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Analysis Strategies for Tubular
Solid Oxide Fuel Cell Based
Hybrid Systems

The emergence of fuel cell systems and hybrid fuel cell systems requires the evolution of
analysis strategies for evaluating thermodynamic performance and directing design and
development. A description and application of the recently developed tool for analyzing
tubular SOFC based systems is presented. The capabilities of this tool include an ana-

A. D. Rao
G. S. Samuelsen

National Fuel Cell Research Center, lytical model for the tubular SOFC derived from first principles and the secondary equip-
University of California, ment required to analyze hybrid power plants. Examples of such secondary equipment are
Irvine, CA 92697 gas turbine, reformer, partial oxidation reactor, shift reactor, humidifier, steam turbines,

compressor, gas expander, heat exchanger, and pump. A “controller” is included which is
essential for modeling systems to automatically iterate in order to meet the desired pro-
cess or system design criteria. Another important capability that is included is to be able
to arrange the various components or modules as defined by the user in order to configure
different hybrid systems. Analysis of the hybrid cycle as originally proposed by Westing-
house (SureCelt) indicates that the thermal efficiency of the cycle is quite insensitive to
the pressure ratio, increasing from 65.5 percent to 66.6 percent on a lower calorific value
of the fuel as the pressure ratio decreases from 15 to [©®I: 10.1115/1.1413462

Introduction 1 heating of the reactants to the reaction temperature and cool-

. . . . . ing of the products from the reaction temperature
Due to the projected increases in fossil fuel usage world W|de,2 the entropy change of the reaction

the greenhouse gas emissions of A0 the atmosphere are ex- 3 jreyersibilities in the cell due to cell polarizations.

pected to increase by about 60 percent by 2015 over the 1990 _ ) ) _
level. The CQ generated from a given fuel per unit of power A schematic representation of a tubular SOFC stack is depicted
produced is inversely proportional to the thermal efficiency of & Fig. 1 while Fig. 2 shows the cross section of a tube. The
power plant, assuming complete utilization of the fuel. In additiofXidant is preheated in the central injector tube and then enters the
to CO,, pollutants such as oxides of sulfur, oxides of nitroger,iannular section between the cathode layer and the injector tube

and unburned hvdrocarbons are introduced into the atmos hv\/hile the fuel flows over the outer anode layer. Note that in the
e . PN&lfFrent design, the support tube depicted in Fig. 2 has been elimi-
when combustion is used to harness the chemically bound ene

; H&fed by Seimens-Westinghouse.
of the fuel. The amount of pollutants emitted to the atmosphereThe electrochemical reactions occurring within the cell for H
which depend on the degree of pollution abatement measures 48-the fuel are
corporated, typically increase the plant operating and capital costsgt the cathode: 1/20-26 =0~
Thus, a need exists to develop energy efficient means of powenyt the anode: b O~=H,0+2e
generation while minimizing the environmental impact; fuel cells with the overall cell reaction: 1/2G-H,=H,0.
hold this promise.

Furthermore, distributed power generation which is gaining
much attention from industry could be a niche market for fuels
cells if configurations can be identified that are simple so that
the plant capital cost and the process controllability are n e AR
compromised. | ) SV

A fuel cell, as an electrochemical device is similar to a battel ' / 74
that converts chemically bound energy directly into electricity bt fIIBA\
unlike conventional batteries, the chemical energy to the cell S e
supplied on a continuous basis in the form of a fuel such as nacasustoniar g IREACTED FLEL
ral gas or synthesis gas while the oxiddair) is also supplied P& '/_/v /
continuously. Higher conversion efficiencies are achievable with = )
fuel cell when compared to heat engines since the fuel cell is r =
constrained by the Carnot cycle efficiency. In a fuel cell, whet
the chemical energy is directly converted into electricity, the ir NDIVIDUAL SOLID OXI3E.
termediate step of conversion into heat as in a heat engine FUEL CELL
eliminated. In a fuel cell, there are some heat effects that do lin )
the conversion of the fuel bound energy to electricity. These he 74

effects are due to / -

—D_a EXHAUST

Contributed by the International Gas Turbine Institd@&TI) of THE AMERICAN _A \ //
SOCIETY OF MECHANICAL ENGINEERSfor publication in the ASME OURNAL OF FUELT Ui e
ENGINEERING FOR GAS TURBINES AND POWER. Paper presented at the Interna-
tional Gas Turbine and Aeroengine Congress and Exhibition, Munich, Germany, M..,
8-11, 2000; Paper 00-GT-553. Manuscript received by IGTI, Nov. 1999; final revi-
sion received by ASME Headquarters, Feb. 2000. Associate Editor: D. Wisler. ~ Fig. 1 Schematic representation of tubular SOFC stack 21y
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interconnection  Solid Oxide Fuel Cell (SOFC) Hybrid Systems

Anode A fuel-cell-based hybrid cycle consists of combining a fuel cell
with a heat engine to maximize the overall system efficiency. One

/ Electrolyte example of such a Hybrid cycle is the SureCell™ system as pro-
. Cathode posed by Westinghouse and depicted in Fig[23).
) The cycle utilizes an intercooled compressor while the dis-
charge air after preheating against the turbine exhaust is provided
to the SOFC as its oxidant. Fuel is also preheated in the turbine
exhaust, desulfurized, and then supplied to the SOFC as well as
the gas turbine combustsy. The exhaust from the SOFC is sup-
plied to the high-pressure combustor of the gas turbine where
additional fuel may be added and combusted by the SOFC ex-
injection Tube  haust. The exhaust from the combustor enters the high-pressure

expander where it is expanded to a pressure that is higher than

atmospheric and then supplied to a second combustor where ad-

ditional fuel is fired. The hot exhaust form the secdlmiv pres-
Fig. 2 Cross section of an individual cell  ([1]) sure combustor is then expanded in the low-pressure expander to
near atmospheric pressure and then supplied to the heat recovery
unit. The power developed by the high pressure and the low-
pressure expanders drives the compressors and the electric gen-
ator, respectively.

/" Support Tube

CO and hydrocarbons such as £¢hn also be used as fuels in
a SOFC. At the high temperatures within the cell, it is feasible i
the following reactions to occur:

1 the water gas shift reaction: G&H,0=H,+CO, - based models f sis of h
2 and the steam reforming reaction: GHH,0=3H,+CO (in Existing computer-based models for analysis of systems such as

the case of natural gas and in the presence of a suitable cataly2FWer cycles may be divided into two typeh those developed
for simulating chemical process plar(es.g., commercially avail-

The H, thus produced is easily oxidized at the anode. The direable Hysis, Aspen, Pro)lland(2) those developed for simulating
oxidation of CO in fuel cells is well established while the direcbower plants (e.g., commercially available ThermoFlex and
oxidation of CH, has been investigated to a limited exté[t]). GATE/Cycle. Models in the first category have the capability for
The direct oxidation of CO and CHoccurs only at very low predicting the thermodynamic properties of nonideal systems but
steam to carbon ratios. Potential for carbon formation, howevelg not include detailed models for power cycle equipment such as
exists at the low steam to carbon ratios. Any sulfur compoundsss turbines and fuel cells. The models in the second category
present in the fuel have to be removed prior to use in the cell tchave the capability of modeling gas and steam turbines in detail
concentration 0&0.1 ppmV to avoid poisoning of theconven- but not fuel cells nor the capability of predicting the properties of
tional) reformer catalyst. nonideal gases except for pure steam. Thus these models, for ex-

Existing Analysis Tools

Air

CompressorfTurbine

Intercooier

Natural
Gas SOCF : :

Fuel System Power

Fuel N Turbine!
T 4+ Generator
3 Fuel
\\ Alr Desulferizer
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Fig. 3 SureCell™ system as proposed by Westinghouse 2)
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ample, cannot predict the Joule-Thompson cooling of natural gasTubular SOFC Model. An integral model for the heat and
when its pressure is reduced from typical pipeline presgbife mass transfer and the electrochemical processes occurring in the
ban to the pressure required by a heavy frame gas turbine whichrious sections of the cell is developed although the model equa-
typically operates at a pressure ratio in the neighborhood of Ifons may be applied for zonal analysis of the SOFC when heat
Furthermore, with greenhouse gas emissions becoming a méitx by conduction in the axial direction may be considered con-
global concern, the proposed recovery and compression of #tant and interzonal radiation may be neglected. The integral
carbon dioxide to supercritical pressure is becoming a typicalodel minimizes the computational time required to solve the
specification for disposal in many advanced cycle investigatiorSOFC module and thus the total time required by the computer to
requiring the capability of predicting the nonideal behavior ofolve the entire hybrid plant. Note that a hybrid plant typically
carbon dioxide. includes a number of other equipment modules and furthermore, a
Models in the second category do not include modules feiumber of iterations have to typically occur not only within a
simulating reactors such as a shift reactor in cases wherg C@odule but also between the modules in order to arrive at a con-
removal and capture or production of Fbor a PAFC or PEMFC is verged solution with all the user defined system design parameters
required. Simplified models are included for countercurrent muatisfied.
tistage humidification which is being incorporated into advanced The differential equations governing the various processes for a
Brayton type of power cycles consisting of evaporating water intingle cell are formulated and simplifying assumptions are made
the working fluid, and for partial oxidation reactor which is utiin order to solve these equations analytically. The resulting solu-
lized to convert a fuel such as coal or heavy fuel oil into synthesiigns to these equations are coded into the module. The net AC
gas suitable as fuel to a fuel cell. power output from the stack is estimated by applying an empirical
Models for simulating fuel cell based plants have been devehctor to the product of the DC power generated by a single cell
oped by Ferguson3], Haynes[4], and Bessett¢5] but these and the total number of cells calculated.
models are limited either to systems consisting of ideal gases and ) )
pure steam or the models required for simulating many of the unitHeat Generation. The maximum power that may be devel-
operations and processes that could make up a hybrid plant are@igd by the cell is given by the Gibbs free energy change for the
included such as a detailed gas turbine, a countercurrent mu@kidation reaction of the fuel. However, the irreversibilities within
stage humidifier, a shift reactor, and a partial oxidation reactor.the cell limit the conversion to useful work. The irreversibilities
In summary, the requirements for the analysis tools for tHeonsist of concentration polarizations caused by a build up of

evaluation of SOFC fuel cell systems and SOFC hybrid systerf@actants or products at the electrodes, activation polarizations
performance are that are caused by the sluggishness of the electrochemical re-

action speeds and ohmic losses. The voltage drops due to each of
* an SOFC model that accounts for the heat and mass transf@ise irreversibilities are taken into account. In addition to the
processes occurring within the cell as well as the electrochemist¥at generated by these irreversibilities, the cell generates heat on

such that the calculated performance reflects the particular systgiiet basis due to the entropy change of the overalbxidation
design conditions such as fuel composition, operating pressuigsction.

fuel utilization and geometric parameters such as tube dimensions. ) ) ) )

« a gas turbine model that accounts for the changes in the cycleSolution Strategy. The solution strategy consists of starting
design conditions such as the operating pressure, turbine ﬁrﬁlig calculations at one end of the cell where the oxidant leaves the
temperature, the fuel and oxidant temperature and compositidtiector tube and enters the annular space between the cathode and
The gas turbine model must adjust the required turbine coolifige injector tube. For a given set of temperatures for the oxidant
flows or the firing temperature to correspond to changes in tA&d the fuel at this cross sectidmoundary conditioj a tempera-
temperature or composition of the working fluid or coolanture drop for the air inside the preheat tube and the ratio of actual
based on the effective technology parameters that may be esttrent flow to the limiting current flow are assumed. The heat
mated from the gas turbine manufacturer’s published data, in @nd mass transfer equations are solved from section to section in
der to stay within the constraints of the maximum blade metthe radial direction. Each of the heat generation terms due to the

temperature. irreversibilities and the entropy change is utilized. The net DC
« a humidifier model that accounts for the simultaneous heakectric power generated is calculated by subtracting the total heat
and mass transfer rate-controlled processes. generated due to the irreversibilites and those due to entropy

» an equation of state capable of estimating the enthalpy agblange, from the overall enthalpy change for the oxidation reac-
entropy corrections for nonideality of the gas streams is requiréidn of the fuel with molecular oxygen. Next, an energy balance is
in order to handle highly nonideal streams such as natural gasrade and the assumed temperature drop of the air inside the pre-
pipeline pressures, and supercritical LOA\ separate property heat tube is adjusted accordingly. Thus a solution is arrived at
package for steam and water is requir@mnsistent with the iteratively and the resulting voltage is calculated from the power
ASME steam tablgsincluding correction for the enthalpy of wa- produced and the current flow. Iterations are continued if the volt-
ter due to pressure above its saturation pressure. age calculated does not match the desired voltage by adjusting the

Th d exists f vsis tool luating tub Iratio of actual current flow to the limiting current flow and repeat-
us a need exists for an analysis tool for evaluating tubu g the entire iterative process defined above.

SOFC hybrid systems; the following describes the tool that was
recently developed for such applications. Compressor and Turbine Models. The outlet conditions
from a compressor and expand@rcluding a steam turbineare
calculated assuming an isentropic path and then applying the ap-
propriate efficiency to determine the actual outlet conditions for a
Analytical and Computational Strategy given inlet set of conditions. The efficiency is either user defined
or is calculated by the computer program using empirical relation-
ships([8]) in the case of a compressor, while empirical correla-
ions developed by Spencer et [@] for each of the sectionigh
ressure, intermediate pressure, and condensiay be utilized
6t the steam turbine, depending on its size.

Thermodynamic Property Basis. The Peng-Robinson equa-
tion of state([6]) which is a modification of the van der Waal's
equation is utilized to predict the deviations from nonideality
the specific volume, enthalpy and entropy of gases. Empirical ¢
relations developed by Schnackél are used for predicting the
specific volume, enthalpy and entropy of pure steam. The proper-Gas Turbine Model. Two types of gas turbine models are
ties of saturated water are predicted by empirical equations fittddveloped, one that may be configured by the user to include
to the ASME published data. multiple compression stages with intercooling between the stages
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and multiple expansion stages with rehéaith combustorsbe- equations consisting of the elemental balances, energy balance,
tween the stages, and the second consisting of a simple @rcleand the reaction quotients, which represent the approach to equi-
conventional Brayton cycjewith no intercooling of the compres- librium at the outlet conditions of the reactor.
sor or reheat during expansion. The thermodynamically independent reactions are
The user defined gas turbine model is configured by utilizing a for shift reactor:
gas turbine compressor, combustor and gas turbine expander mod-
ules. The efficiency of the compressor and expander and the air CO+H0=H,+CO;
required for cooling the blades of the turbine as well as its purge
air requirements are determined by first calibrating a simple cyclefor reformer and partial oxidation reactors:
engine based on data published by the gas turbine manufacturer,

and then applying adjustments to the values determined for the CO+H,O=H,+CO,
“base line engine.” The program estimates the necessary param-
eters for the base line engine and the adjusted values for use with CH,+H,0=3H,+CO

the two gas turbine models when the manufacturer’s overall gas
turbine performance data is inputted.

The compressor and expander efficiencies are adjusted for flow COS+H0=H,S+CO0;.
through the compressor or expander. The turbine coolant require-
ment is adjusted in order to maintain the same metal temperaturéalance of Plant Equipment Models. The balance of plant
for the first stage blades of the turbine by utilizing the sempquipment such as a valve, stream mixer, stream splitter, or di-
empirical methodology proposed by El-Masri and Pourki§] vider and separatdpf a single component from a stream or liquid

which consists of modeling a combined convective/film cooleyater from gas/vapor phasare modeled for an isenthalpic path.

blade as a flat plate and developing nondimensional parametéf types of heat exchangers are available, one in which the

relating the physical properties of the working fluid and the Coogutlet temperature may be specified to calculate the heat transfer

ant. The turbine purge requirement is adjusted by maintaining tﬁ%te' and the other where the heat transfer rate is speC|f_|ed to
. . . . calculate the outlet temperature. For a pump, the power required is
same velocity as that in the base line engine.

Th d model L f the simol | bi determined assuming the fluid is incompressible. A pipe module is
e second model, consisting of the simple cycle gas turbingq,, jnciyded to serve the important function of accounting for

assumes that the gas turbine has the same geometry as the,8aSsure and heat losses between the equipment in order to calcu-
turbine used for calibrating the engine. The model makes adjugite the cycle performance more accurately.

ments to the compressor and expander efficiencies as well as the

firing temperature and pressure ratio of the gas turbine for varia-Integrated Architecture. ~The system model or cycle is con-
tions of flow rates and composition. The pressure ratio adjustmdj§red by identifying the desired equipment models and assigning
is based on the assumption that the Mach number for the flow/ffmbers for the streams entering or leaving each of the equip-
the first stage nozzle of the turbine is at unif¢1]). The firing ment. The plant may be configured with multiple units of the same

temperature is adjusted in order to maintain the same metal te?ﬁoe of equipment. Each of the streams entering the plant such as

erature of the first stage blades as that for the base-line en iel, water, and air is defined by its composition, flow rate, tem-
P . ‘ag gb’?—ﬁature, and pressure while the model predicts all the intermedi-
since the turbine cooling flows are not controlled.

ate streams within the system and the streams leaving the system.
Humidifier. The humidification column is divided into differ- A Special module, “controller” is included to define the special
ential duffusional unitsk,adV/IL [12] where k, is the mass d€sign parameters within the system. For example, in order to set
transfer coefficient on a mass basisis the interfacial area for (€ Stéam-to-carbon ratio in the stream entering the reformer at a
mass transfer per unit volumdy is a volume element for mass predetermined value in order to avoid carbon deposition on the

and heat transfer of differential thickness in the axial direction &ataly;t, the cc.)nt.roller. IS |nq|ugjed in the system definition to
. . . ~._ . check if this ratio is being satisfied, as well as to make necessary
the column per unit cross-sectional area, and the superficial

liquid locit f ¢ it tional ar changes in order to satisfy the design criteria. The controlled vari-
iquid mass velocitymass flow rate per unit cross-sectional €aable (dependent variableand the controlling variabléindepen-

>3 ; 1aNg€qlnt variable which has to be changed by the controller in order
temperature of the liquid flowing down the column by gravity ang, meet a desired design criterion are identified. The type of vari-

the change in temperature of the gas flowing up the colunypie temperature, pressure, flow rate, steam-to-carbon ratio, etc.
counter-currently to the liquid are determined. A term was intrgyng the stream or equipment containing these variables are also
duced to account for the heat transfer due to the sensible heaidehtified for the controller. The controller then forces the pro-
the water vapor diffusing into the gas phase which was not igram to iterate while adjusting the controlling variable till the
cluded by previous authors. The Lewis analogy is invoked in deesired result is achieved. The controller may be used multiple
riving these equations and it is assumed that the gas and watetes for defining different system design parameters.

flow through the humidifier column under plug-flow conditions. In summary, the steps involved in developing the overall sys-

. tem performance are
Reactor Models. Models for the following reactors are

included: 1 a system model or cycle is configured by identifying desired
equipment(graphical interface is currently not availaple
1. shift, 2 assigning numbers for streams entering or leaving each
2. reformer, and equipment.
3. partial oxidation. 3 defining streams entering a system such as fuel, water, and

. air by specifying composition, flow rate, temperature, and pres-
The reactor modules calculate the effluent composition aRge’

conditions for a given set of design parameters such as the feed the “controller” is included to define cycle design

composition and conditions of pressure and temperature, pressgifameters/targets within the system.

drop through the reactor, and the outlet temperature in the case 05 the model predicts intermediate streams within the system,

an adiabatic reactor, and the required heat transfer rate in the cstéeams leaving the system, power consumptairpumps, com-

of a nonadiabatic reactor for a desired outlet temperature. pressory power generation(of SOFC, gas turbine, turbo-
These calculations are made by solving a set of simultaneaeipander, heat transferred in each of the heat exchangers.
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The model also predicts the size of the SORGmber of tubes 220
for a specified tube diameter and lengdnd dimensions of the
humidifier column(diameter and packed heightn this manner, /*‘_\
systems may be identified that utilize these equipment havii 200 —
practical or realistic sizes. g

180

Results and Discussions

A comparison of performance predictions made by the SO
model (shown as discrete pointsvith curves published by West- &,
inghouse([13]) is presented graphically in Fig. 4. The bottorrg
curve corresponds to an operating pressure of 1 atm while the 'QC_:
curve corresponds to an operating pressure of 10 atm. The t ¥
length is 150 cm with 2.2 cm outside diameter. The fuel consis /
of a mixture of 89 mole percent hydrogen and 11 mole perce
water vapor. Fuel utilization is held constant at 85 percent. The i 120
used in the SOFC is six times the stoichiometric requirement.

As can be seen, the predictions made by the model are in agr
ment with the Westinghouse values. The curves are characteri: 100
of fuel cells, where the power initially increases as the current al 130 180 230 280 330 380 430 480 S50
increases(since the oxidant and fuel flow to the tube are in Current (mA/em2)
creasell reaches a maximum value and then decreases. The
power decreases because the losses which increase with the curFig. 5 Performance of SOFC with CO versus H , as fuel
rent density become large enough to more than offset the gain
made by the increase in the fuel and oxidant throughput.

A comparison of the single zone model predictions for the typgyrrent and power are essentially the same for the two cases while
cal 85 percent fuel utilization with those obtained by applying th@ye cell length is within 0.5 percent showing that a single-zone
model with the cell subdivided into two zones in the axial direC('integrab model suffices.
tion, each with the same degree of fuel utilizati@ach at 42.5 Figure 5 compares the performance of the SOFC with CO ver-
percent utilizationis presented in Table 1 for a single tube. Theys H, as the fuel at 1 atm operating pressure with a mixture of 89
mole percent CO and 11 mole percent O@rsus the mixture of
89 mole percent KHland 11 mole percent J@. By choosing a
mixture of CO and CQthe direct oxidation of CO may be com-
pared with that of H (ignoring the carbon formation potential for
the CO fuel for this comparisonThe current density and power
e~ produced by the cell are lower with CO becabethe Gibbs free
Ll o energy for the oxidation of CO is lower than that fop Ht the
10 atrp operating temperature of the cell af®) the diffusivity of CO is
lower than that of H which increases the anode concentration
200 A 1 atm polarization.

/ Figure 6 shows the effect of pre-reformirigutside the cell

atts)
A

S

300

250 =

versus reforming the CHfuel within the cell, i.e., assuming the
anode section of the cell contains a reforming catalyst. When fuel
reforming occurs within the cell, the heat released within the cell
due to the various irreversibilities discussed earlier is absorbed
directly by the endothermic reforming reactions while in the ex-
ternal reforming case, the heat rejected by the cell in the exhaust

Power (Watts)
z

100
/ gas is utilized for the reforming reaction.
50 300
2%0
0 230 . ; // \;\
0 100 200 300 400 500  600. 700 270 = erna /
efdrm 1?
Current (Amps) é 260 /
> 5
Fig. 4 Comparison between predicted performance and West- E 2s0 4
. ¥,
inghouse values z 240 /Pre_refommg
~ 2390
Table 1 Comparison of single and two-zone model predictions /
220
Single-Zone
Model Two-Zone Model 1o
current density, 310.0 311.2 200
mA/cmZ 200 300 400 500 60; 700
power, Watts 243 242.8 Current Density (mA/cm?©)
cell length, cm 185.1 186.0
Fig. 6 Effect of reforming the fuel within the cell
Journal of Engineering for Gas Turbines and Power JULY 2002, Vol. 124 / 507
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Fig. 7 Effect of pressure ratio on the performance of the SureCell™ hybrid
cycle

The extent of reforming within the external reformer is limitecperature of the oxidant stream entering this combustor increases
by the concentration of water vapor contained in the fuel while ias the expansion ratio of the high-pressure turbine decreases.
the case of internal reforming, the® formed by the oxidation of Also, the contribution to exergy loss by the intercooler is reduced
the H, becomes available for continuing the reforming reactioas the cycle pressure ratio is decreased since less heat is rejected
within the internal reformer. Thus, the amount of Cttilization in the intercooler as the compression ratio of the low-pressure
is limited by the concentration of water vapor present in the fuebmpressor is reduced.
gas in the case of the external reformer. The cell performance isSelection of the optimum cycle pressure ratio requires perform-
thus poorer for the external reformer case when limited amountioy an economic tradeoff between the calculated thermal effi-
H,0 is added to the fuel. ciency of the cycle and installed cost of the equipment whose

Thus, internal reforming has the potential to minimize watespecifications may be established by this systems analysis tool.
consumption(or amount of recycle of the depleted fuel whichNote that as the pressure ratio is increased, the equipment be-
may be used for water vapor addition to the juak long as comes more compact.
suitable reforming catalysts are developed that avoid carbon for-

mation at low water vapor to carbon ratios. .
Summary and Conclusions

. The analysis capabilities required to perform tubular SOFC
Application of Methodology based hybrid cycles include an analytical model for the tubular
An application of the system model to analyze the pressuBOFC as well as the secondary equipment required to analyze a
dependence of the hybrid cycle configuration depicted in Fig. 3leybrid power plant such as a gas turbine, reformer or partial oxi-
presented graphically in Fig. 7. dation reactor, shift reactor, humidifier, steam turbines, compres-
The entire air leaving the high pressure compressor was ps®st, gas expander, heat exchangers, and pump. In addition to these
vided to the SOFC after preheating in the recuperator with @guipment models, modules for functions such as separating a
effectiveness of 90 percent. The individual cell voltage was maigemponent from a stream, splitting a stream or combining streams
tained at 0.62 V. A portion of the depleted fuel was combined witand “controller” to automatically iterate in order to meet the de-
the desulfurized natural gas in order to provide the water vapsired design criteria are included. Another important capability
required by the reformer within the SOFC. The high pressuthat is included is to be able to arrange the various components or
turbine inlet temperature was maintained at 861°C, while the inletodules as defined by the user in order to configure different
temperature of the low pressure turbine was maintained at 863i¢brid systems. With the help of this tool, it is possible to config-
([2]) by adjusting the fuel flow. The isentropic efficiencies of thaire various hybrid cycle configurations in order to identify the
compressors and the expanders were held at 85 percent and®rfe promising ones for further research and development.
percent, respectively. Thus, the model may be used by cycle analysts from industry
The thermal efficiency of the cycle was found to be quite infe.g., equipment manufacturers, Engineering and Consulting
sensitive to the pressure rafi@tio of SOFC inlet air pressure to firms, electric utility companiggor verifying performance of pro-
low-pressure compressor inlet air pressuiacreasing slightly posed cycles, as well as for developing new cycles. Current work
with a decrease in pressure ratio in the range investigated; frasndirected towards this activity of developing and identifying new
65.5 percent to 66.6 percent on a lower calorific value of the fulbular SOFC based hybrid cycles utilizing this tool. The ultimate
as the pressure ratio was decreased from 15 to 6.5. As the cygtals for the capabilities of this tool are to have a user graphical
pressure ratio is reduced, the exhaust temperature from the lmterface for configuring the cycle and to have plant cost estimat-
pressure turbine increases which in turn increases the temperatngecapability.
of the preheated air supplied to the SOFC. This increase in tem-Analysis of the hybrid cycle as originally proposed by Westing-
perature more than offsets the decrease in efficiency of the SOR@use (SureCell™ indicates that the thermal efficiency of the
operating at a lower pressure in the range of pressure ratios invegele is quite insensitive to the pressure ratio, increasing from
tigated. Furthermore, the irreversibilities in the low-pressure cors.5 percent to 66.6 percent on a lower calorific value of the fuel
bustor are reduced at the lower pressure ratio because the tesithe pressure ratio decreases from 15 to 6.5.
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