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Fuel Cell and Advanced Turbine Power Cycle 

David J. White 
Solar Turbines, Incorporated 
2200 Pacific Highway 
San Diego, CA 92101 

Overview 

Solar Turbines, Incorporated (Solar) has a vested interest in the integration of gas tur- 
bines and high temperature fuel cells and in particular, solid oxide fuel cells (SOFCs). Solar 
has identified a parallel path approach to the technology developments needed for future prod- 
ucts. The primary approach is to move away from the simple cycle industrial machines of the 
past and develop as a first step more efficient recuperated engines. This move was prompted 
by the recognition that the simple cycle machines were rapidly approaching their efficiency 
limits. Improving the efficiency of simple cycle machines is and will become increasingly 
more costly. Each efficiency increment will be progressively more costly than the previous 
step. 

Recuperated engines would be followed by more efficient intercooled and recuperated 
(ICR) engines, and finally, by a humid air turbine (HAT) cycle system. This latter engine 
system would be capable of providing efficiencies on the order of 60 percent with potentially 
low exhaust emissions. 

Because of the many unknowns facing industry in the first two decades of the next 
century, such as possible fuel shortages and severe emissions regulations, Solar adopted a 
backup approach. This approach was intended to provide efficiencies higher than 60 percent 
with emissions lower than any possible with a gas turbine. The backup path is dominated by 
the concept of fusing the technologies of SOFCs with those of advanced gas turbines. 

There is a synergy between the two systems. The two systems together can reach 
higher efficiencies that either alone. Fuel cell systems using gas turbines in the "topping" 
mode as the bulk of the balance-of-plant will have lower capital costs, higher power densities, 
and lower losses when compared to other approaches. The topping mode refers to the system 
configuration in which the fuel cell replaces the gas turbine combustor. The gas turbine, on 
the other hand, uses the fuel cell as both a solid-state generator and a combustion system. 
This eliminates the need for a power turbine, gearbox, and conventional electrical generator. 

The preferred-cycle is one that employs the fuel cell as a topping system to the gas 
turbine. Approaches that use bottoming arrangements, where the fuel cell uses the gas turbine 
exhaust as the air supply, have not been ruled out, although these are likely to be both larger 
and less efficient unless complex steam bottoming systems are added. One advantage of the 
bottoming arrangement is that it will probably have a simpler control system than the topping 
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approach. Indirect fired approaches have also been considered. In this approach, the exhaust 
of the fuel cell used in a bottoming configuration is added to an atmospheric combustion sys- 
tem that in turn is used to heat the gas turbine compressor air indirectly via a heat exchanger. 
The major problem is that it requires the development of high temperature ceramic heat 
exchangers if high efficiencies are to be obtained. These ceramic materials would also have 
to withstand high pressure drops over the "wall" of the heat exchange surface while operating 
at temperatures over 2,000 OF. 

The combined SOFC and gas turbine (CSOGT) will be cost competitive with other 
future energy conversion systems that have similar efficiencies. This combination will, 
however, have an advantage because it will have lower NOx emissions than any heat engine 
system. The market niche for initial product entry will be the dispersed or distributed power 
market in non-attainment areas. Once established in this market, effort will be expended to 
penetrate all of the other power generating market segments. The first entry into the dis- 
persed power market will take place between the years 2000 and 2004, with small units 
typically 1 to 2 M W .  These units will probably sell initially for $650/kW, dropping to 
$500/kW when series production starts. 

i f 

The development requirements are extensive if the combined SOFC and gas turbine or I 

CSOGT system is to become a reality. For the fuel cell, the development of low-cost manu- , 
facturing is critically important. Material sulfur tolerance needs to be developed, because it (' 

will eliminate the requirement to remove sulfur from the fuel and the concomitant solid waste 
disposal problems. Sealing problems, particularly the manifold sealing problems, will have to 
be solved without significantly increasing production costs. Similarly, the integration of both 
heat exchange and fluid distribution systems with the stack proper will also have to be accom- 
plished to attain the desired high efficiencies. 

The gas turbine will also have development needs, with the start combustor and the 
control systems heading the list. After starting the combined system, the start combustor will 
probably have to endure the exhaust stream of the fuel cell, which will be oxidizing and at 
1,750 O F  or higher. The fuel system for the start combustor (like the combustor) will also 
have to survive temperatures on the order of 1,800 O F .  Integration of the gas turbine with the 
fuel cell will require modifications to the construction of the gas turbine in order to accom- 
modate the connecting ducts. Such connections will be available with recuperated engine 
configurations. 
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Integration of Gas Turbine and Fuel Cell 

High Efficiency, Low Emissions Systems 
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Energy Conversion Industry 

Socioeconomic Forces 

EnvironmentalConsciousness 
Conservation Needs 
Supplier Product Liability 
Product Recycling 

Future Factors 

Demographic Changes 
Fuel Prices 
Emission Requirements 
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Overview 

Basis for Interest 
Preferred-Cycle Technology 
Cost Effectiveness 
Development Needs 
Market Niche 
Product Timing 
Product Cost Projections 

TIME 
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Parallel Paths 

Cycle Selection 

Topping is Favored 
- 
- Fewer Stacks 
- Higher Power Density 

Higher Oxygen Concentration at Cathode 

Bottoming is Under Consideration 
- Easier Starting 
- Simple Control System 

Indirect Fired System 
- Needs More Study 
- Requires Material Development (Heat Exchanger) 
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Solid Oxide Fuel Cell System 

Gas Turbine Fuel Cell Integration: Solid Oxide Fuel Cells 

Efficiency 

No Carnot Cycle Limitations 
Combined-Cycle Bottoming 
Large, High Pressure Systems 
Small, Low Pressure Systems 

75-80% 
65-70% 
58-63% 

Gas Turbine is Balance-of-Plant 
Fuel Cell Replaces Combustor and Generator 
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Integrated Gas Turbine and Fuel Cell 
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Environmental Technologies 

Air Quality Impact 
- 

- No Smoke 

Extremely Low NO,, CO, UHC 
- LOWCO2 

Land Use Impact 
- Sulfur-Tolerant Fuel Cell 
- No Solid-Waste Streams 

Other 
- Low Noise 
- No Visible Plumes 

Market Niche - Electrical Power Generation: 
Dispersed Power Generation in Nonattainment Areas 

Natural Gas Fueled 
Grid Interconnection: 480 Volts, 3-Phase, 60-Hz 

Initial Entry Size 1-to-2 MW 

Commercial, Industrial, and Utility Customers 

System Cost Trade-off: Life Cycle 

Increasing Stack Content 
- Increases First-Cost, Efficiency 

Increasing Flexibility 
- Decreases Life-Cycle Cost 

Overall Cost-Effectiveness 
- Subsystem Efficiencies 
- Fuel Prices 
- Load Profiles 
- Capital Charges 
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Technical Development Needs: Gas Turbine 

Develop Uncooled, Start-up Combustor 
Create Start-up Combustor Fuel System 
Produce Control System (Based on Power Output) 
Integrate Fuel Cell Subsystems 

Financial Development Needs 

Integrated System Producing between 1 and 2 Mw 

Four Phase System 
- Phase 1: Study . 
- Phase 2: Technology Development 
- Phase 3: Brassboard Evaluation 
- Phase 4: Prototype Field Test 

Total Cost between $16,00O,OOO and $25,000,000 
- Average Cost Share: 30% 

Manufacturing Development and Tooling 
- ROM $20,000,000 

Summary 

Target Size: 1-to-2 MW 
Introduction in 2004 
Target Price < $650 k W  
Large Systems < $600 k W  
Dispersed Power Generation in Nonattainment Areas 
Fuel Cell Topping Cycle 

Recommendations: METC Action Plan 

Initiate Funding of Cycle Studies 
Fund the Development of Needed Technologies 
Develop Brassboard Sys tems through Cofunded Programs 
Facilitate and/or Fund Prototype Production 
Monitor Field Testing 
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