UC Irvine
UC Irvine Previously Published Works

Title
A thermodynamic analysis of tubular SOFC based hybrid systems

Permalink
https://escholarship.org/uc/item/5dx2k594

ISBN
9780791878514

Authors

Rao, AD
Samuelsen, GS

Publication Date
2001

DOI
10.1115/2001-GT0522

Copyright Information

This work is made available under the terms of a Creative Commons Attribution License,
availalbe at https://creativecommons.org/licenses/by/4.0/

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/5dx2k5g4
https://creativecommons.org/licenses/by/4.0/
https://escholarship.org
http://www.cdlib.org/

Proceedings of
ASME TURBO EXPO 2001
June 4-7, 2001, New Orleans, Louisiana

2001-GT-0522

A THERMODYNAMIC ANALYSIS OF TUBULAR SOFC BASED HYBRID SYSTEMS

A.D. Rao
National Fuel Cell Research Center
University of California
Irvine, California 92697-3550

ABSTRACT

The goals of a research program recently completed at the
University of California, Irvine were to develop analysis
strategy for Solid Oxide Fuel Cell (SOFC) based systems, to
apply the analysis strategy to tubular SOFC hybrid systems and
to identify promising hybrid configurations.

A pressurized tubular SOFC combined with an
intercooled-reheat gas turbine (SureCell™ cycle) is chosen as
the Base Cycle over which improvements are sought. The
humid air turbine (HAT) cycle features are incorporated to the
Base Cycle resulting in the SOFC-HAT hybrid cycle which
shows an efficiency of 69.05% while the Base Cycle has an
efficiency of 66.23%.

Exergy analysis identified the superior efficiency
performance of the SOFC component.  Therefore, an
additional cycle variation added a second SOFC component
followed by a low pressure combustor in place of the reheat
combustor of the gas turbing of the SOFC-HAT hybrid. The
resulting Dual SOFC-HAT hybrid has a thermal efficiency of
75.98%.

The Single SOFC-HAT hybrid gives the lowest cost of
electricity (3.54¢/kW-hr) while the Dual SOFC-HAT hybrid
has the highest cost of electricity (4.02¢/kW-hr) among the
three cycles with natural gas priced at $3/GJ. The Dual
SOFC-HAT hybrid plant cost is calculated to be significantly
higher because the fraction of power produced by the SOFC(s)
is significantly higher than that in the other cases on the basis
of $1100/kw initial cost for the SOFC. The Dual SOFC-HAT
hybrid can only be justified in favor of the Single SOFC-HAT
hybrid when price of natural gas is greater than $14/GJ or if a
severe carbon tax on the order of $180/ton of CO2 is imposed
while natural gas price remains at $3/GJ.

(G.S. Samuelsen
National Fuel Cell Research Center
University of California
Irvine, California 92697-3550

INTRODUCTION

The majority of electricity in the U.S. is generated by the
combustion of fossil fuels to heat either steam or "air" for use
in Rankine and Brayton cycles. Until recently, the industry has
operated these power plants under regulations that have
guaranteed a reasonable return on investment. In the past
decade, however, a number of factors have coalesced
influencing the manner in which the power will be generated
in the years Lo come.

Potential for Regulation on Greenhouse Gas Emissions.

Due to the projected increases in fossil fuel usage world wide,
emissions of carbon dioxide (CQ:) to the atmosphere are
expected to increase by about 60% over the 1990 level by 2015,
CO; is the primary constituent in the earth’s atmosphere that
contributes to the greenhouse effect. The greenhouse effect is
the entrapment of heat by the earth’s atmosphere by gases such
as COy; the sun’s radiation falling on the earth’s surface is re-
radiated as infrared heat which is absorbed by the greenhouse
gases. It should be noted that the CO, generated from a given
fuel per unit of power produced is inversely proportional to the
thermal efficiency of a power plant, assuming complete
utilization of the fuel.

Concern Over Emissions from Coal-fired Plants, In
addition to CO,, pollutants such as cxides of sulfur, oxides of
nitrogen, carbon monoxide, and unburned hydrocarbons are
introduced into the atmosphere when traditional power
generation technologies rclying on combustion are used. The
amount of pollutants emitted to the atmosphere depend on the
degree of pollution abatement measures incorporated; these
pollution abatement measures, however, tend to increase the
plant operating and capital costs significantly in case of coal
fired plants.
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Deregulation. The breakup of the historic vertically integrated
electric utility by deregulation is resulting in the appearance of
merchant power producers selling in a market driven
atmosphere. This is creating the marketplace for distributed
power generation which is gaining much attention from
industry and could be a major market for fucls cells if
configurations can be identified that are efficient and simple so
that the plant capital cost and process controllability are not
compromised.

Thus, these factors have now made it a propitious time for
a new approach to power genecration; an approach that will
change the way the fossil fuels are used by introducing
advanced technologies that efficiently produce electricity while
minimizing the environmental impact, fuel cells hold this
promise.

ANALYSIS TOOLS

Existing SOFC models do not fully integrate the heat and
mass transfer with the electrochemistry while existing system
models do not include simulation capabilities for the required
power cycle equipment (e.g., SOFC). Thus, the capabilities
required to perform tubular SOFC based hybrid cycle analysis
have been developed (Rao and Samuelsen, 2000) which
include analytical models for the tubular SOFC as well as the
secondary equipment such as a gas turbine, reformer or partial
oxidation reactor, shift reactor, humidifier, steam turbines,
compressor, gas expander, heat exchangers and pump. In
addition to these equipment models, modules for functions
such as separating a component from a stream, splitting a
stream or combining streams and “Controller” to automatically
iterate in order to mect the desired design criteria are
incorporated. 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.

The system model may be used by cycle analysts from
industry (e.g., equipment manufacturers, engincering and
consulting firms, electric wutility companies) for verifying
performance of proposed cycles, as well as for developing new
cycles.

HYBRID SYSTEMS ANALYSIS
Systems identified for analysis and the results obtained by
the application of the model are presented in the following

(Rao, 2001).
Base Cycle - Westinghouse SureCell™ Configuration. A

fuel cell based hybrid cycle consists of combining a fuel cell

with a heat engine to maximize the overall system efficiency.
One example of such a Hybrid cycle is the SureCell™ system
as proposed by Westinghouse and depicted in Figure 1 (Beve

and Parker, 1995).

The system consists of an inlercooled/reheat gas turbine
integrated with a pressurized tubular SOFC. Atmospheric air
is compressed in an intercooled compressor, comprised of a
low pressure (LP) compressor and a high pressure (HP)
compressor. The discharge air from the HP compressor is
preheated against the turbine exhaust in a recuperator and then
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 reheat or LP combustor. The
¢xhaust from the SOFC, consisting of the depleted air and the
depleted fuel, is supplied to the HP combustor of the gas
turbine. The exhaust from the HP combustor enters the HP
expander where it is expanded to a pressure which is higher
than atmospheric and then supplied to the LP combustor where
additionat fuel is fired. Additional air and/or fuel may also be
fed to the HP combustor. The hot exhaust from the LP
combustor is then expanded in the LP expander to near
atmospheric pressure and then supplied o the heat recovery
unit. The power developed by the expanders drives the
compressors and the electric generator.

The cycle thermal efficiency for this Base Cycle is
developed for various pressure ratios. The cycle thermal
efficiency is not a strong function of pressure ratio. The
thermal efficiency of the cycle increases from 65.5% to 66.59%
on a lower-calorific-value of the fuel as the pressure ratio is
decreased from 15 to 6.5. In order to explain this trend the
cycle configuration is further analyzed by developing the
exergy changes across each of the components of the system at
three different pressure ratios. The results are summarized in
Table 1 as relative exergies, that is, these exergies are
presented as percentage of the exergy contained in the total
fuel stream (entering the SOFC and the LP combustor). The
exergy contained in the stack gas is also included in this table.
The remaining two streams crossing the system boundary are
the ambient air (LP compressor inlet) whose exergy is zero
(the dead state) and the fuel which has the relative exergy of
100%. As scen by the data, the total exergy loss for the case
with a pressure ratio of 6.5 is the lowest verifying the thermal

efficiency trend.

As the cycle pressure ratio is reduced, the exhaust
temperature from the LP turbine increases which in turn
increases the temperature of the preheated air supplied to the
SOFC. This increase in temperature more than offsets the
decrease in efficiency of the SOFC operating at a lower
pressure in the range of pressure ratios investigated,
Furthermore, the irreversibilities in the LP combustor are
reduced at the lower pressure ratio because the temperature of
the oxidant stream entering this combustor increases as the
expansion ratio of the HP turbine decreases. Also, the
contribution to exergy loss by the intercooler is reduced as the
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cycle pressure ratio is decreased since less heat is rejected in
the intercooler as the compression ratio of the LP compressor
is reduced.

Table 1: Base Cycle - Exergy Destruction Data (without
Generator/Inverter Losses)

Pressure Ratio 6.5 8.8 15
Component Exergy, % of Total Fuel Input
LP Compressor 0.83 0.86 0.87
Intercooler 1.58 2.09 2.63
HP Compressor 0.82 0.80 0.80
Recuperator  + 2.53 2.05 1.43
Fuel Preheater

SOFC 11.57 11.44 11.63
HP Combustor 3.18 3.19 3.14
HP Expander 0.81 0.86 0.84
LP Combustor 9.77 10.14 10.54
LP Expander 1.10 1.08 1.10
Stack Gas 5.64 5.54 6.00
Total 37.83 38.05 38.98

A pressure ratio of 8.8 is chosen for this Base Cycle (and
not a lower pressure ratio) based on the constraint of limiting
the turbine exhaust temperature to a maximum of 635°C as set
by the chosen design basis for this evaluation. The pressure
ratio of 8.8 is also consistent with the pressure ratio touted for
the SureCell™ hybrid by Westinghouse (Bevc and Parker,
1995).

Enhancement of the thermal performance of the cycle may
be accomplished by minimizing the exergy losses duc to the
intercooler and the stack gas. Modifications aimed at these
components of the cycle are next attempted in order to
maximize the cycle efficiency. The modifications however,
should be such that the resulting cycle is not complex, thus not
compromising its controllability and cost.

Conventional approach to recovery of heat has been via a
Rankine cycle by generating steam. Inspection of the
temperature of the heat available in the intercooler and in the

stack gas indicates that only low pressure steam may be
generated, the quantity and the pressure being limited by the
saturation temperature of the steam corresponding to its
pressure. Figure 2 depicts the heat transfer if steam were
generated by half of the heat rejected by the air in the
intercooler (for the case with a pressure ratio of 8.8),

As can be seen from the figure, the temperature of the gas
(represented by the solid line) decreases as heat is transferred
while the water/steam (represented by the dashed line) remains
at a constant temperature being a single component. Thus,
when as much as half of this heat is utilized for steam
generation, the pressure of steam that may be generated
corresponding to the saturation temperaturc of 73.5°C
(allowing a 10°C temperature difference in the heat exchanger)
will be only 0.34 bar, a pressure that is too low to generate
power in a steam turbine economically. Another disadvantage
with steam generation in addition to the above is that due to
the diverging temperature difference between the gas and the
steam/water mixture, the exergy loss in heat transfer is
increased. If however, a fluid that has a variable boiling point
is utilized to recover the low temperature heat rejected in the
intercooler, the quantity of heat recovered as well as the exergy
destruction may be reduced.

The Humid Air Turbine (HAT) cycle (Rao, 1989) which
utilizes generation of “steam” by directly contacling
pressurized air with hot water in a counter-current humidifier
and circulating the water leaving the humidifier to recover
heat rejected in the intercooler and from the stack gas could
potentially be applied in this hybrid system to énhance the
overall cycle efficiency.

The humidifier, by introducing water vapor into the
combustion air would increase the amount of motive fluid
available for expansion in the turbines, while recovering the
low temperature heat from the intercooler and the stack gas.
Within the humidifier, the water cvaporates at successively
higher temperatures as the air moves up the humidifier column
(as its water vapor content increases) with hot water flowing
counter-currently downwards exchanging mass and heat with
the pressurized air strcam. Furthermore, the water evaporates
at temperatures much lower than the boiling point or
saturation temperature of pure water since the phase change
occurs within the humidifier in the presence of air (at the
prevailing partial pressure of water vapor in the air stream).
This combined humidifier and water circulating sub-system
makes it possible to recover low temperature heat without
being constrained by the boiling temperature of pure water
while reducing the exergy destruction during heat transfer.

Single SOFC-HAT Hybrid. The resulting hybrid cycle as
depicted in Figure 3 incorporates humidification of the air
before it is preheated in the recuperator and fed to the SOFC.
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The air leaving the compressor is first cooled in an aftercooler
and then introduced into the humidifier column where it comes
into counter-current contact with hot water. A portion of the
waler is evaporated into the air stream, the heat required for
the humidification operation being recovered from the
intercooler and the stack gas by circulating water leaving the
humidifier.

A potential disadvantage with this cycle is that the partial
pressure of the oxygen in the air stream entering the SOFC is
reduced which decreases the mass transfer rate of the oxygen
to the cathode surface and through the cathode while
increasing the cathode concentration and activation
polarizations. On the other hand, the cycle may optimize at a
high pressure ratio such that it off-sets the reduction in the
concentration of the oxygen in the air strcam with the net
effect that the partial pressure of the oxygen is not significantly
effected.

The efficiency of this hybrid cycle is determined to be also
a weak function of the pressure ratio but increases with
pressure in direct contrast to the SureCell™ configuration.
The optimum efficiency of the cycle may lie beyond the
maximum pressure ratio of 15 for the SOFC as constrained by
the chosen design criteria for this investigation. The efficiency
of the cycle at a pressure ratio of 15 is 69.05% based on the
lower-calorific-value of the fuel to the system. The exergy
destruction in each of the components of the cycle for the
maximum efficiency case is compared to exergy destruction of
the Base Cycle at the pressure of 8.8 in Table 2.

Table 2: Exergy Destruction in SOFC Hybrid Cycles as % of
Total Fuel Input

Base Cycle Single SOFC-
HAT Hybrid

LP Compressor 0.86 0.7
Intercooler 2.09 0.58
HP Compressor 0.80 0.72
Aftercooler - 0.30
Humidifier - 0.16
Economizer - 0.24
Cooler - 0.29
Recuperator and 2.05 1.71
Fuel Preheater
HP SOFC 11.44 11.51
HP Combustor 3.19 2.87
HP Expander 0.86 0.81
LP Combustor 10.14 10.19
LP Expander 1.08 1.09
Stack Gas 5.54 4.54
Total 38.05 3571

The SOFC-HAT hybrid has significantly less exergy
destruction which verifies its significantly higher thermal
efficiency as compared to the Base Cycle. The fuel
consumption of the SOFC-HAT case is higher than the Base
Cycle per unit of inlet air flow because of the high
concentration of water vapor in the combustion air. Thus, the
exergy destruction in the various components of the system of
the SOFC-HAT hybrid are reduced per unit flow of fuel to the
system. Additionally, in the case of the SOFC-HAT hybrid,
the exergy destruction is reduced by the incorporation of
recovery of heat from within the cycle and utilizing this heat
for the humidification operation as can be seen by the data
presented in Table 3 which also explains the relationship of the
overall thermal efficiency of this case and the pressure ratio.

Table 3: Reduction in Exergy Destruction by Humidification
as % of Total Fuel Input

Base Cycle Single SOFC-

HAT Hybrid
Intercooler 2.09 0.58
Aftercooler - 0.30
Humidifier - 0.16
Economizer - 0.24
Cooler - 0.29
Stack Gas 5.54 4.54
Total 7.63 6.11

As the pressure ratio increases, more heat is removed from
the air in the intercooler but since this heat is recovered for the
humidification operation, the cycle is not penalized as is the
Base Case cycle. Furthermore, the power developed by the
expanders is increased by a much more significant amount
than the power consumption of the air compressors as
compared to the Base Case since additional motive fluid (water
vapor) is added to the expanding fluid.

The performance of the SOFC in the Base Case and in the
SOFC-HAT is compared in Table 4. The thermal efficiency of
the fuel cell is slightly lower than that in the Base Case. The
decrease in the mass transfer rate of the oxygen to the cathode
surface and through the cathode due to the lower concentration
of the oxygen in the air stream entering the SOFC of the HAT
based system, which decreascs the capacity of the cell as well
as increases the cathode concentration and activation
polarizations arc compensated by the higher operating pressure
of the SOFC such that the capacity is actually increased while
the thermal efficiency is slightly compromised.

Based on the exergy destruction data as presented in Table
2, it appears that the SOFC and the LP combustor destroy
about the same amount of exergy when expressed as a fraction
of the total fuel input to the cycle. However, when the exergy
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destruction by these components is expressed as a % of the
total exergy entering that component (Table 5), the result
reveals that the SOFC is a much more efficient component.
Thus, further gain in efficiency may be expected by
minimizing combustion by adding an LP SOFC.

Table 4: SOFC Performance Comparison

Base Cycle Single SOFC-
HAT Hybrid

Current Density 295.7 3049
mA/cm®
Power per Tube, 1937 198.9
Watts
Thermal 47.35 47.28
Efficiency, %
Fuel Energy to
SOFC (Lower-
calorific-value)

Table 5: Exergy Destruction in SOFC versus LP Combustor
for SOFC-HAT Hybrid

% of Exergy Entering
SOFC or LP Combustor
SOFC 10.62
HP Combustor 2.65
Sub-total (SOFC and HP 13.27
Combustor)
LP Combustor 16.03

Dual SOFC-HAT Hybrid. The resulting hybrid is depicted
in Figure 4 and is similar to the previous case incorporating
humidification of the compressed air before it is preheated in
the recuperator. However, the system consists of the additional
SOFC followed by an LP combustor in place of the reheat
combustor of the gas turbine. The cycle thermal efficiency as
developed for various pressure ratios indicates that for this
cycle also the efficiency is essentially independent of the
pressure ratio. It shows an efficiency of 75,98% at a pressure
ratio of 15 which is slightly higher than that obtained at a
pressure ratio of 8.8. Once again, the pressure ratio of the
cycle is limited to 15 based on the design basis for this
investigation.  The exergy destruction in each of the
components of the cycle for this maximum efficiency case is
compared to the corresponding exergy destruction of the
previous two cases in Table 6 which verifies the higher

efficiency of this Dual SOFC-HAT case.

Table 6: Exergy Destruction in SOFC Hybrid Cycles as % of
Totat Fuel Input

Base Cycle Single Dual
SOFC- SOFC-
HAT HAT
Hybrid Hybrid

LP 0.86 0.7 0.52
Compressor
Intercooler 2.09 0.58 0.43
HP 0.80 0.72 0.54
Compressor :
Aftercooler - 0.30 0.22
Humidifier - 0.16 0.11
Economizer - 0.24 0.17
Cooler - 0.29 0.22
Recuperator 205 1.71 1.22
and Fuel
Preheater
HP SOFC 11.44 11.51 8.55
HP 3.19 2.87 2.09
Combustor
HP 0.86 0.81 0.61
Expander
LP SOFC - - 7.91
LP 10.14 10.19 1.54
Combustor
LP 1.08 1.09 0.78
Expander
Stack Gas 5.54 4,54 420
Total 38.05 35.71 29.11

RESULTS AND DISCUSSIONS

The overall performance of the three hybrid cycles is
compared in Table 7. The current density of the SOFC in each
of the cases is compared. The current density of the Dual
SOFC-HAT hybrid’s LP SOFC is significantly lower that in the
other SOFCs because this SOFC operates at a much lower
pressure while the concentration of diluents (water vapor and
carbon dioxide) in the oxidant stream to the SOFC is high.
The fraction of the total power developed by the SOFC(s),
however remains to be the highest with the Dual SOFC-HAT
hybrid while it is the lowest with the Single SOFC-HAT
hybrid. The specific power output defined as the net power
developed by the cycle per unit of air entering the system
(which has an inverse relationship to the size of the
turbomachinery required to generate a unit of power) is
significantly increased by combining the SOFC with the HAT
cycle; as much as a 46% increase is realized. This increase is
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due to the introduction of water vapor into the pressurized air
stream which increases the working fluid for the expanders as
well as the higher operating pressure of the cycle. Thus, power
developed by the gas turbine as a fraction of the total power
generated is increased when the HAT cycle is incorporated into
a Single SOFC based hybrid. Further increase in the specific
power is realized by including the second SOFC, the specific
power output being more than doubled over the Base Case.
However, the fraction of iotal power generated by the SOFCs is
increased.

Table 7: Performance Comparison of SOFC Hybrid Cycles

Single Dual
SOFC- SOFC-
HAT HAT
Hybrid Hybrid

Cycle 38 15.0 15.0
Pressure
Ratio
SOFC 56.5 53.7 68.4
Power, %
of Total
Gas 43.5 46.3 316
Turbine
Power, %
of Total
SOFC 193.7 198.9
Current
Density,
mA/cm?
Specific 665.3 969.3 1431.8
Power
Qutput.
kW/kg/s
Exergy 38.05 3571 29.11
Destroyed,
% of Total
Fuel Input
CcO2 0.08994
Emissions,
kg/MW-hr
Thermal 66.23 69.05 75.98
Efficiency,
% Fuel
{Lower-
calorific-
value)

Base Cycle

198.6/161.1

0.08627 0.07840

The greenhouse gas emissions of CO2 are significantly
reduced as the system thermal efficiency is increased, these
emissions being inversely proportional to the efficiency.

The exergy losses through the stack gas for the three cases
are presented in Table 8. The loss of exergy duc to the large
amocunt of moisture carried by the stack gas in the HAT based
hybrids is however, not significantly higher than that in the
Base Case. Thus, only small gain in efficiency may be
expected if a cycle is devised to recover the remaining exergy
in the water vaper. Recovery of this water for recycle and
recovery of the latent heat for cogeneration (production of het
water for district heating) purposes may however, be
considered.

Table 8: Exergy Loss in Stack Gas as % of Fuel Input

Base Cycle Single Dual
SOFC- SOFC-
HAT HAT
Hybrid Hybrid
Due to 4.07 2.98 2.52
Temperature
Due to 1.47 1.56 1.68
Partial
Pressure  of
Hgo and
CO;
Total Exergy 5.54 4.54 4.20
Lost

The relative plant costs expressed as $/kW and economics
of the three cases are summarized in Table 9. The Base Cycle
cost of $1600/kW is based on the projected cost by Siemens
Westinghouse when full manufacturing and production occurs.
The cost of the HAT based hybrids were estimated based on the
relative difference in cost of the turbomachinery, the heat
exchange, the humidifier and water treatment equipment
derived from the Gas Research Institute Report (1993).
Natural gas is assumed to cost $3/GJ on a lower calorific basis
and the plant on-stream factor of 0.9 is utilized to calculate the
cost of electricity. The total capital requircment, and the
operating and maintenance (O&M) costs arc estimated as
fractions of the plant cost based on projected values taken from
the Electric Research Institute’s Technical Assessment Guide
(1982).

The Single SOFC-HAT hybrid results in the minimum
cost of electricity while the Dual SOFC-HAT hybrid has the
maximum cost of electricity among the three cases. The plant
cost of the Dual SOFC-HAT hybrid is significantly higher

6 Copyright © 2001 by ASME

Downloaded From: http://proceedings.asmedigital collection.asme.or g/ on 09/19/2016 Terms of Use: http://www.asme.or g/about-asme/ter ms-of-use



because the fraction of power produced by the SOFC(s) is
significantly higher than that in the other cases. The cost of
the SOFC per unit of power produced by the SOFC is
significantly higher than that of the gas turbine. Also as
pointed out previously, the power density of the LP SOFC is
significantly lower which also contributes towards increasing
the plant cost. The Dual SOFC-HAT hybrid can only be
Justified in favor of the Single SOFC-HAT hybrid when the
cost of natural gas is greater than $14/GJ or if a severe carbon
tax is imposed on power plants.

Table 9: Relative Plant costs and Cost of Eleclricity with
Natural Gas at $3/GJ

Base Cycle Single Dual
SOFC- SOFC-
HAT HAT
Hybrid Hybrid

Plant Cost, 1000 960 1240
SKW

Total
Capital 1074 1031 1332
Requireme
nt', $kW
Thermal
Efficiency, 66.23 69.05 75.98
% Fuel
(Lower-
calorific-
value)
Capital 1.53 1.47 1.90
Charge,
¢/kW-hr
Fuel Cost, 1.47 1.41 1.28
¢/kW-hr
Fixed 0.08 0.08 0.1
Oo&M
Costs?,
¢/kW-hr
Variable 0.60 0.58 0.74
0o&M
Costs’,
¢/kW-hr
Cost of 3.68 3.54 4.02
Electricity,
¢/kW-hr

' 1.074% of Plant Cost
20.08x107 of Plant Cost
% 0.6 x10” of (Plant Cost)x(on-stream factor)

The plant cost of the Single SOFC-HAT hybrid is lowest
because the fraction of power produced by the SOFC is
significantly lower than that in the other cases. This case
represents a healthy trade-off between efficiency and plant
cost.

The cost of the SOFC module(s) in the HAT based hybrids
is derived from the projected cost of Siemens Westinghouse
which is $1100/kW. With the Single SOFC-HAT hybrid, the
cost of electricity remains less than the competitive 5 ¢/kW-hr
even when the cost of the SOFC is 50% higher than this
projected value.

SUMMARY AND CONCLUSIONS

The Westinghouse SureCell™ hybrid configuration is
chosen as the Base Cycle over which improvements are sought.
The SureCell™ hybrid combines a pressurized tubular SOFC
with an intercooled-reheat gas turbine. One variation
considered applies humid air turbine (HAT) cycle features to
an SOFC hybrid design. Generation of “steam” by directly
contacting pressurized air with hot water in a counter-current
humidifier and circulating the water leaving the humidifier to
recover heat rejected in the gas turbine intercooler and the
stack gas is applied. The resulting SOFC-HAT hybrid cycle
shows an efliciency as high as 69.05% based on the fuel lower-
calorific-value at its optimum pressure ratio of 15 while the
Base Case has an efficiency of 66.23% at the pressure ratio of
88. The efficiency of the Base Case corresponding to a
pressure ratio of 8.8 is chosen for the comparison because the
efficiency of the cycle at this pressure is higher than that at a
pressure ratio of 15 (the efficiency of this hybrid configuration
decreases as the pressure ratio is increased; at pressure ratios
below 8.8, the efficiency increases slightly but at the lower
pressure ratios, the turbine exhaust temperature increases
beyond the temperature limit of 635°C which is set by strength
of the last stage turbine blades). The pressure ratio of 8.8 is
also consistent with the pressure ratio touted for the
SureCell™ hybrid by Westinghouse that forms the basis for the
configuration of the Base Case).

Exergy destruction data, which quantifies the amount of
lost work due to thcrmodynamic irreversibilities, were
developed for all the components within the system and
identified the superior efficiency performance of the SOFC
component. Therefore, an additional cycle variation added a
second SOFC component followed by a LP combustor in place
of the reheat combustor of the gas turbine of the SOFC-HAT
hybrid. The resulting Dual SOFC-HAT hybrid cycle has a
thermal efficiency as high as 75.98%.

Assuming a natural gas cost of $3/GJ, the Single SOFC-
HAT hybrid gives the lowest cost of electricity (3.54¢/kW-hr)
while the Dual SOFC-HAT hybrid has the highest cost of
electricity (4.02¢/kW-hr) among the three cycles analyzed.
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The plant cost of the Dual SOFC-HAT hybrid is calculated to
be significantly higher because the fraction of power produced
by the SOFC(s) is significantly higher than that in the other
cases on the basis of $1100/kw initial cost for the SOFC. The
Dual SOFC-HAT hybrid can only be justified in favor of the
Single SOFC-HAT hybrid when the cost of natural gas is
greater than $14/GJ or if a severe carbon tax is imposed on
power plants (on the order of $180/ton of CO2 emitted with
natural gas priced at $3/GJ).

The plant cost of the Single SOFC-HAT hybrid is lowest
of the three cycles on the same basis because the component of
power produced by the SOFC is significantly lower than that in
the other cases. This case represents a healthy trade-off
between efficiency and plant cost.
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Figure 1: Base Cycle - SureCell™ system as proposed by Westinghouse (Bevc and Parker, 1995)
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Figure 2: Heat transfer from a Gas to Generate Steam
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Figure 3: Single SOFC-HAT Hybrid
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