stages of the compressor
which allows thecompressoto compress the working fluid at the intake of the system.
The turbineds shaft i s al s oerawowhichalowseady t o t |
remaining shaft energy that is not consumed by the compressor to be converted into
electrical power in the form of an AC currefhe turbine power supply referred to in later
chapters is this AC power generated by the turbine andrgtor after the compressosha
automatically subtracted its necessary power input amih the consideration of
component efficienciegthe turbine has an isentropic efficiency of 85.55% and the

generator has an efficiency of 98.56%

After the turbinethe working fluid passes through the recuperator for a second
time, but on this pass through it is the-smte fluid. The recuperator has the bypass valve
across its hot side that can allow some of the working fluid to bypass the hot side of

recuperatorand maintain an elevated amount of thermal energy for the heat supply
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downstream. The bypass valve is modeled as a valve that allows -apes#ied
percentage of the working fluid to bypass the recuperator, and the absolute limits of this

percentage ar@% and 100%.

The boiler is a heat exchanger that allows the working fluid to generate steam for
the fuel reformer that supplies fuel to the SOFC stdtie coldside fluid enters as
compressed liquid water and leaves as superheated wateri vilygoe is dvays enough
energy in the working fluid in the simulations conducted in this study to fully vaporize the
water and it never leaves this heat exchanger as a layuadiquid-vapor multiphase

substance. The boiler has an effectiveness of 80%.

The thermaload heat exchanger is the heat exchanger added immediately before
the systembébs exhaust point to transform the
system. The heside fluid of this heat exchanger is the working fluid that flows throughout
the est of the systeniThe hotside fluid enters this heat exchanger after it has travelled
throughout the rest of the system, and this fluid exits the heat exchangére sy st e md
exhaust point which has a pressure of 101.325 kge.coldside fluid of his heat
exchanger ianair stream and is referred to throughout the rest of this study as the thermal
load fluid. The thermal load fluid enters the thermal load heat exchanger at the reference
conditions (25 C and 101.325 kpa,a) and its composition%snifogen gas by mole and
21% oxygengasbymol&he t her mal |l oad fluidds exhaust
is not specified, and it can be connected to angitenapplication that needs a hot fluid.

Within this heat exchangerhea working fluid hats up the thermal load fluid, and the
increase in the extensive enthalpy of the thermal load fluid in this process is the heat supply

of the system and is referred to as such througthe remainder of this study. The mass
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flow of the thermal load fluiénd its effect on the exhaust temperature of the working fluid
are detailed later in this chapter within the simulated system operation section. The pressure
drops in this heat exchanger are 1% of the inlet fluid pressures, and this heat exchanger has

an dfectiveness of 70%.

Themajority of thevariousfluid streams antheir forms have now been described.
However, tlereis one moresection of fluid flow withinthe systento explain and this is
the fuel stream that supplies fuel to the anodes of thedllsin the SOFC stack. The fuel
stream requires a water strefonreforming and the intake of this water stream is shown
in Figure9 (this is the only water intake in the system). The water enters this intake at the
reference conditions of 25 C and 1BAS5 kpa,a.This water stream is immediately
pressurized in a water pump to force it to flow into the ¢de#s and postombustor further

downstream. The water pump has a pressure ratio of 5 and an isentropic efficiency of 80%.

After the water pump, the water flows through two heat exchangers that have already
been described. The first heat exchanger is the intercooler where the temperature of the
water isincreasedand the second heat exchanger is the boiler where the wadeoiized
so that it can reform the fuel in the fuel reformer. The vaporized water (steam) then passes
through a steam control valve that controls the steam so that it can enter the reformer at the
exact pressure desired. The reforming process is modslésbbaric, so the desired
pressure is the pressure of the working fluid in the cathode of the fuel cells which allows

the two fluid streams in the fuel cells to have ékactsame pressure.

The steam then flows into the fuel reformer to reform the faetliad for the SOFC

stack. The other two inputs the reformer are a fuel input and an air input. The fuel input
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is wet methane, and the reformer allows the steam to reform the methane into hydrogen
gas and carboeoxides. The air input is used to combushg of the fuel to ensure that the
reformer operates at its desirable operating temperati@@0K. The mass flow rate of

the steam originating from the pump, the methane, and the air are all precisely controlled
by the reformer model to ensure that tleéormer is at its exact prescribed operating
temperatureand that the SOFC stack achieves a fuel utilizatioB086. The fuel mass

flow and steam mass flow are controlled together to ensure that the SOFC stack is receiving
its proper amount of reformedédl to operate at a fuel utilization®%. The air flonmass

flow and fuel flowmass floware controlled to achieve the proper amount of combustion

to ensure the operating temperature of 80Uhé reformed fuel from the reformer is sent

to the anodes dghe fuel cells in the SOFC stack.

The reformed fuel is oxidized along the anodes of thedeidin the SOFC stack.
The oxidants are oxygen ions thate reduced at the cathodes and trametoss the
electrolytedo the anodes. The oxidation of the flileérates electrons that can travel to the
cathode via an externkdad, thus completing the circuit. TA@00fuel cells operate at a
fuel utilization of 50% and an average cell temperature of 835 C. The anode also contains
a recycle vale and a recycldblower) that allow the fuel cells to operate more efficiently.
The recycler recycles 40% of the anode fluid stream by mass. After the anode, the fuel

stream is sent to the pesbmbustor where it is combined with the working fluid.

3.2 Simulated System Operation andata Collection

The operation of the simulated system and its various components that are described

in the preceding section are now explained as it pertains to the collection of data. Before
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collecting a data point, the panaters for the data point are specified in accordance with
the simulation parametessimmarizedn Tablel below.
Table 1: Simulation Parameters

Parameter Name Parameter Value (s) Convergence Criteria
Simulink Parameters

Number of Fuel Cells 1000 Cells N/A
Anode Recycle 40% by Mass N/A
Reformer Fuel 33% Methane by Mole N/A

Composition 67% Water by Mole
Reformer Temperature 800 K N/A

Ebsilon Parameters
Percent of Working Fluid

Bypassing Hot Side of 0% - 100% N/A
Recuperator
Composition of Air 79% Nitrogen Gas by Mol N/A
Intakes 21% Oxygen Gas by Mole
Pressure Ratio Across
both Stages of 4 N/A

Compressor Together
Temperatures of Intakes

and Reference State 25C N/A
Pressure of Intakes,
Exhaust, and Reference 101.325 kPa,a N/A
State
MATLAB Parameters
System Power 100 kWi 300 kw +/- 0.75 kW
Fuel Utilization 50% +/- 0.5%

Average Fuel Cell
Temperature
Percent of Power
Supplied by SOFC Stack

835C +/-15C

65% +/- 3%

Within the Simulink interface, the anode recyptrcentand number of fuel cells in
the SOFC stack are specified for the SOFC model, and the reformer fuel composition and

reformer operating temperature are specified for the reformer nAdti¢hese valug are
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constant throughout the entire collection of data as they are part of the high electrical
efficiency designed point derived from th

simulationg10].

Within the Ebsilon interface, the percent of workihgd bypassing the hot side of
the recuperator is specified, and this value depends on the data point beingccaliigh
the present simulated studyhe magnitude of this value is varied at each system power
supply of the system simulated, startirig)8& and increasing by 10% intervals until the
percentage cannot be increased any more. The percentage cannot never be increased to a
value greater than 100%, however, as will be seen in the next chapter, the system can never
tolerate a percentage that higrhis is because the increasing percentage increases the
temperatures of the boiler whichsults in a potentiahcreasen the temperature of the
reformer. Thus, less combustion and air input are simulated in the reformer to compensate
and keep the teperature of the reformer constant. However, eventually, this compensation
can no longer be sufficient, and the reformer temperature exceeds its operating
temperature. Ris always occurs at or before a bypass percentage of 80%, thus slightly
limiting the owerall operability of the system. Additionally, the percent that is 5% less than
the percentage that overheats the reformer is also tested, i.e., if the reformer could not
tolerate the heat from 80% bypass, then 75% bypass is tested to determine i thisrdat
can be included in the official set of data (70% bypass would have already been collected
at this point).The Ebsilon model also contains the specifications for the compaosition of air
intakes, the pressure ratio across the compressut thereferenceéxhausthtake

temperatureand pressures of the various fluid streams.
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Theoverall system power is specified in the MATLAB script that acts as the medium
between the Ebsilon model and the Simulink models. This value can vary between 100 kW
and 300 kWat 10 kW intervals depending on the data point that is intended to be collected.
The various percentages of the hot side recuperator bypass are tested at each of these
system power supply valueBhe fuel utilization of 50%, average fuel cell temperatfre
835 C, and percent of power supplied by the SOFC stack of 65% are also specified in
MATLAB, however, these values are not varied as they are the design point of the system
as derived from the high electrical efficiency simulations conducted by thenblieinergy
Technology Laboratory. Th&MATLAB parameters all have convergence criteria as
MATLAB acts as the medium between the exact values specified in the Ebsilon and
Simulink models. The MATLABscriptattempts to converge to these values within their

convergence criteriay changing parameters that are acceptable to vary.

The entire process and convergence sequence is now described. The user specifies
the system power suppfturbine power plus fuel cell poweahd percent of working fluid
bypassing théot side of the recuperator needed for the intended datapdatcollected
The user checks #ll the constant, desigpoint parameters atkeir intended value3hen,
iteratively, the SOFC stack current and compressor air mass flow rate arersxowsts
changed to ensure the system reaches its desired system power supply value and percent of
power supply by the SOFC stack to within their convergence criteria, the reformer adjusts
its fuel mass fl ow rate, a i rssflovaratsto énsuew r at
that the SOFC stack operatestatdesireduel utilizationwithin its convergence criteria
and the fuel mass flow rate to the qyw@mbustor is changed to ensure that the average

temperature in the SOFC stack is reached to withioanvergence criteria.
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Meanwhile, the mass flow rate of the thermal load fluid (the fluid on the cold side of
the thermal load heat exchanger) is controlled within Ebsilon to decrease the temperature
of the working fluid exiting the thermal load heateianger (t he systembs
to 100 C.The temperature of the working flugthould notdecrease below 10D because
the working fluid contains water vapdrhe water vapor could start to condense below 100
C which is undesirable for a real g¢iasgas heat exchangemdthe condensatiotlecreases
the integrity of the efficiencies of the system being calculated on a LHV basishermal
load fluid mass flow starts at a very small, initial guess value of @&l which is much
less than thenass flow rate of the working fluid. Thus, the controller must increase the
thermal load fluid mass flow rate to attempt to decrease the temperature of the working
fluid to 100 C. Howeverit is not always possible for the working fluid decrease in
temperature to 100 C based on its inlet temperature and the definition of the thermal load
heat exchangeso the mass flow rate of the thermal load flsidps increasing when the
working fluid stream becomes th@nimum heat capacity rafiid by 15%. At ths point,
the mass flow rate of the thermal load fluid could continue to increase, but its exit
temperaturevould start to decrease, and the overall energy supplied to it remains constant.
Thus, this operation scheme allows for the maximum amount ofdhbatttansferred into
t he ther mal l oad fl uid ( matkautrailowingrihg wateh e sy s
vapor in the working fluid to condense in the thermal load heat exchangewhied
allowing the thermal load fluith maximize its own exit tengyature from the thermal load
heat exchangeasnd thereforencreasing its viability for a variety of esite applications

and heating processes
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3.3 Data Organization and Processing

3.3.1 Steady State Data

The data is collected as outlined previously in this cliapte it was seen that the
two main variable parameters of the data are the system power supply and the percent of
working fluid bypassing the hot side of the recuperatdr.] t he systemdés ot h
(mass flow rates, temperatures, curremsltage energy flows efficiencies, etc) are
collected at the various combinations of these two main, variable parameters, and this data
is presented in Chapter 4 as the steady state data of the system. Every plot in Chapter 4 has
the percent of working fluidypassing the hot side of the recuperator as thescand the
system power supply as the legend. Treyi s of each pl ot is one
parametersThe trends within these plots show how the system and its various components
and their paranters are dependent on the percent of working fluid bypassing the hot side
of the recuperator at a given system power supply valuedataallows the system to be
evaluated for its abilityo efficiently supply varying power and heat demands, and how the

demands must bmetusingsysteminputs and operation schemes.

Several of the parameters for the syst@mm composite parameters must be
calculated using the basic data that is collected. These parameters inchydéeimepower
supply, SOFC stack paw supply density, SOFC stack current density, system energy
input, electrical efficiencycogeneration efficiencyand power to heat ratiol'he values
neededo calculate these parameters are now défiibe turbine power supply is the net
amount ofpower generated by the turbine/compressor/generator dnit ( "Qw), the

SOFC stack power supply is the power generated by the SOFQ(&tack Qw), the
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electroactive area of the fuel cells in the SOFC stack iarteenormal to the gawaysof
net motionof the oxygen ions as they move across the electrilyte T T W @ ), the
SOFC stack current is the current drawn from the SOFC stack and that passes through its

external load"® 0 ), the reformemethanemass flow ate is the mass flow rate of

methane going into the reformeér ( — ), the precombustor fuel mass flow rate
is the mass flow rate ofiethanegoing into the pr&ombustoa@ y  — ), the LHV of

methane is a thermophysi property of the substandg@ 0w L fitv T—= O @ W),

andthe system heat supply is thete ofextensive enthalpyransferred into the thermal
load fluid in the thermal load heat exchanfler Q). The equations used to calculate
the parameters that need to be calculated are now defined. The system power supply is

defined in Equatiod.

O Qo @ @)

The SOFC stack power supply density is defined in Equétion

0 — (5)

The SOFC stack current density is defined in Equdiion

o o ©)

The systm energy input is defined in Equati@rusing the LHV value for methane as
opposed to the HHV of methanAs such, the electrical and cogeneration efficiencies

calculated next are also on a LHV basis instead of a HHV basis.
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0 Qw a i a i 200w (7)

The electrical efficiency is defined in Equati®n

zpmnmbp (8)

The cogeneration efficiency is defined in Equa®on

- P —:zpnmnb (9)

Finally, the power to heat ratio is defined in Equati@hn

- — (10)

The raw data and these calculated parameters are all displayed in Chapter 4 for various
system power supplies and percentages of working fluid bypassing the hot side of the

recuperator.

3.3.2 HeatSupply Standardization

As previously described in this chapter, the mass flow rate of the thermal load fluid
is controlled to simultaneously maximize the heat transfer into it and its temperature
leaving the thermal load heat exchanger. The values ofi¢laistransfer and temperature
are displayed in their raw form with the rest of the dat&apter 4. Howeverthis
temperature will be seen to vary based on the percent of working fluid bypassing the hot
side of the recuperator. Therefore, it is of inséte determine the possible mass flow rates

of the thermal load fluid that can be achieved at a specific temperature. This standardization
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to various temperatures is the content of Chapter 5, and it is accomplished by combining
the thermal load fluid witla stream of 25 C air after the thermal load fluid has exited the
thermal load heat exchanger. This additional air stream enters at the reference temperature,
so it does not increase the thermal energy in the system and thus does not need a term
associatedvith it in the energy input to the system. However, the combination of this
stream with the thermal load fluid allows the temperature of the thermal load fluid to
decrease and the mass flow rate of the thermal load fluid to increase. dtheach
combindion of system power supply and percent of working fluid bypassing the hot side

of the recuperatdhere argotentially new and larger mass flow rstieatthe thermal load

fluid can achievat specific temperatuseThis standardization to a specific teemature

allows the systemat its various operating points be evaluated for its ability to supplg a
amount of mass flow at a requested temperatufe practical application of this
standardization is a request for the system to supply air at a spaTifierature for process

heating within a manufacturing facility.

3.3.3 QuastSteadyState ynamics

The final processing of the data involves using the steady data collected and
presented in Chapter 4 to observe potential transient events within the systeryimgapp
a quasisteadystate assumption to the system during these events. This means that the
transient events occur slbwor infrequentlyenough for the system to fully respond to any
incremental change before the next change occurs. This exercise greade
information as to how the system may respond to variousvaddl events, such as turn
up, turnrdown, or cyclic loading osite at a manufacturing facility. This processing does

not involve collecting any new data, so no lengthy discussion isreeqto explain the
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methodologyof the processing. Rather, this processing is simply the recorded and plotted
motion between various data points of various parameters in the steady state data plots
presented in Chapter 4. These new plots show the-gtemy-state dynamics of the

system andre the contents of Chapter 6.
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CHAPTER 4. STEADY STATE DATA

4.1 Introduction to Steady State Data

The steady state data that is the focus of this chapter constitutes the majority of the
known information of the simulatedogenerationSOFC/GT system. The remaining
chapters with data do not necessarily present new data in addition to the data in this chapter,
but ratheia refinement of theteady statdata in this chapter driven by the analydisuch
dat. This steady state data ghagally and quantitatively demonstrates the methods
through which theogeneratiolsOFC/GTsystemis operategtheresponsesf the various
components in the system to such operations, and the performance metrics that relate the

responses to the operations.

The chapter begins with an analysis of the various metrics related to the power output
of the system, which is primarilyraethod of system operation, however, the specifics to
achieve such power can be considered responses of the system. Afterwacisetrable
heat outpugof the systenm response to the power and recuperator bypass valve operations
aredisplayed and alyzed Subsequentlythe energy inputs required in response to the
system operationand heat outputare presentedAfterwards the efficiencies and the
power to heat ratio of the systdmsed on the power outputs, heat outputs, and energy
inputs of the systemare included to display theystemlevel effectivenes®f sucha
cogeneration cyclé.astly, the overall operability of the system to achieve a range of high

efficiency power outputs and heat outputs is evaluated.
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It must be notebefore analyzinghe datahatevery plot that appears in this chapter
has the exact sameaxis and legend which respectively correspond to the percent of
working fluid bypassing the hot side of the recuperator through the bypass valve and the
overall power supplied by ¢hsystem.The plots differ only in their yaxes which
correspond to the various metrics and parameters of the system during various modes of

operation.

Finally, it will be seen throughout this chapter that the maximum amount that the
recuperator bypasgave can be opened at the various system power supply values is
neither constant nor 100%. This is becaogeratingthe bypass valve can result in
overheating of the steam input for the reforjreerd thisoccurs at different percentages
that the valve ismen for different system power suppliesisTmeans thahe location of
the boileris a slight constraint on the operability of the system, and this is discussed here
because the plot that shows the cause of this is not within the initial plots showevetow
this plot is discussed within this chapter within the progression of the analysis where it
makes sense to discuss this plot, and the change in location of the boiler is delegated to

future works.

4.2 Power Output

The analysis of the systemdies with the power output of the systermor the total
electrical power that the system can supplye system is simultaneously supplying DC
power via the SOFC stack and AC power via thebihe/generator However, the
differencedetweenrAC powervs DC power are not a part of this study and the total system

power output is simply the sum of the AC and DC powers.
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As a reminder,hite systenis simulated throughout a range of power outputs between
100 kW and 300 kW inclusiveThese are not limits tthe systems powesupplying
abilities butare simply the boundaries s&b that a finite amount of data is collected.
Additionally, the system is controlled so that approximately 598% of the total system
power supply comes from the SOFC stack. Thwegfabout 65% of the total system power
supply is DC powefrom the SOFC stacknd about 35% of the total system power syppl

is AC power from the tuibe and generator

4.2.1 System Power Supply

The total system power supply of the system for various systephysvalues and
percentages of working fluid bypassing the hot side of the recuperator is shown below in
Figure11. The power supplies are requested values that are not affected by the bypass
operation andgshouldcorrespond to themselvas the legend ofhe plot but the plot is
includedanywayto verify that thesimulatedsystemconvergs to andsupplies the total
power thatis requested of itFigure 11 shows that the simulation of the system does
converge to each power supply value and to within th@.#6 kW convergence criteria.

As a side note hiese power supply values dhe net power output values of the system
that areincluded in the numerator of the calculation of the electrical efficiencies and

cogeneration efficiencies displayed later irsttihapter.
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Figure 11: System Power Supply
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4.2.2 Solid Oxide Fuel CelBtack

The first of two constituents of the system power supply is the DC power supplied
by the SOFC stack. The SOFC stack power supply values are shown in Edpaiew.
The current drawn from the SOFC stack and the working air pulled into the system by the
compressor are simultaneously adjusted to ensure that the SOFC DC power is 65% of the
total power supplyThe total power supply of the system is a requested value in the
simulation and does not depend on the percent of fluid bypassing the hot side of the
recuperator, so a flat 65% of the total power supply is also not affected by the bypass
operation. Therefore, the SOFC DC power supply is not affected by bypas® val

operationsand this is the main takeaway of Figli®
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Figure 12: Solid Oxide Fuel Cell Stack Power Supply

The SOFC power supply densglgown below in Figure 1i8 a very similar metric

to the SOFC power supply. The density is on a per area basis and the area corresponds to
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the electroactive area of the ¢elt thecrosssectional area of the cell from the perspective

of oxygen ions migrating from the cathodes of the fuel cells to their anodes. This area is

400 cnf, so the SOFC power supply density is calculated as the SOFC power supply
divided bythe electroactivarea of 400 cfa The trends in the SOFC power supply density

are the same as the SOFC power supply plot, but the plot is included to officially report the
power densities of the simulated SOFCs throughout the various modes of operation of the
simulatedsy;sem t o facilitate the readero6és compar

or power cycle technology.
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Figure 13: Solid Oxide Fuel Cell Stack Power Supply Density

The finalfigure corresponding to theverall SOFC power supply is the plot of the
percent of power supplied by the SOFC stack shown in Fifubzlow. This parameter

is an input to the simulation of the system and is set at 65% percent. Hyanéfies that
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the simulationconvergedowards 65%for all the simulationsand towithin the specified

convergence boundaries.
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Figure 14: Percent of Power Supplied by Solid Oxide Fuel Cell Stack

The power supply of a SOFC is not a fundamental parameter itself, buttrether
product of the current of the SOFC and the vol{ggéential)across the cathode and anode
of the SOFCAdditionally, the SOFC current is tle®ntrol parameter that is adjusted to
ensure that the SOFC stack supplies its requested amopotvef,and the voltage is
therefore constrainesk discussed in ChaptrAs such, it is opecialinterestto observe
the current across a range of power supplies and bypass valve operations to determine if
the current exhibits any behavior that may cause difficulty in system control strategies. The
current for the SOFC stack is shown below in Figle The simulatedSOFCsare
electrically in series, so the current through any individual cell is equal to the current

through all the other cells and the current through the overall stack of Tdaismeans

47



that the currents shown in Figut® arealsothe currents for each sitated SOFC even
though the parameter that is plotted is the current for the entire Brack.Figurels, it

can be seen that the current necessary for the SOFC stack to supply its required power is
very weltbehaved. The current is barely a function loé fpercent of working fluid
bypassing the hot side of the recuperator, and it increases steadily as the power supply of
the system increases steadily. There are a few regions of operation where the behavior
slightly deviaes such as the low percent bypas$0%- 30%) at the low power supplies

(100 kwi 130 kW). However, the current draw that is necessary for the SOFC stack should

cause no issues in any systamae control strategies for the cycle.
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Figure 15: Solid Oxide Fuel Cel Stack Current

The SOFGstackcurrent densitghown below in Figure 168 a very similar metric
to the SOFGstack currentThe density is on a per area basis and the area corresponds to

the electroactive area of the cell, or the cregsstional area of the cell from the perspective
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of oxygen ions migrating from the cathodes of the fuel cells to their anodes. This area is
400cn?, so the SOFGtack currentlensity is calculated as the power SQf&rk current

divided by the electroactive area of 400°cifhe trends in the SOF&ack currentlensity

are the same as the SOB#@ckplot, but the plot is included to officially rept thecurrent

densities of the simulated SOFCs throughout the various modes of operation of the
simulated system to facilitate the readerod

or power cycle technology.
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Figure 16: Solid Oxide Fuel Cell Stack Current Density

The final metric for the SOFC stack is the voltage of each SOFC. The cells are
electrically in series, so in reality they coualll have slightly different voltages. However,
the onedimensionabssumption of the SOFC stack model assumesthidite cellshave
the same voltage. Thisll voltage across a range of power supplies and bypass valve

operations is shown below in Figut& The voltages in this plot correspond to a single
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cell, so the entire voltage across the stack is the product of the voitagissplot and the

1000 cellghat constitute thetack.The simultaneous demand on the power supply of the
stack and the current control strategy of the stack constrains the cell voltage to a specific
value, so the voltages displayed in Figliveare amly outputs of the systerthey cannot

be independently adjusted or controllethwever, from Figurd.7, it can be seen that the
voltage of the cells across a range of operations is relativelyoelelived. The voltage is

barely a function of the perceott working fluid bypassing the hot side of the recuperator,

and the volage steadily decreases as the power supply of the system incredaek.ofhe
correspondence with the bypass operation is desirable because it indicates that the voltage
of the cell wll not fluctuate as the recuperator bypass value is operated to supply a changing
heat demand. The decrease in voltage as the power supply increases is expected becau
the constant percentage of power supply by the SOFC stack requires an increase in the
SOFC stack power supply as testem power suppiycreases, and an increase in SOFC
stack power supply requires an increase in current and a decrease in voltage as previously
noted in Chapte2. However, 1000 cells in the stack results in only a smalhgh ineach

of thefuel celk @oltagewhich indicates that the 1000 cell SOFC stack has a much larger

range of operation than just the 100 KVBOO kW that is simulated in this study.
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Figure 17: Solid Oxide Fuel Cell Voltage

4.2.3 CompressorTurbing andGenerator

Thepreviouslydiscusse@OFC stack isnly one oftwo components necessary for
the system to maximize its power supply. The other component is the turbine that powers
the compressor and the electric generatgoréssuize the working fluid for the SOFC
stack andgenerate AC electricityrespectivelyvia expansion of the higtemperature
SOFC stack exhaust gases. The shafts of the turbine, generator, and both stages of the
compressor are all couplethis meanshatthepower thais needed tensure he sy st e md
ability to properly operatautomatically remains within the system and the remaining
power leaves the system as AC electricity in the generEites.remainingnet amount of
power is referred to as tharbine power supply and is shown in Figi&below for a
variety of system power supplies and bypass valve operations. The turbine power supply

could have already been inferred from previously shown figures because it is the difference
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between the systepower supply and the SOFC stack power supply. The turbine power
supplyds relation t o-behévedsower guppbes indicatsslthat s h o w
the turbine power supply is also wbkkhaved as observed in Figur® As such, the

turbine power sugdp is barely a function of the percent of working fllgipassing the
recuperatorand it increases steadily with system power supply to always supply its

requested 35% +8 % of the systembs total power Supf
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Figure 18 Turbin e Power Supply

The mass flow rates of working fluid passing through the turbine and enabling its
ability to supply power are shown in Figut® below. While the turbine power supply is
well-behaved, the mass flow rate through the turbine has some desi&tom general
trends, particularly at lower system power supply values (100 BM0 kW).The turbine
mass flow rate is the summation of the compressor mass flow rate and-tuenmestor

and reformer fluid streams that enter the system between thmetuand reformer.

52



However, the mass flow of air in the compressor is larger than the reformer and pre

combustor fluid streams, shhe compressor mass flow rate is likely to have a latject

on the turbine massflowat e. Therefore, it is of intere
flow rate in conjunction with the turbined¢
related to the systemds turbomachinery. Tl

turbine mass flovin Figure20.
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Figure 19: Turbine Mass Flow Rate

The compressor mass flow rates are shown below in Fafuiiehe function forms
in the compressor mass flow rate plot are very similar to the function forms in the turbine
mass lfow rate plot, but slightly lower in magnitude. These two observations confirm that
the turbinebdbs mass flows behavior is much
than by the pre o mbust or 6s or r ef o rcombustorsandmefosnser f | o w

mass fl ows offset the turbineds mass fl ows
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deviationsfrom general trendsn t he tur bineds mass fl ow ¢
deviations in gener al trends from tehe ¢
compressor mass flow and SOFC stack current are simultaneously controlled to ensure that
the system supplies its desired power and that the SOFC stack supplies 65% of this power.
This means that the compressor mass flows that deviate from generalaremeguired

for the system to achieve its desired state. These deviations are observed at the lower power
supplies of the system (100 kiW140 kW), the same regions of operation that the SOFC
current and voltage exhibitetbviations from general trendshd regions of lower system
power supply correspond to regions of lower SOFC power supply which corresponds to
regions of higher SOFC voltage and lower SOFC current. As previously described in
Chapter2, there is a nonlinear overpotential in SOFC behavidovaer current densities
caused by the energy needed for kinetics of the electrochemical reactions. This nonlinear
overpotential results in nonlinear SOFC curreoitage behavior at lower current
densitiesThis nonlinear SOFC behavior could be causirgnonlinear behavior observed

in the compressor and turbine mass flow raBssed on these notions, the behavior
expectedly does not manifest in higher system power supplies. Therefore, the behavior is
not likely to be seen in power supplies greater therB00 kW power supply limit tested

in this study. However, it is still a notable find that toatrolledmass flowrate that enters
thecompressor anthe mass flow rate in thterbinefurther downstream in the system are
expected to experience nonlargies if the simulated system is to be operated at lower

system power supply values.
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Figure 20: Compressor Mass Flow Rate

4.3 Heat Output

The analysis of the system continues with the heat output of the system, or the
amount of thermal energy that can be transferred out of the working fluid and into a thermal
load fluid within the thermal load heat exchanger located immediately before the working
fluid exhaust pointThe only heat output of the system is the heat teansfthe thermal
load heat exchanger (unlike the hybrid nature of the power supply comprised of DC power
from the SOFC stack and AC power from the turbine and generatm)analysis of the
heat output in this chapter focuses on the simultaneous mationizd the heat supply
energy flow and the exit temperature of the thermal load fluid in the thermal load heat
exchanger. The following chapt&hapter 5, focuses on techniques to standardize the exit

temperature of the thermal load fluid in the therloat heat exchanger.
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4.3.1 SystenHeat Supply

The heat that the system can supid its standardizatiaacross a range of system
power supplies and bypass valve operatameshown below in Figur2l. Theseplotsare
someof the most notable plots from thésmulated study atheydi s pl ay t he sy
achievable magnitudes of heat out put t hat
outputs via operation of the recuperator bypass \atwekthe fractional increases in heat
supply that can be achieved thghuthe use of the bypass vallreomFigure2l, it can be
seen that the heat supply of the system does not change between 0% and 10% of the
working fluid bypassing the hot side of the recuperatod this is caused by the behaviour
of the recuperator whicis detailed later in this chaptétowever, his behaviorimplies
that the recuperator bypass valve should never be operated at a percent of less than 10%.
Minimizing the percent at 10% already achieves the minimization of theshpjply, and
it allows the valve to more readily achieve higher heat supplies during transient operation
of the systemAdditionally, the heat supply of the system steadily increases with system
power supplyBeyond 10% of the working fluid bypassing the hot side of ¢lcaperator,
the heat supply nedinearly increases withihe percent bypass for all system power
supplies and betweethe system power supplies. There are a few deviations from this
trend, particularly at system power supplies of 130 kW and 140 kW atnpdrgeass
greaerthan 40%. However, the near universal compliance with this linear trend indicates
that the control of the system during transient heat supply and/or power supply events can
bereadily achieved with control systenfsnally, it can also beeen that the bypass valve
can be used tat leastriple the natural heat supp(the heat supplwithout any bypags

throughout the entire range of power supplies tested.
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Figure 21: System Heat Supply and System Heat Supply Bctional Increases
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4.3.2 Mass Flows to Achieve Heat Supply

As previously described in the Methodology chapter, the mass flow rate of the
thermal load fluid (thair acting as theold-side fluid in the thermal load heat exchanger)
is increased either until theonking fluid (the hotside fluid in the thermal load heat
exchanger) decreases to 100 C or the heat capacity rate of the working fluid drops to 85%
of the heat capacity raté the thermal load fluid. This is to ensure the integrity of the LHV
assumptiondr the efficiency calculations and the maximization of the thermal load fluid
exit temperature. The mass flow rates of the thermal load fluid across the range of system
operations are shown below in Figi2 Similar to the heat supply, the mass flow rate
does notneed to be adjusted between bypass percentages between 0% and 10%.
Additionally, the mass flow rate at 0% and 10% tends to increase with increasing power
supply, howeverthis increases very small at low system power supplies. Beyond 10%
bypassthe mass flow rate increases at a decreasing rate for most power supplies. However,
this exponentiabehavioris not too extreme and the form of the functi@me close to

linear.
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Figure 22 Thermal Load Mass Flow Rate

The reason that the thermal load mass flow rate can increase with the percent of
working fluid bypassing the hot side of the recuperator is because an increase in this
percentage allows more thermal energy to be present in the working fluid as it emters th
thermal load heat exchanger. Therefore, the thermal load mass flow rate can be increased
to draw this additional thermal energy from the working fldile mass flow rate of the
working fluid that bypasses the recuperator and makes this additional enaiigple to
the thermal load is shown in Figu28 below. This mass flow rate is zero at 0% bypass at
all power supplies as a requirement. At a particular power supply, this mass flow rate
should increase linearly with the percent of working fluid byjpasthe hot side of the
recuperator if the compressor and turbine mass flow rates are congtatpaiver supply.

This is generally the case as previously seen in the plots for compressor and turbine mass

flow rate, so the hot side recuperator bypasssiflaw rate tends to increase linearly with
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the percent of hot side recuperator bypass massrfitav Similarly, the increase the
compressor and turbine mass flow rates with increasing power supply is refletited in
hot side recuperator bypass miew rateas italso generally increaswith system power
supply. As a finahoteon this flow rate, this flow rate is the exact flow rate that a real valve
needs to be able to handle within a real version of the systnssimulated in this study.

Therefore, Figur@3is needed to properly select a valve to fully realize this technology.

0.35r 7
* Power Supply [kW]

ey @ 100 kW

0 03 D110 kW
7] @120 kw
3o S
@ $025- 150 kW
) = - M- 160 KW
29 M- 170 kW
S m 02 - M- 180 kW
o 190 kW
g_ > - - 200 kW
[3) 210 KW
o) E 015 e 220 KW
o k- 230 kW
0 &2 e 240 kW
B ® 01F 250 kW
D= | SR e e W e el e[ e e 260 KW
< - 270 KW
== 280 KW

R 0.05 de- 290 kW
=ok= 300 KW

6’6} | | 1 | | | | 1 | |
0 10 20 30 40 50 60 70 80 90 100

Percent of Working Fluid Bypassing Hot Side of Recuperator [%]

Figure 23: Hot Side Recuperator Bypass Mass Flow Rate

4.3.3 Thermal Load Heat Exchanger Port Temperatures

The port temperatures associated g thermal load heat exchanger are the final
system parameters needed to analyse the heat output of the system. There are two mass
flows, andtwo portsper mass flowso there are four ports in total. However, the inlet of
the cold side(the thermal load fluid) is fixed at 25 C because this fluid is an input to the

system and all inputs to the system enter at 2bh(3 isto ensure that no thermal energy
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enters theystem without being accounted for in the efficiency equations. As such, there
are only three port temperatures to analyse. The first port temperature, the working fluid
entering the thermal load heat exchanger omtiieside is shown below in Figur4. This

port directly connects the thermal load heat exchanger to the rest of the system. From
Figure24, it can be seen that this temperature increases with the percent of working fluid
bypassing the hot side of the recuperator. This is not only an expestétbutshows that

the recuperator bypass valve is fulfilling its intended folke bypass valve allows more
thermal energy (manifested as higher temperatures) to be made available to transfer to the
thermal load fluid in the thermal load heat exclangidditionally, this temperature
increase with percent bypass is mostly linear across the entire range of power supplies.
However, this temperature is minimally affected by the actual power supply of the system.
While the values between all power supplige not necessarily the same, they are similar
and do not have aell-definedtrend with the changing power supply. Overall, this result
indicatesthat the temperatures in the heat exchanger could only change when the percent
bypass changes. However, thtber port temperatures need to be analysed to validate this

claim.
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Figure 24: Thermal Load Heat Exchanger Hot Side Inlet Temperature

The exit temperature of the working fluid in the thermal load heat exchanger is
shown below in Figur@5. The mass flow rate of the thermal load fluid is controlled in an
attempt to reduce this temperature to 100 C, but not any further. Rigahews thathis
control strategy issuccessful,and this temperature never drops below 1Q0TGis
temperatures only greater than 100 C when the inlet temperature of the working fluid is
too high for the fluid to drop to 10D within the given heat exchang&he cases in which
the fluid cannot be dropped all the way to 100 C do not appear to follow any particular
trend, however, all these temperatures are close to 100 C so these slight deviatis
particularly noteworthy. Finally, the temperatures showrFigure 25 are the overall
syst emb6s e x hsathasareventedton theatmasphene,eso a real version of the

system must be installed with these temperatures in mind.
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Figure 25: Thermal Load Heat Exchanger Hot SideExit Temperature

The final port temperature of the thermal load heat exchanger is the exit temperature

of the cold side fluid. This temperature is shown in Fidé®delow. From Figure26, it

can be seen that this temperature tends to increase linggdrlgnincreasan thepercent

of working fluid bypassing the hot side of the recuperator and tends to be constant between

power supplies. These

resul

ts

ar

e

expected

side inlet temperature is fixed at 25 G, litot side exit temperature is nearly fixed at 100

C, the hot side inlet temperature néaearly increasgewith the percent of working fluid

bypassing the hot side of the recuperatord the hot side inlet temperature nearly

constant between powerpgly values. Thughetrends of the main energy flow entering

the system (hot side inlet) should be reflected in the trends of the main energy flow leaving

the system (cold side exitAdditionally, the trend of this temperaturelsstantiateshe

claim that the temperatures in the thermal load heat exchanger are nearly only affected by
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a change in percent bypass rather than a change in power supply. Finally, the temperatures
in Figure26 are the temperatures of the thermal load fluid as it leaves thensfgdthough

it is only in the system for a brief period of time as it passes through the thermal load heat
exchanger). Therefore¢hese temperatureme the temperatures that an operator of the
system can use for a process or application. For examphes gytstem is installed at a
manufacturing facility, then the facility can obtain process temperatures at around 375 C if
they choose to bypass as much working fluid as possible, or they can naturally obtain
process temperatures at around 175 C with ncepébypass. The effectsdfanging this
temperature on the systénsfficiencies are analyzed later in this chapter after the energy

input to the system ianalyzed immediately following this discussion.
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Figure 26: Thermal Load Heat Exchanger Cold Side Exit Temperature
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4.4 Energy Input

The discussion of the energy input of the system is the natural fofjde discussing
the systemdbs energy outputs of heat and poy
to the energy content of the fuel (methane) that enters the system in-toentmastor and
the reformer. As a reminder, the fuel entering thegorabustor is necessary to maintain
constant temperatures throughout ®@FC stackas the recuperator bypass valve is
operatedand the fuel entering the reformer is necessary to opgrat8OFC stack as a
DC power produieg unit The discussion of the energy input begins by observing the
systembs overaltheneomplggt espuubhe avhschssi on
energy flows (inputs and igencteptalie sajculatedahd al | o
evaluated in the next section. Afterwards, the contributions to the energy input from the
precombustor are analysed, and then the contributions to the energy input from the

reformer conclude the discussion of the energytinpu

4.4.1 System Energy Input

The systembs overall ener gy i nput s aci
recuperator bypass valve operations are shown below in EAgurée values in this figure
are the denominators in tlefficienciesthat are shown in the nextcion of this chapter.
Similart o t he systembs heat supply, the energy
of the working fluidbypassg the hot side of the recuperat®his indicates that the fuel
usage in the SOFC stack and the temperaturesvitibi SOFC stackranot affected by
allowing 10% of the working fluid to bypass the recuperator, so no change to the energy

input is necessary. Beyond 10% bypass, the energy input increases linearly with the bypass
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percenage and increases neaniformly with the power supply of the system. The former
is expected because larger bypass percentages result in less thermalesharggtionn

the recuperatomwhich attempts tdower SOFC cathode oxidant intake temperaturéss
effectneeds to be countetad with additionafuel usagen the precombustorso that the
SOFC stack does not experience a change in temperahetatteris expected because

larger power supplies shouldquirelarger energy inputs if all else is held constant.
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Figure 27: System Energy Input

4.4.2 Pre-combustor

Theprecombustor is now analysed to deter m

overall energy input. This discussion begi
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temperaturewhich corresponds tthe air mass flow rate that acts as the oxidaeastrfor

the precombustoland the SOFC stacKhese temperatures are shown below in Fig8re

From this figure, it can be sedmtthe temperature begins to plumrbelyond 10%of the

working fluid bypassing the hot side of the recuperakbis is expead and indicative of

correct recuperator bypass valve operation because the bypass valve reduces the amount of
thermal energy entering the hot side of the recuperator, so less energy enters the
recuper asidestréas. Teeceford, the cadle strem shouldnot be able to reach

higher temperatures as the bypass percentage incgraaddsis is the observed behavior
However, this temperature is approximately constant between 0% and 10% of the working
fluid bypassing the hot side of the recuperatootighout the range of power supply values.

This temperature is explicitly one of the primary parameters that is affected by the
operation of the bypass valve, and manthefother parameters are functions of the bypass
valve percentage in response tostbemperature being affected by the bypass valve
percentage. This means that tmnstant behavior between 0% and 169pass that has

been previously seen in parameters such as heat supply and energy input and will be seen
in parameters such as electriedficiency is due to this temperatubarely changing
between 0% and 10% bypa3#is temperature likely does not change much between 0%
and 10% bypasdue to the high effectiveness of the recuperator (93%), the low percentage
of 10%bypasseing incremerat in nature, and the convergence criteria of the parameters

in the simulated study.

Additionally, ths temperature does not appear to be a strong function of system
power supply except at very low bypass percentaj@s. is likely due to the relatively

balanced mass flow rates on either side of the recuperator which was previously seen when
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the turbine mass flow rate@gereonly slightly larger than the compressor mass flow rates.
However, the major takeaway from Figut@ is that largeibypasspercentage decrease
the temperature of the working fluiilhus,the precombustorequiresmnore fuel to ensure

that these decreased temperatures doeaach the SOFC stack.
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Figure 28 Recuperator Cold Side Exit Temperature

The mass flow rate of the fuel entering the-poenbustor is shown below in Figure
29. As expected, this mass flow rate increases as the percentage of working fluid bypassing
the recuperator increases so that the SOFC stack can be operated at theceostaed
temperature. However, this mass flow rate has an interesting relationship with the power
supply of the systenthe precombustor requires more fuel at lower power supplies at
lower recuperator bypaggercentagesout requires less fuel at lower wer supplies at
higher recuperator bypass percentagelarger consumption of fuel is expected at larger

power supply values. Therefore, the decreased consumption of fuel at lower bypass
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percentages and larger power supply values is likely due to aasedrereformer fuel at
larger power supply valuek these scenariosye oxidation of this reformer fuelppears
to becapable of maintaining the required SOFC operating tempenattiveut muchaid

from the precombustor
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Figure 29: Pre-combustor Fuel Mass Flow Rate

4.4.3 Reformer

The reformer is the other cquonent that requires fuel atttereforecontributes to
the systemb6s e rcembgstor is the gampanentTihateisly pperated to
ensure that the SOFC stack remains at a constant, elevated temperature through heating the
c at h oxddand greamMeanwhile, thereformeris operated to ensure that the SOFC
stack has the proper amount of fuel necessary for it to attaindéserable 50% fuel
utilization, meaning 50% of the fuel supplied to the anodes is ultimately combusted in the

postcombustorAs such, it is expected that the amount of fuel enténi@geformer should
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only be a function of the amount of oxygen in thihode streams of the SOFC stack, and
thereis not any additional fuel going to the reforméor the purpose ofchiewng any
desirabléSOFC stackemperaturesThe reformer fuel mass flow rates are shown below in
Figure 30, where it can be seen that thetpdf this fuel mass flow takes the exact same
form as the compresgbmir mass flow previously shown in Figuzé. The compressor air
mass flow is in fact the cathode stream, thus confirninagthe fuel necessary for the
reformer isprimarily only a function of the cathode stream mass flow rate. This facilitates
the operation of the reformas its fuel flow rate only needs to be adjusted when the power
supply changesvhich was already a requirement for this system acting as a pure power
cycle. Therefee, the cogeneration nature of thewcycle has neffecton t he r ef or m
fuel mass flow rateAs a reminder, the reformer fuel in Figl@@is 33% methane by mole

and 67% water by mole.
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Figure 30: Reformer Fuel Mass FlowRate
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The air mass flow ragenecessary for the reformer to operateitatdesirable
temperature of 800 K are shown below in Fig8de This air flow allows for partial
oxidation of the methane in the reformer to enghee reformer reaches igesirable
operation temperatur&rom this figure, it can be seen thia¢ flow rate of this airis very
small anddecreases even further as the percentage of working fluid bypassing the hot side
of the recuperator i ncreases.aminputasd its s | i k
temperaturstemming fronthe boiler downstream from the recuperator and its bypass. As

such, the refor mer idte dstussemmihat imnpedidtely fobowsa nal y z
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Figure 31 Reformer Air Mass Flow Rate

The mass fl ow rate of water passing thr
Figure32. This water is boiled to produce stea
mass flow rate of waten Figure32 is equal to the mass flow rate of steam entgthe

reformer.The pump needs to suppdyfixed ratio of water to help reform the fuel in the
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reformer. Therefore, the form of the plot of the water should be the same as the form of the
plot of ther e f or mer 6 s f uel 80nThel formsseh thevsamej so thiB i g u r e

confirms proper operation of the systemobs
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Figure 32 Pump Mass Flow Rate (Equal to Reformer Steam Mass Flow Rate)

The temperature of the steam entering the reformer is shown below in B&jure
From this figure, it can be seen that the temperature of the steam increases with the percent
of working fluid bypassing the hot side of the recuperator. This is expectedsbebau
steam is produced in the boiler located downstream from the recup@ratancrease in
the temperature of the steam with respect to the bypass percentage confirms the notion that
the recuperator bypass and boiler location decrease the air ieggthe the reformer that
was previously mentioned in the discussion of this inpdditionally, the temperature of
the steam i s not a strong dxeepotsonemouthony t he

data
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Additionally, t he r ef or meeratue (800K&E268% C) nag betseem p
as the limit of each of the plotted lines shown in Figud&. Therefore, thisfigure
guantitatively displays the explanation for the varying maximum percent of working fluid
bypassing the hot side of the recuperatore Bteam cannot substantially exceed the
ref ormeros 0 p e rwihout raysing anmearer r vathinu thee simulation.
Therefore, theecuperator bypass operations must cease at very high perceftages.
exact maximum percent at any particular powepsu dependent on the specific mass

flow rates present throughout the systdrthat particular supply value.
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Figure 33 Reformer Steam Inlet Temperature

45 Performance Metrics

The final ses of steady state data are the performance metrics of the syEtem

three performance metrics are the electrical efficiency, cogeneration efficiency, and power
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to heat ratio. The efficiencies are discussed first, followed by an @aafythe power to

heat ratio.

45.1 Efficiencies

The two efficiency metricguant i t ati vely <characterize
convert the energy input corresponding to the fuel flows into the reformer and pre
combustor into useful electrical power and heat. The electrical eificienly considers
the amount of useful electrical power produced, while the cogeneration efficiency

considers both electrical power and heat.

The electrical efficiencies of the system across the range of power supplies and
recuperator bypass valve opé&sats are shown below in Figu@4. Similar to the heat
output and the energy input, the electrical efficiency does not change between 0% and 10%
of the working fluid bypassing the hot side of the recuperatich stems from the
recuperator temperaturestrainanging within this same regioBeyond 10% bypass, the
electrical efficiency drops bgpproximately5% for every 10% increase in the working
flui déds bypas sdueotd thetincreaserirefeelagmd energy put necessary
from an increase in &hbypass percentag&his trend is present at all system power
supplies. Furthermore, the electrical efficiency is barely a function of system gapysy
and maintains similar values at any particular percent bypass across the entire range of
power suppes except for the very low percent bypasseere he efficiency is notably
lower at the lower powesupplies This is due to the increased compressor mass flow rates
that were needed for the simulated system to converge to its desired operating condition

in thesespecificcasesMeanwhile, the electrical efficienci@general lack of dependence
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on power supply likely stems from tltenstant increase in working fluid mass flow rate
with increasing power supply, and the relatively stable temperatureglimaithe system

enforced by the constant SOFC and reformer temperatures.

Additionally, the efficiency of fuel cells generally decreases with increasing current
due to the energy losses previously described in Chapter 2. The SOFCs in this simulated
study ncrease in power with increasing current due to operating in their lower region of
current drawsso the efficiency of the fuel cells should decrease with increasing power
supply in this study. This effect cannot be seen in Figure 34, which means tétiethe
of t he S OF Caen&lectritaf effidenay are avershadowed by other effects. The
effects ofSOFC efficiencyon electrical efficiencyre likely small to begin witbue to the
small decrease in SOFC voltage with increasing power suppisea®usly seenso they
are likely to be easily overshadowédhe system energgputvia precombustor fuel mass
flow rate dominates for most of the graph, so ihisrobably thesffectthateliminates the

observability of fuel celefficiencyeffects orelectrical efficiencies

Overall, the systermansupply highelectrical efficiency heat across the entire range
of power suppliesSpecifically, he system can supplariablepower and heaniexcess
of 70% electrical efficiency for approximatelyi020% recuperator bypas$he system
can supply variable power and heat in excess of 60% electrical efficiency for approximately
07 40% recuperator bypass. Finally, the system can supply variabler @mnd heat in
excess of 50% electrical efficiency fori080% bypassin conclusion, the system can
supply highefficiency, variable, decoupled amounts of power and heat across a range of

power and heat demands.
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Figure 34: Electrical Efficiency

The cogeneration efficiencies of the cycle are shown in FigaredJnlike the
electrical efficiency, the cogeneration efficiency is barely a function of the percent of fluid
bypassing the hot side of the recuperator. Additionallyctigeeneration efficiency is only
minimally affected by the power supply of the system. Overall, the cogeneration efficiency
does not change very much regardless of how the system is being opedhieclways
close to 90%This means that the system caadily exchange between converting fuel
energy into heat and poweérif less energy is converted to power by the turbine than
approximately the same amount of energy is converted to heat by the thermal load heat

exchanger and vice versa.
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Figure 35: Cogeneration Efficiency

4.5.2 Powerto HeatRatio

The final parameter of the system is the power to heat ratio, or the power supply
divided by the heat supply. This parameter is shown below in FRf®imilar to the heat
supply, this parameter does not change between 0% and 10% of the working fluid
bypassing the hot side of the recuperator. Afterwards, the paradetsrasesat a
decreasig ratefrom around 45 to around 1. This parameter is not affected much by the
power supply of the system except at lower bypass percentages and low power supplies
where it is notably lowett is not affected much by power supply because of the rekativel
linear increase in heat supply with power supply across the entire range of bypass valve

operations that was previously seen in Figure 21.
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Figure 36: System Power to Heat Ratio

4.6 Conclusion to Steady State Data

This chapter displaythe steady state data for the various system components and
their parameteras the systens simulated throughout a variety of combinations of power
supplies and percentages of working fluid bypassing the hot side of the recuperatgr throu
the bypass valve he power output section shows that this system is capable of supplying
power between the 100 kW and 300 kW demands that are requested of it and with 65% of
the power coming from the SOFC stack. Additionally, the small decrease finetheell
voltages as the system power supply increases throughout th@20&Wrangeindicates
that the system can service a much larger range of power supplies above 300 kW.
Furthermore, the system requires larger mass flow rates of working fluehtaring the

compressor) to satisfy larger power supplies.
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