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The objective of this study was to perform a technical and economic com
parison between meeting the Goldstone Deep Space Communications Complex's
(GDSCC) electrical and thermal requirements with the existing system and with
fuel cells. Fuel cell technology selection was based on a 1985 time frame for
installation. As part of this analysis the most cost-effective fuel feedstock
for fuel cell application was identified. Fuels considered in this investi-
gation included diesel oil, natural gas, methanol, and coal. These fuel
feedstocks were considered not only on the cost and efficiency of the fuel
conversion process, but also on complexity and integration of the fuel

processor on system operation and thermal energy availability.

After a review of fuel processor technology, catalytic steam reformer
technology was selected based on the ease of integration and the economics of
hydrogen production. (See Appendix A.) The phosphoric acid fuel cell was
selected for application at the GDSCC due to its commercial readiness for near
term application. (See Appendix B.) With these technologies seie-ted, fuel
cell systems were analyzed for both natural gas and methanol feedstock.
Although the methanol fueled system resulted in a lower capital cost, the
subsequent economic analysis indicated that a natural gas fueled system was
the most cost effective of the cases analyzed. Both the centralized and
dispersed system, when sized for the peak load, did not meet the thermal
energy requirements at the GDSCC.

Introduction

The market price of an energy source is an important criterion in deter-
mining the relative economics of utiiization. But with fuel cells,
hydrocarbon fuels must be corverted to hydrogen. Therefore, the cost of
hydrogen production becomes an overriding issue for fuel selection. 1In
Appendix A of this report we deterained the more economical fuel feedstock for
conversion to hydrogen. Feedstocks that were considered for conversion to
hydrogen included natural gas, methanol, diesel fuel, and coal. In a later
section of this report the integration of the entire fuel ccllhtycten will be
analyzed to consider the operational benefits of the different technologies.
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Fuel Cell Systems Analysis8

The objective of this task is to determine the technical and economic
characteristics of a fuel cell system that can meet the existing electrical
and thermal requirements of GDSCC. A detailed analysis of the fuel processcrs
analyzed for this study is presented in Appendix A. Based on the relative
cost and complexity of integrating the fuel processor section with the fuel
cell section, both diesel oil and coal were eliminated from further
analysis. A more detailed analysis of catalytic steam reforming to p uduce
hydrogen was performed to determine the system impact when operating on a

natural gas or methanol feedstock.

Before the systems aralysis task could be carried out, selection of the
most appropriate fuel cell type for GDSCC was necessary. Based on the
investigation in Appendix B, a phosphoric acid fuel cell was selected for use
at GDSCC. This fuel cell was selected over the molten carbonate, alkaline, or
solid ovide because of the projectod commercial availibility of the phosphoric
acid fuel cell in 1985.

The remainder of this section will focus on determining the system
configuration and relative economics of a natural gas aid methanol powered
phosphoric acid fuel cell plant. Both of these systems are similar in com
figuration except for the fuel conversion section. Since electricity and
thermal energy are both desirable products in this study, each fuel conversion
section was designe2d as a nonintegrated component of the entire system.
Rather than recovering a substantial portion of the preheating and
vaporization energy from the cathode side of the fuel cell, the nonintegrated
design uses energy derived from the fuel for these functions. This
nonintegrated design has the advantage of lower capital costs and easier
conversion to a different fuel if economically advantageous in the future.

These advantages are oifset by reduced system efliciency.

Another consideration in the design of this system was whether to use a
pressurized fuel cell. In general, smaller fuel cells (less than 100 kW) have
been designed to operate at near atmospheric pressure, whereas larger systems
(greater than 4 MW) have been pressurized. The incentives for operating a
fuel cell at elevated pressure include easier integration with the fuel
processor, increased reactant partial pressure, and higher cell performance.

Increases in cell performance can be considered as increases in current

I N $ T I TUTE 0O F G A S TECHNOL OGY
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density, which reduce fuel cell size and cost. Problems are alsc associated
with high-pressure operation, however, such as increased component corrosion

at the resulting higher voltage.

Pressurized operation also involves the recovery of energy from pregsur-
ized gas for reuse in the system. The economy of recovering this energy is a
matter of economy of scale. In general, pressurized operation becomes
economically favorable at somewhere between 300 and 800 kW, but this is only
opinion. A detailed study is required to determine the actual transition
point. Since the exact determination of this transition point is beyond the
scope of this study, all systems above 500 kW were assumed to banefit from

pressurized operation.

The assumptions listed in Table 1 were used as a base in this analysis.
A 2.6 "V(e) (ac) design was chosen to compare the two fuel alternatives. This
size corresponds to the peak load at the entire Goldstone Conplex.. In both
designs a forced-draft, dry, cooling tower was included to handle .he fuel
cell thermal discharge during low or no thermal demand periods at Goldstone.
Incorporation of this cooling tower increases the therms! heat rate of both
systems by 200 Btu/kWhr (e).

Table 1. ASSUMPTION USED IN SYSTEMS ANALYSIS

Design Fuel Cell Power Level 2.81 Mw oy (DC)
Power Conditioner Efficiency 0.96
Ambient Temperature 26.7°C (BO°F)
Make Up %“ater Requirements v none

Methanol Fueled System

A flow diagram of a nonintegrated methanol fueled fuel cell system is
presented in Figure 1, and the accompanying mass balance is presented in
Table 2. 1In this design, heat from the combustion of anode off gases at
1093°C (2000°F) 1s utilized in the fuel processing reformer subsystem. This

Includes Pioneer (DSS-11), Echo (DSS-12), Venus, (DSS-13), and Mars (DSS-
14) only.

3
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energy drives the endothermic reforming reaction to generate steam and to
vaporize the incoming methanol feed. In total, the fuel processing subsystem
receives fuel, hot water, and an effluent from the anode side of the fuel cell
to produce the hydrogen-rich gas required by the fuel cell. The hydrogen-rich
gas enters the fuel cell anode where 80X of the hydrogen is consumed. Recir-
culation of exhaust gases may be necessary to control temperatures in the

reformer and to avoid the formation -f a vapor plume upon discharge.

The fuel cells are cooled by air and steam (stream 12) to an operating
average temperature of 177°C (350°F). The 177°C (350°F) cathode effluent is
cooled in the low-pressure steam generator. The stz2am generated is used in
the steam turbine. A portion of the cathode effluent that is not recir. "=ted
is expanded t» generate additional cteam at a supersaturated state. A sep-
arator recovers input water, and the resulting supersaturated steam can be
used to meet thermal requirements. A direct-contact condenser and a dry
cooling tower are incorporated into the design to act as a thermal load when

electrical and thermal load requirements differ.

The rotating group consists of a steam turbine, air compressor for cath-
ode supply, recirculator, and expander. The steam turbine is small (approxi-
mately 261 kW, 350 hp) and is modeled with three stages. The combustion air
fan 1s driven by an eleciric motor and is included in the fuel processing
subsystem. The compressor for the cathode air requires the most power
(approximately 447 kW, 600 hp), while the circulator requires only about
160 kW (215 hp). 1he expander produces approximately 377 kW (505 hp). At
rated conditions, the steam turbine and expander can produce more power than
that required by the compressor and circulator; therefore, at rated conditions
some steam (about 62Z) i1s bypassed (13) around the steam turbine. At partial
power, the compressor, circulator, and expander powers are appro<imately
proportional to flow rate cubed over pressure level. Steam generation is
approximately proportional to power level. Therefore, excess steam is

available to accelerate the rotating group.

The conceptual design cf the steam generator is thit of a recirculating
low-quality steam boiler with both a steam separator and a deaerating, feed-
water heater. The design of this boiler can use highly finned tubes on the
recirculating ges side (due to the clean characteristics of the gas) to

produce an efficient, compact, heat exchanger. The pinch point temperature

5
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difference is 9°C (20°F), and the log mean temperature difference is 34°C
(72°F) with a pressure-loss ratio (AP/P) of 2X. =

The ccnceptual design performance summary is given in Table 3. The pover
output at the dc bus is 2810 kW, The power corditioner efficiency is assumed
to be 96X so that power available at the ac bus is 2697 kW. The parasitic
loads are 97 kW so that the net output power is 2600 kW. The overall

electrical efficiency is 39z.

Table 3. PERFORMANCE SUMMARY METHANOL FUELED NONINTEGRATED SYSTEM

Gross Electrical Qutput, kW, (dc) 2810
Gross Electrical Output, kW, (ac) 2697

Parasitic Losses, (kW(q))

Pumps 7
Fans (Cooling Tover)* 78
Vacuum Pump 1

Air Compressor & Dryer

Corntrols 10
Net Electrical OQutput, kW, (ac) 2600
Input Energy (hhv = 6.3 kW-hr/kg)

(hhv = 9758 Btu/1b), kwW-hr/hr (Btu/hr) 6693.41 (22.86 X 108)

Overall Plant Efficiency 0.39
Heat Rate, kW-hr/kW-hr (Btu/kWw-hr)** 2.57 (8791)
Design Current Density, A/m? (A/ft?) 3229 (300)
Fuel Utilzation Factor 0.8
Design Cell Voltage, V/cell) 0.66

Required when thermal load is not present.

** Includes 0.059 kWhr/kWhr (200 Btu/kWhr) heat rate loss to cooling tower.
The pover plant is started with 205 kPa (15 psig) steam from an auxiliary

boiler. This steam is directed to flow up through the tubes of the steam

generator. This heats the water to saturation and pressurizes the steam

I $TITUTE O F G A S TECHNOLOGYY
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lines. The condensing o{ this steam requires that some water be removed to

maintain the proper water level in the steam drum, Oncr: the steam generator

is pressurized, the air compressor is valved off at station (25) and vented to

the atmosphere, and the valve at station (16) is opened to the atmosplere.

The steam turbine can then be started, which drives the rotating group .

(circulator). -

Also, heat from the steam generator can be transferred to the fuel cell
by the recirculating gas. The recirculating gas temperature can be controlled
by utilizing the bypass station (35) to ramp up the temperature in a con-
trolled manner. After the fuel cells are heated to about 121°C (250°F), the
fuel processing system can be started using methanol in the endothermic
reformer to produce fuel gas. The fuel gas can then be introduced into the
anode while the air compressor vent valve is closed and the valve at (25) is
opened to introduce air inte the recirculating stream for the cathode. The
vent valve at (16) for the expander is closed, and the start-up steam is shut

off. This puts the plant into the normal control mode.

Thermal energy can be taken from two places. A stream of hot water can
be used from flows (31) and (21) before they enter the cooling tower system,
or energy can be cxtracted from the warm flue g. ses in stream (7). However,
this thermal energy is mostly available from 60° tz 85°C (140° to 190°F).
This is adequate for meeting hot water needs, but will not suffice where steam \
above atmospheric pressure is required. Higher temperature thermal energy is i
available at 132°C (2f9°F) and 338 kPa (49 psia) in stream (14). Tapping this
stream for steam will divert energy from the turbo machinery that is required [
for compression. To increase the availability of thermal energy, the tubo
machinery section must be replaced by electric motor drivers, thus lowering i
the overall electrical generation efficiency. A more detailed optimization |

study is required to determine the best approach.

Natural Gas Fueled System

A natural gas powered fuel cell {s similar in design to the previously
described methanol system. The major change is in the fuel processing subsys-

tem where the dashed line segment in Figure 1 is replaced by the natural gas

processing subsystem in Figure 2. The state points of this new system config-
uration that differ from the nonintegrated methanol! design are shown in

Table 4.

I H § TI TUTE O F G A S TECHNOLOGY
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This nonintegrated design uses about 72 of the  coming natural gas feed
to supply the endothermic heat of reaction for the reforming step. The
remaining 932 of the natural gas feedstock is heated to 322°C (611°F) and
mixed with steam in & mole ratio of 1.57/1 steam/methane. This mixture is
then heated to 729°C (1344°F) by combustion gases before it enters the
reformer. Approximately 95% of the natural gas ie reformed -t 1520°F before
it exits the reformer for cooling to 379°C (714°F). At this point additional
stezm is added to the synthesis gas mixture to ad just the mole ratios for the
high-temperature shift reaction at 367°C (693°F). Two shift reactions convert
the carbon monoxide *o hydrogen. Before entering the second-shift reactor the
gas is cooled to 166°C (330°F). After the exothermic r:action in the second
shift converter the gas ie again cooled to 177°C (350°F) before entering the

anode of the fuel cell.

After shift conversion and cooling, the synthesis gas is composed of
primarily hydrogen and carbon dioxide. Approximately BOXZ of the hydrogen
entering the fuel cell anode is utilized. The anode exhaust gases are then
used in & combustion reaction where a small amount of natural gas and 10%
excess preheated air are used to produce a hot gas with a temperature of about
1977°C (3590°F). This gas is then routed to the reformer to supply the heat

of reaction and to preheat the reformer feed and combustion air.

The natural gas and methanol systems are very similar in design. The
water systems differ beczuse natural gas reforming requires more steam at
greater temperatures. This lowers system efficiency. In addition, the
natural gas reformer subsystem is much more complex. Table 5 is a performance

summary of the conceptual design of the nonintegrated natural gas system.

Thermal energy can be taken frocm the natural gas fueled system in two
places. As shown in Table 5, thermal energ’ can be obtained from the 110°C
(230°F) exhaust combustion products leaving the reformer or {rom the hot water
leaving the low-pressure steam drum (stream 31,. As in the methanol systenm,
this thermal energy is of low quality and will probably only be used to meet
hot water needs. Higher quality thermal energy can be cbtained by replacing
the turbo machinery with electric drivers, thus low2ring the electrical
generation efficiency, or by increasing the amount of natural gas that is
combusted for use in the reformer. This can increase the availability of

high-quality heat to the system. A more detailed analysis is required to
' 11
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optimize the production of both electricity and thermal energy depending on

thermal energy quality requirements ar Goldstone.

Table 5. PERFORMANCE SUMMARY NATURAL GAS (MCTHANE) NONINTEGRATED SYSTEM
Cross Electrical dc Output, kW 2810
Gross Electrical ac Output, kW 2697

Parasitic Losses, RW(e)

Pumps 8
Fans (Cooling Tower)* 78
Vacuum Pump 1
Air Compressor & Dryer 1
Controls 10
Net Electrical ac OQutput, kW 2600
input Energy, kWr/hr (Btu/hr) 7056 (24.10 X 10°)
Overall Plant Efficiency 0.368
Heat Rate, kWhr/kWhr (Btu/kW-hr) 2.71 (9270)

Required when thermal load is not present.

** Includes 0.059 kWhr/kWhr (200 Btu/kWhr) heat rate loss to cooling towers.

Fuel Cell System Cost Comparisons8

As mentioned earlier, the methanol and natural gas powered fuel cell
systems are technically very similar. For this reason a detailed economic
evaluation is necessary to clearly determine the "best” fuel feedstock for
fuel cell operation at Goldstone. This comparison will focus on a fuel cell
size that is most appropriate to this analysis. Two sizes of the fuel cell
system were determined by combining the commercial power load profile for the
entire Coldstone complex and sizing the fuel cell to meet the peak electrical
demand. The peak demand was calculated by adding the system segment load
profile curves during the months of February and August. Figures 3 and 4
present the nower load profiles for February and August 1978 for the Mars and
Goldstone system. The Goldstone electrical load profile curves include the
Echeo, Venus, and Pioneer segments., The peak demand for the combined Goldstone
and Mars segments during February 1978 occurred during the 13th day when

demand reached nearly 2.6 MW as shown in Figure 3. Similarly, the peak load
12
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in August 1978 occurred on the 2nd day when the demand peaked at just over
2.5 MW a8 shown in Figure 4. Therefore, a system size of 2.6 MW (ac) was
chosen for the comparison. The last fuel cell system analyzed differs from
the other two systems in the sizing philosophy. This system was sized to meet
the minimum monthly average electrical load. As shown in Table 9 this corre-
sponds to December 1981 when the load was approximately 1.l million kW-hrs.
Averaged out over the month and using a 90% fuel cell utilization rate, an

appropriate fuei cell size cf 1.7 MW(q) vas calculated for this case.

In the technical section the fuel cell systems were designed as noninte-
grated, self-sufficient facilities. Cost estimates for this size system are
based on prototype construction because these units are not generally commer—
cially available. A summary of these prototype system costs {s presented in
Tables 6 and 7 for the methanol and natural gas powered concepts, respec-
tively. These cost estimates have been updated to 1982 dollars. Based on the
Energy Research Corporation estimates of fuel cell stack assembly costs,
s375/kwe was used for the stack cost and $6l41/kHc was used for the installed
fuel cell assembly. Costs for the fuel processing section and all other major
equipment were based on vendor estimates where possible. All costs include a
25% increase for IR&D, G&A, and fee.

The capital equipment in these tables includes equipment such as the
control trailer, HVAC, lighting, drainage systems, sewage systems, security
fences, fire protection systems, communication systems, landscapinag, paving,
etc. Fuel handling and _rocessing equipment including storage of liquid fuels
(for methanol), pumps, piping, fittirgs, insulation, vaporizer, (for liquid
fuels), heat exchangers, reformer, shift ccnverters, combustor, blowers,
instrumentation, foundations, supports, etc. The rotating equipment and
auxiliaries systems account for the steam turbine and expander, condenser
separators, induced-draft cooling towers, air compressor system, filters, gas
circulator, piping, fittings, pumps, instrumentation, foundations, supports,
etc. The electric generating system has a low-pressure boiler system, recir-
culation ducts, fuel cell assemblies, piping and fittings, supports, instru-
mentation and controls, foundations, etc. Accessory electric equipment
consists of a power conversion system, data acquisition system, instrumen—
tation and controls, diesel generator system (if required), etc. Other

miscellaneous power plant equipment includes the compressed air system for

15
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Table 6. METHANOL PROTOTYPE 2.6 MW_ AC PHOSPHORIC ACID FUEL CELL
(PAFC) PLANT NONINTEGRATED -
DIRECT CAPITAL COST — 1982 BASIS
(THOUSANDS OF DOLLARS)

Account No. (2) 103
341 — Structure and Improvements 77
342 — Fuel Handling and Processessing(é) 1045
® Fuel Handling 30
® Fuel Processing 1015
343 — Rotating Equipment and Auxiliaries 385
® Steam Turbine/Expander 84
e Condenser System 15
@ Separator System 10
® Cooling Tower 63
® Air Compressor System 140
@ Air Filter/Silencer System 1
® Cathode Exhaust Gas Circulator 46
® Miscellaneous Auxiliaries 26
344 — Electrical Generating Systen 1730
® Low Pressure Boiler System 46
® Recirculation Ducts 18
® Fuel Cell System 1666
345 — Accessory Electric Equipment 1165
® Power Conversion System 813
® Instrumentation and Control 185
® DAS System 116
® Diesel Generator System 51
346 — Other Miscellaneous Power Plant Equipment 126
353 — Station Equipment 260
® Main Transformer 260
Total Direct Capital Cost (1),(3) 4788
(Land Not Included) ($1842/kW)

IRLD, G&A, and Fee (25%) are included.
Federal Power Commission Uniform Systems of Accounts for Public Utilities
EPRI Technical Assessment Guide

Cost of initial catalyst is included in fuel processor cost ($250 K).
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Table 7. GAS PROTOTYPE 2.6 MW. AC PHOSPHORIC ACID FUEL CELL
(PAFC) PLANT NONINTEGRATED
D IRECT CAPITAL COST — 1982 BASIS ’
(THOUSANDS OF DOLLARS)

= =/

»

[ |

—— | /| F|RMs

1 1R&D, G&A, and Fee (25%) are included.

2 Federal Power Commission Uniform Systems of Accounts for Public Utilities

3 EPRI Technical Assessment Guide

17

INST I TUTE 0 F G A

Account No.(z) 103
341 — Structure and Improvements 77
342 — Fuel Handling and Procettelning(‘) 1383
® Fuel Handling 30
® Fuel Processing 1353
343 — Rotating Equipment and Auxiliaries 383
® Steam Turbine/Expander 84
® Condenser System 15
® Separator System 10
® Cooling Tower 63
@ Air Compreesor System 140
® Air Filter/Silencer System 1
® Cathode Exhaust Gas Circulator 46
@ Miscellaneous Auxiliariee 26
344 — Electrical Generating System 1730
® Low Pressure Boiler System 46
® Recirculation Ducts 18
® Fuel Cell System 1666
345 — Accessory Electric Equipment 1165
e Power Conversion System 813
© Instrumentation and Control 185
® UAS System 116
® Uiesel Generator System 51
346 — Other Miscellaneous Power Plant Equipment 126
353 — Station Equipment 260
e Main Transformer 260
Total Direct Capital Cost (1):(3) 5126
(Land Not Included) ($1971/kwW)

Cost of initial catalyst is included in fuel processor cost ($250 K).
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pneumatic valves, water treatment and storage, inerting system, hydrogen
system, sampling system, cranes, highlights, etc. Station equipment includes
the main transformer and any other site-related equipment interfacing with the
utilicty grid.

These plant costs are based on the cost of producing a prototype because
this type of facility is not commercially available. Actual capital costs
could drop by as much as 69X when and if full-scale commercial production
volumes are reached. This will probably not occur before 1985 or even 1990.
In addition to the direct costs, a 10X contingency factor is included in the
economic analysis to cover any indirect costs. Fixed operating and
maintenance costs were assumed to be $4.5/kW-yr, and variable operating and
maintenance costs were estimated to be 4.4 mills/kWhr. These O&M costs are

presented at 1982 dollars and do not include fuel costs.

Natural gas price estimates were obtained from Southwest Gas Corp., which
supplies the Barstow area. Current commercial rates are $0.024 kW-hr ($0.70
per therm), which is about $7.00 per million Btu. Methanol fuel, which is
chiefly derived from natural gas, is estimated to cost 26.2¢/liter ($0.99 per
gallon), or $0.05 per kW-hr ($14.50 per million Btu) including taxes.

In addition to the above information. the criteria in Tables 8 through 10
were also used in the economic evaluation. Table 8 presents the technical
constraints of the fuel cell system. The most important criterion in this
table for the analysis is the projected 20 year project 1life, which is based
on the replacement of the fuel cell stack every 40,000 hours of operation.
Another recurring cost that is not shown in Table 8 but is included in the
economic analysis is a $§250,000 charge every 3 years for catalyst and chemi-
cals., Table 9 presents the energy consumption profile that was used in the
analysis. Table 10, which is based on fiscal 1981 data, presents LPG, diesel
fuel, and purchased electrical energy as well as a breakdown of end-use

applications in the complex.

From these data we determined that a 2.6 MW fuel cell system (which was
sized for the peak demand) could supply the Goldstone complex with electricity
at a 68X yearly load factor. With this use pattern nearly 56X of the
complex's thermal energy needs will be met by the fuel cell. This is based on
utilizing all thermal energy above 100°F. This does not include distribution
thermal losses, nor was any attempt made to see if the fuel cell thermal

output matched the thermal quality requirements of the complex.
18
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Table 8. CONSTRAINTS FOR FUEL CELL POWER PLANTS

Start up from cold (from standby to hold in 15 seconds) ~ & hours
Start/stop once per week

Unattended operation

Modular construction

Minimumn to maximum ~ 1 second preferred

~ 1 minute acceptable
Standby to maximum power ~ 15 second preferred

~ 2 minute acceptable
Minimum Power " — 0.65 MW
Projected Life 20 years
Fuel Consumpiton @ O Net power, kW-hr/hr (10® Btu/hr) (hold) 146.4 (0.5)
Reactive Power (390° up to full MVAR rating) 0.2 seconds
*

Cell stack replaced every 40,000 brs.

For the life-cycle costing analysis the procedures of the National Bureau of
Standards Handbook 135 were followed. The analysis determines the savings-to-
investment ratio (SIP) for a retrofit-type project. Future expenses are

ad justed to present values. First, the total life-cycle cost without retrofit
is determined. A 20-year period is assumed (expected life of the conversion
or retrofit). Savings with the retrofit are then calculated, and the SIR is
determined. The SIR's are in Table 11; life-cycle cost calculations are in
Appendix C.

The cost calculations in Appendix C include 12 different retrofit
analyses. We reviewed three different system applications that use natural
gas or methanol feedstock and assume a commercially available or prototype
system cost. The first application assumes one centralized fuel cell to serve
the entire complex and 1s sized for a 2.6 Hw(e) peak load. The second system
analyzed a two fuel cell dispersed arrangement, which will reduce thermal
energy distribution costs. This dispersed fuel cell system consists of a
1.0 MW (o) fuel cell sized for the peak at the Mars busbar and a 1.6 MW (e) fuel
cell sized for the peak at the Goldstone" busbar. The third system differs
from the other two systems in the sizing philosophy. This system consists of
the centralized fuel cell sized at 1.7 MWey. This is of sufficient size to
meet the minirum monthly electrical load. In all epplications the cost of

Goldstone includes Echo, Pioneer, and Venus only.
19
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thermal energy distribution and storage was ignored. A scaling factor of 0.3
was used to calculate the smaller fuel cell capital costs. -

For each of the three system configurations a different cost calculation
was performed for methanol and natural gas. Because fuel systems are not vet
a commercial reality, all the cost calculations were repeated to show the
estimated capital costs for a prototype system and the expected cost of a
commercially manufactured fuel cell system. This resulted in the 12 different
calculations in Table 11. A savings-to-investment ratio greater than one
indicates that the investment is cost effective; thc nigher the ratio, the
greater the dollar savings per dollar spent.

As shown in Table 11 the only economically attractive case wae the cem
tralized commercially available system sized for minimum monthly load, which
was fueled with natural gas. This system does not represent the optimum
system because this was beyond the scope of this analysis.

Table 11. SAVINGS-TO-INVESTMENT RATIOS FOR

COMMERCIAL AND PROTOTYPE NATURAL GAS AND
METHANOL POWERED FUEL CELLS

Centralized Dispersed Centralized
Peak Load Peak Load Average Sized
Sized System Sized System System
Natural Gas Powered
Commercial Unit 0.941 0.914 1.309
Natural Gas Powered
Prototype Unit 0.360 0.347 0.496
Methanol Pouwered
Commercial Unit -3.233 -3.148 -3.914
Methancl Powered
Prototype Unit -1.248 -1.207 -1.496

Conclusions and Recommendations

The major conclusions from this study are as follows:

@ For the fuels analyzed in this study, nafuril gas is the preferred fuel
when system sizing is considered.

® While there is extensive commercial experience with fuel processors that
convert naphtha and natural gas into hydrogen, the complexity of a fuel
processor subsystem for either naphtha or naturali gas will make it rele-
tively more difficult to design a commercial utility unit with the desired
operation and maintenance characteristics.

21

IR 8 T 1 TUTE O F G A S T ECHMNDOLOGY



ORIGINAL PALL '
OF POOR QUALITY

Experience curve benefits in a production run of commercial units will be
important in minimizing capital costs. Production and manufacturing
planning must be an inherent and early part of the fue processing system
and complete phosphoric acid fuel/cell power plant des.gn process in order
to achieve such benefits in actual practice.

The fuel cost alone is by far the largest component in all the units
considered.

‘The phosphoric acid fuel cell (PAFC) may not have enough quality excess
heat for thermal loads. A molten carbonate fuel cell is more appropriate
for thermal energy generation.

sthe major recommendations resulting from this study are as follows:

Determine the most cost-effective fuel cell size that would minimize the
total life-cycle cost of a combined system of fuel cell, utility-
purchased, «nd diesel-generated power.

The effects of PAFC plant operating pressures and temperatures on plant
heat rate at full- and part-load conditions and costs should be evaluated.
The degree of technical risk associated with projected improvements in
performance and costs should also be evaluated.

The economical transition point between atmospheric and pressurized
operation of the PAFC should be determined.

A detailed study should be conducted to determine the required location,
consumption, and quality of heat at Goldstorne.

The cost of distributing thermal energy throughout the Goldstone complex
should be determined.

Operability and performance features such as varying degrees of part-load,
transient, and startup/shutdown capabilities should be examined in detail.

The development costs and technical risks associated with bringing

methanol processing systems from their present status to that required for
comnercial PAFC plants should be evaluatea through appropriate vendors.

22
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Fuel Conversion — Hydrogen Production

For the four energy feedstocks considered; natural gas, methanol, diesel
fuel, and coal, three different technologies are required for the conversion
to hydrogen. These technologies are: 1) catalytic steam reforming, partial
oxidation, and coal gasification. For the natural gas and methanol feed-
stocks, catalytic steam reforming technology must be used to produce hydrogen.
The catalytic steam reforming process, commercially available since the
1930's, is the most widely used and the most economical process for producing
hydrogen from light hydrocarbon gases or from naphthas. In this process 1lizht
hydrocarbons, (including natural gas, methanol, ethanol, to light naphtha, and
heavy naphtha,') are converted to a synthesis gas containing hvdrogen, carbon

monoxide, and carbon dioxide by reaction witn steam over a catalyst.
With methane as a feedstock, the reaction is —
CH, + Hy0 + CO + 3H, (1)

This highly endothermic reaction is carried out at 650°C to 1000°C (1200°F to
1830°%) at (100 to 700 psig) in a reformer tube furnace fueled by the feed

stock as shown in Figure 1.

Because the nickel-based catalysts used in this process are sensitive to
sulfur, *.e hydrocarbon feed stream must be desulfurized before it enters the
steam reformer. In the first step of the desulfurization prccess, the feed
stream is passed over a colbalt/molybdenum catalyst in the presence of 52
hydrogen; the reaction of sulfur-conteining compounds and hydrogen produces
hydrogen sulfide (H;S). The HyS containing feedstock is then cocled and
scrubbed with monoethanolamine (MEA) to reduce the H,S concentration to
25 ppm. Final polishing of the feedstock is performed in a zinc oxide (Zn0)
bed at 340° to 370°C (644°F to 698°F), where the HyS is further reduced.

The cleaned gas is then sent to the primary reformer, a direct-fired
chamber containing high nickel alloy (20X to 352 Ni) tubes that are normally
10.8 cm OD by 7.3 cm ID (4-1/4 inches OD by ?-7/8 inches ID). These tubes

PRECEDING PAGE BLANK NOT FILMED

Advances in materials, design, and operation will allow the use of
distillate fuels as a feedstock after the 1985 timeframe.
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contain the nickel-based catalyst (12% to 25% Ni) which is supported as NiO on
alumina. The feedstock is mixed with steam in a steam/carbon ratio of 2.5 to
5.0 and is passed over the catalyst with a space velocity of 5000 to
8000 vol/hr'l. The reacted mixture exits the reformer at temperatures of
around 105°C to 870°C (1300°F to 1600°F) and a pressure usually in the range
of 325 to 500 psig. The flue gas temperature exiting the furnace section is
980°C to 1040°C (1800°F to 1900°F.) These hot flue gases are used to generate
superheated steam for the hydrocarbon-steam reaction, feedstock preheating,
and to drive steam turbomachinery. When methane is the feedstock, the conver-

sion rate in the reformer approaches 95Z.

The synthesis gas exiting the reformer is comprised of approximately 76%
Hp, 12% CO, 10% COy, and 1.3%X CH,. This gas is further processed in two down-

stream reactors, where the water-gas shift reaction takes place:
CO + Hy0 + Hy + CO, (2)

The first shift reaction takes place at 343°C to 455°C (650°F to 850°F) over a
chromium-promoted iron oxide catalyst. Before entering the second shift reac-
tion (which is very sensitive to sulfur poisoning) the gas may again be desul-
furized in a Zinc Oxide (2Zn0O) bed. The second shift reaction is then carried
out over a copper-zinc catalyst at a temperature of 200°C to 230°C (390°F to
450°F) to produce a gas with 85% Hy, 22% COp, 0 25% CO, and 1.3% CH,. This
gas can then scrubbed to remove the CO, by a process such as the MEA process
or by pressure swing absorption. At this point the gas contains 98.2% H,,
0.3% co, 0.01% CO,, and 2.5% CH,. Depending on purity requirerents, the
remaining carbon oxides can be further reduced by passing the gas over a meth-
anation catalyst (nickel oxide) to promote methane formation from the

remaining carbon oxides and hydrogen.

A flow diagram of the catalytic steam reforming process is presented in
Figure 5. The utility and feedstock requirem~nt for a large natural gas
reforming facility producing hydrogen with a purity in excess of 97% is shown
in Table 12.
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Figure 5. LOW PRESSURE STEAM-HYDROCARBON REFORMING HYDROGEN PROCESS

Table 12. EFFICIENCY, PROCESS, AND UTILITY REQUIREMENTS OF
STEAM REFORMING NATURAL GAS FOR THE PRODUCTION OF 972Z-
PURE HYDROGEN
Per 28.32 m3 (Per 1000 SCF) of llydrogenl

Process Feed, kg of methane (11.9 1bs.)
Fuel, kg of methane (7.9 1bs.)
Electric Power, kWhr 0.4
Cooling Water, w3 (400 gal)
Boiler Feedwater, o’ (10 gal)
Condensate Returned, o’ (6 gal)
Input 1 = 138.02 kWhr 472,000

9.8 1b of methane X 23,800 Btu/1b
0.4 kWhr electricity X 3413 Btu/kWhr

0.4 kWhr 1,400

Total 8-98 kg of methane X 15.37 kWhr/kg
0.4 kWhr of electricity 138,42 kWwhr (474,200)

28.32 m3 of Hydrogen X 3.36 kWhr/M>
Output = (1000 SCF of Hydrogen X 325 Btu/SCF)

95.22 kWhr (325,000)

Output _ 95.22 325,000
Efficiency = Input 138.42 X 100 474,200 X 100
= 68.5%
29
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Partial Oxidation Ptocessesz'

As the molecular weight of the carbonaceous fossil fuel continues to
increase beyond the naphtha range, the nickel based catalysts lose their
effectiveness in promoting the reaction between the hydrocarbon and steam. To
convert the heavier hydrocarbons to hydrogen it is necessary to subject them
to partial oxidation using gasifier technology. Two partial-oxidation
processes have been extensively commercialized: the Texaco Process (since
1954) and the Shell Gasification Process (since 1956). These two noncatalytic
pressurized partial-oxidation processes produce a gas consisting primarily of
hydrogen and carbon monoxide by burning hydrocarbons with high-purity oxygen

or an oxygen-rich stream.

Unlike the catalytic steam reforming process, the partial-oxidation
process can operate on nearly any type of pumpable or compressible hydrocarbon
feedstock, from methane gas through crude and residual oils to asphalts,
regardless of their sulfur content. This process's oxygen feedstock require-
ments make it both more capital and operating cost intensive than the cata-
lytic steam-reforming process. For this reason the partial-oxidation process
has been used in areas where light hydrocarbon feeds are either unavailable or

less economical than heavy hydrocarbons such as crude oil.

In the partial-oxidation process as shown in Figure 6 a preheated hydro-
carbon feed, preheated oxygen, and steam are injected into a pressurized com-
bustion vessel through specially designed burners. By controlling the amount
of oxygen entering the vessel, complete combustion does not occur; instead,
the following overall partial oxidation reaction occurs at 1290°C to 1400°C
(2350°F to 2550°F):

Cn Hy + (N/2) 0, » (N)CO + (M/2) H, 3)

Reaction 3 occurs in three distinct phases within given regions in the
gasification vessel. The first-phase reactions occur when the preheated
hydrocarbons come into contact with the oxygen and steam mixture at the burner
tip. At this point the mixture is rapidly heated and vaporized by radiation
from the flame front and reactor walls. This rapid heating ~racks the heavy
hydrocarbons to carbon, methane, and hydrocarbon radicals. These first-phase
reaction products enter the second phase, where partial oxidation occurs in

the higlily excthermic combustion reaction —
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Cylly + (MN/4)0;  (N)CO, + (M/2) ByO “

In the combustion reaction nearly all of the available oxygen is consumed.

The heat from the corbustion reaction drives the endothermic reaction of the
remaining hydrocarbons with steam and the combustion products. The principal
reaction in this phase is the reforming of the hydrocarbons with steam in the

following endothermic reaction:
Cyly + (N)Ha0 . (N)CO + (N + M/2) B, (5)
The thermal equilibrium of Reaction 5 occurs around 1340°C (2450°F).

In the final phase occurring within the gasification vessel, part of the
high-temperature gases and unreacted carbon react with the carbon dioxide
(CO;) and steam. Nearly 97X to 992 of the carbon entering as feed is reacted
before exiting the reactor, compared with a 99.98% carbon conversion effici-
ency for the catalytic steamreforming process. The hot gases that exit the
partial oxidation reactor undergo a water-gas shift reaction (co + Hp,0 + COp +

“2)- wvhich increases the concentration of hydrogen gas.
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Figure 6. OIL PARTIAL OXIDATION HYDROGEN PROCESS

The reducing atmosphere within the reactor promotes the formation of
sulfur compounds. The sulfur that enters with the feed is converted '~ hydro-
gen sulfide (H;S) and small amounts of carbonyl sulfide (COS) that are removed

in downstream processing equipment.

The Shell and Texaco partial oxidation processes are very similar. In

the Shell process five basic units are used to gasify an oil feedstock. These
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five units are the gasification reactor, the waste-heat exchanger, the econo-
mizer heat exchanger, the carbon removal system, and the carbon recovery

system.

The vertical steel pressure gasification vessel is multiple-layer refrac-
tory lined. The preheated feedstock and oxidant are fed to the combustor,
which is located at the top of the vessel. The steam is mixed with the oxygen
in sufficient quantity to moderate the flame front. The hydrocarbon feed and
oxidant are sprayed as a rotating vortex into the combustion zone to promote
mixing. The reactor can be designed for pressures from as low as 207 kPa
(15 psig) to as high as 5858 kPa (835 psig) and still provide adequate resi-
dence time to permit the partial oxidation reaction to approach equilibrium

conditions.

The hot gas exiting the reactor flows directly to a helical coil waste-
heat exchanger where process steam is generated. Using the helical coil tubes
and proper gas velocity minimizes soot deposit within the heat exchanger. The
steam produced in the waste-heat exchangers is generated at least 1034 kPa
(150 psi) greater than the reactor pressure so that it can be used directly in
the reactor. Waste-heat exchanger designs exist for generating steam at

pressures up to 10,443 kPa (1500 psig).

The synthesis gas exiting the waste-heat exchanger has a temperature
somewhat greater than the generated steam temperature. An economizer is used
to further cool the synthesis gas and preheat the feedwater for the waste-heat
recovery unit. The heat duties of the waste-heat exchanger and the economizer

are functions of gasifier operating conditions and end-product production.

The soot-laden gas that exits the heat recovery equipment is then
scrubbed to remove most of the soot. Some of the soot, which was formed in
*he gasification vessel, does not exit with the synthesis gas; it is deposited
at the bottom of the gasification vessel and remove dur.ng periodic shutdown
inspections. The synthesis gas that exits the scrubber section contains less
than 5 ppm(v) soot. The carbon (soot) rewoved in the scrubber section is

recovered and recycled into the gasifier.

The cooled synthesis gas leaving the scrubber section contains H;S, CO,,
and COS, which must be removed. The Shell Sulfinol process can be used to

remove these gases. This process uses the organic solvents sulfolante (tetra-
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hydrothiophene dioxide) and aqueous alkanolamine to both physically and chemi-
cally absorb the ynwanted gases. The striped acid gases are then processed to
convert the sulfur-containing gases to elemental sulfur by the Claus and SCOT
processes. The relatively sulfur-free synthesis jan that exits the Sulfinol
reactor is then processed in much the same way as the gases in the catalytic
stean-reforming process. The synthesis gas is first sent to the water-gas
shift reactor to produce more hydrogen, the resulting CO, can be removed by
the MEA proccss, and the gas is finally sent to a methanation unit. A typical
feedstock requirement for the partial oxidation process is shown in Table 13.
Table 13. GASIFICATION OF HEAVY OIL
(Shell Gasification g’r%cen)
m

Basis: Production of 2.83 X 10 (100 X 106 SCF)
Hy/stream day

Feedstock Type Heavy Fuel 0il
Feedstock Properties
Gravity, °API 14.2
Specific Gravity, @ 15.5°C 0.97
C/H Weight Ratio 7.49
C/H Atomic Ratio 1.59
Sulfur, wt % 3.50
Ash, wt 2 0.07
Feedstock, kg/Stream hr € 65.55°C (150°F) 39939 (88,050 1bs)
Oxygen Feed, . kg/Stream hr @ 37.77°C (100°F) 42670 (94,070 1bs)
Naphtha Net.l‘{sage For Carbon
Recovery, kg/Stream hr 200 440
Fuel 0{1 For Auxiliary Boiler, kg/Stream hr 4205 (9,270 1bs)
.

Expressed as 100Z 0,; actual 0; purity is 99.50 vol Z. Pressure is

920 P.iso

e Constitutes feed to gasification reactor over and above the heavy fuel oil
feedstock. Soot production is recycled 1002 to gasificaticvz reactor.

Ccal Cuifications'6

When a solid carbonaceous ieedstock such as coal is used, the conversion
to hydrogen is similar to the partial oxidation of heavy oils. However, major
equipment changes are required to handle the solid feedstock and the resulting

unwanted residue such as ash. As ir the partial oxidation process, coal gasi-
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fication also requires an oxygen and steam feed. Unlike methane gas or meth-
anol, coal is a heterogeneous substance which contains trace elements such as
sulfur, nitrogen and metals which are detremental to fuel cell operation.
These trace elements, which are also found in the heavy oils but to a lesser
extent, react with the hydrogen, oxygen, and carbon to form other unwanted
substances such as hydrogen sulfide and carbonyl sulfide. Since coal gasi-
fication kinetics depend exclusively on temperature and pressure, these ele-
ments do not affect the overall conversion to hydrogen. The raw gas from the
gasifier contains hydrogen, carbon dioxide, carbon monoxide, water, soot,
methane, sulfur compounds and nitrogen. These raw gases must undergo further

processing to become an acceptable fuel cell feedstock.

In the first step of gas processing, the raw gas is usually sent to a
cyclone separator where unreacted carbon particles and ash are removed. This
is generalliy followed by a waste-heat recovery boiler which generates part of
the steam feedstock requirement by heat-exchanger with the hot raw gas. Due
to the catalytic process which are also in the downstream processing section,
a sulfur removal process is required after the heat recovery step. The
reccvered sulfur compounds undergo further treatment to recover elemental

Sulfur.

The gas which exits the sulfur removal step contains predominately hydro-
gen, carbon monoxide and carbon dioxide. This gas is then sent to the water-
gas shift reactor to produce additional hydrogen. In the next step carbon
dioxide is removed by chemical or physical solvent washing and finally the gas
is sent to a methanation unit where the remaining carbon monoxide and carbon

dioxide are reacted to form methane.

Hydrogen Production Costs

The complexity of the above described processes becomes significantly
greater as one goes from natural gas or methanol to coal. This complexity is
also represented in the higher capital cost of the oil and coal based hydrogen
production processes. Figure 7 presents the capital cost range for hydrogen
production versus plant size for steam reforming, partial oxidation and coal
gasification. As can be seen coal gasification and partial oxidation of oil
are significantly more expensive than steam reforming of natural gas or
methanol. This is even more so when small scale facilities as those required

by the fuel cell are involved. The economy of scale affect can be seen in
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Figure 7. HYDROGEN PRODUCTION COST vs. PLANT CAPACITY, 1981 DOLLARS
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"ible 14 for a natural gas steam reformer producing 2832 m3 to 67,968 m3/day
(100,000 to 2.4 X 10 SCF/day) of hydrogen. . For the smaller scale plant
hydrogen production costs are nearly four times that of the largest plant.
Economics of scale would be even more dramatic for the oil based partial
oxidation process and the coal gasification case. For this reason the
remainder of this study will focus on natural gas and methanol as the primary
fuel source. At this point a more detailed analysis (which will appear in the
systems section of this report) will need to be made before the final fuel

section can be made.

Table 14. ECONOMICS OF HYDROGEN MANUFACTURE IN SMALL REFORMERS, 1982 §

Hydrogen capacity, m>/day (2832)  (13,594)  (67,968)
Operating hours per year 7920 7920 7920
Operators per shift 0.15 0.20 0.26

Investment, § Millions

Onsite 0.690 1.20 2.39
Offsite 0.173 0.30 0.60
Total 0.8630 1.50 2.99
% contingenc, in investments 10 10 10
$/MBtu/yr $/103 kWhr/yr 27.03 9.74 3.90
Working capital, $§ thousands 20.7 65.5 277,2

Costs & Charges, S/lO3 kWhr product

Natural gas @ $1.24/10° kWhr 2.00 2.00 2.00
Utilities 0.04 0.04 0.04
Labor and supervision 1.84 0.52 0.13
Maintenance (4% of onsites) 0.86 0.31 0.13
Plant overhead (2.6% of onsites) 0.58 0.20 0.08
Insurance, property taxes (l1.5% of total) 0.40 0.15 0.06
Depreciation (10% onsites, 5% offsites) 2.45 N0.87 0.35
Interest on working capital (10%/yr) 0.07 0.04 0.03
Return on investment (20%/yr) 5.40 _1.95 _0.77

Total Cost, $/103 kW-hr 13.64 6.08 3.59

36

I'N ST I T UTE O F G A S TECHNOLOGYY




TRr AR Gy e we B0 D NGWww b

= = /] D —

| S’

I'NS T ITUTE

- ——————t —————— . —

APPENDIX B.

37

TECHNOLOGYY



bd £33 [T

e [

|

- ~d

r

Cea

-

p—

| SO

—

e I wwwe R e N vy I e B et B

—

g

ORIGINAL PAGE 77?
OF POOR QUALITY

Types of Fuel Cells

Fuel cells usually are classified according to cthe type of alectrolyte or
ion—conducting media used and the temperature of operation, as shown in
Figure 8. The figure also shows fuel quality requu;uent-. A brief introduc-
tion to the four fuel cell types follows. These four types of fuel cells
include the 1) solid oxide, 2) molten csrbonate, 3) acid and 4) alkaline fuel
cells.
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Figure 8. FUEL CELL TYPES

Solid Oxide Fuel Cells. Fuel ceils with solid oxide electrolytes operate
at temperatures above 800°C (1472°F) using nomnoble metal electrodes. The

electrolyte is usually yttria- or calcia-stabilized zirconia (Zroz), wvhich
conducts oxygen ions at the operating temperature. Because of their high
operating temperature, solid oxide fuel cells will offer high—quality waste
heat that can be utilized either in cogeneration or ir a bottoming cycle,
hence giving the potential for increasing overall system efficiency. Solid
oxide fuel cell technology i3 still at the research stage. Three of the major

problems yet to be solved are as follows:

1. Efficienct contact of electrodes with electrolytes, involving a solid/
solid interface, is difficulc to achieve.

2. An extremely large number of cnlls are needed because of the brittle and

fragile nature of the solid oxide electrnlytes, which limits cell size to
a few square centimete-s.

PRECEDING PAGE BLANK NOT +ILMLD
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3. Materials that are stable at high temperatu-es are needed, such as cell
interconnecting materials and stable electrolytes.

Molten Carbonate Fuel Cells. This type of cell operates at temperatures
of 600° to 70G°C (1112°F to 1292°F), using impure hydrogen and air, non-noble

m2tal electr - “2s, and an electro.yte of molten alkali-metal carbonates in a
porous ceramic carrier (tile). As with solid oxide cells, high-quality wzste
heat is available for use in cogeneration or in a bottoming cycle to increase
overall system efticiency. Molten salt fuel cells are entering the pilot
plant technology stage. The problems associat:® with molten carbonate fuel
cells are as follows:

1. Molten carbonate electrolytes are lost by evaporation, creepage, and cor-
rosion.

2. High-temperature heat exchangers capable of efficient hea: transfer at
about 1093°C (2000°F) need to be developed.

3. Sulfur removal to about 1 ppm or less is required to prevent damaging of
the electrodes.

4. Electrolyte tile integrity and corrosion resistance of cell hardware must
be improved for successful long-term (approximately 40,000 hours)
operation.

Acid Fuel Ceils. Many acid electrolytes have been considered for use in

fuel cells because acids do not react with carbon dioxide, which allows the
use of impure hydrogen and air. Phosphoric acid (H3P0,) fuel cells are the
most advanced of all the fuel cell technologies, and they operate at about
190°C (375°F). Pilot plants up to 1 MW have been successfully operated, and a
4.8 MW unit is in startup. The following factors arc important ir ~risidering
the use of H4PO, cells for commercial application —

"« Plati.um is poisoned by carbon monoxide (C0), reducing its electrocata-

lytic activity for hydrogen oxidation. Therefore, CO concentrations of 47
or less in the fuel are desirable.

2. Cathcde performance must be improved to improve cell performance.
3. The acid electrolyte is lost because of evaporation and corrosion of cell
components. Electrolyte carryover can also cause corrnsion problems down-

stream of the cell.

Alkaline Fuel Cells. Aqueous KOH elec:rolyte fuel cells operate at lower

temperature, 60° to 120°C (140°F to 248°F) and have demcnstrated reliability
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in space applica iins using pure Hy 2nd 0. The major drawback to commer-
cialization of all ' ne fuel cells is tiat the electrolyte reacts with Co,,
limiting the fue! :u noncarbonaceous comounds. Even the 0.04X COp in air
must be rewoved. Taie cannot be accomplished by present technology in a cost-

effective manner.

All four fuel cel] types are affected to various degrees by impurities
such as H,;5, COS, 80, HC1l, NO;, and NHj in the fuel. Thus, gas cleanup

schemes are neceesary €or the systems.

Bosic Principles of Operation

Figur. 8 9 and 10 show a schematic diagram of one repeating element in a
stack of fuel cells. Each element is made up of an avod2, in which oxidation
of the fuel occurs; an electrolyte, to separate the anode and cathode and to
conduct the ions between them; and a cathode, in which reduction of the oxi-
dant occurs. The operation of the cell involves many complex mechanisms,

which are conceptually simplified in ¢he following discussions.

Phosphoric Acid. Gaseous hydrogen in the fuel diffuses through the

porous anovde to a reaction site at the electrode (solid)/electrolyte (liquid)

interface where it is electrochemically oxidized:

Hy + 20" + 2¢7 (6
The electrons are transported through the external cirruit, and the hydrogen
ions are¢ conducted through the electrolyte to the cathode reaction sites.
Oxygen, which has diffused through the cathode, reacts with the hydrogen ions

and electrons (Equation 7), and the product water diffuses back out of the

cathode:
1/2 0y + 20% + 2¢™ + H,0(g) ¢))
The net reaction is:
Hy, + 1/2 0, + B,0(g) (8)

Molten Carbonate. The electrolyte is a mixture of alkali metal carbon-

ates (a wolten fonic conductor at the cell operating temperatures of 600° to
700°C) (1112°F to 1292°F) and ceramic particulates that retain the liquid.
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Figure 9. CONCEPTUAL DIAGRAM OF A PHOSPHORIC ACID FUEL CELL
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Figure 10. ILLUSTRATIVE CELL CONFIGURATIONS
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Fuel enters the anode, and the H, rescts® at the anode/electrolyte interface

according to —

| Hy + CO3~ + Hy0 + COp + 2¢” 9
The product Hy0 and CO, diffuse out of the electrode. At the cathode,
Equation 10 takas place:

CO, + 1/2 0, + 2¢” + CO5~ - (10)

Note that CO; is formed at the anode and consumed at the cathode. For a cost-
effective molten carbonate fuel cell system, the CO; in the anode effluent
mst be recycled tc the cathode. This can be accomplished by catalytic com
bustion of the anode effluent to CO, and Hy0 (plus N; in the combustion air),
followed by mixing with air to prodgce the cathode feed.

Applications

The fuel cell is quiet because it has no moving parts. Because the fuel
cell is not a combustion device, emissions such as NO,, CO, and unburned
hydrocarbons are not a serious problem. S0, emissions are not a problem
because the sulfur content of the fuel stream to the power plant must be
reduced to attain long fuel-cell life. Such low levels of emission, couples
with the fuel cell's quiet, water—conserving operation, result in environ-

mental acceptability and siting flexibility.

A single fuel cell normally generates power at approximately 0.5.£o
1 volt and can be connected in series stacked with other cells to obtain
almost any desired voltage. The current produced is a function of the size
(the area) of a single cell. The range of sizes, the modularity, and the
load-following capabilities make the fuel-cell system an attractive candidate
for power generation in a variety of applications, including omsite and

central plants for commercial, industrial, and residential uses.

Carbon monoxide in the fuel also can be oxidized electrochemically, but the
more rapid reaciion for the utilization of CO, 18 via conversion to
hydrogen by the shift reaction, CO + H,0 + CO; + Hy. The hydrogen formed
is then consumed according to Equation 7.
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Because of the above-mentioned advantages of fuel cells in addition te
their high operating efficiency, they are likely to find applications in the
commercial, industrial, and residential areas and in military installations.
Fuel cells are also used extensively in the space program. The high—quality
heat rejected by molten carbcnate and solid oxide fuel cells also makes them

potential candidates for cogeneration applications.

State-of-the-Art

The phosphoric acid fuel-cell system is being tested in realistic utiiit:
situations. A 4.8-MW power plant is scheduled to operate in New York Jity as

a joint venture between industry and the Department of Energy.

The Department of Energy is also sponsoring a 3-year program at IGT—=Cc
and UTC to test a 1-MW molten carbonate fuel-cell stack by 1983. Demo-:tra-

tion of this technology in realistic utility situations is projected € 1 1985,

Both of these systems are expected to succeed during the 1980's. The
molten carbonate fuel cell system is less developed and will r.guire more work
to solve high-temperature-related material problems. For this reason the
remainder of this analysis will focus on the phosphoric acid fuel cell. Addi-
tional experience on small scale phosphoric acid fuel cells is being gained
from a joint Gas Research Institute/DOE/Utilities testing program which will
involve 48 field test units at various industrial and commercial installa-

tions. This testing program is limited to a 40 kW fuel cell size.

32(3)/65906dfr/ER
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Vol of onannually Recurring (Monfue)) O™ Costs

s 15 560,503
3.0

v 190,620

1 .Q
.

1 QO

8 L3751 123

1 For exomple, 11 sonennually recurring (nonfuel) D&% costs,
ond you are wiing 1980 as the base pear, base-yrar #011ars means sLating the 1990 costs n JB8C @ollars, V.o,

withont fnt

we Inflgtipn,
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Setrefat LCC VORKSHILTS (Continwed)
Ports F thrauph J Colevlote TLCC with the Retrefat

F. Colculating the Present Volue of Fue) Casts INth the Retrefit

0 ity ) w0 (T
AW WNITS O TR wck R v PRSI VAL
™ RSY PCWASED ’r W11 INIRCY COSTS wio CA TR
B nemicm - s
i -
. ' 1 ' ‘
2 [3 SR
: Y s
E DAY CHARG!
s s
Ll’ caAZ Ty
; Cr3
s s
r on
? i 1432 x\0" Bt _|$7.00/mBTir [$1,002 400 |WAS 811,378 680
‘ o b 400 10 Rty |48 80k e 43 1§ 24
- o < ﬁ 12 226&2&

6. Colculating Investment Costs with the Retrofit
[

1)
2)
)
)

s)

L]
Investment Cost Adjustment Foctor
Adjustec Investment Costs for the Retrofit Project

Base-Year Renovation Costs for the [xisting System 11 the
Retrofit Project 15 Implemented

Tots) AG)usted Present Valwe Investment Costs Attributeble
to the Retrofit Project

Estimatec Actus) Investmen: Costs for the Retrofit Project

- §5,(26,000
ol
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& Colculating Annually Recurring (Nonfue)) Operation ond Raintensnce (O4™) Costs Wi1th the Retrofit

fmount of ”22", Recurring M(ntur Present h!(n:)o' Aanually
Costs n Base Veor Recurring Casty
119072 10.59 1 843733
1. Colcvloting Monanaually Recurring (Nonfuel) O8® Costs, Replacement Costs, ond Salvape Volue With the
fetrofit
() (2) (3) (q) ($) (6) (7) (e)
A In MOUNT OF WON- »OoN O NON $Pu RESINT PRISIN® PRISIN"
WK ANNJALLY RIPACEMENT SALVAGL FACTORS |vALul OF VAL OF VAU OF
(eDC TRE | RECUPFING 08% COS'S (IN YALE (In ON- REPAZIMINT | SALVRS:
13 CIPLZTED | COSTS (1w BASC-| BASC-vIAP §)) |[BASC.viAR §)! ANNJALLY vALUL
10 0 YIAR §) RECPFING
04" COSTS
o 0 feocco | O o8 | O Mesod O
S o) §¢s0m | O ol ! o 2. @)
Y ’ ‘ *
2 O Q200w ! O [061! o l&lb‘(ﬁm 0
| ' !
9 O 25000 ; O o4 © m_o_
\O ! O ISC\‘\Spoo e Q5 O kﬁ&m
2 | o |§2s000i o0 04+ 0 Hlognl
| ! ! '
5 ' O hl}?.&gco‘ O _03% O l!%l: Q
\2 O $250000i O :030: O Kispl O

J. Calevlating TLEC With the Retrofit Project

(1) Present Value of Emergy Costs 3 \a.la.‘d-bjeaQ
(2) Present Volue of Adjusted Investment Costs « 8 S, |2_(-,.‘OOO
(3) Present value of Annually Recurrinn (Ronfuel) OM% Costs L T -7 . e B
(€) Presem Valwe of Monanaue'ly Recurring (Ronfue)) O8% Costs . | o
(5) Present Volue of Replocement Costs « 8 3532_3'000
(§) Presemt volum of Salvage - ) ®)
o () TLLC with the Retrofit Project - 8, aols‘q g0

! Sor footnote e pape 57 for explonat fon.
’Mtbﬂ. format 15 expended to 8low for comparison of the two Chofces.
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€ et Sevingy or [ncess Cost of the Retrofit Projoct -

1) TICC withowt the Retrefit
(2) TLCC with the Retrefiy
€3) ®et Savings (*) or wet Votrses ()

L. BIF Calculotvon

YEREIN"XY

S o7y

(1) SI® rerator
(s) Cmergy Cost Savings frer the Retrefnt
(d) Change 'n Nonfue) D8~ Costs
(c) $I? Aumerator

(2) $I° Denorinater
> (0) AZ)wstec Drfferenii1a) [nvestment Cost

(p) Change 'n Rejlacorem Costs
(c) Coange ' Salvage Volue
{6) SIF Denor maier

(3) S17 for Ram =< the Reirp?it Preject

\

s m)(-ﬂ‘\‘
- 653 \3
. 3 2,680, %
) .5..-\39.@
. 12,323 oo
s
. 11,443,000
0,360
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Retrofit LCC WORKSMILTS (Comtinged)
Ports I throuph J Colevlote TLCC with the Retrpfit

PRo‘To‘\"PQ ) Wiy

ORIGINAL PRGE 1S
OF POOR QUALITY

F. Colculating the Present Volue of Fue) Costs MLh the Rrtrofiy

u) ‘“{?3“’ ) ) (s)
ANVJR. INITS OF INTIL; 42148 BAST.Y( AP v PRISIN wA v
e INRSY PR IWASLD PP NI n[RCY COSTS o O [niRgy (0878
ELECT™RICITY ) ]
| L34
CWARGE
] ~ s
CMAR LD
] - |
DAY CMARY!
3 —r $
CASAZ|TY
CHMAR !
$ - s
Cma23t
COMOIN K
on
Ml 350N 414 soj»mmjn a2 (135 1g23 531
"L 1136 00 e eojnimul§ it 26 |14 31 19 248 149
1378 | | \JQZB 119,392
. 4 !

6. Colculating Irvestment Costs with the Retrofit

(1) Estimatec Actua) Investmen: Costs for the Retrofit Project

4,188,000
1o
-44,188 .00
s L£_

(4) Base-Yesr Renovation Costs for the Enrsting Syster 1f the *

Retrofit Project 13 lmplemented
-§4.188 0O

(2) Investment Cost Ad)ustment Factor

(3) Ag)ustec Investment Costs for the Ret~o’it Project

(5) TYota! Agyusted Present Volue Investmenrt Costs Attridutable
0 the Retrofrt Project
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OF POOR QUALITY

& Colculoting Amnually Becurving (Ronfuel) Operation ond Mafntensnce (08%) Costs WILA the Retrefes

0
Aot of bmn, l«wnn
Costs " o

OJS&:L_'

(?)
Wu Facror

"5

)
Prasent Vol of Anaally -~
Qecyrving Costs

L

5. Calcvloting Monamaually Becurring (Nonfue)) 8™ Costs, Replocement Costs, and Salvape Volwe With the

m (2) (3) ) (s) (s) M ()
A I -oa: U WON- .’M’ 'l' NON O D n;sm Rtltl’ 18344
m’gfgm nt:mf‘é‘;‘- .&sﬁt'(!u vﬁ:‘ﬁ- RIS &u . ll' L[::K' !?: '2’
13 (2°0CTID cos;un- pust-| sasc-nw $)) [sast-viar §)? ALY A
™ KIS $) RICPPING
3 § 250,000 0 log | O o
5 §q0s 000 0___lo1 0 0
2 prie 0 _bai' o 0
q o k?.soxgoo e IQ.S4— 0 0
| | '
0 ! o o' 0 08 0 0
12 | O Mesooooi O 044 O 0
1s | kizesarnl O ‘0% 0 0
18 i §250000i O ‘20.30 . 0 O
o - rl/’l 0 D O

d. Colealoting TLLC With the Retrofit Project

(1) Presevt Valwe of [neryy Costs
(2) Presemt Volwe of Adjusted Iowestacnt Conts
) Present Value of Anauelly Recwrring (Nonfuel) 0% Costs
@) Prosem Valwe of Monanauslly Recurring (Ronfue)) GB™ Costs
€3] Fresent Value of Replocoment Costs
6] Prevemt Volem of Salvope

() MLC with the Retrofit Project

—

'y 23’11‘\“‘\2
« 1 418,000
= 84‘5 133
< '. O
« 8, 2,323,000
- 8, o
T |

- 31,1134.725

! tor footeote on poge §7 for ouplonstion.
'm format 15 exponged Lo 8)lov Tor conparisen of the tan Cwoices.
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€. fet Sevings or [ncess Cost of the Retrofit Project

‘.

§1) TLCC without the Retrofit
(2) TICC with the Retrofit
(3) %ot Sevings (o) or met Yosses (-)

$IF Colculatron

$1d 1), 23
3034, 4.125
'._Li,.iB3,b02,

()) SIP Numerstor
(a) Lergy Cost Savings fror the Retroft
it) Tnenge 'n onfue) D8~ Costs
(c) SIP Wumerator

(2) SIP Demorinator

c (¢) Agjustec Differential Investmen: Cost

(2, Change n Reslacomemt Costs
(c) Change 'n Salvage Value

(¢) SIF Denor-nater

(3) SIP for Ramtng the Retrc’it Preject

s:&g\%‘%%
s L’S wWy
s'_ﬁ_.'ﬁlé,wa

4
Ty

s 111\ 00O
-1.248
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Crtrefit AL VORKSHILTS (Comtiowed)
Ports 1 toraugh J Colcvlote TLCC wth the Retrefst

ORIGINAL PAGE IS
CF POOR QUALITY

Con'-«en:.m\\w Ruadable.

. Colculating the Prosent Value of 7ue) Costs VLK the Retrafit

-
-

() ) o “ ® -
Amoa, pNITS OF LI 214 BASI.VT AP | ot PRSI wALE
v EMIRSY PURIMASID PP W11 ENERGY COSTS LLa] [ U CHE Y
ELICmICIYY ) $
| L334
CwnGL
S o s
ORIl
S ]
DAY CMARGE
] }
C-l'l.l"
CMARGE
.Uﬂ;‘!‘— ‘-
Cwp gt
oM~
ol
ws L4320 R AToofmbta Lo 4oo (195 1§11.978, 680
™ — 136000 Ry, [§890/kiBTa |8 1,268 (14 31
o <R 226,829

6. Colcvloting Tewestment Costs wity. the Retrofit

R4

(1) Estimatec Actus) "avestmen: Costs Tor the Retrofit Project

L]
() levestment Cott Adjwvstment Factor
() Adyusted "avestment Cotts for the Re’ rofit Propject

(1) Base-Yeor Renovation Costs for the (xisting System €1 the
Retrefit Project 15 Implemented .

(8) Tota) Agjusted Present Valwe Invesiment Costs Attributedle
to the Retrefit Project

ansmpo

SIS.%..VJO
. L

.$1583,000
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a Colculating Amnuilly Recurring (Monfue)) Operation ar i Maintenance (L8%) Cost: Witk the Retrefit
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