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DISCLAIMER 
 

“This report was prepared as an account of work sponsored by an agency of the United States 
Government. Neither the United States Government nor any agency thereof, nor any of their 
employees, makes any warranty, express or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness, or usefulness of any information, apparatus, 
product, or process disclosed, or represents that its use would not infringe privately owned rights. 
Reference herein to any specific commercial product, process, or service by trade name, 
trademark, manufacturer, or otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any agency thereof. The views 
and opinions of authors expressed herein do not necessarily state or reflect those of the United 
States Government or any agency thereof.” 
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Abstract 

This report summarizes the progress made in development of Direct FuelCell/Turbine (DFC/T®) 
power plants for generation of clean power at very high efficiencies. The DFC/T system employs 
an indirectly heated Turbine Generator to supplement fuel cell generated power. The concept 
extends the high efficiency of the fuel cell by utilizing the fuel cell’s byproduct heat in a Brayton 
cycle. Features of the DFC/T system include: electrical efficiencies of up to 75% on natural gas, 
minimal emissions, reduced carbon dioxide release to the environment, simplicity in design, 
direct reforming internal to the fuel cell, and potential cost competitiveness with existing 
combined cycle power plants. 

Proof-of-concept tests using a sub-MW-class DFC/T power plant at FuelCell Energy’s (FCE) 
Danbury facility were conducted to validate the feasibility of the concept and to measure its 
potential for electric power production.  A 400 kW-class power plant test facility was designed 
and retrofitted to conduct the tests.  The initial series of tests involved integration of a full-size 
(250 kW) Direct FuelCell stack with a 30 kW Capstone microturbine.  The operational aspects of 
the hybrid system in relation to the integration of the microturbine with the fuel cell, process 
flow and thermal balances, and control strategies for power cycling of the system, were 
investigated.  A subsequent series of tests included operation of the sub-MW Direct 
FuelCell/Turbine power plant with a Capstone C60 microturbine.  The C60 microturbine 
extended the range of operation of the hybrid power plant to higher current densities (higher 
power) than achieved in initial tests using the 30kW microturbine. 

The proof-of-concept test results confirmed the stability and controllability of operating a full-
size (250 kW) fuel cell stack in combination with a microturbine.  Thermal management of the 
system was confirmed and power plant operation, using the microturbine as the only source of 
fresh air supply to the system, was demonstrated.    

System analyses of 40 MW DFC/T hybrid systems, approaching 75% efficiency on natural gas, 
were carried out using CHEMCAD simulation software.  The analyses included systems for 
near-term and long-term deployment.  A new concept was developed that was based on clusters 
of one-MW fuel cell modules as the building blocks.  The preliminary design of a 40 MW power 
plant, including the key equipment layout and the site plan, was completed.  The process 
information and operational data from the proof-of-concept tests were used in the design of 40 
MW high efficiency DFC/T power plants.  A preliminary cost estimate for the 40 MW DFC/T 
plant was also prepared.   

Pilot-scale tests of the cascaded fuel cell (fuel cells-in-series) concept for achieving high fuel 
utilizations were conducted. The tests demonstrated that the concept has the potential to offer 
higher power plant efficiency.  Alternate stack flow geometries for increased power output and 
fuel utilization capabilities were also evaluated. 

Detailed design of the packaged sub-MW DFC/T Alpha Unit was completed, including 
equipment and piping layouts, instrumentation, electrical, and structural drawings.  The lessons 
learned from the proof-of-concept tests were incorporated in the design of the Alpha Unit. The 
sub-MW packaged unit was fabricated, including integration of the Direct FuelCell® (DFC®) 
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stack module with the mechanical balance-of-plant and electrical balance-of-plant. Factory 
acceptance tests of the Alpha DFC/T power plant were conducted at Danbury, CT.  The Alpha 
Unit achieved an unsurpassed electrical efficiency of 58% (LHV natural gas) during the factory 
tests. The resulting high efficiency in conversion of chemical energy to electricity far exceeded 
any sub-MW class power generation equipment presently in the market.  

After successful completion of the factory tests, the unit was shipped to the Billings Clinic in 
Billings, MT, for field demonstration tests.  The DFC/T unit accomplished a major achievement 
by successfully completing 8000 hours of operation at the Billings site. The Alpha sub-MW 
DFC/T power plant unit was returned to the factory for post-operation inspection and analysis.  

The success of the Alpha Unit operation in the field and achievement of the ultra-high efficiency 
of 58%, triggered the establishment of a MW-scale commercial product design and development 
program. Design of a 3 MW (nominal rating) DFC/T Power Plant was completed with an 
electrical efficiency approaching 60+% LHV of natural gas depending on the design and 
performance of the gas turbine. Development efforts incorporated lessons learned from the 
Alpha sub-MW DFC/T power plant demonstration, as well as design features from FCE’s 
commercial product offerings, the DFC1500 and DFC3000 MW-class simple cycle power plants.  
The 3 MW DFC/T power plant is anticipated to be a superb alternative for large distributed 
generation applications in locations with high cost-of-electricity.  The design of the power plant 
includes provisions for grid-connected operation as well as islanding operation to support 
customer’s critical load.  
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1.0 EXECUTIVE SUMMARY 
FuelCell Energy Inc. (FCE) embarked on the development of ultra-high efficiency Direct 
FuelCell /Turbine (DFC/T) hybrid power plants under a Vision 21 Cooperative Agreement (DE-
FC26-00NT40798) with the US Department of Energy (DOE). The main objective of the project 
was to develop the design of natural gas fueled hybrid power plants offering electrical 
efficiencies approaching 75% LHV with low emissions of sulfur and nitrogen oxides (<0.01 
lbs/MMBTU of SOx and NOx). 

FCE began developing the carbonate fuel cell technology in the mid-seventies and is currently 
offering its state-of-the-art DFC technology as power plant products.  Due to the internal 
reforming feature, the DFC power plants have inherent advantages of achieving higher reliability 
and efficiency at a lower cost.   

In recent years, FCE initiated the development of advanced power concepts to further the 
efficiency of the simple cycle fuel cell system by integrating an open-loop Brayton cycle in the 
power plant design. Conceptualization studies of the integrated DFC/T system were initially 
performed under a cost-shared effort supported by the Department of Energy through the 
National Energy Technology Laboratory (NETL), for “High Efficiency Fossil Power Plants 
(HEFPP) Conceptualization Program” (Contract DE-AC26-98FT34164). 

FCE’s Vision 21 project followed the conceptualization studies.  Initial project activities 
included retrofitting a sub-MW power plant test facility at the FCE Danbury, CT site to 
accommodate the integration of a full-size (250 kW) DFC stack with a microturbine generator.  
The main goal of the tests was the development of technologies leading to design of highly 
efficient and environmentally green power generation units using the existing natural gas 
infrastructure.   

The first-of-a-kind grid-connected sub-MW DFC/T power plant facility was re-configured and 
retrofitted to support the proof-of-concept tests. The goals of the tests were twofold: 
development of critical components for the DFC/T hybrid power plant as well as feasibility 
studies of the system concept in a sub-MW class prototype. The critical components included 
heat recuperators and a specially designed anode tail gas oxidizer.  The initial series of tests were 
conducted with a Capstone 330 microturbine because, at the time, larger microturbines capable 
of supplying the full airflow required were not commercially available.  The power plant tests at 
high power densities, requiring an airflow rate beyond the capability of Capstone Model 330 
microturbine, were conducted by supplementing the microturbine with air from a blower.  Tests 
were conducted to develop the procedures for startup, normal operation, and shutdown of the 
hybrid power plant.  Later, a Capstone Model C60 microturbine was acquired in place of the 
Model 330 microturbine.  The integration of the C60 microturbine extended the capability of the 
hybrid power plant to operate at high power ratings with a single turbine (without the need for 
supplementary air).  The objectives of this phase of sub-MW hybrid power plant tests were to 
support the development of process and control parameters and to provide the insight for the 
design of packaged sub-MW hybrid demonstration units.  FCE successfully completed testing of 
the pre-alpha sub-MW DFC/T power plant.   
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Stand-alone tests of the microturbine were conducted to characterize turbine performance at 
turbine inlet temperatures (TIT) higher than that achieved in the integrated tests above, and 
representative of temperatures expected in the packaged unit.  Capstone’s expected performance 
at 1400°F TIT was verified in the stand-alone tests. 

The technology developed as a result of these proof-of-concept demonstration tests was used in 
the design of a 40 MW DFC/T power plant.  The development of the ultra high efficiency 40 
MW power plant focused on the systems with efficiencies approaching 75% (LHV of natural 
gas).  The efforts included thermodynamic cycle analysis of key gas turbine parameters such as 
compression ratio.  The power plant systems were studied for near-term deployment utilizing the 
existing commercially available gas turbines and long-term deployment requiring advanced gas 
turbine technologies.   

A fuel cell module cluster concept was developed for design of 40 MW systems.  The 40 MW 
hybrid power plant was designed with MW-class (M10, nominal one-MW fuel cell package) 
modules and a modified commercial gas turbine.  A major equipment list and specifications were 
prepared for vendor quotations, based on system mass and energy balances.  Three-dimensional 
(3-D) configuration models were developed from vendor-supplied information for the key BOP 
equipment in the power plant.  The design of the piping system included pipe sizing, insulation 
requirements, and pipe routing.  The procedures for start-up/heat-up of the hybrid power plant 
were developed.  The start-up strategy utilized firing of the gas turbine and auxiliary duct burners 
with supplementary natural gas for heat-up of the fuel cell modules and the BOP equipment.  
The process controls were defined and a detailed process flow diagram (PFD) was developed.  
The electrical one-line diagrams for power production and plant auxiliary power were generated.  
A preliminary 40 MW DFC/T power plant plot plan, including key balance-of-plant (BOP) 
equipment and fuel cell module layouts, was prepared. 

A study of the ‘cascaded anode’ fuel cell configuration was conducted for high efficiency, high 
power output fuel cell development.  System analysis using computer modeling was performed.  
Tests were designed and conducted using a 20 kW DFC stack.  The capability for increasing fuel 
utilization was assessed.  A 10% gain in fuel utilization, which corresponds to an increase in 
system efficiency of 5 percentage points, was achieved.  In addition, alternate stack flow 
geometry concepts including counter flow design were evaluated using a computational fluid 
dynamics (CFD) modeling tool.  This component modification approach was intended for 
increased stack power output and fuel utilization capabilities. 

The design of the sub-MW packaged DFC/T (Alpha) Unit (DFC/T 300) was completed.  The 
design basis for the Alpha Unit was derived from FCE’s existing DFC300 product line.  The key 
modifications included the integration of the microturbine and heat recovery recuperators in the 
DFC300 design.  Design modifications to the existing DFC300A fuel cell module, a legacy 
product, for its application to the DFC/T 300 unit were completed.  The safety review of the 
DFC/T 300 system design, using the widely implemented Hazard and Operability (HAZOP) 
discipline, was conducted.  The set of piping and instrumentation diagrams (P&IDs) was 
prepared.  Specifications for major equipment were prepared for vendor quotations, based on 
mass and energy balances.  Suppliers for key equipment were selected.  Three-dimensional 
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equipment and piping layouts were completed.  All major equipment and instrumentation items 
were ordered and procured. 

Fabrication and packaging of the key equipment components for Alpha sub-MW DFC/T power 
plant were completed.  The control software, including control philosophy documents, alarm 
lists, and I/O list for the Alpha unit, was developed.  Fabrication and checkout of the mechanical 
balance-of-plant were completed.  Integration of the mechanical balance-of-plant with the fuel 
cell stack and the electrical balance-of-plant was carried out.  Conditioning and factory 
acceptance testing of a 250kW stack module were conducted at FCE’s facility in Danbury, CT.  
FCE successfully completed factory acceptance testing of the Alpha DFC/T hybrid power plant.  
The factory tests were conducted to verify the procedures for startup, normal operation, and 
shutdown of the hybrid power plant, as well as plant’s operability, reliability, and power 
generation performance.  The Alpha unit achieved a power generation level of 320+ kW, which 
was beyond the designed power rating.  It also achieved 58% electrical efficiency based on the 
lower heating value (LHV) of natural gas.  Preliminary emission tests indicated that the Alpha 
DFC/T power plant successfully met California Air Resources Board’s (CARB) 2007 emission 
standards for NOx and VOC at rated power.  The Alpha unit was disassembled after completion 
of factory acceptance tests, shipped to the field demonstration site at Billings, MT, reassembled, 
and restarted. 

FCE successfully completed field demonstration of the Alpha sub-megawatt DFC/T power plant 
unit in Billings, MT. The power plant operated for over 8000 hours at the Billings Clinic site, 
and delivered a total of 1145 MWh of electricity to the utility grid, thereby providing power to 
the hospital. The Alpha Unit achieved an availability of 87% at the conclusion of grid-connected 
operation in Montana. The plant overall availability, including hot standby and power production 
periods, surpassed 91%, which is a significant achievement for a first-of-a-kind Alpha Unit.  
Design, operating data, and lessons learned during Alpha Unit factory tests and demonstration 
operations in Montana were incorporated into the design of a MW-class DFC/T hybrid power 
plant. 

Design efforts were directed to the development of a MW-class DFC/T power plant. A number 
of power plant configurations and sizes were studied.  Initial focus on a nominal One-MW 
design was later shifted to the design of a nominal three-MW hybrid DFC/T.  This re-direction of 
the design was mainly based on a market evaluation study projecting a larger market share for 
the larger DFC/T units.  A number of power plant general arrangement configurations were 
studied. Detailed design of the DFC/T 3000 power plant (3 MW nominal rating) was completed 
including material and energy balances, PFD, P&IDs, design drawings, and plant layout showing 
major equipment and piping. The MW-class DFC/T design utilized the operating data and 
lessons learned during Alpha unit factory tests and field demonstration in Montana. Additionally, 
the design of a MW-class DFC/T was leveraged by the experience gained through design and 
operation of several megawatt scale DFC simple cycle power plants at sites in California and 
Washington.  
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2.0 SUB-MW DFC/T PROOF-OF-CONCEPT TESTS 
2.1 Process Concept and Test Facility Modification 
The objective of the proof-of-concept tests was to generate design data, and gain fabrication and 
operational experience for use in the design of sub-MW and multi-MW hybrid products. FCE’s 
400 kW-class power plant test facility was modified to conduct these tests. Figure 2.1 shows a 
simplified process flow diagram for the sub-MW scale test facility. The DFC/T system utilizes 
an indirectly heated Brayton cycle to supplement the fuel cell power. In addition to the 
microturbine, an air blower was used in the power plant to supplement the microturbine airflow 
to provide sufficient air to the fuel cell during high load operations.   The air blower also made it 
possible to operate the power plant in two modes: 1) fuel cell/turbine integrated mode, 2) fuel 
cell only mode. The dual mode capability was used to evaluate the benefits of the DFC/T cycle 
over the fuel cell-only simple cycle. 

Major equipment/components incorporated during the facility modification included a 
microturbine, heat exchangers, and anode off-gas/exhaust oxidizer monolith high temperature 
catalyst. A Capstone Turbine Corporation Model 330 microturbine unit was modified for 
integration with the fuel cell system. The microturbine design modifications were performed by 
Capstone. The modified unit was a variable speed (up to 96000 rpm), single shaft engine with air 
bearings for oil-free operation. The modifications included a special casing design with 
provisions for flow of gases to and from heat exchangers in the balance-of-plant (BOP). The 
microturbine unit was constructed with a compressed air exhaust port and expander inlet pipe to 
provide flow connections to the fuel cell system. Figure 2.2 shows a picture of the microturbine 
viewed from the turbine (expander section) exhaust pipe.  The compressor exit pipe is on the 
right side and the turbine (expander section) inlet pipe is on the left side.  

Figure 2.1 Sub-MW DFC/T Test Facility Process Flow Diagram 
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Figure 2.2 Close-up View of Modified Capstone Model 330 Microturbine™ 

The microturbine was fitted with a thrust bearing capable of withstanding more than 20 inches of 
water column back pressure caused by the fuel cell and exhaust heat recovery units. The 
microturbine control software was also modified to accommodate the power plant operational 
requirements based on the fuel cell airflow and microturbine speed relationship.  The 
microturbine packaged unit delivered to FCE included an air-cooled high-speed alternator and a 
power conversion unit for connection to the grid. Figure 2.3 shows the picture of the modified 
microturbine delivered to FCE. 

Figure 2.3 Capstone Model 330 Microturbine™ Received As a Packaged Unit  

Various heat exchanger technologies investigated during the test facility design phase included 
compact brazed plate-fin, shell-and-tube, and finned tube heat exchangers. Specifications for 
gas-to-gas recuperators were prepared. Proposals received from suppliers of heat exchangers 
were reviewed. The shell-and-tube heat recuperators were selected for implementation in the 
system. Three recuperators were acquired for installation (designated as HEX 340, HEX 350 and 
HEX 370 in Figure 2.1).  
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A catalytic reactor for oxidation of fuel cell anode exhaust at high temperatures was designed 
and specifications for oxidation catalyst operating at higher than 800°C (1472oF) were prepared. 
The catalyst was ordered subsequent to review of proposals from suppliers. Figure 2.4 shows a 
picture of the monolith catalyst. 

 
Figure 2.4 Monolith High Temperature Catalyst for Anode Off-gas Oxidizer  

Installation of equipment and process piping, and loading of catalyst were completed in the 400 
kW-class power plant test facility. In addition to the process piping, the facility modification also 
included the installation of valves, expansion joints, a water seal, an exhaust stack, 
instrumentation, and insulation.  The insulation specification was developed. Instrumentation of 
the facility included installation of pressure taps, GC lines, instrument airlines, and 
thermocouples.  Software and controls for the distributed control system (DCS) were 
updated/prepared. An input/output list for data acquisition and control was prepared. The 
microturbine interface requirements including grid connection, instrumentation, and software for 
communication over a modem were reviewed with Capstone Turbine Corporation. The data 
communication hardware between the test facility’s supervisory control and the microturbine 
was also installed. The control logic of the power plant facility was reconfigured to 
accommodate the dual mode of operation: fuel cell stack stand-alone tests and fuel cell/turbine 
hybrid tests. The hybrid test plan and procedures for power plant start-up, load ramp and 
shutdown were prepared. 

2.2 Integrated Tests with a Capstone Model 330 Microturbine 
The process and control tests of the facility were carried out prior to fuel cell stack integration.  
The PAC tests consisted of simulations of fuel cell conditioning and operation, integration of the 
microturbine with fuel cell, power plant trip/restart and load ramp scenarios, and control loop 
checks. Improvements in system control, instrumentation, and operational procedures resulting 
from the PAC tests were implemented. In collaboration with Capstone, the microturbine PLC 
software was modified and means for the communication of the microturbine controller with the 
power plant control system were established.  For the proof-of-concept tests, a full size DFC 
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stack was installed in the facility.  This included process and instrument connections to the 
balance-of-plant.  Figure 2.5 shows a picture of the sub-MW hybrid power plant including a 250 
kW fuel cell stack.  The fuel cell stack was connected to a dc-to-ac inverter.  The inverter and the 
alternator/microturbine high-speed generator were connected to the grid in parallel. This 
configuration allowed independent tests of the inverter and the generator during any unplanned 
grid failures (forced outages) and planned grid-disconnect tests. 

 
Figure 2.5 Sub-MW DFC/T® Power Plant Facility: 

Capstone Model 330 Microturbine™ Integrated with Full-size DFC Stack 

Subsequent to stack conditioning, the DFC/T power plant was operated under a myriad of 
operating conditions including ramps of microturbine speed (rpm) and fuel cell loads, both 
concurrently and independently (varying one while holding the other constant). The microturbine 
was operated at its maximum rotational speed of 96,000 rpm. No major (mechanical, PAC or 
other) issues were observed during the operation of the sub-megawatt DFC/T system. The 
control strategies and thermal management of the system were checked to ensure that they 
provided the level of control required for safe and effective operation of the power plant. The 
microturbine was integrated, de-integrated, and operated independent of stack operations in 
accordance with the design and test plan.  Significant progress in validating the DFC/T cycle 
concept was achieved. Procedures were refined and implemented for start-up, power ramp (up 
and down), shutdown, and plant trip-restart scenarios. 

The power plant was shut down for modification/upgrading based on the lessons learned in these 
initial tests.  A finned-tube humidifier (HEX 360) was designed and installed in the power plant 
for testing.  It was expected to increase the utilization of waste heat from the power plant 
exhaust.  Figure 2.6 shows the modified process flow diagram subsequent to the installation of 
the finned–tube humidifier.  
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Figure 2.6 Sub-MW DFC/T® Power Plant Facility: 

Capstone Model 330 Microturbine™ Integrated with Full-size DFC Stack 

The Low Temperature Recuperator (HEX-370) was modified by inserting twisted tape 
turbulators in the heat exchanger tubes for more effective recuperation of heat from the balance-
of-plant to the microturbine.  Figure 2.7 shows a picture of the HEX-370 with the turbulators 
inserted in the tubes. The High Temperature Recuperator (HEX 340) was replaced by a unit with 
larger heat transfer area and higher overall heat transfer coefficient. The high temperature anode 
off-gas oxidation catalyst was also replaced by an alternative catalyst for evaluation. Figure 2.8 
shows a picture of the replacement monolith catalyst. 

 
Figure 2.7 Twisted Tape Inserts Installed in Low Temperature Recuperator (HEX 370) 
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Figure 2.8 Monolith High Temperature Catalyst Alternate for Anode Off-gas Oxidizer 

The power plant modification/upgrading work was completed and the power plant was 
reheated/restarted for continuation of the proof-of-concept tests. Figure 2.9 shows typical 
operational test data for the DFC/T power plant mapped around the simplified system concept.  
Computer simulation of the power plant including mass and energy balances was utilized as an 
analytical tool during the testing period.   

Figure 2.9 Integrated DFC/T Power Plant Test Results 
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The microturbine, balance-of-plant, and other performance were evaluated. The test results were 
used to estimate the power plant heat losses and to evaluate the performance of the heat 
exchangers in recuperation of heat from the balance-of-plant to the microturbine. The power 
plant test facility had a significant amount of heat loss from the pipes and equipment. The finned 
tube humidifier (HEX 360) improved waste heat recovery from the system exhaust, providing up 
to 80 lbs/hr of steam to the fuel cell anode. The heat transfer coefficients for the recuperators 
were estimated. The shell-and-tube heat exchangers exhibited heat transfer coefficients on the 
order of 1 – 5 Btu/hr °F ft2 for the gas-to-gas heat recuperation. Figure 2.10 shows the results of 
the analysis performed on HEX 370, comparing the overall heat transfer coefficient before and 
after installing the turbulators (twisted tape inserts).  
 

 
Figure 2.10 Low Temperature Recuperator (HEX 370) – Estimated Overall Heat Transfer 

Coefficient  

Supplementary air (from blower) was required during the high power operation, as Model 330 
microturbine airflow was not sufficient for thermal management of the stack. The ambient air 
addition to the anode exhaust oxidizer resulted in lower than desired temperature at the gas 
turbine inlet.  Tests were conducted by augmentation of the low-Btu anode exhaust gas with 
natural gas in order to raise the turbine inlet temperature (TIT) to 700°C. 

One of the objectives of the proof-of-concept tests was to develop the control logic for the 
operation of DFC/T. During the testing period, refinements in power plant control strategies 
were implemented. The control system modifications enhanced thermal management of the stack 
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and microturbine. The operating procedures were refined during the tests based on the lessons 
learned. The power plant emergency shutdown procedures were tested successfully by grid 
failures and forced outages. The tests provided valuable insight with respect to the potential for 
load following, increased reliability, and enhanced operability. 

The initial series of tests of the subscale hybrid facility, using a 250 kW stack and Capstone 
model 330 microturbine, were completed meeting the objectives of the tests.  The hybrid sub-
MW power plant tests included load ramps and rapid load fluctuations.  The load-step capability 
of the power plant was tested, wherein a portion of the load was instantaneously dropped for 
about 10 – 20 seconds and then brought back to the initial values.  These tests showed that the 
process control and system thermal management performed properly during load fluctuations 
and that the DFC/T reacted well to sizeable power ramps. Tests of the anode exhaust oxidizer 
high temperature catalyst were also performed at about 800°C (1472oF), indicating the complete 
oxidation of the remaining fuel from the fuel cell stack. The fuel cell stack was operated with the 
cathode inlet flow controlled and modulated solely via turbine speed (low load operations with 
no supplementary air from the blower). 

The dual mode operation (fuel cell/turbine integrated mode and fuel cell only mode) confirmed 
that greater efficiencies could be obtained by integration of a microturbine with the fuel cell. The 
maximum net efficiency achieved during the tests was ~51.7% (based on lower heating value of 
natural gas fuel) with microturbine output adjusted for ISO Conditions (Table 2.1).  As compared 
to the fuel cell only operation, an efficiency improvement of 3 to 5 percent was realized from 
integration of the microturbine.  The efficiency gains in the DFC/T system are related to 
additional power produced from the gas turbine and reduction of auxiliary power consumption 
by the air blower. The test results indicated that both sub-MW and MW-Class DFC/T systems 
are attractive for the distributed generation applications. 
   

Table 2.1 Sub-MW DFC/T Proof-of-Concept Test Results 
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2.3 Integrated Tests with a Capstone C60 Microturbine 
Upon completion of the initial series of sub-MW power plant tests, re-work of the power plant 
facility for inclusion of a Capstone C60 microturbine generator (MTG) was initiated.  The C60 
MT is a larger unit than the Model 330 unit used during the initial phase of the proof-of-concept 
tests (C60 MT unit was not available earlier). C60 is capable of providing the airflow required by 
the full-size DFC stack. Mass and energy balances of the power plant, reconfigured with the C60 
MTG, were performed.  The simulation results indicated that higher efficiencies and/or higher 
power output are attainable by using the C60 MTG in conjunction with reconfiguration of the 
power plant heat exchangers. 

The Capstone C60 MTG design modifications included the CAD layout of the microturbine, 
stress analysis, and the configuration of the engine.  Preliminary CFD analyses were performed 
to verify that the new design did not create any unexpected pressure losses and that the turbine 
nozzle inlet flow angle remained unchanged from the original design intent.  The modified MTG 
was fabricated by Capstone and delivered to FCE.  The modifications included building the C60 
powerhead with a new casing, installation of the new engine assembly in the C60 package, 
removing the original fuel delivery system and dump valves (not used in the hybrid system), and 
providing the inlet and outlet ports. The C60 MTG, as installed in the power plant facility, as 
well as one of the connecting ports for delivering heated air to the turbine are shown in Figure 
2.11.  Similar connection modifications were implemented for transport of the compressed air 
from the compressor section of the MTG and flow of the air from the turbine section to the fuel 
cell. Re-work of the power plant also included the installation of a new anode superheater 
(HEX320) based on compact plate-fin technology and re-arrangement of the pipes and control 
valves for better thermal management of the power plant. 

Figure 2.11 Sub-MW DFC/T® Power Plant Facility: 
Capstone Model C60 Microturbine™ Integrated with Full-size DFC Stack 
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Subsequent tests of the sub-MW power plant facility included the next phase of operation of the 
250 kW fuel cell stack now integrated with the Capstone C60 microturbine.  Prior to installation 
of the fuel cell stack, the process and control tests of the balance-of-plant, including the 
microturbine, were performed. Various power plant operational modes were tested successfully, 
including start-up, open circuit voltage, and plant trip-restart with a simulated gas environment.  
The objectives of these tests were to ensure the functionality of the equipment, instrumentation 
and control, and operational procedures prior to the installation of the stack. 

Upon completion of the process and control tests, the fuel cell stack was connected to the BOP, 
and the proof-of-concept test of the fuel cell/gas turbine system in the sub-MW power plant 
facility was resumed. Figure 2.12 shows a picture of the DFC/T power plant facility with the C60 
microturbine integrated with the fuel cell system. The tests were conducted with the power plant 
connected to the utility grid, thereby providing real time grid connected operational experience.  
The fuel cell stack dc power was inverted to ac power. The fuel cell inverter and the 
microturbine were connected to the grid in parallel.  A schematic of the power plant electric one-
line diagram is shown in Figure 2.13.  The microturbine generator was connected to the fuel cell 
inverter critical bus. Provisions were made for transfer of the load from the grid to an AC-load 
bank in case of plant trip events. The operation of the sub-MW DFC/T was demonstrated at high 
power levels in grid-connected mode.  Figure 2.14 shows the sub-MW DFC/T power plant 
process flow diagram, including a typical set of process operating conditions. 

Figure 2.12 Sub-MW DFC/T Power Plant Facility: 
Capstone C60 Microturbine Integrated with Full-size DFC Stack 
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Figure 2.13 Simplified Electrical One-line Diagram of the Sub-MW DFC/T Power Plant 
Facility  

Operational and control testing of the DFC/T sub-MW power plant facility also supported the 
sub-MW packaged DFC/T power plant (alpha unit) design activities.  Thermal management of 
the system was confirmed by increasing microturbine expander inlet temperature while 
controlling fuel cell operating temperature. The control strategies were refined based on the 
operational experience. The tests successfully demonstrated the ability of the control system to 
follow prescribed load ramps and to respond to abrupt utility grid outages.  The Capstone C60 
microturbine supplied sufficient air for operation of the DFC/T sub-MW power plant during the 
tests. The power plant operation was demonstrated using the microturbine as the only source of 
fresh air supply to the system. The power plant benchmarked the operation at ~250 kW in grid 
connected mode with a dc-to-ac inverter and the microturbine connected to the grid in parallel. 
NOx emission levels of less than 0.25 ppm were achieved.  The system trip/emergency shutdown 
scenarios were tested successfully. The operational tests, as well as the tests of the power plant 
heat-up confirmed the stable and well-controlled operation of the DFC/T power plant with a 
single gas turbine. The proof-of-concept test was completed achieving the milestone for 
operation of the world’s first grid-connected hybrid fuel cell/turbine power plant. 
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Figure 2.14 Sub-MW DFC/T Power Plant Facility Process Flow Diagram (Second Phase of Operation) 
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2.4 Stand-alone Tests with a Capstone C60 Microturbine 
After the completion of the proof of concept tests, the microturbine was de-integrated from the 
fuel cell facility for stand-alone testing.  Microturbine power output was characterized at higher 
TIT (expected in the packaged sub-MW DFC/T unit being designed) for verification of Capstone 
performance projections.  A photograph of the stand-alone test setup is included in Figure 2.15.  
As shown, a catalytic oxidizer was incorporated in the assembly and hydrogen was provided as 
fuel to achieve the desired TIT.  The piping system from the compressor outlet to the turbine 
inlet included an expansion joint and was designed to reduce side loading of the microturbine 
nozzles/casing.  The microturbine power output was characterized as a function of turbine back 
pressure (varied up to ~35 IWC) at a baseline TIT of 1250°F and at a higher TIT of 1400°F. 
Figures 2.16 and 2.17 show the characteristic plots based on the results.  TIT of 1250°F 
represents the temperature that was observed in fuel cell integrated tests in the sub-MW power 
plant facility.  A TIT of 1400°F represents the higher TIT expected in the packaged sub-MW 
DFC/T demonstration unit because of reduced heat losses.  Capstone’s expectations of turbine 
performance are also included in the plots for comparison.  A turbine power output of ~27 kW 
was observed at 1400°F TIT and 20 IWC backpressure with 90,000 rpm turbine speed.  The 
turbine power output observed during the stand-alone tests matched the expected theoretical 
values based on Capstone’s cycle analysis. 

Figure 2.15 Microturbine (C60) Stand-Alone Test Set-Up: 
Piping System Was Designed to Reduce Side-Loading of C60 Nozzles/Casing 

H2 Addition

Air Flow (Pressurized)

Catalytic
Oxidizer

Expansion 
Joint

H2 Addition

Air Flow (Pressurized)

Catalytic
Oxidizer

Expansion 
Joint



 17

MT Speed:  82kRPM,  TIT:  ~1250°F  
TET:  ~890°F, Ambient Temp.:  94°F

5.0

7.0

9.0

11.0

13.0

15.0

17.0

19.0

21.0

5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0

Turbine Back Pressure [IWC]

M
TG

 P
ow

er
 [k

W
]

Capstone - Expected @ 90 F

MT Speed:  82kRPM,  TIT:  ~1250°F  
TET:  ~890°F, Ambient Temp.:  94°F

5.0

7.0

9.0

11.0

13.0

15.0

17.0

19.0

21.0

5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0

Turbine Back Pressure [IWC]

M
TG

 P
ow

er
 [k

W
]

Capstone - Expected @ 90 F

 
Figure 2.16 Microturbine (C60) Performance Characterization At 1250°F TIT: 

The Turbine Performance in the Stand-Alone Test Matched the Expected Power 
 

Figure 2.17 Microturbine (C60) Performance Characterization At 1400°F TIT: 
The Turbine Power Output of 25-30 kW Expected with Increased TIT 

MT Speed: 90 kRPM, TIT: ~1400°F
TET: 938 - 957°F, Ambient Temp.: ~100°F

20.0

22.0

24.0

26.0

28.0

30.0

32.0

0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0
Back Pressure [IWC]

M
T 

Po
w

er
 [k

W
]

Capstone - Expected
Ambient Temp. Adjusted

MT Speed: 90 kRPM, TIT: ~1400°F
TET: 938 - 957°F, Ambient Temp.: ~100°F

20.0

22.0

24.0

26.0

28.0

30.0

32.0

0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0
Back Pressure [IWC]

M
T 

Po
w

er
 [k

W
]

Capstone - Expected
Ambient Temp. Adjusted



 18

3.0 40 MW DFC/T POWER PLANT DESIGN 
3.1 Turbine Parametric Studies and 40 MW DFC/T System Analyses 
One of the key features of the DFC/T power cycle is its adaptability to a wide range of existing 
gas turbine (GT) frames with minimal hardware modifications such as gas inlet/outlet ports.  
Compared with the microturbine used in the sub-MW DFC/T power plants, MW-sized gas 
turbines are designed to operate at high pressure ratios and high air flow rates.  The MW-sized 
gas turbines have higher specific power (power output per unit mass flow rate) and efficiency.  
However, the net gain in DFC/T plant performance (overall system efficiency) and the 
incremental cost from integration of the gas turbine with the fuel cell system depend on a 
multitude of design variables such as gas turbine pressure ratio (PR) and turbine inlet 
temperature (TIT).  A basic study was performed to examine the impact of these parameters on 
the performance of gas turbine in DFC/T power plants. The results of this fundamental study 
were used to set forth the criteria for selection of the existing gas turbines and the guidelines for 
R&D needs of the ultra high efficiency DFC/T power plants.  

The study was based on an indirectly heated Brayton cycle (open cycle).  The compressor was 
assumed to be a two-stage compressor with inter-cooling.  The compressor isentropic efficiency 
of 84% and the turbine (expander) isentropic efficiency of 90%, were used in the analyses.  The 
process simulations were carried out using CHEMCAD software (Chemstations, Inc). Figure 3.1 
shows the effect of PR and TIT on gas turbine performance.  As expected, the gas turbine 
specific work increases with TIT.  The specific work does not drop significantly with increase in 
PR in the high-pressure ratio range for each constant TIT curve.  

Figure 3.1 Specific Work Output as a Function of Pressure Ratio and Turbine Inlet 
Temperature for Indirectly Heated Inter-cooled Gas Turbine 
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Figure 3.2 shows the dependency of the gas turbine efficiency on PR and TIT.  Inter-cooling 
reduces the compressor power consumption, which leads to a higher gas turbine efficiency at 
high-pressure ratios.  The results show that for a given gas turbine design (fixed pressure ratio), 
the gas turbine is more efficient in conversion of the recuperated heat to useful work at higher 
turbine inlet temperatures.  However, the turbine inlet temperature effect is more pronounced at 
PR >9.  

Figure 3.2 Turbine Efficiency as a Function of Pressure Ratio and Turbine Inlet 
Temperature for Indirectly Heated Inter-cooled Gas Turbine 

Based on the results of the above parametric study, a gas turbine pressure ratio of 9 was selected 
for the 40 MW DFC/T system analyses. Initial system analysis included a simplified design 
concept featuring an indirectly heated gas turbine with a two-stage inter-cooled compressor, as 
shown in Figure 3.3.  The system was intended for long-term deployment.  In this system, the 
natural gas fuel is humidified in a heat recovery unit, utilizing the waste heat from the fuel cell 
cathode off-gas.  The humidified fuel is then superheated in the heat recovery unit before 
entering the fuel cell anode.  The air is compressed in the two-stage compression section of the 
gas turbine and is heated in two recuperators before entering the turbine section.  The expanded 
turbine air is mixed with the fuel cell anode off-gas before entering the anode gas oxidizer 
(AGO).  The AGO effluent is cooled to provide the heat to the compressed turbine air, and then 
directed to the fuel cell cathode.  The cathode off-gas is used in the heat recovery section to heat 
the turbine air and provide heat for fuel humidification (as mentioned above). The analysis was 
based on an advanced gas turbine with an isentropic efficiency of 87% for compression and 93% 
for expansion. The system electrical efficiency was estimated to be ~75% (based on LHV).   

An alternative design concept, shown in Figure 3.4, was also considered.  In this design, a reheat 
cycle was implemented in the expansion section of the gas turbine (two stages).  The addition of 
the re-heat section lowers the recuperation temperature and thus has the potential for lowering 
the recuperator cost and hence the cost of the power plant.  The net efficiency of the system is 
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75%, assuming an advanced gas turbine with isentropic efficiencies of 87% for compression and 
93% for expansion.  The breakdown of the power generation (and consumption) of the 40 MW 
hybrid power plant utilizing both inter-cooled and re-heat cycles is presented in Table 3.1. 

Figure 3.3 40 MW DFC/T Power Plant System with Inter-cooled Gas Turbine 
 

Figure 3.4 40 MW DFC/T Power Plant System with Inter-cooled and Re-heat Gas Turbine 

 

Heat Recovery Unit (HRU)

Exhaust

Air

Compressor

Expander

DIRECT FUEL CELL

Cooling Air

Feed Water

Natural Gas Feed Fuel
Treatment

Water
Treatment

~

Anode

CathodeOxidizer

Heat Recovery Unit (HRU)

Exhaust

Air

Compressor

Expander

DIRECT FUEL CELL

Cooling Air

Feed Water

Natural Gas Feed Fuel
Treatment

Fuel
Treatment

Fuel
Treatment

Water
Treatment

Water
Treatment

Water
Treatment

~~~~

Anode

Cathode

Anode

Cathode

Anode

CathodeOxidizerOxidizer

 

Heat Recovery Unit (HRU)

~

Anode

CathodeOxidizer

Feed Water

Natural Gas Feed Fuel
Treatment

Water
Treatment

Cooling Air

Exhaust

Air

Compressor

Expander

DIRECT FUEL CELL

Heat Recovery Unit (HRU)

~~~~

Anode

Cathode

Anode

CathodeOxidizer

Feed Water

Natural Gas Feed Fuel
Treatment

Fuel
Treatment

Fuel
Treatment

Water
Treatment

Water
Treatment

Water
Treatment

Cooling Air

Exhaust

Air

Compressor

Expander

DIRECT FUEL CELL

 



 21

Table 3.1 Large-Scale DFC/T Power Plant (Baseline Configuration) Performance 
Projections: 

Hybrid System has Potential for Significant Efficiency Gain Over DFC-only System 

In addition to the 40 MW power plant conceptual design for long-term deployment, system 
analyses were also performed for the near and mid-term applications.  The design concepts for 
the near-term to mid-term applications utilized commercially available gas turbines with 
operating data provided by the gas turbine manufacturers.  The gas turbine data were analyzed 
and incorporated in the steady-state DFC/T system models.  The system simulation runs were 
performed using CHEMCAD software. The large-scale DFC/T power plant performance (power 
output and efficiency) estimates for the near, intermediate and long-term systems of the baseline 
DFC/T configuration featuring a high temperature recuperator, are presented in Table 3.1. For 
comparison, performance estimates for the DFC-only systems are also shown in the table.  The 
integration of the fuel cell with a turbine in a hybrid system offers significant improvement in 
power plant electrical efficiency.  A system efficiency of 62% is projected for near term 
applications.  The mid-term and long-term system estimates are based on improved fuel cell 
performance.  The long-term system, in addition, employs an advanced gas turbine (with 
intercooled and reheat cycle) and has a potential to offer system electrical efficiency approaching 
75% (as reported above).  

The design of a large-scale hybrid power plant is focused on scalable products.  FCE has 
developed a fuel cell cluster concept to upscale product capacities in a short design time.  The 
fuel cell cluster concept employs a cluster of five one-MW (nominal rating) fuel cell (M10) 
modules as the building block for the power plant. The cluster of the M10 modules utilizes 
common gas headers for the fuel and oxidant delivery. As shown in Table 3.1, the path to long-
term high efficiency (75%) system product development may include the near-term systems with 
a nominal ~14 MW rating, utilizing commercially available turbines and two clusters of one-

Long-Term

DFC DFC/T Improved DFC/T Hybrid DFC/T Hybrid
Hybrid DFC With Improved With Intercooled

DFC & Re-heat 
Gas Turbine

Fuel Cell:
  DC Power Out, MW 12.0 12.0 16.8 16.8 33.5
  AC Power Out, Gross, MW 11.3 11.3 16.4 16.3 32.7

Gas Turbine:
  Expander Power, MW 7.9 8.7 20.7
  Compressor Power, MW (5.3) (5.9) (10.9)
  Net AC Out, MW 2.5 2.6 9.3

Air Blower Power, MW (0.3) (0.3)

Auxiliary Power Consumption, MW (0.1) (0.1) (0.1) (0.1) (0.2)

Net Power Output, MW 11.0 13.7 15.9 18.8 41.8

 Efficiency, % LHV Natural Gas 49.9% 62.0% 57.0% 67.0% 74.6%

Near-Term Mid-Term 
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MW fuel cell modules as the building blocks. The 40 MW power plant design will constitute fuel 
cell module clusters (e.g. twice the number of clusters used for the 14 MW plant above), sharing 
many of the balance-of-plant equipment; including water treatment, fuel preparation, control 
system, and power conversion units.    

3.2 Plant Process Design, Fuel Cell Module Cluster Concept and Turbine 
Selection 
A DFC/T system configuration alternative to the baseline configuration was developed to 
eliminate the need for a high temperature recuperator. Figure 3.5 shows the alternate 
configuration. This unique approach utilizes the energy content of the fuel cell anode off-gas to 
raise the temperature of the turbine compressed air by direct heat transfer in an oxidizer. In this 
configuration, natural gas is humidified and pre-reformed before feed to the direct (carbonate) 
fuel cells. Anode off-gas is cooled to condense out the product water. The cooled fuel gas is then 
compressed and directed to an oxidizer. A gas compressor boosts the anode off-gas up to the gas 
turbine inlet pressure. The recovery of waste heat from the fuel cell combined with oxidation of 
the vitiated anode gas in the oxidizer results in higher gas turbine inlet temperature and hence 
higher system efficiency.   

Figure 3.5 Alternate DFC/T System Configuration: 
This design concept generates clean electric power at high efficiency 

The pressure of the air entering the system is raised in the gas turbine compressor. The 
compressed air is heated in a recuperator that uses heat from the fuel cell cathode exhaust stream. 
This heated air then flows to the oxidizer where it is heated further by the oxidation of the anode 
off-gas. The hot pressurized oxidizer effluent gas expands in the gas turbine generating power 
that supplements the power produced by the fuel cells. The exhaust from the gas turbine flows to 
the fuel cell cathodes along with supplemental air from a blower, providing the oxygen and 
carbon dioxide needed in the fuel cell electrochemical process. 

The preliminary design of a 40 MW DFC/T power plant for near-term application was completed 
based on the alternate configuration. The design is based on a scalable approach using FCE’s 
existing MW-class fuel cell modules (M10) in a cluster arrangement. The fuel cell cluster design 
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is shown in Figure 3.6. There are five M10 modules in a cluster with distribution piping for the 
fuel and oxidant gases. Expansion joints have also been incorporated for the cluster piping. 

Figure 3.6 M10 Fuel Cell Module Cluster Design: 

MW-class Modules in Cluster are Connected by Radial Gas Distribution Piping 

Based on the scalable plant design concept, the plant is arranged in three sections in addition to 
the centralized equipment (the plant layout is discussed further later in this section).  Each plant 
section consists of two clusters of five M10 fuel cell modules together with supporting 
equipment. The supporting equipment includes: fuel preconverter, air blower, heat exchangers 
and two power conditioning units. The centralized equipment, which supports all three sections, 
includes a gas turbine, an anode gas compressor, an anode gas oxidizer and other site equipment 
such as a fuel clean-up system and a water treatment system. 

Material and energy balances were generated using CHEMCAD process simulation software.  
The performance of the 40 MW power plant, estimated based on near-term fuel cell performance 
and commercially available gas turbines, is presented in Table 3.2.  The key characteristics of the 
gas turbine for the 40 MW DFC/T system include: 76 lb/s air flow, 7.8 pressure ratio and 1800ºF 
TIT. The gas turbine selected for the 40 MW plant design is a Man Turbo Model 1304-11.  Man 
Turbo’s THM heavy-duty industrial gas turbine (shown in Figure 3.7) is used widely as a driver 
for compressors, pumps, or electric generators.  The THM gas turbine features rugged industrial 
design and two externally located combustion chambers that can be modified to direct the 
compressor air to the system heat recuperator and the heated air back to the turbine. 
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Table 3.2 40 MW DFC/T Power Plant Performance: 
Fuel Cell is Primary Source of Power Providing Over 80% of Total Power Output 

 
Plant Size 40 MW 
Fuel Cell  
         DC Power Output, MW 36.1 
         AC Power Output, MW 34.3 
Gas Turbine  
         Expander Power, MW 21.8 
         Compressor Power, MW (10.4) 
         Net AC Power, MW 10.8 
Plant Parasitic Load  
         Anode Gas Compressor, MW (3.6) 
         Other Auxiliary Loads, MW (0.8) 
Net Power Output, MW 40.8 
Efficiency, % (LHV of Natural Gas)  61.8 

 

 
Figure 3.7 Man Turbo Model 1304-11 Gas Turbine: 

This Commercially Available Turbine Is Rugged In Construction 
 

The process flow diagram (PFD) with process equipment for normal operation and start-up 
heating was generated.  The diagram is presented in three parts: a diagram showing lines for the 
5-module cluster, a diagram showing equipment and lines for a plant section that includes two 
clusters and their supporting equipment, and a diagram showing the central plant equipment and 
connecting lines to the three plant sections. The PFD for a 5-module cluster is shown in Figure 
3.8. Both pre-processed fuel and oxidant are distributed in parallel to the each module in the 
cluster. The PDF for a section that includes two clusters and their supporting equipment is shown 
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in Figure 3.9. The PFD for the central plant equipment and lines to the sections is shown in 
Figure 3.10. Auxiliary duct burners are incorporated upstream of the cathode inlet for power 
plant startup.  The oxidizer and auxiliary duct burners are fired with supplementary natural gas to 
heat up the fuel cell modules and BOP equipment.  On the anode side, small electric start-up 
heaters are provided to preheat fuel stream to prereformer inlet and fuel cell inlet temperatures.   
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Figure 3.8 40 MW DFC/T Plant Process Flow Diagram Part 1: Fuel Cell Module Cluster 
  

CONFIDENTIAL
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Figure 3.9 40 MW DFC/T Plant Process Flow Diagram Part 2: Plant Section 
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Figure 3.10 40 MW DFC/T Plant Process Flow Diagram Part 3: Central Plant Equipment 

 

CONFIDENTIAL
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3.3 Balance of Plant Design and Plant Layout 
Equipment specifications were prepared for key pieces of equipment and subsystems. Potential 
suppliers were contacted and preliminary configuration information and cost estimates (for use in 
plant cost estimation discussed later in this section) were obtained. A detailed list of plant 
equipment is presented in Table 3.3. The list includes the number of units (for each piece of 
equipment required for the 40 MW plant). 

The fuel clean-up subsystem is a centralized desulfurizer for the natural gas fuel using activated 
carbon in an epoxy lined carbon steel vessel. Prereforming of the fuel for each of the three plant 
sections is performed in a preconverter containing nickel based catalyst (in a stainless steel 
vessel).  

The power conditioning system (PCS) converts the ±300 VDC from the fuel cells to 13.8 kV and 
is modular.  A PCS module supports each fuel cell cluster.  The 6000 kW modular unit includes 
IGBT based inverters. The assembly is in a NEMA 3R outdoor rainproof enclosure.   The system 
also includes a step-up transformer. Efficiency of the PCS is >94%.  In all operating modes, the 
system is designed to draw equal current from each of the five fuel cell modules (in the cluster). 

The central control system (CCS) for the 40 MW plant is designed to coordinate the output of the 
three plant sections including the output from the six PCS systems. It provides operational 
sequence control for plant start-up heating, on-load operation, and normal and emergency 
shutdowns.  The centralized system is housed in an outdoor rainproof enclosure. 

Electrical one-line diagrams were prepared for the power generation and auxiliary power needs. 
An electrical one-line diagram for power generation is shown in Figure 3.11. In a fuel cell 
module, two stacks are connected electrically in series, forming two parallel electrical paths. 
Each two-stack series is connected to a separate section of the 6000 kW power conditioning 
system, which converts the 560-840 VDC to 480 VAC. The output of the 6000kW power 
conditioning inverters flows in parallel to a 480 VAC /13.8kV step up transformer. The output 
flows to a single 13.8kV line for the plant site. The generator from the gas turbine is also 
connected to the 13.8kV line. An electrical one-line diagram for the plant auxiliary power is 
shown in Figure 3.12. 

Overall layout of the 40 MW plant is shown in Figure 3.13.  The site is approximately 273’ x 
325’ in size. The arrangement of equipment on the site evolved from the considerations of 
providing easy access to the equipment for maintenance and replacement, and to minimize the 
distance (length) for the largest process piping.  Design of the site arrangement included sizing of 
all the process piping and the development of process pressure profiles consistent with 
performance estimates. Thermal insulation requirements were established for all the process 
piping based on surface touch temperature limit criteria.  A computer model was developed for 
detailed design of the piping system including pipe sizes and insulation thickness requirements. 
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Table 3.3 40 MW DFC/T Power Plant Equipment List 
Item PFD Designation Number 

Power Conditioning Modules PCM 6 
Central Control Room  1 
Fuel Cell M10 Module M10 30 
Gas Turbine GT-1 1 
Anode Gas Oxidizer H-1 1 
Start Heater H-2 6 
Anode Start Heater H-3 6 
Prereformer Inlet Start Heater H-4 3 
Fuel Treatment R-1A 1 
Prereformer R-2 3 
Air Blower B-1 3 
Anode Gas Compressor B-2 1 
Feedwater Pump P-1 1 
Coolant Pump P-2 1 
Condensate Pump P-3 3 
Water Treatment Pump P-4 1 
Thermal Management Assembly   
HT Recuperator E-1 6 
Cathode Inlet Preheater E-2 6 
2nd Air Preheater E-3 6 
Boiler E-4 3 
Superheater E-5 3 
Ist Air Preheater E-11 3 
Anode Gas Regenerator E-6 3 
Anode Preheater E-7 3 
Prereformer Inlet Preheater E-8 3 
Condenser E-9 3 
Fin/Fan Cooler E-10 1 
Condensate Chiller E-12 1 
Anode Gas Intercooler E-13 1 
Condensate Separator S-1 3 
Coolant Expansion Tank S-2 1 
Fuel Treatment After Filter F-1 1 
Prereformer After Filter F-2 1 
Coolant Filter F-3 1 
Gas Turbine Intake Air Filter F-4 1 
Air Blower Intake Air Filter F-5 3 
Water Treatment Coarse Filter F-6 1 
Water Treatment Fine Filter F-7 1 
Water Treatment Degasifier WT-1 1 
Demineralizer WT-2 1 
Demineralized Water Tank WT-3 1 
Coolant Treatment WT-4 1 
Condensate Tank WT-5 1 
I&C Air System IA-1 1 
Cluster Expansion Joints  6 Sets 
M10 Cluster Collection Manifolds 6  
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Figure 3.11 40 MW DFC/T Plant Electrical One-Line Diagram: Plant Power Generation 

CONFIDENTIAL
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Figure 3.12 40 MW DFC/T Plant Electrical One-Line Diagram: Plant Auxiliary Power 
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Figure 3.13 40 MW DFC/T Power Plant Layout: 
Plant is Divided Into Three Sections, Each Containing a Pair of Fuel Cell Clusters 
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3.4 Plant Capital Cost Estimation and Cost of Electricity Analyses 
The capital cost estimate for the 40 MW DFC/T power plant was developed based on equipment 
supplier preliminary quotations and process plant cost estimating standards.  Based on the 
detailed equipment list and specifications for the major equipment, vendor quotations were 
obtained for an initial power plant order. The cost of items such as material and labor for piping, 
thermal insulation, and DC cabling, was estimated using “Richardson Process Plant Construction 
Standards”1. The costs were escalated to 2004 US dollars, where applicable.  The M10 fuel cell 
module cost was based on FCE’s business plan and projections of cost at increasing production 
levels by FCE’s Torrington, CT manufacturing facility.  A breakdown of the 40 MW Hybrid 
power plant cost is shown in Table 3.4 for the initial and 2nd order, as an example.  Cost of the 
initial plant was estimated at $2885/kW.  Cost improvements based on a reasonable learning 
curve were incorporated in the projections as multiple plants are produced based on a yearly 
production rate.  For most of the equipment, cost reduction with quantity orders was established 
using a 95% learning/cost improvement curve.  A 95% learning curve represents a 5% reduction 
in cost for each doubling of the production rate.  The fuel cell module costs were based on a 77% 
learning curve. For the power plant central control system (cost estimated by Rockwell 
Automation), the non-recurring cost of initial software development was subtracted from 
subsequent orders. The cost of site civil works such as clearing the land, drainage, equipment 
foundations, general communications, and the site 13.8kV line connecting the 6 power 
conditioning system outputs was estimated at 5% of equipment cost. The labor cost for installing 
equipment at the site was estimated at 3% of equipment cost. The cost contingency provided was 
25% of the cost for items based on engineering estimates, and 15% of the cost for items based on 
quotations.  Figure 3.14 shows the plant capital/installed cost as a function of production rate up 
to 25 plants/year (1000 MW/y), considering BOP cost reductions of 5, 10, 15 and 20% for each 
doubling of the production rate (cost reduced to 95, 90, 85 and 80%, respectively). 

The more significant trends in cost reduction reflect product improvement through redesign and 
simplification, automation of equipment manufacturing and materials handling, manufacturing 
and installation, labor learning, as well as reduction in contingencies.  It also includes the 
cumulative effect of the cost reductions that result during the buildup to the high production 
rates. 

The levelized cost of electricity (COE) was estimated for a 25 year plant life based on a 15% 
capital recovery factor as well as assumed costs for startup and training, land, home office, 
allocable costs and profit. Figure 3.15 shows the COE for various production rates and fuel costs. 
This estimate is based on a balance of plant and installation learning factor of 95%. 
 

 
 

                                                 
1 Process Plant Construction Estimating Standards, Richardson Rapid System, Richardson Engineering Services, 
Inc., Mesa, Arizona, 1999 Edition, Volumes 1 to 4 
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Table 3.4 40 MW Power Plant Cost Breakdown for the Initial and 2nd Order 

RAS 10/28/04                        PLANT RATING , NET KW 41860  
               FIRST UNIT        SECOND UNIT

P&ID COST COST COST COST
ITEM DSGNTN NUMBER VENDORS $ $/KW  $ $/KW

POWER CONDITIONING MODULES PCM 6 SATCON 12,030,000 287.39 11,428,505 273.02
CENTRAL CONTROL SYSTEM & UPS 1 ROCKWELL AUTOMATION 671,625 16.04 471,625 11.27
MOTOR CONTROL CENTER 1 ROCKWELL AUTOMATION 96,099 2.30 96,099 2.30

 0.00
FUEL CELL M10 MODULE M10 30 FCE 60,000,000 1433.35 42,000,000 1003.34
 GAS TURBINE GT-1 1 MAN TURBO MODEL 1304 2,200,000 52.56 2,090,001 49.93
ANODE GAS OXIDIZER H-1 1 JOHN ZINK 450,000 10.75 427,500 10.21
START HEATER H-2 6 ECLIPSE 127,000 3.03 120,650 2.88
ANODE START HEATER H-3 6 CHROMALOX 63,744 1.52 60,557 1.45
PREREFORMER START HEATER H-4 3 CHROMALOX 42,801 1.02 40,661 0.97
FUEL TREATMENT R-1A 1 CAMERON GREAT LAKES 101,480 2.42 96,406 2.30
PREREFORMER R-2 3 SUD CHEMIE' 523,500 12.51 497,325 11.88

 0 0.00
AIR BLOWER B-1 3 NY BLOWER 44,000 1.05 41,800 1.00
ANODE GAS COMPRESSOR B-2&E-13 1 ATLAS COPCO 1,470,000 35.12 1,396,501 33.36
FEEDWATER PUMP P-1 1 PEERLESS 740 0.02 703 0.02
COOLANT PUMP P-2 1 PEERLESS 860 0.02 817 0.02
CONDENSATE PUMP P-3 3 PEERLESS 740 0.02 703 0.02

  0 0.00
 0 0.00

THERMAL MNGMNT ASMBLY   0 0.00
HT RECUPERATOR E-1 6 BROACH 2,520,000 60.20 2,394,001 57.19
CATHODE INLET PREHEATER E-2 6 BROACH 804,000 19.21 763,800 18.25
2ND AIR PREHEATER E-3 6 BROACH 1,566,000 37.41 1,487,701 35.54
BOILER/SUPERHEATER E-4&E-5 3 BROACH 288,600 6.89 274,170 6.55
IST AIR PREHEATER E-11 3 BROACH 519,000 12.40 493,050 11.78
ANODE GAS REGENERATOR E-6 3 BROACH 1,015,000 24.25 964,250 23.04
ANODE PRHEATER E-7 3 BROACH 783,000 18.71 743,850 17.77
PREREFORMER INLET PRHTR E-8 3 BROACH 1,323,000 31.61 1,256,851 30.03
CONDENSER&SEPARATOR E-9&S-1 3 BROACH 1,302,000 31.10 1,236,900 29.55

 0 0.00
FIN/FAN COOLER E-10 1 HUDSON 300,000 7.17 285,000 6.81
CONDENSATE CHILLER E-12 1 BROACH 7,188 0.17 6,829 0.16
COOLANT EXPANSION TANK S-2 1 25,000 0.60 23,750 0.57
FUEL TREATMENT AFTER FILTER F-1 1 10,000 0.24 9,500 0.23
PREREFORMER AFTER FILTER F-2 1 10,000 0.24 9,500 0.23
COOLANT FILTER F-3 1 5,000 0.12 4,750 0.11
GAS TURBINE INTAKE AIR FILTER F-4 1 INCLUDED WITH GT-1 0 0.00 0 0.00
AIR BLOWER INTAKE AIR FILTER F-5 3 AMERICAN AIR FILTER 110,000 2.63 104,500 2.50

0.00 0 0.00
WATER TREATMENT DEGASIFIER WT-1 1 LUMICEL 8,050 0.19 7,648 0.18

 0 0.00
WATER TREATMENT SYSTEM KINETICO 281,850 6.73 267,758 6.40
CARBON  FILTER F-6 1 KINETICO 0 0.00 0 0.00
 FINE FILTER F-7 1 KINETICO 0 0.00 0 0.00
DEMINERALIZER WT-2 1 KINETICO 0 0.00 0 0.00
DEMINERALIZED WATER TANK WT-3 1 KINETICO 0 0.00 0 0.00
WATER TREATMENT PUMPS P-4 1 KINETICO 0 0.00 0 0.00
COOLANT TREATMENT WT-4 1 10,000 0.24 9,500 0.23
CONDENSATE TANK WT-5 1 25,000 0.60 23,750 0.57
I&C AIR SYSTEM IA-1 1 51,870 1.24 49,277 1.18

SUB TOTAL EQUIPMENT COST 88,787,147 2121.05 69,186,187 1652.80 
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Table 3.4 40 MW Power Plant Cost Breakdown for the Initial and 2nd Order (continued) 

 
 

P&ID  
ITEM DSGNTN NUMBER VENDORS COST $ $/KW

CLUSTER EXPANSION JOINTS 6 SETS PATHWAY 423,936 10.13 402,739 9.62
5 M10 CLUSTER COLLECTION MANIFOLDS 6 SETS 123,377 2.95 117,208 2.80
 PIPING MATL 771,559 18.43 732,981 17.51
PIPE INSTALLATION 245,675 5.87 233,391 5.58
 PIPING BELLOWS 85,392 2.04 81,122 1.94
 PIPE  INSULATION(MATL & INSTALLATION) 143,534 3.43 136,357 3.26
 PIPE  SUPPORTS 50,000 1.19 47,500 1.13
 INSULATION ON EQUIPMENT 872,992 20.86 829,343 19.81
 VALVES MATERIAL& INSTALL LABOR $1,960,085 46.82 1,862,082 44.48
 INSTRUMENTS 500,000 11.94 475,000 11.35
DC CABLE/CONNECTORS & TRAYS 6 SETS 90,300 2.16 85,785 2.05
INSTRUMENT WIRE & CABLE 250,000 5.97 237,500 5.67

SUB TOTAL 94,303,997 2252.84 74,427,196 1778.00
SHIPPING 3% 2,663,614 63.63 2,075,586 49.58

SUBTOTAL 96,967,611 2316.47 76,502,782 1827.59
SITE CIVIL WORKS 5% OF EQUIPMENT COST 4,439,357 106.05 3,459,309 82.64
EQUIPMENT 'INSTALLATION LABOR & MATERIAL, 3% OF EQUIPMENT COST 2,663,614 63.63 2,075,586 49.58

  
GRAND TOTAL 104,070,583 2486.16 82,037,677 1959.81

CONTINGENCY ( 25% ON ENG EST, 15% ON  QUOTAT CONTINGENCY 16,675,746 398.37 12,305,652 293.97
GRAND TOTAL $120,746,329 2884.53 $94,343,328 2253.78
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Figure 3.14 40 MW DFC/T Power Plant Capital Cost Estimate 
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Figure 3.15 40 MW DFC/T Plant COE Estimate for BOP Learning Factor of 95% 
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The COE breakdown and the assumptions used in the analysis are shown in Table 3.5. A key 
element of the COE is the maintenance cost. The hybrid plant gas turbine fixed and variable 
maintenance costs (Note 1) are based on those listed in the 1998 DOE Electric Generation Sector 
Summary escalated to 2004 dollars. The fuel cell part of the plant fixed and variable maintenance 
costs (Note 2), are based on previous cost studies of the 20 MW plant conducted in 1998 with 
costs escalated and scaled to the present 40 MW plant. The maintenance cost includes 4 
replacements (at 5-year intervals) of the M10 modules during the plant 25-year life. The M10 
cost at each replacement is based on the continuing plant production rate plus added production 
associated with increasing requirement for M10 replacements for other plants in the field. Thus 
the M10 replacement cost 20 years out is based on the assumed production rate plus the added 
M10s for stack replacements. At a 1000 MW per year plant production rate (25 plants/year), the 
M10 production rate to support plants in the field after 20 years would be up to 3750 MW/year. 
The M10 replacement cost at 20 years reflects this level of production. It is also assumed that the 
M10 installation cost is offset by scrap value of the returned M10s. The reduction in 40 MW 
DFC/T plant COE as a function of production rate is shown in Figure 3.16, for various assumed 
BOP learning factors (improvements/cost reductions). This cost reduction is independent of fuel 
cost. 

Table 3.5 40 MW DFC/T Plant COE Breakdown for 95% BOP Learning Factor 

RAS 11/22/04 40 MW COST OF ELECTRICITY  VS PLANT PRODUCTION & BOP IMPROVEMENT FACTOR
BOP IMPROVEMENT= 0.95

PLANT PRODUCTION 1/YR 2/YR
POWER, KW 41,860 41,860

BASIS $ $/kW BASIS $ $/kW
EQUIPMENT & INSTALLATION COST, $/KW 2884.5 120,746,329 2885 2253.78 94,343,328 2254
 STARTUP & TRAINING 2% 2,414,927 58 2% 1,886,867 45
LAND@ $20,000/ACRE 2 ACRES 40,000 1 2 ACRES 40,000 1
HOME OFFICE 3% 3,622,390 87 3% 2,830,300 68
ALLOCABLE COST 3% 3,622,390 87 3% 2,830,300 68
PROFIT 5% 6,037,316 144 5% 4,717,166 113
TOTAL CAPITAL REQUIREMENT 136,483,352 3260 106,647,961 2548

CAPITAL CHARGE RATE (25 YEAR)   % 15 15
CAPACITY FACTOR, % 90 90
FUEL COST, $/MM BTU(HHV) 5 5
EFFICIENCY,(LHV) % 63.7 63.7
EFFICIENCY,(HHV) % 57.39 57.39
YEARLY POWER GENERATION, KW HRS 330,024,240 330,024,240

FUEL CELLS 76.7%
GAS TURBINE 23.3%

COST OF ELECTRICITY(25 YEAR LEVELIZED)
 CONSTANT $

YEARLY CENTS/ YEARLY CENTS/
COST KW HR COST KW HR

CAPITAL RECOVERY COST( 15% FACTOR) $20,472,503 6.20 $15,997,194 4.85
OPERATING & MAINTENANCE COST

FC FIXED, CNTS/KWHR(FC OUT (2) $241,029 0.073 (2) $241,029 0.073
FC VRBLE CNTS/KWHR(FC OUT (2) $364,776 0.111 (2) $364,776 0.111

GAS TURBINE, FIXED 37.4 $/KW YR(1) $364,776 0.111 37.4 $/KW YR(1) $364,776 0.111
VRBLE 0.7 $/MWHR(1) $53,827 0.016 0.7 $/MWHR(1) $53,827 0.016

FUEL HEATING VALUE, BTU/KWHR   (HHV 22,780 22,780
FUEL COST $9,813,766 2.97 $9,813,766 2.97
FUELCELL REPLACEMENT (ANNUALIZED)
(4 REPLACEMENTS @5 YEARS) $6,646,916 2.01 $5,323,906 1.61
TOTAL COST OF ELECTRICITY 11.50 9.74

FUEL CELL REPLACEMENT COST
PLANT PLANT
MW/YR M10 COST REPLACEMENT MW/YR M10 COST REPLACEMENT

 @5th  YEAR 60 $1,617,287 $48,518,624 120 $1,295,381 $38,861,420
@10 TH YEAR 90 $1,420,374 $42,611,228 180 $1,137,661 $34,129,840
@ 15TH YEAR 120 $1,295,381 $38,861,420 240 $1,037,547 $31,126,398
@ 20TH YEAR 150 $1,206,054 $36,181,626 300 $966,000 $28,979,993

 
TOTAL = $166,172,899 TOTAL = $133,097,651

ASSUME SCRAP VALUE CANCELS INSTALLATION COST



 40

Table 3.5 40 MW DFC/T Plant COE Breakdown for 95% BOP Learning Factor 
(continued) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
Note (1) – The gas turbine fixed and variable maintenance costs are based on costs listed in the 
1998 DOE Electric Generation Sector Summary escalated to 2004 dollars.  
 
Note (2) - The fuel cell fixed and variable maintenance costs are based on previous cost studies 
for the 20 MW plant, conducted in 1998, with costs escalated and scaled to the 40 MW plant 
size. The maintenance cost includes 4 replacements of the M10 modules during the plant’s 25-
year life. It is also assumed that the M10 installation cost is offset by scrap value of the returned 
M10s. 
 
 
 
 
 
 

PLANT PRODUCTION 10/YR 25/YR
POWER, KW 41,860 41,860

BASIS $ $/kW BASIS $ $/kW
EQUIPMENT & INSTALLATION COST, $/K 1615.19 67,611,849 1615 1386.55 58,040,791 1387
 STARTUP & TRAINING 2% 1,352,237 32 2% 1,160,816 28
LAND@ $20,000/ACRE 2 ACRES 40,000 1 2 ACRES 40,000 1
HOME OFFICE 3% 2,028,355 48 3% 1,741,224 42
ALLOCABLE COST 3% 2,028,355 48 3% 1,741,224 42
PROFIT 5% 3,380,592 81 5% 2,902,040 69
TOTAL CAPITAL REQUIREMENT 76,441,389 1826 65,626,094 1568

CAPITAL CHARGE RATE (25 YEAR)   % 15 15
CAPACITY FACTOR, % 90 90
FUEL COST, $/MM BTU(HHV) 5 5
EFFICIENCY,(LHV) % 63.7 63.7
EFFICIENCY,(HHV) % 57.39 57.39
YEARLY POWER GENERATION, KW HRS 330,024,240 330,024,240

COST OF ELECTRICITY(25 YEAR LEVELIZED)

YEARLY CENTS/ YEARLY CENTS/
COST KW HR COST KW HR

CAPITAL RECOVERY COST( 15% FACTOR) $11,466,208 3.47 $9,843,914 2.98
OPERATING & MAINTENANCE COST

(2) $241,029 0.073 (2) $241,029 0.073
(2) $364,776 0.111 (2) $364,776 0.111

GAS TURBINE, 37.4 $/KW YR(1) $364,776 0.111 37.4 $/KW YR(1) $364,776 0.111
0.7 $/MWHR(1) $53,827 0.016 0.7 $/MWHR(1) $53,827 0.016

FUEL HEATING VALUE, BTU/KWHR   (HH 22,780 22,780
FUEL COST $9,813,766 2.97 $9,813,766 2.97
FUELCELL REPLACEMENT (ANNUALIZED)
(4 REPLACEMENTS @5 YEARS) $3,179,949 0.96 $2,371,373 0.72
TOTAL COST OF ELECTRICITY 7.72 6.99

FUEL CELL REPLACEMENT COST
PLANT PLANT
MW/YR M10 COST REPLACEMENT MW/YR M10 COST REPLACEMENT

600 $773,726 $23,211,782 1500 $576,988 $17,309,642
900 $679,521 $20,385,626 2250 $506,737 $15,202,103

1200 $619,723 $18,591,681 3000 $462,144 $13,864,311
1500 $576,988 $17,309,642 3750 $430,275 $12,908,260

TOTAL = $79,498,731 TOTAL = $59,284,315
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Figure 3.16 40MW DFC/T Plant COE Reduction with Production Rate Increase 

Cost of electricity estimates for a 40 MW hybrid power plant were compared to the COE for a 
gas turbine combined cycle (GTCC) plant. A Rolls Royce model 1XRB211-6762 plant was used 
for the comparison because this plant has an advertised output of 42.64 MW which is similar to 
the 40 MW Hybrid plant. This GTCC plant has an equipment cost of $672/kW as listed in “Gas 
Turbine World 2003 Handbook” (GTW). GTW also suggests that installation and complete 
turnkey plant services can add 60 – 100% to equipment cost. These added costs include 
foundations, water systems for compressor intake cooling, steam injection for NOx control, as 
well as electrical step up transformers and site distribution, transformers, motor control centers 
and anti-icing systems. Based on these added costs a GTCC cost of $1195/kW was assumed for 
the comparison.  Table 3.6 shows a breakdown of COE costs for the 40 MW fuel cell hybrid 
plant (with production rate of 25 plants/y, 95% BOP learning factor) and the 40 MW GTCC, 
based on a $5/MMBtu fuel cost.  

Figure 3.17 shows the 40 MW fuel cell hybrid plant COE as a function of fuel cost and 
production rates, for a BOP learning factor of 95% (5% cost reduction from improvements for 
each doubling of the production rate). With future fuel cell technology developments enabling 
higher power operations of fuel cell modules, further cost reductions are expected. 
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Table 3.6 40 MW DFC/T and GTCC Plant COE Breakdown 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

 

 

 

 

RAS11/22/04 40 MW COST OF ELECTRICITY COMPARISON
25 PLANT /YR PRODUCTION, 95% BOP IMPROVEMENT CURVE

PLANT TYPE              FUEL CELL HYBRID GAS TURBINE COMBINED CYCLE
POWER, KW 41,860 42,640 ROLLS  ROYCE1XRB211-6762

BASIS $ BASIS $
EQUIPMENT & INSTALLATION COST, $/KW 1386.55 58,040,791 1195 50,935,418
 STARTUP & TRAINING 2% 1,160,816 2% 1,018,708
LAND@ $20,000/ACRE 2 ACRES 40,000 2 ACRES 40,000
HOME OFFICE 3% 1,741,224 3% 1,528,063
ALLOCABLE COST 3% 1,741,224 3% 1,528,063
PROFIT 5% 2,902,040 5% 2,546,771
TOTAL CAPITAL REQUIREMENT 65,626,094 57,597,023

CAPITAL CHARGE RATE (25 YEAR)   % 15 15
CAPACITY FACTOR, % 90 90
FUEL COST, $/MM BTU(HHV) 2 2
EFFICIENCY,LHV) % 63.7 52.8
EFFICIENCY,(HHV) % 57.39 47.57
YEARLY POWER GENERATION, KW HRS 330,024,240 336,173,760

FUEL CELLS 76.7% GAS TURBINE 71.2%
GAS TURBINE 23.3% STEAM PLANT 28.8%

COST OF ELECTRICITY(25 YEAR LEVELIZED)
 CONSTANT $

YEARLY CENTS/ YEARLY CENTS/
COST KW HR COST KW HR

CAPITAL RECOVERY COST( 15% FACTOR) $9,843,914 2.98 $8,639,553 2.57
OPERATING & MAINTENANCE COST

FC FIXED, CNTS/KWHR(FC OUTPUT (2) $241,029 0.073 FIXED 29.4 $/KW YR(1) $1,253,616 0.373
FC VRBLE CNTS/KWHR(FC OUTPUT (2) $364,776 0.111 VRBLE 0.56 $/MWHR(1) $188,257 0.056

GAS TURBINE, FIXED 37.4 $/KW YR(1) $364,776 0.111
VRBLE 0.7 $/MWHR(1) $53,827 0.016

FUEL COST $3,925,328 1.19 $4,823,885 1.43
FUELCELL REPLACEMENT (ANNUALIZED)
(4 REPLACEMENTS  @5 YEARS) $2,371,373 0.72
TOTAL COST OF ELECTRICITY $17,165,023 5.20 $14,905,312 4.43

FUEL CELL REPLACEMENT COST
PLANT
MW/YR M10 COST REPLACEMENT Note (1)  DOE 1998Electric  Generation Sector Summary 

1500 $576,988 $17,309,640 escallated to 2004 $ by 1.06 factor 
2250 $506,737 $15,202,110 (2) Escalated and scaled from 1999 Hybrid study estim
3000 $462,144 $13,864,320
3750 $430,275 $12,908,250

TOTAL = $59,284,320  
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Figure 3.17 COE Comparison for 40MW DFC/T and GTCC Plants 
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4.0 SUB-MW PACKAGED DFC/T POWER PLANT (ALPHA 
UNIT) DESIGN, FABRICATION AND OPERATION 

4.1 Design and Development 
The design of the sub-MW packaged DFC/T power plant (Alpha Unit) included the following 
activities: 

• A power plant system process model was prepared, using CHEMCAD simulation software.  
The simulation runs were performed to generate key operating parameter information. Mass 
and energy balances for rated operation and design conditions, and for power plant start-up 
conditions (including hot standby) were completed.   

• A process flow diagram of the power plant was generated including the major operating 
equipment as well as the plant start-up equipment.   

• The process equipment specifications and data sheets were prepared based on simulation 
results. The BOP equipment specifications were issued to Original Equipment Manufacturers 
(OEM) and suppliers for quotation.  The design alternatives, budgetary cost estimates and 
vendors for the key equipment were evaluated.  Suppliers for equipment such as 
microturbine, recuperators, and anode gas oxidizer were selected. 

• A set of Piping and Instrumentation Diagrams (P&IDs) was generated incorporating the 
design information and recommendations from sub-MW proof-of-concept tests, DFC300 
product data and the HAZOP Safety Review suggestions.  This includes P&IDs for the 
process, utilities and mechanical designs. The set of P&IDs was refined to incorporate design 
information and recommendations resulting from software development and coding. 

• A safety review of the DFC/T 300 system was conducted based on the HAZOP methodology 
widely utilized by the process industries.  The HAZOP review generated a list of design 
suggestions that were evaluated and incorporated in the final design of the power plant. 

• The design modifications of existing DFC300A fuel cell module for application to the 
DFC/T 300 system were finalized.  Major modifications included anode-exhaust pipe spool 
redesign to direct the stream to balance-of-plant, and the cathode-in flow distributor for 
thermal uniformity of cathode-in gas to the stack. 

• The Alpha Unit design included packaging the fuel cell and the microturbine in a single 
truck-transportable module (DFC/T 300). Three-dimensional equipment (process, utility and 
other) and piping layout drawings were prepared using the Intergraph plant design software.  
Provisions for lifting and transportation were included in the design.  Figures 4.1 and 4.2 
show the isometric views of the DFC/T 300 sub-MW packaged unit. 

• Detailed design of the civil, structural, mechanical, and piping disciplines was completed.  
Structural design included the fuel treatment skid, the fuel cell skid, and the equipment 
(structural steel) supports.  Mechanical design included the general arrangement of all the 
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equipment.  The mechanical design also included the ventilation fans, compartment heaters, 
other HVAC related components, and the enclosure design.  The enclosure design included 
access doors, compartment barriers, roof access panels, and enclosure wall penetrations.  
Piping design included the piping spools, supports, expansion joints, and pipe specialty 
items.  Pipe stress analysis was conducted, generating specifications and pipe supports. 

• The instrumentation design included preparing specifications for valves, transmitters, 
thermocouples, flow elements, safety valves, pressure regulators, etc.  Bids were solicited 
from the suppliers and evaluated.  Design parameters and specifications were developed for 
control equipment.  Process control software development is discussed in detail below. 

• Electrical power distribution design was completed. 

 
 

Figure 4.1 DFC/T 300 Sub-MW Packaged Unit Layout: 
Isometric View Showing One Side 
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Figure 4.2 DFC/T 300 Sub-MW Packaged Unit Layout: 

Isometric View Showing Other Side 

Process control software development: Process control software development included the 
development of control philosophy, alarm lists, I/O lists, and incorporation of the microturbine 
control philosophy into the overall hybrid fuel cell system control philosophy.  These activities 
are summarized below. 

Control philosophy:  The details of the microturbine start-up, the stack differential pressure and 
anode booster-blower control, and plant start-up, restart, and shutdown strategies were 
developed.  The strategies for control of air, water, and fuel flow rates were also developed based 
on the DFC300 power plant control system and the lessons learned from the proof-of-concept 
tests.  

Alarm list:  The alarm list and proper alarming actions were developed based on the P&ID and 
the DFC300 power plant. 

Control system network structure (Figure 4.3):  The DFC/T power plant is controlled via a GE 
Fanuc PLC.  Sensor measurements (inputs) and actuator control moves (outputs) are directly 
wired into the PLC I/O modules.  The packaged DFC/T power plant includes a local Human 
Machine Interface (HMI).  The operator communicates with the power plant through the HMI.  
The HMI is connected to the PLC through a local area network (LAN).  In addition to allowing 
local access to and control of the power plant, the HMI also facilitates data logging through an 
OSIsoft PI Database, a paging service, remote access through an internet connection, and local 
access by the FCE field service center through the company’s LAN.   
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PLC programming of ladder logic in VersaPro: The control philosophy, alarm list, as well as 
associated permissives and interlocks were programmed in PLC ladder logic.   
 

Figure 4.3 DFC/T Control Network Structure 
HMI programming:  Programming of the HMI screens was completed.  A commercial software 
package, Cimplicity, was used to develop the display screens.  A total of 41 screens including 
power plant setup, grid setup, monitoring, P&IDs, trends, and controllers were created.  The 
HMI screens for the “DFC Module”, “Fuel Preparation” and “Turbine” are shown in the Figures 
4.4, 4.5, and 4.6, respectively.  

 

Figure 4.4 HMI Screen for DFC Module Subsystem P&ID 
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Figure 4.5 HMI Screen for Fuel Preparation Subsystem P&ID 
 

Figure 4.6 HMI Screen for Turbine P&ID 
Remote operation:  There are various options for remote connection to the control system. 
Remote internet access may be established either via pcAnywhere software, which allows for full 
remote operation of the HMI or through Cimplicity’s Webview which allows for display only.  
Field service personnel can connect either to the PLC directly through GE Fanuc VersaPro and 
Cimplicity Plant Edition, or to the HMI via pcAnywhere or Webview through LAN.  
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Communications:  The DFC/T 300 communication plan was based on the DFC300 units that 
have a GE Fanuc model 90-30 PLC with a serial communications RTU/Modbus module.  The 
Capstone microturbine had only an RS-232 serial communications port, so a Capstone furnished 
gateway (their Modbus Translator Module) was used to interface between the RS-232 port and 
the RTU module. The Capstone furnished wiring between the translator and the turbine port was 
an RS-232 cable with Dsub 9 connectors at both ends.  The wiring between the translator and the 
PLC RTU card was RS-485 twisted shielded pair (Belden 9842).  The communications protocol 
was Modbus RTU. 

Some signals between the PLC and inverter PCU did not have fast enough response times via 
Modbus RTU, and were changed to hard-wired.  There was no problem with the PLC to turbine 
communication speed because the turbine was in supervisory control mode.  The turbine, 
inverter, and dump valve were under local processor control, with setpoint values coming from 
the remote PLC, and measured variables being reported back to the remote PLC.  The 
communications protocol is shown in Figure 4.7. 

Figure 4.7 Communication Protocol 

4.2 Fabrication and Equipment Procurement 
All major equipment items were ordered and received. The procurement activity included 
checkout and acceptance tests at the factory for critical/key pieces of equipment. The tests 
carried out included performance test/characterization of the anode booster blower, and pressure 
tests of recuperators/heat exchangers.  Results of the equipment checkout tests are presented 
below. 

Anode Booster Blower Performance Test: In the DFC/T power plant, the Anode Booster 
Blower (ABB) is a high temperature blower used to control critical anode-to-cathode differential 
pressures around the fuel cell.  The performance test at the operating temperature of 1180oF for 
the ABB was conducted at the equipment manufacturer’s site.  Figure 4.8 shows the test set-up 
for the blower performance test.  The test was set up as a closed loop system to minimize heating 
requirements and heat-up time. 
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Figure 4.8 Anode Booster Blower Performance Test at the Factory 
Key operating parameters for the blower were monitored and recorded.  The parameters 
monitored during the test included: blower inlet temperature, seal temperature, bearing 
temperatures, blower vibration, seal air flow, pressure boost, fan speed, and casing pressure.  The 
test results indicated that the blower successfully met the flow, temperature, and pressure 
requirements specified for the application.  

Recuperator Pressure Tests: The Fuel Preheater (FP), the Low Temperature Recuperator 
(LTR), and the High Temperature Recuperator (HTR) are the key pieces of equipment in the heat 
recovery system.  They are located in the exhaust gas train and the microturbine process air train.  
Pressure tests for all three units were conducted at the manufacturer’s site.  Tests were conducted 
at ambient temperatures.  Test pressures were adjusted to compensate for actual operating 
temperatures.  Figure 4.9 shows the FP, and Figure 4.10 shows the HTR during pressure tests.  
The three heat exchangers/recuperators successfully passed the pressure tests with no leaks 
between internal flow paths or to the external environment. 

Fabrication of the Packaged Sub-MW Demonstration Unit: Modifications of the existing 
DFC300A fuel cell module for application to the DFC/T 300 system (including anode-exhaust 
pipe spool redesign and the cathode-in flow distributor) were tested and implemented.  The 
anode-exhaust redesign was successfully tested in redirecting the flow of the anode exhaust 
stream to the balance-of-plant.  The cathode-in distributor was successfully tested demonstrating 
uniform flow distribution and minimal pressure drop through the distributor. 
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Figure 4.9 Fuel Preheater Pressure Test at the Factory 

 

 
Figure 4.10 High Temperature Recuperator Pressure Test at the Factory 

 

All equipment items for the fuel treatment skid were received and installed. Figure 4.11 shows 
the fabrication of the skid with installation of equipment, piping, insulation, etc., in progress. 
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Figure 4.11 Fuel Treatment Skid Fabrication for Sub-MW Alpha DFC/T Unit 
 

Fabrication of the mechanical balance-of-plant included:  fuel treatment skid structural steel, fuel 
cell skid structural steel, equipment supports, pipe spool fabrication, and pipe supports.  Valve 
and instrument installation was carried out in conjunction with piping installation. Installed 
equipment and piping was insulated. Fabrication/installation of the instrument control panels and 
electrical checkout of valves were conducted. 

The electrical balance-of-plant was fabricated.  The standard electrical balance-of-plant design 
was modified to incorporate the addition of the microturbine and the Secondary Startup Heater.  
Other modifications were related to high and low ambient temperatures for operation at the test 
site in Montana. 

A full-size DFC stack was fabricated for dedication to the Alpha Unit demonstration.  The 250 
kW fuel cell stack module (designated as A300-59) was conditioned and operated for factory 
acceptance. Figure 4.12 shows a picture of A300-59 at FCE.  The acceptance tests of the fuel cell 
stack were completed in August 2005. The fuel cell stack achieved power levels in excess of 300 
kWdc during the factory acceptance tests. 
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Figure 4.12 Fuel Cell Stack Module A300-59 before Integration in Alpha DFC/T Power 
Plant 

A pre-tested full-size DFC stack (factory dedicated stack) was made available for use in the 
initial phase of the Alpha Unit factory tests.  Integration of the MBOP, the EBOP, and the Direct 
Fuel Cell module (containing the factory dedicated stack) included:  placement of the MBOP, 
alignment of the fuel cell structural skid, placement of the Direct Fuel Cell module and 
alignment with the MBOP, alignment of the EBOP, installation of the DC power cables, 
installation of AC power cables, and installation of communication cables. 

4.3 Alpha Unit Factory Tests 
Initial testing of the alpha DFC/T unit at Danbury, CT included checkout, evaluation, and 
adjustment or fine tuning of the following systems:  natural gas flow control and pressure control 
systems, high purity water regeneration and storage system, fuel treatment system, air 
temperature and flow control systems, flow and temperature control for the microturbine, fuel 
cell voltage and current control systems, and AC electrical systems.  During plant startup and 
operation, all aspects of the control software were extensively tested and debugged as necessary.  
Start-up, operating, and control strategies were fine-tuned based on operating experience.  Initial 
communication issues between micro turbine, inverter, and PLC were resolved.  The plant 
software was fully functional, including the ability to operate the power plant remotely. Figure 
4.13 shows the integrated DFC/T hybrid power plant during initial testing at Danbury, CT. 
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Figure 4.13 DFC/T Hybrid Power Plant Testing 

 
Grid-connected operation of the sub-MW class Alpha hybrid packaged unit was established 
during the factory tests.  The power plant’s control system was enabled.  Debugging of the 
control software and testing of key pieces of equipment were performed.  The integrated 
Capstone microturbine was tested at the rotational speed of 96,000 rpm, which is the design 
speed of the generator at full power.  Factory tests of the Alpha Unit focused on the following 
items: 

• Resolution of mechanical, instrument, electrical, and process control issues typical of a 
startup situation 

• Validation of Alpha Unit performance objectives 

During the factory tests at FCE’s Danbury site a number of startup issues were addressed as the 
Alpha Unit was brought up to normal operating condition power generation levels.  These issues 
included the items shown in Figure 4.14, which represents a runtime history of initial heat-up, 
operation and power generation during the Factory Tests. The main events included: 

• Establishing Modbus communications between the C60 microturbine and the Programmable 
Logic Controller (PLC) to facilitate continuous microturbine ramping during heat-up and 
cool-down. 
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• Resolving heat tracing issues during cold weather operations to insure a continuous water 
supply. 

• Replacement of a valve that allowed hot air to bleed backwards in the piping system. 

• Integration of the A300-59 DFC/T fuel cell stack (conditioned and acceptance tested earlier 
and dedicated for alpha unit demonstration) with the balance of plant. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.14 Factory Tests of Alpha Unit at Danbury, CT 
Start-up issues were resolved to ensure reliable operation, during November and December of 
2005.  From December onwards, operation readiness and power readiness followed parallel 
paths, indicating reliable power generation.  Validation of Alpha power plant performance was 
completed after six months of factory acceptance tests including continuous operation for more 
than a month at FCE’s facilities. 

A number of other operational performance tests were also conducted during the factory tests at 
Danbury.  These included monitoring/evaluating: 

• Power plant response to grid disturbances 

• Power plant recovery from grid disturbances 

• Power plant response to system safety trips 

• Process control response to mechanical failures 
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Alpha DFC/T hybrid power plant factory tests were completed successfully in February 2006.  
The factory test goals of operability and power generation performance were achieved.  The tests 
successfully demonstrated the ability of the power plant’s operating and control strategies to 
safely protect the power plant during the various disturbances or mechanical failures.  The 
following highlights the achievements of the Alpha hybrid power plant: 

• Completed greater than 2400 hours of operation (1300 hours power ready) at Danbury, CT 

• Demonstrated 320+ kW net AC power output  

• Achieved 58% LHV-based efficiency  (56% at iso conditions) 

• Completed 4 deep thermal cycles 

• Demonstrated reliable on-stream operation 

Figure 4.15 shows an HMI display screen shot documenting Plant Net AC output and Plant 
Efficiency. 
 

 
 

Figure 4.15 Main Menu Screen for Alpha DFC/T Hybrid Power Plant 
 

4.4 Alpha Unit Emissions Tests 
Emissions tests for the Alpha DFC/T hybrid power plant were conducted to validate power plant 
performance relative to the CARB 2007 weighted emissions limits.  The tests were conducted by 
an independent testing laboratory.  The emissions tests showed that the DFC/T hybrid power 
plant met and exceeded the emission level requirements of CARB 2007. Table 4.1 shows a 
summary of the emission test results.   
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Table 4.1 DFC/T Emission Tests 

Upon completion of the factory tests, the Alpha Unit power plant was shut down on March 3, 
2006 to prepare it for shipment to field demonstration site. The power plant was disconnected 
from utilities, disassembled into shipping units, shrink-wrapped, and shipped. 

4.5 Alpha Unit Field Demonstration 
Site Selection: Potential demonstration sites in Montana for the packaged sub-MW unit were 
reviewed.  Two venues in Montana, including the Engineering/Physical Science Building at 
Montana State University (Bozeman, MT) and the Deaconess Billings Clinic (Billings, MT), 
were investigated.  Site selections criteria, site preparation requirements, natural gas quality, and 
water quality, were prepared for the final site selection.  Both sites were found to be suitable for 
the demonstration of the hybrid DFC/T beta unit. Billings clinic site was ultimately selected for 
the field demonstration of the alpha unit. 

Data Acquisition and Communication Setup: To communicate with the Alpha DFC/T unit in 
Montana during the field demonstration period, a secure Virtual Private Network (VPN) 
connection between FCE’s Global Technical Assistance Center (GTAC) in Danbury and the 
Alpha Unit was established through a Cisco Firewall using internet access provided by Billings 
Clinic.  Once connected, access to the entire unit can be achieved via PCanywhere software.  
Remote operation can be implemented through Cimplicity PlantEdition software.  Changes to the 
control logic can be directly applied via VersaPro software.  In addition, critical operating data 
can be logged in real time to a database using OSIsoft PI software.  This data can be accessed 
from any computer on FCE’s local or VPN network for online monitoring and analysis.  Remote 
monitoring was also available through WebView software. Figure 4.16 shows a schematic of the 
Alpha Unit’s communication and data collection topology.  

The Cisco firewall is connected to a Windows PC, which runs the local Human Machine 
Interface (HMI) through Cimplicity Runtime Viewer.  The HMI receives its data from the 
Programmable Logic Controller (PLC) via an Ethernet switch.  In addition the HMI functions as 
a pager to notify field service and GTAC of any alarms.  For redundancy, alarms are also sent 
directly from the PLC through an OmniMetrix pager.  In addition to paging services, the 
OmniMetrix service allows for remote restart of the HMI computer. 

NOx VOC CO

DFC/T * 0.004 0.002 0.075

CARB-'07 weighted emission limit 0.07 0.02 0.1

*   Tests on 02/21/2006, Average 307 kW

lb/MW-hr
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Figure 4.16 DFC/T Communication Setup 

 
The PLC is the DFC/T’s central control and permits all aspects of operation.  During every 
program sweep it reads plant measurements, checks alarm conditions, computes control moves, 
and sends control actions to the appropriate actuators.  The plant operator communicates with the 
PLC through the HMI.  

In addition to directly-wired measurements and control signals, the PLC also communicates with 
the Power Conditioning Unit’s (PCU) controller, the parasitic power meter, the tie-breaker 
controller (F60), and the Microturbine through a Modbus connection.  Because the 
Microturbine’s standard communication protocol was serial, a Modbus translator was required.  
The PCU controller regulates stack power by drawing appropriate amounts of stack current.  
Since Modbus communications are slow in comparison, the PCU communicates with the PLC 
through hardwired connections for critical control points.  

In addition to the Modbus, the microturbine is connected to the HMI via the local area network 
(LAN) switch and a protocol converter. This Ethernet connection allows detailed monitoring via 
Capstone’s Remote Monitoring System (CRMS), which runs on the HMI computer and is 
accessible remotely through PCanywhere.  CRMS provides dispatch, control, monitoring, 
trending, E-mail alarming, data logging, and automation for Capstone Microturbines.  It also 
allows a reboot of the turbine controller in case of a fault. 
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DFC/T User’s Manual:  The DFC/T User’s Manual was written and issued for the Alpha power 
plant.  A key thrust was operator safety and equipment safety.  The User’s Manual consists of 
three parts: installation, operation and maintenance.  The Installation section discusses 
preparation of the unit for shipment and installation of the unit at the customer or demonstration 
site.  Preparation of the unit for shipment includes how to dismantle the unit if it is already in 
service and how to prepare the different components for shipping.  Installation of the unit 
includes removal of the packaging, equipment mounting, pipe hookup, electrical hookup, etc. 

The operation section discusses the steps involved in bringing the power plant to the point where 
it can be placed “on load” to start producing electrical power.  Steps involved in the power plant 
heatup, operation, and cooldown are described in detail.  Irregular/off-normal operating 
conditions are discussed, providing the insight into how the DFC/T will respond to undesirable 
situations and extremes.  

The maintenance section is divided according to major subsystems of the power plant.  Specific 
components of each subsystem are addressed with detailed instructions of the maintenance 
activities required and how to safely execute them.  Figure 4.17 shows an example of a visual aid 
used in the water treatment system (WTS) section of the maintenance instructions. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4.17 RO Pump Replacement – A Visual Used in DFC/T User’s Manual 

Demonstration Tests in Billings, Montana: Upon receiving the delivery of the shipped unit, 
the unit was off-loaded and installed at the Billings Clinic demonstration site on March 23, 2006.  
Figure 4.18 shows a picture of the installation work. Reassembly and utility hook-ups were 
completed, and the Alpha Unit was power enabled on March 28, 2006.  Figure 4.19 shows the 
completed installation at Billings Clinic. 
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Figure 4.18 Installation of DFC/T Power Plant at Billings, MT Demonstration Site 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.19 Installed DFC/T Power Plant at Billings, MT 
 

The power plant heat up was completed, and the on-load operation was initiated on April 5, 2006 
for the field demonstration.  Figure 4.20 shows the Main Menu screen for the Alpha Unit after 
start-up in Montana.  The Main Menu screen summarizes operating status of the fuel cell and 
system components used to control operations during heat-up, power generation, cool-down, and 
during power plant upset conditions.   
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Figure 4.20 Main Menu Screen During Alpha Unit Demonstration in Montana 

 

Figure 4.21 shows one of the P&ID screens for the Alpha Unit after start-up in Montana.  This 
DFC P&ID screen shows the operating and control parameters for the fuel cell, the oxidizer, and 
part of the heat recovery system.   

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 4.21 P&ID Screen for Alpha Unit After Start of Demonstration in Montana 
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During the Alpha Unit field test period, the power plant experienced several operating issues 
originating from external influences.  The following are examples of externally caused operating 
issues and actions taken to resolve the issues. 

Dust storms:  In July 2006, the Billings Clinic area experienced two dust storms.   Cottonwood 
tree seed releases were caught up in the dust storms.  This resulted in plugging of the inlet air 
filters for the microturbine and the Electrical Balance-of-Plant (EBOP).  The air filter plugging 
restricted cooling airflow to the EBOP, and increased pressure drop on the inlet air stream of the 
microturbine.  These conditions were resolved by replacing the affected air filters. 

Grid disturbances:  During the course of the field tests the Billings Clinic experienced several 
electrical power grid disturbances.  These disturbances did not have any impact on the Clinic 
electrical systems but caused the Alpha power plant to trip to Hot Standby (HSB) or execute an 
emergency shutdown.  This was resolved by fine-tuning the trip sensitivity set points in the 
EBOP in accordance with IEEE standards. 

Ambient temperatures:  The Billings Clinic area experienced significantly higher than normal 
ambient temperatures during the summertime test period.  Temperatures of the power plant air 
entering the microturbine were frequently > 104oF, which is the upper design point for the power 
plant.  This resulted in de-rating the plant power output during these extremely high ambient 
temperature periods. 

In addition to the external or environmental conditions that impacted power plant operations, a 
number of maintenance tasks were completed.  When possible, maintenance activities were 
completed without affecting the plant power output.  The following maintenance work was 
completed during the field test period: 

Oxidizer Gasket Replacement:  The original gasket in the catalytic oxidizer provided by the 
vendor was incorrectly specified. The gasket was replaced using the correct material rated for the 
service operating temperature. 

Ventilation Fan Upgrading:  The Alpha Unit’s vent fans were replaced and upgraded for the high 
elevation above sea level and high ambient temperatures in Billings. 

Water Treatment System (WTS) Maintenance:  Several internal components on the WTS were 
replaced including: the brine resin beds, the reverse osmosis membranes, and the Electro-
Deionization (EDI) unit.  Cartridge filters were also replaced as needed, based on pressure drop 
through the WTS.   

The external and maintenance operating issues were successfully identified and resolved, 
resulting in continued efficient and environmentally clean electrical power generation for the 
Billings Clinic. 

The following performance summary highlights the accomplishments of the Alpha unit: 

The Alpha DFC/T unit logged over 8000 hours of operation at Billings, Montana from initial 
heatup on March 30, 2006.   
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The power plant delivered a total of 1145 MWh of electricity to the utility grid, providing power 
to the hospital. 

The power plant achieved an availability of 87% at the conclusion of grid-connected operation in 
Montana. The plant overall availability, including hot standby and power production periods, 
surpassed 91%. This is a significant accomplishment for a first-of-a-kind Alpha unit. a 

The power plant completed 2 thermal cycles. 

The power plant safely completed several control system tests originated by power grid 
disturbances.  The control system responded appropriately to protect the power plant. 

The Alpha Unit power plant concluded its demonstration phase in Billings, MT, on February 28, 
2007.  Figure 4.22 shows a screen shot of the power plant taken on 2/21/2007.   The screen shot 
shows the fuel cell P&ID diagram along with key process parameters such as temperatures and 
pressures. This DFC P&ID screen also shows the operating and control parameters for the 
oxidizer and part of the heat recovery system.   
 

 
 

Figure 4.22 P&ID Screen for Alpha Unit Before End of Demonstration in Montana 
 
Figure 4.23 shows the Alpha Unit power production chart for Montana operations from initial 
heat up in March 2006, through the end of February 2007.  The figure also shows the C60 
Capstone Microturbine power production.  The Tie Breaker (TB) kW line represents the total 
power output of the unit and is indicative of when grid disturbances occurred and when 
maintenance activities were implemented. 
 



 64

 
 

Figure 4.23 Alpha Unit Power Generation History During Demonstration in Montana 
 

Upon successful completion of the field tests, the alpha DFC/T power plant was shut down and 
prepared for return to FCE for post operation inspections. The Alpha Unit was dismantled, 
packaged, and shipped back to FuelCell Energy. Figure 4.24 shows the Fuel Cell stack module 
being prepared for transportation at the Billings site.   

 

 
 

Figure 4.24 Truck-Loaded Fuel Cell Module in Billings, MT 
 

The fuel cell module was returned to FCE’s RDC (Repair Development Center) in Danbury for 
inspection of the stack and stack components.  The Mechanical Balance of Plant (MBOP) was 
shipped and delivered to the BOP fabricator’s facilities for post-operation inspection, analysis, 
and repairs/upgrades.   

4.6 Alpha Unit Post-Operation Inspection and Analyses 
The post-operation inspection and analyses were conducted after return of the Alpha DFC/T 300 
hybrid power plant from Montana.  Major observations and analytical progress made from fuel 
cell module and MBOP inspections are presented below. 
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Fuel Cell Module:  Inspection of the fuel cell stack was performed at FCE’s RDC facility.  
Figure 4.25 shows a picture of the A300-59 DFC stack after removal from the stack module 
vessel and set up in a vertical position.  The stack inspection revealed valuable information with 
respect to the integrity of the fuel cell stack components and robustness of the non-repeat 
hardware after 8000 hours of operation at the field demonstration site.  
 

 
 

Figure 4.25 A300-59 Fuel Cell Stack after Demonstration Operation in Montana 
 
Mechanical Balance-of-Plant:  The MBOP inspection focused on specific areas that were 
identified to improve on-stream time and operational reliability.  These included the following 
items:   

• Catalytic oxidizer inspection 

• Inspection and analysis of oxidizer connections with adjacent pieces of equipment 

• Inspection and analysis of the vent pipe flow switch 

• Insulation inspection at critical, high temperature locations 

A picture of the Catalytic Oxidizer is shown in Figure 4.26. The inspection revealed no problems 
with the oxidizer after 8000+ hours of operation. 
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Figure 4.26 Catalytic Oxidizer Bed after 8000+ Hours of Operation 
 

Inspection of the catalytic oxidizer flanged connections revealed that the gaskets were in need of 
replacement. A gasket replacement material with an increased temperature rating and life cycle 
was selected. Figure 4.27 shows the oxidizer flange connections with the oxidizer inlet cone and 
the transition piece to the High Temperature Recuperator (HTR). The oxidizer inlet cone section 
and the transition piece to the HTR showed no adverse affects from over 8000 hours of operation 
at up to 1500+ oF. 

 

 
 

Figure 4.27 Catalytic Oxidizer Connections 
 

Figure 4.28 shows a picture of the high temperature piping in the Alpha Unit.  The high 
temperature piping insulation was also inspected for any mechanical damage in the field.  

The fuel cell and BOP were fabricated in Year 2005. Since 2005, there have been significant 
improvements in both the technology as well as manufacturing of the BOP and stack 
components. The post-inspection of the stack module and MBOP confirmed the validity of the 
recent modifications implemented in the manufacturing process.  Additionally, inspection and 
analyses of the MBOP showed the following: 
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Figure 4.28 High Temperature Piping and Insulation 

• The Catalytic Oxidizer was in good condition with no apparent deterioration or damage to 
the base honeycomb structure or catalyst. 

• The gaskets that were used at the oxidizer flanges needed replacement.  Gasket material has 
been changed to a material that will provide an improved life cycle.  New gasket installation 
will be coordinated with the fabricator.  Insulation repairs will be completed after gasket 
installation. 

• The flow switch in the relief vent pipe was not calibrated properly. The flow-switch needs to 
be reconditioned and calibrated. 
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5.0 MW-SCALE (1-3 MW) DFC/T POWER PLANT DESIGN 
The Vision 21 Program originally was planned to design, build, and test a second sub-MW 
packaged DFC/T unit (Beta Unit). The design of the Beta Unit was to incorporate the design 
improvements and refinements based on the lessons-learned from the operation of the Alpha 
Unit.  A market evaluation study, however, projected a bigger market share for the larger (MW-
scale) DFC/T units. The program scope was, therefore, revised to include MW-scale (1-3 MW) 
DFC/T power plant design in place of the Beta sub-MW unit development. 

The MW-scale DFC/T power plant design activity initially focused on 1 MW size power plant. 
Key design features of the DFC1500, a 1 MW (nominal rating) simple cycle (no gas turbine) 
power plant in FCE’s product line, were incorporated in the design of the DFC/T power plant.  
Suitable commercial gas turbine subsystems that would support the DFC/T requirements for air 
flow and power generation were explored. The MW-class DFC/T design also utilized the 
operating data generated and the lessons learned during the Alpha Unit factory tests and field 
operations at the Montana site.  In addition, the design of a MW-class DFC/T power plant gained 
leverage from the operational experience of MW-scale simple cycle DFC plants in FCE’s current 
fleet.   

MW-scale power plant size was further analyzed with the intent of potentially developing the 
power plant for commercialization. Plant sizes, ranging from 1 to 15 MW, were evaluated. The 3 
MW capacity power plant was selected as the most effective basis for commercializing the 
DFC/T power plant.  The focus of the MW-scale DFC/T design activities was, therefore, shifted 
to 3 MW size. 

Major modifications and improvements incorporated into the design of the MW-class DFC/T 
power plant, based on the lessons learned during the alpha unit factory tests and field operations 
at Montana site, included: 

Elimination of the electric air heater used during heat up: Heating is accomplished by a gas-fired 
duct burner. This will greatly reduce start-up parasitic power loads. 

Incorporation of heat exchange coils for the Low Temperature Recuperator and Fuel Preheater 
into the Humidifier: This replaced the discrete heat exchangers, giving a smaller footprint as well 
as simplified piping and supports. 

Elimination of the Fuel Processing Compartment (FPC) Enclosure: The FPC enclosure was 
eliminated in the MW-class DFC/T power plants. The MW-class unit is comprised of several 
skids that support key subsystems of the power plant. Only the water treatment, the gas turbine, 
and power conditioning skids have enclosures. The remaining skids were designed for outdoor 
service. This eliminated the need for heaters, ventilation fans and the associated instrumentation, 
control wiring, and power wiring.  

Implementation of Gas Turbine Speed Control: Turbine speed control was included in the heat-
up procedure for optimization of the power during heat-up and low-power modes of operation.  
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Improvements in the Electrical System: Several electrical system improvements were 
incorporated. The size of electrical panels was increased to provide flexibility for additions or 
relocating existing components. The ventilation in the panel was improved to control 
temperature for electrical components. Additional receptacles were provided in the electrical 
panels and around the various skids to provide power for maintenance and testing uses. The 
thermocouple wire size was reduced to facilitate installation without negatively affecting 
performance. 

Detailed design of the 3 MW DFC/T power plant (DFC/T 3000) was carried out incorporating 
key design features of DFC3000, a 2 MW (nominal rating) simple cycle (no gas turbine) power 
plant in FCE’s product line.  The Design Basis document for the 3MW DFC/T plant was 
prepared using the DFC3000 Design Basis document as a reference.  The document provided 
guidelines on the fuel cell performance, stack module configuration, gas turbine size and major 
process assumptions for use in design of the 3MW DFC/T plant. The plant has a DC power 
section comprised of two DFC/T B1200 fuel cell modules (MW-scale DFC module in FCE’s 
product line modified for DFC/T application).  The power plant design is flexible to accept a 
commercially available Turbine Generator (TG) or a clean sheet design TG.  The plant will 
initially be started with a clean sheet turbine generator that is matched with the DFC/T 3000 
power plant.   The clean sheet turbine size range is approximately 600 kW. Total power output of 
the plant is in 3-3.5 MW range. Future (Y2009) uprated DFC performance was assumed, as 
uprated DFC stacks are envisioned to be available for the 3MW DFC/T plant.  

Design efforts concentrated on the system simulations and analysis, equipment sizing, piping 
design, power plant layout, control philosophy, electrical power configuration, and control power 
configuration.  The design activities and progress made are summarized below, while the 
detailed discussions are presented in the following subsections. 

• A detailed process flow diagram, including the major operating equipment, as well as the 
plant start-up equipment, was developed.  

• Piping & Instrument Diagrams (P&IDs) for the 3 MW DFC/T power plant were generated 
incorporating the design information, and the lessons-learned from the DFC/T 300 Alpha 
Unit operation and FCE’s DFC3000 power plant design. This includes P&IDs for the 
process, utilities and mechanical designs. The design was divided into the following skids: 

o Water treatment, storage, and handling 

o Fuel gas desulfurization  

o Fuel gas humidification and heat recovery 

o (2) Electrical balance-of-plants, (2) transformers, and (1) switchgear 

o (2) DFC modules (modified B1200), each rated at 1.5 MWac  

o Air handling 

o Auxiliary gases storage and piping 
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o Fuel gas preparation (pre-reforming) 

o Turbine and controls 

• Material and energy balances for rated operation, design conditions, and power plant start-up 
conditions were completed. Heat exchanger/recuperator sizing parameters (overall heat 
transfer coefficient multiplied by heat transfer area) were finalized for major heat exchangers 
based on system simulations/material and energy balances. 

• Process equipment specifications for key pieces of equipment were prepared and submitted 
for bids from suppliers. 

• Process control software development, including:  fuel cell process control philosophy, alarm 
lists, I/O lists and turbine integration, was carried out. The key activities included: 

o The control strategy for stack temperature control during heat-up, power 
operations, and cool-down was prepared.  

o The Turbine Generator start-up was incorporated into the overall hybrid fuel cell 
system control philosophy. 

o Details of the stack differential pressure and anode booster-blower control, and 
plant start-up, restart, and shutdown strategies were developed, based on the sub-
MW DFC/T 300 Alpha power plant control philosophy experience. 

o A safety review (HAZOP) was conducted for the DFC/T 3000 power plant.  
Recommendations from the HAZOP were evaluated and included in the P&IDs 
and Control Philosophy. 

o Instrumentation specifications for all control and on-off valves, flow elements, 
temperature control, and pressure control loops were completed. 

o Preliminary engineering of suitable commercial Turbine Generator subsystems, 
that would support the DFC/T 3000 requirements for air flow and power 
generation, was completed.   

o Preliminary engineering of a Clean Sheet Design (CSD), custom Turbine 
Generator package, designed to match performance requirements of the DFC/T 
3000, was carried out. 

The DFC/T 3000 communications protocol is based on the DFC3000 units that have a GE Fanuc 
model RX3i PLC with a broadband communications Ethernet Interface Module.  It will use 
Ethernet Cat 5 cables with RJ45 connectors, and an Ethernet Switch, to communicate with the 
turbine.  The communications protocol will be Modbus/TCP.  If the turbine turns out to have a 
serial port like RS-232 or RS-485, a converter can readily be furnished to interface the turbine to 
the PLC.  Figure 5.1 illustrates the communication protocol. 
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Figure 5.1 Communications Protocol 

5.1 Power Cycle Evaluation and Selection 
Two system configurations were considered for the 3 MW DFC/T power plant. Cycle 1 
configuration is based on the Alpha sub-MW DFC/T unit successfully demonstrated in Montana. 
Figure 5.2 shows a simplified process flow diagram of the Cycle 1 system. An indirectly heated 
Turbine Generator is integrated with the Direct Fuel Cell (DFC). Heat is transferred through heat 
exchangers into an unfired Brayton cycle. There are two heat exchangers (recuperators) in the 
Cycle 1 system. They are utilized for heating the air exiting the compressor section of the 
Turbine Generator. One of the recuperators operates at a high temperature of up to 1600°F.  The 
Turbine Generator provides the air required by the fuel cell.  

Figure 5.2 Simplified Process Flow Diagram of Cycle 1 DFC/T System 
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An alternate configuration, Cycle 2, with potential to offer higher electrical efficiency, was also 
considered. A simplified process flow diagram of the Cycle 2 system is shown in Figure 5.3. In 
this system, a directly fired Turbine Generator is integrated with the DFC. Anode effluent 
(containing unused fuel) from the fuel cell is cooled, dried, compressed, and consumed in an 
oxidizer. The condensed water from the fuel cell anode exhaust may be optionally treated and 
recycled back to the fuel cell anode. The heat generated is transferred directly to the turbine 
compressed air, eliminating the need for the high temperature recuperator. The Cycle 2 system, 
however, is somewhat more complex, as it requires an anode gas cooling/condenser step and an 
anode gas compressor. 

Figure 5.3 Simplified Process Flow Diagram of Cycle 2 DFC/T System 
System simulations using CHEMCAD were performed for both power cycles. Material and 
energy balances, and power plant performance (including efficiency and power output) estimates 
were generated for evaluation of the power cycle options. System analyses were based on current 
(2007) DFC performance as well as the future (Mid 2009) improved/uprated DFC performance. 
For the cases based on future DFC performance, a low power (reduced current density) option 
offering higher efficiency (power vs. efficiency trade-off), compared to the full uprate current 
density operation, was also explored. Commercially available, as well as clean sheet design 
turbines, were considered. Information on turbine operating parameters (air mass flow rate, 
pressure ratio) and performance parameters (isentropic efficiencies, generator efficiency), 
acquired through vendor contacts, was incorporated in the system analysis. 

Table 5.1 presents a summary of selected results from the analysis. The plant electrical efficiency 
was based on the lower heating value of the natural gas fuel. Turbine Generators A and B 
represent the clean sheet design (CSD) from manufacturers A and B, whereas Turbine Generator 
C represents a commercially available turbine.  

The Cycle 1 based DFC/T system with the CSD Turbine from manufacturer A offered 61% 
electrical efficiency, generating 3.44 MW net AC power. The supplemental power generated by 
the turbine amounts to ~17% of the total power. The commercially available turbine from 
manufacturer C is smaller in size, thereby providing a portion of the air required by the fuel cell. 
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A fresh air blower is required in this case to provide the balance of the airflow. The pressure 
ratio of this TG is also higher than that used for CSD TG. These factors lowered the system 
efficiency to 56%. Cycle 1 efficiency of 61% (stated above) can be increased further to 63%, by 
choosing the low power option (operating the fuel cell at reduced current density). However, in 
this case, the plant power output decreases to 2.8 MW. 

Table 5.1 Power Plant Performance Estimates 
 DFC/T 

Cycle 1 
DFC/T 
Cycle 2 

Simple Cycle 
(DFC only) 

DFC Performance Basis Future 
(Mid ‘09) 

Future 
(Mid 
‘09) 

Current 
(’07) 

Future
(Mid 
‘09) 

DFC Operational Point High 
Power 

High 
Efficiency 

High 
Power - High 

Power 
Gas Turbine A B C A B C A - - 
DFC power [kW] 2897 2897 2897 2383 2383 2383 2897 2400 2800
Turbine power [kW] 574 528 287 445 409 267 857 0 0
Total power [kW] (net 
AC) 3436 3391 3145 2799 2764 2623 3540 2400 2800

Electrical Efficiency [%] 
(based on LHV of NG) 61 60 56 63 62 59 63 50 49

 

The Cycle 2 based system with CSD Turbine Generator from manufacturer A offered 63% 
electrical efficiency (2% points higher than Cycle 1). The net power output of 3.54 MW reflects 
the power requirement of the anode gas compressor. These results are based on future (2009) 
improved/uprated DFC performance, as uprated DFC stacks are envisioned to be available for 
3MW DFC/T plant. For comparison, Table 5.1 shows the performance of FCE’s simple cycle 
DFC power plant (includes two B1200 modules but no turbine). Based on current (2007) DFC 
performance, the efficiency is 50%. The use of future (Y2009) improved/uprated DFC 
performance enables operation at higher current density, generating more power (2.8 MW vs. 
2.4 MW) with slightly reduced efficiency (49%). 

For overall comparison of the two DFC/T power cycles, capital cost estimation, and cost of 
electricity (COE) analysis were also conducted. The Cycle 1 design was found to have lower 
COE and lower capital cost. While the Cycle 2 design offers a higher efficiency, the system 
complexity is higher and the risk level is also higher because the system has not been 
demonstrated (no Alpha Unit test). The introduction of low BTU anode gas in the Cycle 2 design 
increases the mass flow through the turbine expander significantly. This unique mass flow 
imbalance between the compressor and expander precluded the use of many existing gas 
turbines. Based on these considerations, the system based on Cycle 1 was selected for further 
design of the 3 MW DFC/T system. 

5.2 Equipment/Subsystem Design and Selection 
High Temperature Recuperator 



 74

The key process requirements for the High Temperature Recuperator (HTR), designated 300-
HX-202, are listed in Table 5.2. Requests for Proposal were issued to eight known suppliers of 
high temperature heat exchangers. Four of the solicited suppliers declined to quote. One supplier 
declined because its design could not accommodate the 100-psig cold-side pressure. Two 
suppliers declined because the requirements were not within their scope. One supplier proposed a 
ceramic design that was unacceptably large. Proposals for plate/fin type designs were received 
from three suppliers.  

Table 5.2 High Temperature Recuperator Requirements 
Heat Transfer, Btu/hr 6.11 x 106 
LMTD, °F 132 
Effectiveness (1) 0.866 
Service Life, yrs 5 
Max Hot Gas Ramp Rates Temperature Span, °C Frequency/yr 
20°C/hr 20 a 900 4 
 900 a 20  
25°C/hr 500 a 900 20 
 900 a 500  
100°C/hr 550 a900 5 
 900 a 550  
227°C/min 360 a600 5 
 Hot Side Cold side 
Fluid Stream Oxidizer Exhaust Air from LTR 
Design Pressure, psig 3 100 
Design Temperature, °F 1650 1600 
Stream Composition, mole %   
        Oxygen 11.15 20.7 
        Nitrogen 52.33 78 
        Water 18.94 0.3 
        Carbon Dioxide 17.57 1.0 
Flow Rate lbm/hr 38,770 37,620 
Inlet Temperature, °F 1599 911 
Outlet temperature, °F 1093.4 1507 
Inlet Pressure, psia 15.8 94.9 
Max Pressure Loss, iwc 5 50 

(1) WCph(Thi-Tho)/ WCpmin(Thi-Tci) 
 

Material selection for hot side of a plate/fin type HTR is a major consideration. The combination 
of 1600°F temperature and presence of water vapor is a known cause for chromium dissolution 
in high alloy steels. It is essential that chromium dissolution be minimized in the HTR hot gas 
exiting the HTR to the fuel cell cathodes. Chromia deposits in the fuel cells can compromise fuel 
cell endurance. Alloy 625 is known to be susceptible to chromium dissolution at HTR conditions 
and is ruled out for use on the hot side of the heat exchanger. Haynes 214 is a candidate material, 
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on the hot side, because the 4.5% aluminum content in the alloy forms a surface oxide layer. The 
oxide layer blocks chromium dissolution. Haynes Alloy 230, that includes 0.3% aluminum, was 
proposed by one of the responding suppliers. Haynes 230 was proposed for the hot-side fins 
rather than Haynes 214, because it is considered better for brazing. Another of the responding 
suppliers proposed a proprietary hot-side material. 

A trade study was conducted with one of the potential suppliers to evaluate the effect on cost of 
various system parameters.  Table 5.3 shows the effect of hot-side pressure loss, cold-side 
pressure loss and effectiveness on the relative cost of the HTR. In this study the material on the 
cold-side is Alloy 625 and the hot side material is Haynes 230. This study contributed to setting 
the final HTR effectiveness listed in the table as well as the hot- and cold-side pressure losses.  

 
Table 5.3 Impacts of HTR Design Parameters on Cost. 

 

The HTR is mounted on the central skid along with the combined air heater/oxidizer as shown in 
Figure 5.4. Hot gas from the oxidizer passes directly into the HTR, flows over the hot-side fin 
surfaces and exits to a transition section which reduces the flow area to piping that transfers the 
heated process gas to the two cell stack modules. 

Figure 5.4 High Temperature Recuperator Arrangement 

 

HTR HOT SIDE HOT SIDE COLD SIDE COLD SIDE HTR RELATIVE 
CONFIGURATION DELTA P. IWC FIN TYPE DELTA P, IWC FIN TYPE EFFECTIVENESS COST

1 3 A 28.0 B 93.2 1.17
2 3 A 36.5 B 92.8 1.10
3 5 A 28.0 B 96.1 1.20
4 5 A 36.5 B 94.7 1.07
5 3 A 28.0 C 90.0 1.09
6 3 A 32.8 C 93.4 1.12
7 5 A 28.0 C 93.6 1.12
8 5 A 36.5 C 91.3 1.00
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Heat Recovery Unit 

The Heat Recovery Unit (HRU), designated 200-HX-200, includes three heat exchangers: a Fuel 
Humidifier 200-HX-201, a Low Temperature Recuperator 200-HX-202, and a Fuel Preheater 
200-HX-203. These heat exchangers are arranged so that the hot exhaust from the fuel cell 
modules flows in series through the three heat exchanger cores as shown schematically in Figure 
5.5.  Two alternatives were considered for thermal insulation of the assembly. In the preferred 
alternative, the thermal insulation is located inside the steel housing that directs the hot exhaust 
gas. The insulation includes a thin stainless steel liner. In the alternative approach the thermal 
insulation is located on the outer surface of the housing. In this case the housing itself is stainless 
steel. 

Figure 5.5 Heat Recovery Unit General Configuration 
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The process requirements for the Fuel Humidifier, designated 200-HX-201, are listed in Table 
5.4. The requirements are based on the DFC/T 3000 system operating on Anode Digester Gas. A 
heat exchanger based on ADG fuel can also accommodate natural gas as the fuel.  Requirements 
for the Low Temperature Recuperator (LTR), designated 200-HX-202, are listed in Table 5.5.  
Requirements for the Fuel Preheater, designated 200-HX-203, are listed in Table 5.6.  

Requests for Proposal were issued to four heat exchanger suppliers. One of the solicited 
suppliers declined to quote because it lacked experience with uniform fuel and water mixing at 
the inlet of the humidifier and related local thermal conditions. One supplier declined because its 
design could not accommodate the 100-psig cold side pressure in the LTR. An acceptable 
proposal for plate/fin type design was received from one supplier.  

 

 
Table 5.4 Fuel Humidifier Requirements 

Heat Transfer, Btu/hr 3.035 x 106 

LMTD, °F 284.5 
Service Life, yrs 20 
 Hot Side Cold Side 
Fluid Stream Fuel Cell Exhaust Fuel (ADG*) Water 
Design Pressure, psig 2 15 120 
Design Temperature, °F 1200 1200 1200 
    
Stream Composition, mole %    
        Oxygen 10.57 0  
        Nitrogen 68.9 0  
        Water 16.36 0 100 
        Methane 0 60  
        Carbon Dioxide 4.18 40  
    
Flow Rate lbm/hr 42809 2725 2200 
Inlet Temperature, °F 700.75 58.2 59 
Outlet temperature, °F 444.5 500 500 
Inlet Pressure, iwcg 3 5.81 80 psig 
Max Pressure Loss 2 iwc 0.5 psi 0.5psi 
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Table 5.5 Low Temperature Recuperator Requirements 
 

Heat Transfer, Btu/hr 3.984 x 106 
LMTD, °F 152 
Service Life, yrs 20 
 Hot Side Cold side 
Fluid Stream Fuel Cell Exhaust Air from LTR 
Design Pressure, psig 2 100 
Design Temperature, °F 1200 1200 
   
Stream Composition, mole %   
        Oxygen 10.57 20.7 
        Nitrogen 68.9 78 
        Water 16.36 0.3 
        Carbon Dioxide 4.18 1.0 
   
Flow Rate lbm/hr 42809 37,620 
Inlet Temperature, °F 1093.4 499 
Outlet temperature, °F 700.8 911.2 
Inlet Pressure 5 iwcg 96.09 psia 
Max Pressure Loss 2 iwc 1.2 psi 
 

Table 5.6 Fuel Preheater Requirements 
 
Heat Transfer, Btu/hr 399,540 
LMTD, °F 422 
Service Life, yrs 20 

 Hot Side Cold side 

Fluid Stream Fuel Cell Exhaust Humidified Fuel 
Design Pressure, psig 2 15 
Design Temperature, °F 1200 1200 
   
Stream Composition, mole %   
        Oxygen 10.57 0 
        Nitrogen 68.9 0 
        Water 16.36 54.96 
        Methane 0 27.03 
        Carbon Dioxide 4.18 0 
   
Flow Rate lbm/hr 42809 4725 
Inlet Temperature, °F 1055.5 500 
Outlet temperature, °F 1023.5 720 
Inlet Pressure 6 iwcg 5.31 psig 
Max Pressure Loss 1 iwc 0.36 psi 
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Turbine Generator Development 
Fuel Cell Energy developed the DFC/T power plant with a turbine generator package that 
produces approximately 600 kW.  The turbine generator system operates as a thermodynamic 
bottoming cycle for the fuel cell by utilizing waste heat generated from the fuel cell reaction and 
unreacted fuel products to generate additional electrical power while also providing air to the 
fuel cell. 

Turbine generation equipment is available from a number of suppliers, but as standard, existing 
product offerings.  The DFC/T system actually needs just a subset of a standard gas turbine 
generator package:  it does not need the combustor, the internal recuperator, or fuel supply 
because the DFC/T turbine runs entirely on indirect waste heat.  

Turbine Generator Vendor Selection 

For the DFC/T 3000 turbine generator package, FCE has evaluated a number of vendors, and is 
working closely with two for the final design stages.  One supplier offers a system that is 
commercially available and has operating units all over the world.  The other supplier offers a 
more efficient custom design system built from proven commercial components. 

The turbine generator package required by the DFC/T 3000 power plant will be significantly 
larger than the microturbine used in the Alpha power plant. Twenty-five existing turbine 
manufacturers and six clean sheet turbine manufacturers were reviewed. Air flow compatibility, 
power, back pressure requirements, mechanical convertibility, etc., were evaluated and 
considered in selection of potential turbines that could match or approach the performance 
requirements for the DFC/T 3000. The existing turbines evaluated in this process resulted in 
identification of an existing turbine generator that would be relatively compatible with process 
requirements but not as good a match as a clean sheet turbine design. Evaluation of clean sheet 
turbine generator proposals resulted in a turbine that would match the process requirements but 
would take longer to design and build when compared to modifying an existing turbine 
generator. In order to expedite commercial development, FCE has decided to base current power 
plant design on an existing turbine generator package while continuing to develop the option for 
a clean sheet turbine generator that matches process requirements more closely.  

In searching for turbine vendors, FCE used a structured approach to define the key factors in 
identifying the turbine that would supplement the DFC/T 3000 power plant’s electrical output 
and efficiency.  The following factors were analyzed in this process: 

• Process considerations 

o Plant configuration 

o Plant size 

• Turbine manufacturers 

o Existing turbine manufacturers 

o Clean sheet turbine manufacturers 



 80

Existing Turbine Generator Vendor 

FCE has identified and selected a commercial turbine vendor to develop an unfired turbine 
package that can be incorporated into FCE’s hybrid power plant design.  The generator package 
will require modifications for proper integration into FCE’s DFC/T 3000 design.  The existing 
turbine vendor is offering a modified version (without combustor) of their gas turbine power 
plant package.  More than 200 of these power plants have been installed worldwide.  Including 
their other products, this existing gas turbine vendor has a worldwide installed base of over 1,000 
units covering installations in electrical generation power plants, cogeneration plants, pipelines, 
offshore production platforms and marine applications.  Figure 5.6 shows a typical turbine 
generator for the manufacturer. 

FCE has worked with this existing turbine vendor to modify their existing turbine to enable it to 
work with the DFC/T power plant.  As part of the design process, the modifications have been 
organized into phases.    

 

 
 

Figure 5.6 Existing Gas Turbine 
The first phase reviewed the feasibility of integrating the turbine with the DFC/T 3000 power 
plant.  This phase included the following design studies:  

• Determine the self-sustaining speed.  

• Determine the speed that the generator requires to go into the generator mode. 

• Evaluate the oil system performance when operated for extended periods of time 
below its design intent. 

• Verify if an overflow bleed is required to operate the engine during startup to 
prevent compressor surging. 
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• Determine how the engine will be controlled at power levels up to maximum 
continuous power.  

• Determine how overspeed protection will be accomplished. 

To determine if the turbine would be self-sustaining, the following parameters were considered: 
compressor exit temperature, turbine inlet temperature, turbine exit temperature, exhaust gas 
temperature (EGT), compressor exit pressure, engine mass flow, corrected gas generator speed to 
ISO standard day, and power output of generator.  It was also determined that the engine will be 
self-sustaining at approximately 50% speed.  As the turbine continues to spool up on speed, it 
will go into generation mode at 95% speed.  The 95% speed was selected because the turbine 
will deliver more power at this rated speed based on the fuel cell conditions.  

It was determined that the oil system will work for extended periods below the design intent.  
Based on historic engine field performance data, it was concluded there is no limit for how long 
the oil system will work.  

The speed will be controlled by the PLC at 95%.  If the excess power is not absorbed by the 
generator the engine will continue to accelerate to the overspeed limit and will be forced to shut 
down. 

In regards to the overspeed protection and overflow bleed requirements, there will be an 
emergency dump valve after the compressor that will open if the engine overspeeds.  An 
overflow bleed is not required to operate the engine during startup to prevent compressor surge. 

The Second phase included the following design studies: 

• Modify existing turbine engine by removing the combustor and design a manifold 
to discharge the cold compressor air and return heated air to the turbine. 

• Perform thermal and stress analysis of manifold and piping. 

• Verify that allowable forces are acceptable for all piping interfaces. 

Figure 5.7 and 5.8 illustrates the design of the compressor and turbine piping.  This design 
removed the old combustor, allows for the extraction of the compressor air, and shows the 
reintroduction of the turbine air.  Figure 5.7 also illustrates piping interfaces between the turbine 
engine and the fuel cell power plant, particularly the compressor exit, turbine inlet, and turbine 
exit pipe connections.   
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Figure 5.7 Piping Layout 

 
Figure 5.8 Fuel Cell Connection Points 
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Turbine Inlet 
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To ensure that the piping can handle the allowable stresses, a Finite Element Analysis (FEA) was 
conducted.  The FEA included static and dynamic loading, stress and deflection analyses. The 
conclusion is that the flexible hoses absorb the thermal growth and dynamic load deflection, 
resulting in a no-load point at the connection interfaces. All of this piping will be wrapped with a 
thermal blanket, using a traditional sheet metal jacket placed over the insulation.  

Figure 5.9 is a snapshot of the thermal mapping used to determine the temperatures at different 
nodal points, which is fed into the FEA model to determine the thermal growth.  

 
 

 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 

Figure 5.9 Thermal Mapping 

The third phase included the following design studies: 

• Determine control logic for powered operation and engine over-speed and fault 
protection. 

• Generate layout and control system drawings  

• Establish Control System Interface Points and I/O requirements.  

• Develop a startup and shutdown sequence, including emergency shutdown 

The Control System Interface Points were identified and used for development of a list of turbine 
alarms and shutdown faults.  Table 5.7 is a list of alarms and shutdown faults for the turbine.   
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Table 5.7 Turbine Alarms and Shutdown Faults 

 
Turbine  Alarm Shutdown 
Fail to Start X  
Overspeed  X 
Underspeed X  
High High Turbine Vibration X  
High Turbine Vibration X  
High Stator Winding Temperature X  
Generator Undervoltage  X 
Generator Overvoltage  X 
Generator Overcurrent  X 
Generator Loss of Excitation  X 
High Generator/gearbox Vibration X  
Generator Over Frequency  X 
Generator Under Frequency  X 
Low Oil Pressure X  
Low Low Oil Pressure  X 
High Oil Temperature X  
Oil Filter DP High X  
Oil Filter DP High High  X 
Low Lube Oil Level X  
Low Low Oil Level X  
High Air Inlet DP X  

 

Custom Development and Design  

In addition to the commercial turbine vendor, FCE has identified and selected a custom turbine 
vendor.  The custom design turbine is preferable because the custom turbine is more closely 
sized to performance requirements of the DFC/T 3000 hybrid power plant and ensures a higher 
plant efficiency rating.    

The scope of work for the clean sheet design turbine in support of this program includes: design 
and analysis, engineering integration, component and sub-assembly validation, integrated system 
testing of the demonstration turbine system, and delivery of production units 

The custom gas turbine vendor reviewed numerous candidate compressor and turbine 
configurations, which were generated in order to evaluate their performance potential, overall 
size, and cost.  The results of these studies were used in the cycle analyses, and to produce 
conceptual layouts in order to determine their effect on overall system efficiency and cost. 

A risk assessment was performed to identify any risks impacting the program requirements, and 
a risk mitigation plan was created for any high level risk.  Risk reduction analysis will mitigate 
risks through appropriate design and analysis methods, or through teaming with highly qualified 
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vendor sources. Component testing will mitigate the risks by appropriate testing methods on 
parts or components.  

Initial Cycle Study 

The custom turbine vendor conducted performance assessments for the full fuel cell load case 
and off-design cases.  These performance assessments gave the maximum power output at an 
optimal pressure ratio as shown in Figure 5.10.  The geometry, number of stages and pressure 
ratio are characteristics in the design that affect the peak turbine power output and were 
evaluated.   
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Figure 5.10 Maximum Power Output at an Optimal Pressure Ratio 
In addition to the aero study, the custom vendor investigated various generator types and bearing 
types.  Skid layout began with 2D models created for the preliminary engine cross sections, 
preliminary gearbox sizing, and off-the-shelf low speed generator.   

During the analysis, much of the detailed configuration of the proposed turbine options being 
evaluated had not yet been determined, so estimated losses were based on disk pumping or 
minimum purge flow requirements only. 

Once initial flow path geometry was defined, mechanical studies were performed using the 
following evaluation criteria: 

• $/kW cost/performance trader 

• Performance 

• Manufacturing cost 

• Rotordynamics 

• Durability/Life 

• Maintainability 

• Schedule 
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Parametric trade studies were carried out following the mechanical studies with the appropriate 
engineering disciplines to identify the optimum configuration.  Once the preferred arrangement 
of components was determined, the critical components were sized with basic analyses and a 
more refined rotor dynamics analysis was performed.  Rotors were sized for burst with 
axisymmetric analysis and risk items are identified for life or vibration.  

Essential criteria for design of a turbine were used as guidelines during the preliminary design 
phase. The key criteria are: 

• High efficiency 

• High reliability 

• Flexibility to meet various operational needs 

• Ease of maintenance 

• Incorporation of auxiliary and control systems which have a high degree 
of reliability 

• Ease of installation and commission 

The reliability of a turbine depends heavily on the mechanical codes that govern the design. 
Some of the best standards from a mechanical point of view have been written by the American 
Petroleum Institute (API) and the American Society of Mechanical Engineers (ASME), as part of 
their mechanical equipment standards. The intent of these specifications is to facilitate the 
development of high-quality equipment with a high degree of safety and standardization.  The 
custom design turbine vendor will utilize these standards along with their own internal guidelines 
and experience and FCE specifications for the design of the turbo machinery package. 

Turbine Generator System Model, Boundaries, and Assumptions 

A system model of the turbine generator was developed in the GateCycle thermal cycle analysis 
software.  System boundaries for this model were chosen to encompass as many 
interdependencies as possible between the turbine generator and the fuel cell plant equipment, 
while attempting to minimize the size of the system model.  This allowed for more accurate 
modeling of off-design operation, while simplifying model I/O and control logic.  The boundary 
conditions considered include:  the turbine generator, low temperature recuperator, high 
temperature recuperator, fresh air blower, air heater, anode gas oxidizer, and the associated 
bypass lines. 

As the result of multiple iterations between the FCE system design team and custom gas turbine 
vendor, a conceptual design was completed for a turbine generator package specifically 
optimized for the DFC/T 3000 plant.  

Initial studies indicated that peak performance for the turbine generator package would be found 
in the pressure ratio range from 4 to 7.  These initial results are shown in Figure 5.11.  In 
addition, considering the impact of design speed upon aero geometry, secondary flow rates and 
disk windage, rotor critical speed margins, disk burst margins, bearing sizing and losses, gearbox 
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selection, and the long-term potential for use of a high-speed generator, a wide range of speeds 
was added as a second parameter variable to assess the impact of these effects. 
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Figure 5.11 Initial Pressure Ratio Parametric Study 

Secondary flow analyses were performed to derive the response surface for flow rates and disk 
windages across the design space of interest.  Compressor and turbine aerodynamic meanline 
studies were then performed which incorporated the secondary flow results and provided 
aerodynamic performance for all configurations of interest.  These studies included ground rules 
based upon manufacturing limitations such as minimum thickness for leading and trailing edges 
of airfoils.  Materials and aerodynamic limitations were set, 1400 ft/sec turbine rim speed, and 
maximum turbine blade turning of 140º.   Finally, rotordynamics requirements for a minimum of 
30% speed margin from first bending speed set the minimum allowable inlet hub/tip for all 
compressors. 

Compressor Configuration Studies 

Over 100 multi-stage axial and single stage compressor arrangements have been investigated.  
Initial screening of all compressor configurations considered was performed using the 
compressor meanline results and applying a $1000/kW economic figure of merit via compressor 
efficiency performance trade factors.  The result of this initial screening exercise was the 
identification of 4 axial compressors and 1 axi-centrifugal compressor that held the most 
potential for favorable economics compared to the centrifugal compressor. 
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The compressor configurations considered included axial, axi-centrifugal, and centrifugal 
geometries.  Axial compressors ranging from 3 to 8 stages were considered.  For the axi-
centrifugal configuration, a “2+1” (two axial stages followed be a single centrifugal stage) 
arrangement was assumed since it offered the most likely arrangement for the pressure ratios 
under consideration.  All centrifugal compressors were assumed to be single-stage.  Both the 
axial and axi-centrifugal compressors were presumed to require a start bleed. 

To select the optimal centrifugal compressor, the entire matrix of centrifugal compressors was 
analyzed for all three turbine configurations considered, which included a single-stage radial, a 
two-stage axial, and a three-stage axial configuration.   

Turbine Configuration Studies 

Over 100 multi-stage axial and 50 single-stage turbine configurations were investigated.  For the 
turbine configuration studies, additional detail was incorporated in the model. This included 
increasing bearing buffer airflow to 1.0% windage air, with updated bearing data (curve against 
shaft speed), and applying consistent rotordynamics critical speed margin requirements via 
compressor inlet hub radii to account for variation in length of the considered turbine 
configurations.  Pressure ratios from 4.0 to 5.2, and speeds from 17,500 rpm to 25,000 rpm were 
investigated.  The radial turbine was used as the baseline configuration (both lowest cost and 
lowest performance). 

Based upon multiple compressor and turbine configuration studies, the configuration using a 
centrifugal compressor with a 3-stage axial turbine was selected for detailed design.  This 3-stage 
turbine configuration results in a substantial performance advantage over the other two turbine 
configurations.  

Turbine Generator Cross Section 

The mechanical design components that were assessed during the cross-section development and 
mechanical design process were: 

• Bearings / Seals / Lubrication Schemes 

• 1-D Disk Sizing / Disk Out Containment 

• Thrust Load 

• Instrumentation / Assembly 

• Material Selection 

Figure 5.12 illustrates an engine cross section of a centrifugal compressor and 2-stage axial 
expander. These cross sections were used to determine if this configuration could physically be 
built.  
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Figure 5.12 Engine Cross Section 

2D FEA Model Description 

A 2-D Finite Element Model of the complete engine assembly was created. Figure 5.13 shows 
the computational mesh generated.  The short-term goals for this model were to conduct a 
preliminary assessment of the hoop stresses and deflections in the rotating mechanical 
components, mainly due to inertial loads.  This same model will also be used to conduct a 
detailed whole engine thermal analysis, which will predict metal temperatures at different 
operational points.   

A single time point structural assessment was conducted using an assumed thermal profile.  This 
assumed temperature profile was approximated, based on the existing secondary flow models 
and engineering judgment.  This temperature approximation was only generated for this first pass 
analytical assessment and the assumed temperatures will be replaced with accurate 2D thermal 
analysis results during the detailed design phase. 

 
 
 
 
 
 



 90

Figure 5.13 2D- FEA Model 
The preliminary results from the 2D FEA model show that the design has room for improvement 
and with further modifications should be able to operate within the desired mechanical limits. 

The results obtained from the 2D model included combined mechanical and thermal loading.  
Figure 5.14 shows the maximum radial deflection occurring in the vicinity of the turbine inlet 
volute flange.   

 

 
 

Figure 5.14 Radial Deflections (in) at Design Speeds and Assumed Thermal Profile 
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The radial and tangential (hoop) stresses of the full hoop components were also modeled. The 
results showed most of the static areas having radial stresses well below the 40 kpsi range, with 
the exception of the interface between turbine inlet and compressor discharge volutes.  The 
difference in temperatures between these regions cause thermally induced compressive stresses 
of around 125 kpsi.  These stresses are numerically induced by the fact that the 2D model did not 
incorporate the thermal insulation region that exists between the two volutes.  These stresses will 
be mitigated in the detailed design phase by properly sizing the thermal insulation window.   

Turbine Generator Enclosure 

The gas turbine enclosure consists of a separate structure and panels mounted on the base skid.  
The enclosure will house the gas turbine, gearbox, oil lube system and generator.  An additional 
partitioned, air-conditioned room will be integrated on the enclosure/skid to house temperature 
sensitive components and controls.  At the final site, the skid will be secured to a concrete pad.    

The enclosure is made of galvanized steel panels that will be attached to the skid. The panels will 
have R-14 insulation that will minimize outside wall temperatures <104°F.  The ducted air 
connection points for the turbine engine to the enclosure will include flexibility to minimize 
thermal loading and provide vibratory dampening on the enclosure.   

Access doors are integrated for normal maintenance operations and inspections.  The enclosure 
assembly incorporates sound attenuated (thermo-acoustic) walls and ceiling to limit equipment 
noise.  Figure 5.15 illustrates the turbine generator enclosure. 

An integrated control cabinet containing all electrical panels and operation of the unit is 
supplied, including: 

• Motor control center 

• VFD for gas turbine control 

• Generator control and protection panel 

• DC panel and battery charger 

• Batteries 

• On-site monitoring system 
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Figure 5.15 Turbine Generator Enclosure 
The approximate enclosure size will be 20’ long x 8’ wide x 11’ high. This package is designed 
specifically for power generation application and is optimized to minimize plant dimensions and 
to reduce maintenance cost and time.  An exterior mounted control panel is incorporated to 
facilitate monitoring ease.   

Generator System 

The custom gas turbine vendor investigated four power generation systems for the DFC/T 
package.  These are compared in Table 5.8, which has cost and risk factors.  Each system 
incorporates different components, resulting in different overall system impact.  The cost factors 
apply to only the power generation system and do not reflect gearbox and lube system cost.  

All systems are viable, but with differing development times and costs.  Production costs are 
available for systems 1 through 3.  The risk associated with #4, along with the non-recurring 
engineering (NRE) and expected short lead-time for this effort; make it the least desirable at this 
time.  The production cost of this option is not clear, but it might offer cost advantages to the 
overall system. 

Turbine Generator Operation 

The turbine generator (TG) will be started before Fuel Enable. This will be achieved by using a 
small starter motor to spin the TG up to 50% speed.  Once the TG is at 50%, the starter motor 
will disengage.  At this point, there is no anode gas available, and the air heater will provide all 
the heat.  Preliminary studies indicate that the turbine generator will accelerate up to a 100% 
speed no-load condition as temperature increases.  As the fuel cell continues to heat up the TG 
will begin to produce power before the fuel cell reaches Hot Standby (HSB).  Once the fuel cell 
reached HSB the TG will be producing full power, 625kW.  
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Table 5.8  Power Generating System Comparison 

 
No. System Generator 

Type 
Generator 

Speed, 
rpm 

Gearbox, 
Turn-
Down 
Ratio 

Generator 
System 

Production 
Cost 

Factor 

Risk Factor 
1 = low,  
5 = New 
Product 

1 Low Speed, 
Standard 
Voltage, 
Synchronous 

480Vac 
 3 phase 

PMG 

1800 11.1 1.0 1 

2 Low Speed, High 
Voltage, 
Synchronous 

13.8 kVac 
3 phase 
PMG 

1800 11.1 0.9 1.5 

3 Variable Low 
Speed, Induction 
Motor 

480Vac  
3 phase  

IM 

3600 5.56 2.3 2.5 

4 High Speed 
Variable 

600 Vac  
3 phase  
PMG 

17000 - 
20000 

None 2.0 4 

 

5.3 Piping System Design 
Pipe Sizing 

A complete piping system was designed for the DFC/T 3000 power plant.  The first step in 
designing the piping system involved sizing the lines.  This process is especially critical for a 
hybrid power plant due to the sensitivity of the turbine-generator to backpressure and the low 
operating pressure of the process.  If the backpressure on the turbine is higher than the design 
point, its performance will be negatively impacted.  This would cause a significant efficiency 
reduction for the power plant.  Therefore, pipes were sized to allow the lowest pressure drop 
practical while minimizing pipe size.   

A holistic and iterative approach was used for sizing the piping and allocating pressure drop to 
equipment.  A target backpressure was specified with input from the turbine vendors.  Then each 
pipe-run and piece of equipment was allocated a portion of the targeted pressure drop.  Line-
sizing calculations were performed to meet the allocated pressure drop.  Additional secondary 
criteria, such as fluid velocity, were also considered when sizing the pipes.  Figure 5.15 shows a 
typical plot of pressure drop and fluid velocity for a pipe-run.  The velocity criteria depend on 
the fluid in the pipe.  For the example in Figure 5.16, a 30” nominal diameter pipe was chosen 
because it allows a low pressure drop of ~1.0 “WC, and the velocity is acceptable for dry gas 
service.  
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Figure 5.16 Pressure Drop and Fluid Velocity for Various Pipe Sizes 

 
The total pressure drop calculated for a pipe-run is a summation of the drop due to the pipe itself, 
as well as the fittings.   

FittingsPipe PPP Δ+Δ=Δ  (5.1) 

The pressure drop attributable to the pipe is given by the following equation: 

g
v

D
fLP Pipe 2

2ρ
=Δ  (5.2) 

Where, ∆P equals pressure drop, ρ equals fluid density, f equals Darcy friction factor, L equals 
pipe length, D equals pipe diameter, v equals fluid velocity, and g equals gravitational constant.  
The Darcy friction factor can be calculated from empirical correlations.  For laminar flow, the 
friction factor is only a function of the Reynolds number.  For turbulent flow, the friction factor 
is a function of pipe roughness, as well as the Reynolds number.  The turbulent flow regime is 
applicable to almost all piping in the DFC/T 3000 power plant. 

The pressure drop attributable to the fittings is given by the following equation: 

g
vKPFittings 2

2ρ
=Δ  (5.3) 

“K” is the total resistance coefficient for all fittings in the pipeline.  It is a summation of all 
individual fitting values.  K-values for fittings are given as a function of pipe diameter in various 

Selected Size 
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literature sources.  Crane Flow of Fluids software, based upon the Crane Technical Paper 410, 
was used as a reference for K-values.   

Pressure Mapping 

Pressure mapping was performed for the DFC/T 3000 power plant to track the pressure at every 
point in the system.  This detailed analysis has implications for several areas of the design 
process: 

• Allows estimation of turbine backpressure for proper turbine design. 

• Enables proper valve selection based on allowable pressure drop across valves 

• Sets design pressure for all piping, allowing the specification of expansion joints and 
piping ratings. 

• Enables specification of allowable equipment pressure drop 

Crane Flow of Fluids software was used to create pressure maps for all four “pressure loops” 
within the system.  A pressure loop was defined as any system having an independent pressure 
source.  For example, the fuel gas loop has the natural gas supply line as a pressure source.  The 
anode loop contains the Anode Booster Blower as a pressure source.  The Fresh Air Blower acts 
as the pressure source for the fresh air loop.  Lastly, the turbine-compressor is the pressure 
source for the turbine loop.   

A cumulative pressure map was also created to determine the backpressure on the turbine.  This 
backpressure design specification is critical for the design of the turbine as well as the efficient 
performance of the power plant.  Figure 5.17 shows an example of a pressure map that was 
created to calculate turbine backpressure.  All piping and equipment are included along the flow 
path from the turbine exit to the power plant exhaust stack.  Fittings and lengths for the piping 
were estimated based on the plant layout and the P&IDs.  Allocations of pressure drop through 
equipment were specified to achieve low turbine backpressure.  The allocations were then 
adjusted or confirmed based on communication with equipment vendors. 
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Figure 5.17 Turbine Backpressure Mapping for DFC/T 3000 Power Plant  
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There are no control valves for the system shown in Figure 5.17.  Therefore, all on/off valves 
were modeled as fully open with K-values obtained from manufacturer’s literature.  Typically 
valve data is reported as Cv at 100% valve opening.  The following equation from Crane 
Technical Paper 410 was used to calculate an equivalent K-value: 

2

4891
Cv

dK ≅  (5.4) 

Demands are set at different locations along the pressure map.  As shown in Figure 5.16, a 
demand is represented by a diagonal arrow entering or leaving the system.  At the exit of the 
turbine (the beginning of the modeled system), the demand is set as a flowrate.  At the exit of the 
system (the exhaust stack), the demand is set as atmospheric pressure.  Additional demands are 
located within the system.  There is a flow demand for anode gas from the Anode Booster 
Blower that enters the system.  Demands are placed after the fuel cell modules to simulate the 
mass transfer that occurs within the fuel cell.  This is simulated as a set amount of flow leaving 
the system.  The backpressure on the turbine is then calculated as an aggregate of all the pressure 
drops for the individual system components. 

5.4 Instrumentation Design 
All instrumentation has been sized and specified for the DFC/T 3000.  Sizing calculations for 
control valves were made using Flowserve’s “Performance” software program.  Relief valves 
were sized by hand, using Anderson & Greenwood equations.  The rupture disc was sized by 
hand using the ASME “Resistance to Flow” method.  Instrument specifications were all 
completed on FCE’s version of ISA specification sheets.   

An Instrument Index and a PLC I/O Assignment List were developed for the DFC/T 3000.  The 
PLC I/O list shows rack/slot/channel location as well as the appropriate electrical drawing 
references.  The Instrument Index is used for tracking tag numbers, specifications, etc. during 
design and later during construction.   

Design and development procedures as well as example calculations for several of the key 
instrument types are shown in the following design descriptions. 

The input/output (I/O) signals to field devices on the DFC/T 3000 consist of analog and discrete 
types.  Analog inputs to the PLC from field instruments are used for measurement of: pressure, 
differential pressure, flow, temperature, combustible gas level, liquid level, vibration, and valve 
position feedback.  Instrument transmitters are generally 4-20mA circuits powered by 24VDC 
and consist of ISA Types 2, 3, and 4, corresponding to 2-, 3-, and 4-wire configurations.  The 
majority of 4-20mA instruments are loop-powered (Type 2), as shown in Figure 5.18, where 
field-side sensor/transmitter is wired into the system-side PLC analog input module.  A smaller 
number of 4-20mA instruments (typically flow transmitters and gas analyzers) are self-powered 
(Type 4), as shown in Figure 5.19.     
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Figure 5.18 Type 2 Loop-Powered Transmitter Circuit 
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Figure 5.19 Type 4 Self-Powered Transmitter Circuit 

 

A relatively large class of sensors on the DFC/T 3000 is composed of Type K thermocouples, 
which are tied into special TC/millivolt input modules in the PLC.  These modules are designed 
for low signal-to-noise ratio circuits characteristically associated with thermocouples.  Unlike the 
analog input modules above, these modules are based on millivolt-scale inputs that do not 
require additional 24VDC excitation.  There is additional logic on the front end to compensate 
for the non-linearity of various thermocouple types.  The remaining balance of analog-type 
signaling on the DFC/T 3000 consists of analog outputs (4-20mA) to field instruments from the 
PLC.  These are used to position motor-driven modulating valves and to provide speed 
commands to Variable Frequency Drives (VFD) interfaced with blowers. 

Discrete I/O signals are either 24VDC or 120VAC, depending on vendor equipment interface 
specification.  Discrete inputs to PLC are used for relay contact (e.g., Emergency Stop ESTOP 
relay) status and vendor equipment (e.g., Fresh Air Blower) running status.  Discrete inputs on 
the DFC/T 3000 are also utilized on some instruments for threshold detection of: flow, 
temperature, differential pressure, smoke, and UV/IR.  On/off valves additionally use discrete 
inputs for proof of position.  Figure 5.20 shows a common circuit where the dry contact 
associated with the sensor (e.g., flow switch) is wired into the PLC discrete input module.  This 
particular configuration is a sinking (current into) output sensor and a sourcing (current out of) 
PLC input, where the current sense is dictated by the 24VDC power supply connection. 
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Figure 5.20 Discrete Input Circuit 

The remaining balance of discrete-type signaling on the DFC/T 3000 consists of discrete outputs 
from PLC to field instruments.  These are used to provide Start/Stop commands to vendor 
equipment, initiate equipment remote resets (e.g., remote trip resets on VFD’s), activate ESTOP 
circuits, and issue Open/Close commands to solenoid or motor-operated on/off valves.  A 
number of additional discrete input and output channels are reserved on the DFC/T 3000 to serve 
as a convenient customer interface with the PLC to provide top-level system status.    

Control Valve Sizing & Selection 

General Sizing Procedure 

Valves are sized as part of a piping system, with the valve size and pressure drop determined by 
the piping system requirements.  Pipe size selection is based on flow, available pressure drop, 
economics, and layout.  An oversized pipe will give a low-pressure drop, but will increase the 
capital cost and take more room for plant layout (bend radius increase, more area required for 
pipe run separation, etc.).  An oversized valve also costs more, and has less ability to throttle or 
control flow.  Similarly, an undersized pipe and valve system will cause too much pressure drop, 
and will not pass enough flow through it.  Pressure drop in excess of what the rest of the piping 
system utilizes will be consumed by the throttling control valve.  Note that on-off block valves 
are made equal to line size, and are treated as fittings to establish system drop at maximum flow.   

The percentage of system pressure drop assigned to the control valve is based on conflicting 
needs.  Too large a drop causes the pump and the piping to become oversized; too small a drop 
compromises the ability of the control valve to throttle flow.  One guideline is that 50% of the 
system drop (excluding the control valve) be absorbed by the control valve.  In other words, one-
third of the total system drop would go to the control valve.  If there were no valve at all in this 
piping system the flow increase would be only about 22% (the ratio of [3/2]0.5).   

Once a reasonable pressure drop is arrived at for the control valve, Cv calculations are made 
using ISA equations (see Figure 5.21 below).  Assumptions about valve type are made, and 
generic valve capacity factors (see ISA S75.01, Annex D, Table D-1), are used for preliminary 
sizing.  The calculated Cv is then used to establish the exact type and size of control valve, 
capacity factors are corrected, and a final Cv calculation is made.  As a back check, each bidding 
vendor is required to run a Cv calculation for their valve, using their exact capacity factors. 
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Figure 5.21 Examples from ISA-S75.01 Flow Equations for Sizing Control Valves 

Selection 

The selection of the type of control valve is based on much more than just size and rated Cv .  
Flow media (slurries, corrosives, errosives, etc.), temperature, pressure rating, leakage rating, 
etc., all help determine the type of valve selected.  For the DFC/T 3000 project, globe and 
butterfly style valves were selected, as the only process concerns were temperature, control 
range, and shut-off leakage.  Both types of valve are good for high temperatures, and both can 
shut tight.  Globe style valves are low recovery, high-pressure drop, with a high control range 
ratio (i.e. high flow to low flow).  The trim is available in many different sizes for any size body, 
allowing fine tuning and field retrofit.  Butterfly valves are high recovery, low-pressure drop, 
with a more limited control range ratio.  The trim is body size only with some exceptions. 

Generally, butterfly valves are used in lines sized 4” and above, while globe valves are used in 
lines sized ¼” to 3”.  Globe valves are less likely to cavitate or make noise due their body and 
trim configuration affect on turbulence and pressure recovery.  There is some overlap in sizes, as 
globe valves can be obtained up to 16” and above, while butterfly valves are available down to 
2” in size, and go up to 60” and above.  In the larger sizes, butterfly valves are less expensive, 
more compact, and weigh much less than a similar size globe valve.  Since the Cv rating of a 
butterfly valve is much larger than the same size globe valve, reduced size butterfly valves can 
be used to increase savings.  Table 5.9 illustrates the typical Cv’s for butterfly and globe valves 
in relation to line size. 
 

Table 5.9 Typical Cv’s for Butterfly and Globe Valves  
(from Fisher Controls and Sure-Seal) 

 
SIZE GLOBE BUTTERFLY 

2” 150# RF Cv = 54 Cv = 92 
3” 150# RF Cv = 114 Cv = 260 
4” 150# RF Cv = 190 Cv = 460 

 

The terms globe valve and butterfly valve cover many variations of form and function. Globe 
valves, for example, come in different body configurations, such as straight-thru, angle body, 
two-way, three-way, etc.  The globe valve trim comes in many varieties as well, such as single 
port, double port, balanced, unbalanced, cage guided, top guided, hardened, soft seat, equal 
percentage, linear, reduced size, fluted, etc.  Butterfly valves come in different configurations as 
well, such as 60° vane, 90° vane, straight thru shaft, offset shaft, eccentric offset shaft, pinned 
vane, splined vane, slurry port, etc.  Each variation has a purpose and common use.  Figure 5.22 

Incompressible, non-vaporizing, turbulent flow    Cv = ( q / N1 Fp ) (Gf / p1 - p2 ) 0.5 
 
Compressible, gas or vapor, turbulent flow    Cv = ( q / N7 Fp p1 Y ) ( Gg T1  Z / x ) 0.5 
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below shows a few of the different styles of globe and butterfly valves.  Figure 5.23 shows some 
special purpose valves, for slurries, paperstock, etc.  Figure 5.24 shows a detailed look at the trim 
in both a globe valve and a butterfly valve. 
 
 

 
 

Figure 5.22 From Fisher Controls Control Valve Handbook 
 



 102

 
Figure 5.23 From Various Vendors 

 
 
 

 
 

Figure 5.24 Trim Details 

 

 

Butterfly valve trim details Globe trim details 
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Specific Sizing Examples 

FV-231: controls water flow to Humidifier 

The water pump discharge is held constant at 100 psig by recirculation valve PCV-101.  The 
Humidifier delivery pressure must be 20 psia.  The pressure drop at both maximum and 
minimum flow across the following items: 28 spray nozzles, check valve CHV-241, solenoid 
XV-230, and flow meter FE-231 was determined.  At a flow of 4 GPM, the pressure drop per 
100’ of 1” pipe is less than 0.6 psi.  Each 1” elbow is equivalent to approximately 2.5’ of 1” pipe.  
Since the total pipe run will be about 50 ft, plus about six elbows, the drop is estimated to be less 
than 1 psi maximum, and a more rigorous check of the pipe is not needed.  The pressure drop 
across FV-231 will vary from 17 psi at max. flow to 92 psi at minimum flow, giving a required 
Cv range of 1.07 to 0.08, or about 13 to 1.  This is well within the vendors 50:1 rated control 
valve range for their electrically actuated globe style control valve.  The maximum flow could be 
increased 25% with the selected trim, and the valve trim is rated for far more pressure drop than 
exists for this application.  It would not be practical for control purposes to use other than a 
reduced trim globe style valve due to line size, small required trim size, and flow range. 

TV-308: controls air bypass around the Air Heater 

The turbine potentially provides more air than the Air Heater burner can handle.  Since the 
turbine will be run most efficiently at a constant speed, excess air will be by-passed around the 
heater.  The pressure drop allocated to the bypass control valve is to be kept as low as possible, 
to allow the bypass pipe line to be kept as small as possible, which means a smaller less 
expensive bypass pipe can be used.  The ratio of maximum flow of bypass air to minimum flow 
is relatively small, allowing the valve to throttle despite the small pressure drop. 

The bypass line length can be estimated, because the take-off and return points are dictated by 
the equipment.  The plant layout is used to estimate the number and type of fittings.  The control 
valve is assumed to be a line-sized low pressure drop, high flow butterfly valve.  The resistance 
factor “K” is estimated for the various size valves, using an equation incorporating rated Cv and 
pipe diameter [K = 891 d4 / Cv

2   from Eq. 3-16, Crane Technical Paper No. 410].  Calculations 
of pipe velocity and pressure drop are made for various sizes of the estimated piping system, 
including the line size control valve.  A reasonable size pipe is selected, with the control valve 
taking any extra pressure drop above the amount originally assigned to it.  Calculations are then 
made for the vendor’s valves, and the ratio of stroke to Cv is checked to ensure the valve can 
throttle over the desired flow range. 

Rupture Disk Sizing & Selection 

General Sizing Procedure 

The rupture disc PSE-219 protects the Humidifier vessel from failure of an upstream control 
valve, and also from blocked flow due to failure of the catalyst bed in downstream vessel 200-
RR-203.  The largest relieving flow was determined to be from blocked flow being heated, 
generating steam and hot gas.  The rupture disk size resulting from this condition was taken as 
the sizing basis. 
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The sizing calculation of the rupture disc follows the ASME Boiler & Pressure Vessel Code, 
Section VIII, Division 1.  Code was followed for the disk, and the vessels are built in accordance 
with the Code, but neither the disk nor vessels require the Code stamp as the working pressure 
does not fall within Code limits.  Per this code there are two methods for sizing disks, which are 
the sole relief device; Coefficient of Discharge, and Resistance to Flow.    Calculations are first 
made using the Coefficient of Discharge calculation.  The piping layout is then checked to see if 
the Resistance to Flow method is required.  If the piping runs violate the eight diameters inlet 
and five diameters outlet rule, the Resistance to Flow calculation is required. 

The Coefficient of Discharge method involves first determining if the flow is critical. If the exit 
pressure is less than or equal to Pcf, determined from equation 5.5, then equation 5.7 is used to 
determine the minimum flow area. Explanation of for equations 5.5-7 is found in Table 5.10. 
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Table 5.10 Factors Used in the Coefficient of Discharge Calculation 
 

W Rated flow capacity lb/hr 
A Minimum net flow area sq. in. 
C Constant based on ratio of specific heats, k  
k cp/cv  
KD Coefficient of discharge (0.62 for rupture disks)  
P Set pressure plus overpressure allowance plus 

atmospheric pressure 
psia 

Pe Exit pressure psia 
M Molecular weight  
T Absolute temperature at inlet Rankine 
Z Compressibility factor for corresponding P and T  

 

Specific Sizing Examples 

PSE-219: Humidifier supply header 

The rupture disk is set at 14.2 psig, which puts the set pressure below the ASME code 15 psig 
limit.  The selected rupture disk meets code requirements, but does not require code stamping.  
Figure 5.25 shows an Oseco “PLR” disk and Figure 5.26 shows a rupture disk seat.  

The relieving flow was obtained from the FCE process department.  A sizing calculation was 
performed using the Coefficient of Discharge method, resulting in a need for a 2” rupture disk as 
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shown in Figure 5.27.  The piping was checked, and found to exceed the code limits.  A 
calculation using the Resistance to Flow method was made, accounting for every fitting and 
piece of pipe in the inlet and outlet run.  The result was the need for a 3” disk to ensure the 
required flow against the decreased pressure drop across the disk assembly (due to increased 
frictional pressure drop).  The piping runs were adjusted to meet the 3” disk size.  Since the 
increased piping size and fittings have a less pressure drop than the original 2” runs, no further 
calculation is required. 

Rupture disc PSE-219 was selected as an Oseco Model PLR reverse buckling type with 0% 
manufacturing range.  The 14.2 psig burst pressure was set to a burst temperature of -20°F (the 
minimum ambient temperature per plant Design Basis) to ensure the most conservative setting.  
The vendor calculated burst pressures versus burst temperatures expected by FCE under 
operating conditions to ensure a proper ratio of operating to burst pressure was maintained.   

Since the plant runs under remote supervision, a burst detector assembly was added to ensure 
plant shutdown upon disk burst. 

 

 
Figure 5.25 Oseco PLR Rupture Disk 
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Figure 5.26 Rupture Disk Seat 
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Figure 5.27 Oseco Sizing Equation for Coefficient of Discharge Calculation 
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Figure 5.28 shows typical piping resistance factors. 

Figure 5.28 Sizing Equation for Resistance to Flow - from Fike Technical Bulletin TB8102 
 

For the Resistance to Flow method equation 5.8 is used to determine the flow. Explanation of 
factors is found in Table 5.11. 

 

g
m STK

PPdYq
⋅⋅
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Table 5.11 Factors Used in Resistance to Flow Calculation 

 
q’m Rate of flow SCFM 
Y Net expansion factor for compressibles 

through orifices, nozzles and pipes 
 
 

d Internal diameter of pipe inches 
ΔP Change in pressure from state 1 to 2  
P’1 Pressure at state 1 (entrance) psi 
K Loss coefficient  
T1 Absolute temperature at state 1 Rankine 
Sg Specific Gravity relative to air  

 

Relief Valve Sizing & Selection 

General Sizing Procedure 

The decision to include a relief valve is based on a safety evaluation of the process equipment.  
The addition of a relief valve is most frequently done to protect a vessel or piece of equipment 
from failure of another device, a fire, source of overpressure, etc.  Once the reasons for the 
addition are identified, the valve is sized for each reason, and the largest resulting size is taken as 
the sizing basis. 
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The sizing basis of the relief valves at FuelCell Energy follows the ASME Boiler & Pressure 
Vessel Code, Section VIII, Division 1.  The vessels are built in accordance with the Code, but do 
not require the Code stamp as the working pressure does not fall within Code limits.  
Calculations are made using the specific vendor’s version of sizing equations, to get the proper 
discharge coefficient. 

Anderson Greenwood uses equation 5.9 to calculate the orifice area for the relief valve. F, the 
subsonic flow factor and Kd, the subsonic flow coefficient are calculated using equations 5.10 
and 5.11 respectively. Further explanation of factors used is found in Table 5.12. 
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Table 5.12 Factors Used for Anderson Greenwood Sizing Equations 
 

A Calculated orifice area sq. in. 
V Required capacity SCFM 
T Relieving temperature Rankine 
Z Compressibility factor  
P Set pressure psig 
P1 Inlet flowing pressure (P + 

allowable overpressure – 
inlet pressure loss + 
atmospheric pressure) 

psia 

P2 Outlet flowing pressure psia 
k Ratio of specific heats. 

k=Cp/Cv 

 

 

Specific Sizing Examples 

PSV-202A&B (Desulfurizer vessels) 

The Desulfurizer vessel relief valves are set to 14.2 psig, which puts the set pressure below the 
ASME codes 15 psig limit.  The selected Anderson Greenwood MLCP valve meets or exceeds 
code requirements, but does not require code stamping.  Figure 5.29 shows an Anderson  
Greenwood relief valve. 

The failure of regulator PCV-201 was found to be the greatest cause of overpressure for the 
Desulfurizer vessels.  The failure flow was determined by using the PCV vendors published 
failure flow Cv rating, and the greatest possible differential pressure across the regulator.  The 
differential pressure would be greatest if the relief valve was oversized, the inlet pressure was at  
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Figure 5.29 Anderson Greenwood MLCP Valve 
its limit of 20 psig, and the downstream relief valve tolerance caused it to open below the set 
pressure.  This means the 14.2 psig set pressure, minus the 3% tolerance (or 0.426 psi), results in 
opening PSV-202 with 13.774 psig at the outlet of PCV-201.  (NOTE:  the 12.5 psig normal set 
pressure of the PCV does not cause a continuous large flow due to pressure build-up in the 
system.  It is only when the relief valve opens, that there is a large continuous flow).  The failure 
flow of natural gas at the greatest possible differential pressure across PCV-201 was calculated 
to be 5,492 lb/hr. 

Relief valves PSV-202A & B were selected as Anderson Greenwood pilot operated modulating 
type.  They open proportionally to the flow, achieving full rated capacity at 10% overpressure.  
The most conservative sizing approach is to use the lowest opening pressure of the PSV, 
corresponding to the point of highest failure flow through the PCV causing the overpressure.  
This approach gives the lowest differential pressure for relief valve venting, making the relieving 
flow the smallest amount.  Since the valve is not ASME coded, the maximum overpressure is 
taken as 10% (or 1.42 psi), rather than the greater of 10% or 3 psi as per ASME UG-125.  This 
makes the result more conservative, while keeping the vessel pressure closer to the MAWP. 

The calculated required orifice area was 3.37 in², making the selected valve size a 3” x 4” with a 
rated area of 7.069 in².  This means the relief valve will only open about half way for the worst 
case full relief flow.  The valve is rated for zero leakage at 92% of set pressure, will only open 
proportional to the required flow, will reseat without rework after return to normal conditions, 
and will limit natural gas loss to only what is required for vessel safety. 
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Turbine Dump Valve Selection 

General 

A turbine dump valve has not been definitively specified because the turbine has not been 
finalized to date.  Although the selected turbine will require a dump valve to prevent compressor 
surge, questions remain as to required size, speed, action, and type of valve.  These factors are 
very much intertwined, as each affects the other.  For example, the type of valve selected 
influences the Cv required, the speed of actuation, the maximum design temperature, and the size 
actuator. 

There are two turbine designs under consideration, one is a modified standard OEM model, and 
the other is a “clean sheet design” (known as CSD).  The OEM design has a higher compression 
pressure/temperature and lower flow (145 psia / 651°F / 28000#/HR), while the CSD gives lower 
compression pressure/temperature and higher flow (59 psia / 373°F / 36000#/HR).  The dump 
valve required Cv for the CSD is larger, due to decreased differential pressure, but the lower 
temperature allows a lower torque design. 

Regardless of which turbine is elected, the dump valve will be electrically actuated, with 120 
VAC.  It will have a completely self-contained actuator, with no booster tanks, air cylinders, etc.  
Table 5.13 shows estimated Cv’s and failure times for two different styles of valve, for both 
types of turbines.  Since the CSD design is the most likely selection, a 6” size valve and vent 
pipe line was incorporated into the system design. 

Table 5.13 Cv and Failure Time for Butterfly and Globe Valves 
 
  

Butterfly style 
w/Spring Failure 

Globe style 
w/Solenoid actuator 

OEM req'd Cv = 164 req'd Cv = 114 
3" size 4" size 

≥2 sec. failure ≤0.5 sec. failure 
 

  
Clean Sheet Design req'd Cv = 445 req'd Cv = 311 

6" size 6" size 
≥2 sec. failure ≤0.5 sec. failure 

 

  
 

Dump Valve Operation 

There are two different modes of operation being considered for the dump valve, requiring 
radically different valves and actuators. 

1. On-off rapid failure to the open position on loss of power. 

2. On-off rapid opening when signaled, and throttling to partial opening under normal 
operation. 
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The on-off dump valve is the simplest design, but only protects the turbine compressor against 
surge.  It does not allow easy modification of compressor outlet flow, without varying the turbine 
speed. 

Throttling the dump valve gives the ability to bleed off excess air not needed by the process, 
without varying the turbine speed.  This allows running the compressor during off-spec situations 
such as high ambient air temperature or high altitude/lower atmospheric pressure.  It also allows 
trimming in a mid-sized turbine to process case. 

Dump Valve Vendors: 

The valve used in the DFC/T 300 project was a Clark-Cooper model ER solenoid operated valve.  
It is rated to 550°F maximum, making it unsuitable for the OEM design.  It is available in a 6” 
size (Cv = 468) with a rated maximum operating differential pressure of 60 psig, making it 
marginally suitable for the CSD turbine (pending final design and compressor output pressure).  
It is strictly an on-off valve, and cannot throttle partially open. 

Leslie Controls offers valves that meet the temperature needs of both the OEM and CSD, as well 
as meeting both modes of operation.  For the on-off mode, they have a 6” 300# RF solenoid 
valve with a Cv = 375, good to 800°F process temperature, and a closed pressure rating of 185 
PSIG.  It has the Soli-Con actuator, which draws a high inrush current for 0.5 seconds, then 
drops to a low holding voltage.  Upon loss of power it fails full open in a fraction of a second.  
See Figure 5.30 below for the solenoid valve. 

 
Figure 5.30 Leslie Controls 6” Relief Valve 

Leslie Controls also has a 300# RF throttling valve with quick failure to the open position.  The 
valve body is a 6” eccentric plug rotary style valve, with a Cv = 520, good to 800°F process 
temperature.  The valve is available in a multitude of configurations, and can be readily 
customized.  The actuator is an electro-hydraulic (called “electraulic” by the vendor), with spring 
failure on loss of power, and throttling to a 4-20 mA signal.  The valve travels from closed to 
open in 0.5 seconds.  See Figure 5.31 below for a picture of an 8” Leslie Controls valve with the 
same configuration as we will use. 
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Figure 5.31 Leslie Controls 8” Relief Valve 

Pressure Regulator Sizing & Selection 

General Sizing Procedure 

The regulators are sized using ISA control valve equations, adjusting the valve capacity factors 
to suit the type of regulator.  The capacity is also checked against the vendor’s capacity charts to 
select an appropriate proportional band and spring range.  The proportional band should be 
minimized to ensure adequate outlet pressure under full demand (avoiding excessive “droop” of 
regulated pressure).  The spring range maximum set point should be as close to the desired set 
point as possible to ensure adequate sensitivity to control the outlet pressure. 

Specific Sizing Example 

PCV-201:  

The sizing calculation was run for both natural gas and anode digester gas processes.  The piping 
is suitable for both uses, with the regulator-sized specific to the application.  The plant Design 
Basis calls for natural gas at a supply pressure of 15 to 20 psig.  An inlet pressure of 15 psig was 
used to ensure conservative sizing of the supply regulator.  The downstream set pressure is to be 
12.5 psig.  After regulator selection, the full flow droop was used in checking line loss to the fuel 
cell stacks.  Calculating the required Cv using 15 psig inlet, 12.5 psig outlet, and full design 
flow, gave a result of Cv = 35.4.   

The vendor literature gives the “recommended maximum useable Cv” as 108 for a 3” regulator.  
Since this figure is based on 30% droop, and is spring range and setpoint pressure dependent, it 
does not give an accurate sizing.  A 5-20 psig spring range was selected.  The desired setpoint of 
12.5 psig was between listed of setpoints 10 and 15 psig.  Interpolation gives Cv = 54.25 at 10% 
droop.  The actual droop at the desired Cv of 35.4 would be about 6.5-8%, giving an outlet 
pressure of about 11.5 psig at full flow.  Pressure mapping confirmed more than sufficient 
pressure to deliver full flow to the control valve FV-217, which would absorb any excess 
pressure.  Figure 5.32 shows a typical pressure regulator for this application. 
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Figure 5.32 PCV-201 (Model DA1) 

Restriction Orifice Sizing & Selection 

General Sizing Procedure 

Restriction orifices are used to limit flow in process and utility piping systems.  The orifice is 
sized so that the pressure drop across it becomes “critical”, meaning that the fluid velocity 
becomes “sonic”.  Since the maximum possible velocity in a pipe is sonic velocity, the flow is 
thereby limited to the amount producing the critical pressure drop and sonic velocity.  Any 
additional downstream pressure drop is not felt upstream, and the flow does not change.  The 
addition of a restriction orifice is made to conserve a utility (such as purge gas from a cylinder), 
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or more frequently, to protect a vessel or piece of equipment from failure of another device, 
source of overpressure, etc. 

The sizing basis of the restriction orifice follows ASME/ANSI MFC-8M.  The actual calculation 
is made using the Miller (iterative) form of the equation, as shown in ASME/ANSI MFC-8M, 
Section 4.2, Eq. 18b.  Since the discharge coefficient "C", expansion factor "Y", and thermal 
expansion effect on "d" are not initially known, the iterative procedure must be used.  The orifice 
size is first estimated by using a sizing slide rule (Foxboro, Daniels, etc.), establishing that the 
required process conditions can be met.  A specification is sent to orifice plate vendors for 
quotation, a vendor is selected, and a purchase order is made for a calculation and the plate.  The 
sizing calculation will be made by the selected vendor. 

Specific Sizing Example 

FO-201  

The Desulfurizer vessel relief valves are set at 14.2 psig, which puts the set pressure below the 
ASME codes 15 psig limit.  The inlet pressure to the vessels is regulated to 12.5 psig by PCV-
201.  The natural gas supply pressure is 15 to 20 psig.  If the gas header system was to allow up 
to 100 psig gas to the inlet of PCV-201, and if PCV-201 was to fail, the regulator could pass 
25,100 lb/hr of gas.  This flow rate exceeds the relieving capacity of PSV-202A & B.  A low 
cost, tamper-proof way to protect against high header pressure is to add a restriction orifice to 
keep the failure gas flow within the relief systems capability of 11,818 lb/hr 

FO-201 is designed to take advantage of the basic nature of gas flow through an orifice.  As the 
flow rate increases, the pressure drop across the orifice is squared.  Therefore, if the flow 
doubles, then the pressure drop rises by a factor of four.  This allows setting an orifice size that 
takes a small pressure drop at normal flow, but will take enough pressure drop at increased flow 
to reach a critical and limiting pressure drop. 

At an inlet pressure of 100 psig to FO-201, a 65 psi pressure drop (giving an inlet pressure of 35 
psig to PCV-201) was calculated to pass 10,000 lb/hr through PCV-201.  This is safely below the 
11,818 lb/hr relieving flow of the relief valves.  A calculation on a Foxboro slide rule showed 
that a beta ratio of 0.33 (an orifice of 1.33" diameter) would work in a 4" Standard Weight pipe.  
A normal flow of 1010 lb/hr will produce a pressure drop of approximately 18.4" WC.  If the 
flow increased 10 times (to 10,000 lb/hr), the resulting pressure drop will be almost 100 times 
greater.   

Figure 5.33 shows a typical orifice plate sizing example based on O’Keefe Controls. 
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Figure 5.33 Typical Restriction Orifice Sizing Calculation 
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Thermocouple Selection 

General 

Thermocouples and Resistance Temperature Detectors (RTD) are the most commonly used 
temperature sensors.  They are rugged, inexpensive, accurate, and are reasonably linear over 
large temperature spans.  Both sensors have been in existence for a long time, and there are many 
different sizes and configurations available for almost any use.  There are however, some 
differences between the two types that lead to the conclusion that FCE will use thermocouples 
instead of RTDs. 

Thermocouples are less accurate than RTDs, but approach the RTD accuracy at temperatures of 
500°C and above.  They are tip sensitive (versus "stem sensitive" RTDs), allowing measurement 
of precise locations such as a fuel cell stack catalyst layer.  The maximum operating 
temperatures is much higher than for RTDs.  The speed of response of thermocouples is much 
faster.  For example, a 1/4" OD grounded thermocouple has a time constant of 1.7 seconds, 
versus 5.0 seconds for a 1/4" OD RTD. 

Type K thermocouples have a temperature range of 0 to 1250°C.  Type K is the only base metal 
thermocouple that can be used for sensing temperatures from 900°C to 1250°C.  The thermal 
emf generated is higher than all other type thermocouples except type E, which does not have as 
high a maximum temperature as type K.    Since type K thermocouples are affected in high 
temperature reducing atmospheres, or in environments containing hydrogen or carbon monoxide, 
the sensors are sheathed in either stainless steel or Inconel.  Inside the sheath, the ungrounded 
couple is insulated by magnesium-oxide, as illustrated by the cross-section in Figure 5.34. 

Figure 5.34 Sectional View of Dual Thermocouple Sensor 

Installation 

FCE installs the thermocouple sheath directly into the pipeline, avoiding use of a thermowell to 
cut response time delay and cost.  The thermocouple sheath is seal welded to a stainless steel 
double ended fitting to prevent the process from entering the mounting head.  The sensor threads 
into a fitting, which threads onto a pipe nipple, which in turn mounts to a pipe fitting (usually a 
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"sockolet" or "threadolet").  The wiring terminates in the industrial type "head", giving a strong, 
weatherproof assembly.  Figure 5.35 illustrates vendor thermocouple assemblies. 

 
Figure 5.35 Sample Thermocouple Assemblies 
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5.5 Electrical 
The DFC/T 3000 Electrical System is comprised of Electrical Balance of Plant (EBOP) and 
additional support equipment.  The EBOP is responsible for converting the fuel cell DC power 
into utility grade AC power and consists of three sections: Power Conditioning Unit (PCU), 
isolation transformer, and medium voltage switchgear.  These sections are shown in the 
Electrical Power Distribution of Figure 5.36.  Support equipment includes rotating machines 
(including induction generator for gas turbine), motor control equipment, and Programmable 
Logic Controller (PLC) and associated equipment. 

Electrical Balance of Plant 

The PCU (inverter) design for the DFC/T 3000 is the same as that for the commercial DFC3000 
(in contrast to that of the Alpha Unit, the additional power generated by the DFC/T 3000 gas 
turbine is not converted in the PCU).  The EBOP design complies with typical domestic and 
international utility interconnection requirements.  Standard rules for interconnection are 
primarily based on meeting the proper power quality levels, connecting safely to the utility grid 
with the proper protection devices, and automatically disconnecting from the utility grid during a 
grid outage, disturbance, or fault condition.  The PCU includes protective relay functionality, 
which is compliant with UL/IEEE requirements for anti-islanding and grid interconnection 
protection.  As with the commercial product, the DFC/T 3000 power plant is designed for both 
grid-connected and grid-independent operation and for compliance with the following standards: 

IEEE 1547 Standard for Interconnecting Distributed Resources with Electric 
Power Systems 

(NEC) NFPA 70 National Electric Code 
California Rule 21 California Grid Interconnection Standard 
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Figure 5.36 DFC/T 3000 Electrical Power Distribution 
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Multiple inverter sections are paralleled to realize a combined 3.0 MVA PCU rating (at 50 Hz or 
60 Hz) with power delivery at both leading and lagging power factor. 

The transformer on the DFC/T 3000 is designed for isolation and step up to utility connection at 
13.8 kV.  Options for other utility connection voltages (e.g., 480V) will be available by customer 
request.  Also shown in Figure 5.36 is the medium voltage switchgear containing the managed 
(according to interconnection standards) tie breaker (TB) among other equipment not shown. 

Startup of the DFC/T 3000 requires grid connection for the 480VAC EBOP and MBOP parasitic 
loads.  The induction generator additionally receives its excitation from the grid during startup as 
it motors toward a self-sustaining condition.  Once self-sustaining, prior to PCU operation, the 
generator serves the parasitic loads with export of excess power.  With the PCU online at the end 
of startup, grid excitation is no longer necessary and the generator can be sustained in case of a 
subsequent grid outage.  Customer critical loads can also be served in this situation. 

Support Equipment 

The gas turbine induction generator requires only basic controls and no additional 
synchronization procedures for startup.  The transition from motoring to generating is smooth 
and occurs once minimum turbine inlet temperature (for self-sustaining) has been exceeded 
during plant startup. 

Motor control equipment in the DFC/T 3000 includes protection equipment and starters for 
fixed-speed motors and variable frequency drives (VFD) for variable speed blowers.  A VFD is 
not associated with the induction generator. 

The DFC/T 3000 utilizes a Programmable Logic Controller (PLC) to provide simplified 
operation and unattended operation capability.  The control system is highly automated allowing 
single button control of heat-up and cool-down and unattended operation of hot standby and 
power generation modes.  Associated with the PLC is an onboard computer called the Human 
Machine Interface (HMI) to allow local monitoring and control of the unit.  The onboard 
computer also supports remote monitoring and control, alarm paging, and data logging functions.  

Overall 

MBOP skid electrical system one-line and three-line drawings were developed for the DFC/T 
3000.  MBOP skid electrical equipment items were specified.  Instrument layout drawings are 
completed.  All instrumentation specifications were completed and PLC input/output (I/O) 
signals were assigned along with specification of PLC I/O modules.  

5.6 Insulation Design 
Due to the unique process configuration of the 3 MW DFC/T hybrid power plant, there are 
numerous high temperature piping runs and pieces of equipment that require insulation. A 
complete insulation system was designed for the DFC/T 3000.  Some of the many benefits of a 
properly designed insulation system include: 

 
• Conserves energy by reducing heat loss, increasing process efficiency 
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• Controls surface temperatures for personnel protection 
• Facilitates accurate process temperature control 
• Controls noise 

The insulation system for the DFC/T 3000 power plant was designed to provide personal 
protection against burns, as well as limit the overall heat loss from the system.  The insulation 
design basis is summarized in Table 5.14. 

Table 5.14 Insulation Design Basis 
Input Variable Design Value 
Process Temperature Design temperature of piping 
Ambient Temperature 70 °F 
Wind speed 0 mph 
Insulation Jacketing Dimpled Aluminum, (emittance = 0.1) 
Maximum Surface Temperature 140 °F 

Three types of insulation materials were utilized in the design: microporous, fiberglass, and 
mineral fiber.  A good measure of an insulation material’s performance is its thermal 
conductivity.  Figure 5.37 shows a graph of thermal conductivity versus temperature for the three 
insulation materials. Microporous insulation has significantly lower thermal conductivity than 
either fiberglass or mineral fiber.  Also, the thermal conductivity of microporous insulation has 
much less temperature dependence than the others, making it especially suited for high 
temperature applications.  To achieve the same thermal performance using mineral fiber or 
fiberglass, 2-3 times the thickness of microporous insulation must be specified. 
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Figure 5.37 Comparison of Thermal Conductivity Among Insulation Materials 

Pipe and equipment insulation thicknesses were calculated using NAIMA (North American 
Insulation Manufacturers Association) 3E Plus software.  Pipe sizes, materials, and insulation 
design parameters (as specified in Table 5.14) were entered into the program.  The program 
performs a rigorous heat transfer simulation to calculate the required insulation thickness.  The 
software reports a table of insulation thicknesses along with the pipe surface temperature and 
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heat loss per area for each thickness.  An engineering judgment is required to select the correct 
thickness based on personal protection temperatures as well as acceptable heat loss.   

The results of an example calculation using NAIMA 3E Plus is presented in Figure 5.38. The 
example is for a 4” nominal diameter fuel pipe with a design temperature of 850°F.  Due to the 
small pipe size and relatively low temperature, mineral fiber insulation was selected.  A 4” thick 
layer of insulation is required to achieve a surface temperature <140°F.  The heat loss at this 
thickness was also determined to be acceptable.  There are diminishing returns as greater 
insulation thickness is specified.  Figure 5.39 shows a report generated by the NAIMA 3E Plus 
Software.  The example shown in the report is for a 16” cathode exhaust pipe, which is insulated 
with a 1” thick layer of microporous insulation followed by a 4” thick layer of mineral fiber. 

 
Figure 5.38 Insulation Thickness Calculation Using NAIMA 3E Plus Software 

The final step in the DFC/T 3000 insulation design was to perform an economic optimization of 
the insulation thickness and material selections.    While microporous insulation provides a 
significant performance advantage, it is also costlier than other materials.  Therefore, layered 
insulation designs were specified. Typically, for the highest temperature applications a thin layer 
of microporous insulation was specified as the inner layer, followed by outer layers of mineral 
fiber or fiberglass.  As seen in Figure 5.38, the innermost layer of insulation is responsible for 
most of the thermal performance.  This layered approach was the most economical solution to 
achieve the desired performance targets. 
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                                NAIMA 3E Plus 4.0 
 
                                FuelCell Energy 
 
Item Description = EG-2014/2015-CF-16" 
Calculation Type = Personnel Protection Report 
Geometry Description = Stainless Steel Pipe - Horizontal 
System Units = ASTM C585 
       
Bare Surface Emittance = 0.3 
Nominal Pipe Size = 16 in. 
Process Temperature = 1150 °F 
Ave. Ambient Temperature = 70 °F 
Ave. Wind Speed = 0 mph 
Relative Humidity = N/A 
Dew Point = N/A 
    
Outer Jacket Material = Aluminum, oxidized, in service 
Outer Surface Emittance = 0.1 
            
Insulation Layer 1 = Microporous, 1.0 in. 
Insulation Layer 2 = Mineral Fiber, Varied 
            
            
 
 Variable Insulation    Surface Temp         Heat Loss           Efficiency      
     Thickness              (°F)             (BTU/hr/ft)             (%)         
 
         Bare             1138.3             19900.00                           
      Layer 1              232.7               904.70              95.45        
          0.5              207.4               765.70              96.15        
          1.0              189.0               670.40              96.63        
          1.5              175.3               602.10              96.97        
          2.0              165.0               552.40              97.22        
          2.5              156.5               512.00              97.43        
          3.0              149.5               479.20              97.59        
          3.5              143.6               451.70              97.73        
          4.0              138.5               428.30              97.85        
          4.5              134.1               408.10              97.95        
          5.0              130.3               390.50              98.04        
          5.5              126.8               374.90              98.12        
          6.0              123.8               361.00              98.19        
          6.5              121.0               348.60              98.25        
          7.0              118.6               337.40              98.30        
          7.5              116.3               327.30              98.36        
          8.0              114.3               318.00              98.40        
          8.5              112.4               309.50              98.44        
          9.0              110.7               301.70              98.48        
          9.5              109.1               294.40              98.52        
         10.0              107.6               287.70              98.55        

 
Figure 5.39 Example Insulation Calculation Report from NAIMA 3E Plus Software 
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5.7 Fuel Cell Module Design Modifications 
DFC/T 3000 power plant is designed to use a modified version of FCE’s B1200 module.  The 
existing B1200 module, as shown in Figure 5.40, consists of four stack towers. The modified 
B1200 will produce a nominal 1.5 MW.  The objective in modifying the existing B1200 was to 
remove the anode gas oxidizer, modify the internal piping configuration, and modify the piping 
connections to the plant. 
 

 
 

Figure 5.40 B1200 Module 
 
The modified configuration includes a cathode inlet, two anode inlets, one cathode outlet, and 
one anode outlet as shown in Figure 5.41 below.  

 
Figure 5.41 B1200T Module 
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Anode Out 

Anode In (typ.) 
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One key aspect of this modification was that the fuel cell flow and temperature profiles would 
meet design guidelines.  It was also important to keep the pressure drop from the cathode inlet to 
the cathode out as low as possible. A high pressure drop would directly impact the backpressure 
on the turbine, which results in a lower power output.  Therefore, several different internal piping 
configurations were analyzed to minimize the pressure drop from the Cathode inlet to the 
Cathode outlet.  The internal piping modifications were used to optimize nozzle connections.  
Nozzle locations established pipeline tie-ins in the plant layout.   

For each different internal piping configuration that was considered, Computational Fluid 
Dynamics (CFD) software modeling was employed to analyze flow within the module.  The 
CFD results ensured the pressure drop was satisfactory and the temperature profiles along the 
stack faces were within guidelines.   Figure 5.42 shows the cathode exhaust duct and plenum 
flow.   
 
 
 

 
Figure 5.42 B1200T Module Flow Pattern 

5.8 Plant Layout 
The plant layout for the DFC/T 3000 was based on the layout of FCE’s DFC3000 power plant.  
The DFC3000 power plant includes two B1200 fuel cell modules, a water treatment skid, a fuel 
treatment skid, an air blower/heater/humidifier skid, and an Electrical Balance-of-Plant (EBOP) 
skid.  The layout of the DFC/T 3000 modified the skid arrangement, the number of skids, and 
what equipment is placed on a skid.  This was necessary because the DFC/T 3000 has additional 



 126

equipment (turbine and supporting equipment) that the DFC3000 does not include.  The 
following items were major considerations in laying out the DFC/T 3000:  

• Minimizing the footprint of the DFC/T 3000 power plant 

• Minimizing piping run lengths (high temperature piping, piping between skids, and intra-
skid piping) 

• Minimizing the number of skids while meeting shipping size and weight requirements 

Several power plant layout configurations were developed and evaluated in order to meet the 
design criteria.  The skid size, orientation, and components evolved as vendor data became 
available for inclusion in the layout design.  The pictorial view of the layout, Figure 5-43, shows 
an isometric view of the DFC/T 3000 power plant.  The DFC/T 3000 layout shown in Figure 
5.44 shows the selected layout that minimizes power plant size, minimizes high temperature 
piping, and optimizes skid shipping requirements. 
 

 
 

Figure 5.43 Isometric View of DFC/T 3000 Layout 
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Figure 5.44 DFC/T 3000 Power Plant Layout 
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6.0 HIGH EFFICIENCY-HIGH POWER OUTPUT FUEL CELL 
DEVELOPMENT 

6.1 Cascaded Anode Concept and Stack Tests 
Direct carbonate fuel cells operating on natural gas typically consume about 70% of the fuel that 
is supplied to the anodes. The remaining fuel along with water produced in the anodes flows to 
an oxidizer, and the resulting stream flows back to the cathodes providing the CO2 needed in the 
fuel cell reaction.  A power plant with direct carbonate fuel cells (simple cycle – no turbine) 
typically has an LHV efficiency of about 47%. One approach to significantly improve plant 
efficiency is to flow the unreacted fuel from one fuel cell stack (or module) to another fuel cell 
stack (or module). By adding supplementary natural gas to the unreacted fuel (which contains 
product water) on its way to the second stack, the overall fuel utilization is increased and 
methane can be converted to hydrogen without additional site-supplied water. This concept is 
referred to as cascaded anodes (or fuel cells).  Operation of the fuel cell at high fuel utilization 
will increase power plant net efficiency.  Figure 6.1 shows the concept configuration.  The 
downstream stack (Stack #2) receives unused fuel exiting from the upstream stack (Stack #1), in 
addition to fresh fuel.  A preliminary system analysis of the cascaded anode concept was 
performed using a CHEMCAD process simulation model to plan stack tests.  Fuel feed 
compositions and flow rates for the two stacks in a cascaded anode configuration were 
computed.  Tests were designed for a 20 kW fuel cell stack, to evaluate this concept.  A 20 kW 
DFC stack was tested (Figure 6.2) by simulating the two feed gases.  The stack performance and 
thermal characteristics were recorded.  Testing included simulating the downstream stack in a 
cascaded anode configuration while keeping the current density constant (same as the upstream 
stack) and varying the fuel utilization.  

Figure 6.1 Cascaded Anode System Concept: 
Fuel Cell Stacks Are Arranged In Series With Respect To the Fuel Stream 

(Reforming Unit – RU, Direct Internal Reforming – DIR) 
 

Table 6.1 lists the key performance characteristics related to operational and thermal profile 
parameters for the series of tests conducted.  The stack thermal profiles observed are also shown 
for comparison.  Test 1 was a baseline test, simulating the upstream stack in a ‘cascaded anode’ 
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configuration, at ~140 mA/cm2 and ~73% fuel utilization.  Test 2 column shows the results when 
simulating the downstream stack fed with the same amount of fresh fuel as Stack #1, in addition 
to the anode exhaust stream (unused fuel) from Stack #1.  The overall fuel utilization (based on 
fresh fuel) for the two stacks is the same.  But Stack #2 is actually operating at lower utilization 
because it is also receiving unused fuel from Stack #1.  Because of high anode flow, Stack #2 
(Test #2) is operating cooler (lower maximum and average cell temperatures) than Stack #1 (Test 
#1).  Stack #2 fuel utilization was increased in Test #3 by decreasing the fresh fuel flow by 25%.    
It can be seen that the fuel utilization for the stack increased from 58 to 69% and the overall 
utilization (based on fresh fuel) increased from ~74 to 82%.  The thermal profile of Stack #2 
(Test #3) is similar to that of Stack #1 (Test #1).  The power outputs for Stacks #1 and #2 were 
comparable.  Overall, the results showed that a ~10% gain in fuel utilization is possible.  The net 
result of a 10% gain in fuel utilization translates to an increase of approximately 5 percentage 
points in overall efficiency of the system.  

 

 
Figure 6.2 20 kW Stack Used for Tests of Cascaded Anode Concept: 

Simulated Fuel Feed Was Used When Testing As Downstream Stack 
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Table 6.1 Key Stack Performance Parameters and Thermal Profiles Observed During Cascaded Anode Concept Test: 
A 10% Gain in Fuel Utilization Is Possible 

 
Test 1 2 3 4 
Stack # (in cascaded anode configuration) 1 2 2 1 

Description Basis 1XCH4 0.75XCH4 Repeat 
Current Density mA/cm2 139.8 138.0 138.3 139.9 
Maximum Cell Temp. Deg. C 695 681 703 706 
Average Cell Temp. Deg. C 643 616 660 656 
Anode Chamber Pressure Drop IWC 1.7 3.12 3.01 2.17 
Stack Voltage Volts 22.8 22.1 22.1 22.6 
DC Power Output kW 24.9 23.8 23.9 24.8 
Stack Fuel Utilization % 72.6 57.9 69.0 73.0 
Overall Fuel Utilization % 72.6 73.5 81.7 73.0 
UCO2 % 71.3 60.4 69.4 70.8 
UO2 % 40.9 34.2 34.8 41.2 
 
Stack Temperature Profile 
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6.2 Advanced Stack Flow Field Geometry Design 
The above approach to high fuel utilization stack design implies system modifications.  Another 
approach is stack component modification, which involves reconfiguration of stack geometry 
and associated flow fields.  Preliminary stack design studies for increased power output/fuel 
utilization capabilities were carried out.  The stack flow field geometries considered are shown in 
Figure 6.3.  CFD modeling of various design configuration concepts was performed.  The anode 
inter-mixed design utilizes dense catalyst loading zones to achieve better H2 distribution (Figure 
6.4) and a flatter, more uniform utilization profile in the stack.  CFD modeling analysis 
comparing a counter flow geometry to the baseline cross flow design indicated that a reduction 
in stack temperature gradient (see temperature distribution in Figure 6.5) and a more uniform 
current density distribution (Figure 6.6) are possible with the counter flow design.  Further 
analysis is recommended in future for development of these concepts. 

 

 
Figure 6.3 Advanced Stack Geometries Or Flow Field Designs Considered: 
Flow Field Concepts Represent Alternatives To the Baseline Cross Flow Design 

 
 
 

Anode Gas

Cathode Gas

Cathode Gas

Anode 
Gas

Cathode Gas

Anode Gas

Cathode Gas

Anode Gas

Counter Flow

Z-Flow

Two-Pass Flow

Inter-stack Mixing

Anode Gas

Cathode Gas

Cathode Gas

Anode 
Gas

Cathode Gas

Anode Gas

Cathode Gas

Anode Gas

Counter Flow

Z-Flow

Two-Pass Flow

Inter-stack Mixing



 132

 

 Better H2 Distribution and flatter utilization profile is  
possible with anode intermixing 

CROSSFLO INTERMIXE

Better H2 Distribution and flatter utilization profile  
possible with anode intermixing 

CROSSFLOW INTERMIXED
 

 
Figure 6.4 Hydrogen Concentration Profile (Mole Fraction) for the Anode Intermixed Flow Design: 

Modeled Profile Is More Uniform/Flatter than that for the Baseline Cross Flow Design 
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Counter Flow Cross FlowCounter Flow Cross Flow  
 

Figure 6.5 Stack Temperature (Degrees Kelvin) Distribution for the Counter Flow Design: 
The Counter Flow Design Offers Reduced Temperature Gradient Compared to the Baseline Cross Flow Design 
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Counter Flow Cross FlowCounter Flow Cross Flow  
 

Figure 6.6 Current Density (A/m2) Distribution for the Counter Flow Design: 
The Counter Flow Design Offers a More Uniform Current Density Distribution Compared to Baseline Cross Flow Design 
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6.3 System Analyses for Cascaded DFC 
Present DFC3000 System Concept:  Key components in the present DFC3000 system (3 MW 
nominally rated simple cycle power plant) are shown in Figure 6.7. In the system, methane fuel 
and steam from a humidifier flow to a preconverter where a small amount of methane is 
converted to hydrogen. The fuel then flows in parallel to two fuel cell modules. Each module, 
shown in Figure 6.8 with the cover and one stack removed, houses four DFC stacks. The fuel 
within each module flows in parallel to the four stacks. In each stack there is a superheater 
located in the end plate.  The fuel/steam is superheated to stack temperature and flows to the 
reforming units located within the stack. In the reforming unit, the methane in the fuel/steam is 
partially converted to hydrogen. From the reforming units the fuel then flows to the anodes 
where the remaining methane is reformed and the hydrogen is electrochemically reacted with 
carbonate ions producing DC current, CO2 and product water.  The depleted hydrogen along with 
unconverted CO, CO2 and water vapor leaving the stacks in the module is collected and flows to 
an AGO (Anode Gas Oxidizer) which is a catalytic oxidizer located within the module. Fresh air 
enters the module and flows to the AGO. Residual hydrogen and CO are oxidized and the 
effluent gas flows in parallel to the cathodes of the four stacks in the module providing oxygen 
and CO2 for the cell electrochemical reaction. The cathode exhaust stream in each stack passes 
through its superheater and leaves the module. The cathode exit streams from the two modules 
are combined and directed to the Heat Recovery Unit, which provides heat to the fuel humidifier. 
In the system a separate air heater is used for start-up heating. Fresh air is bypassed around the 
AGO in each module to control the stack inlet temperature. 

Cascaded Fuel Cell Concept Applied to DFC3000:  The system configuration showing the 
cascaded fuel cell concept applied to DFC3000 is presented in Figure 6.9. In this system, the four 
stacks have the reactant gases distributed and collected in parallel as shown in Figure 6.10, but 
there is no AGO in Module 1. The residual H2 in fuel along with CO, CO2 and water vapor 
leaving the anodes in the stacks in Module 1 is collected and directed to a hot blower. Fresh fuel 
is added after the blower. The stream then flows to Module 2. Water is not added as the stream 
contains the water produced in the module 1 stacks. In Module 2, the fuel stream flows directly 
to the anodes in the stacks. The superheaters are not required in the Module 2 stacks. The 
reformer units are also not required in the stacks in Module 2. The height of the stacks in Module 
2 is retained by adding cells in the stack to offset the height of the internal reformer units that are 
excluded. The anode exit gas from the stacks in Module 2 flows to the AGO in Module 2.  From 
the AGO, the stream that has the CO2 from the Module 1 and the Module 2 stacks, flows to 
cathodes in Module 2 stacks. The cathode exhaust stream from Module 2 stacks is collected and 
directed to the cathodes in the Module 1 stacks. The temperature of the stacks in Module 1 and 
Module 2 is controlled independently by mixing fresh air to the cathode inlet streams. Since fuel 
flows from stacks in Module 1 to stacks in Module 2 the concept is referred to as DFC2. 
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Figure 6.7 DFC3000 System with Parallel Fuel and Air to Two Fuel Cell Modules 
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Figure 6.8 Fuel Cell Module in the DFC3000 (Shown with Cover and One Stack Removed) 
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Figure 6.9 System with Cascaded Fuel Cells (DFC2) 
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Figure 6.10 Module #1 in the DFC2 System: 

The AGO is Eliminated 

 

Heat and Mass Balance Model:  A heat and mass balance model of the DFC2 system was 
developed (for system analysis) and coupled with another model developed at FCE that predicts 
fuel cell performance based on current density and process conditions (gas composition, 
temperature) in the cell. Table 6.2 is an example of results and process conditions generated 
using the model, for a set of stack current and fuel utilization levels. In this example, each stack 
in Module 1 is operated at 1205 amps (154 mA/cm2) and a fuel utilization of 71%. Each stack in 
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Module 2 is operated at 850 amps (108.6 mA/cm2) and 70% fuel utilization. The flow rates and 
temperatures at various locations in the system are included in the table along with the calculated 
net power of 2435 kW and 57.57% LHV efficiency. Table 6.2 also includes the parasitic power 
breakdown and results of an overall and local heat balances of the system. 

Table 6.2 Sample DFC2 System Process Conditions 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

12/3/2008 13:58 DFC POWER PLANT WITH PROCESS FLOW TO TWO STACKS IN SERIES 
RAS 7/7/08

STACK 1 STACK 2 TOTAL
CELL AREA  CM^2 7825 7825
CELLS/STACK 401 427

CH4 FUEL FROM PRECONVERTER
STEAM/CH4 CARBON RATIO 2.11 6.42
PRECONVERTER INLET TEMP, F 740
STACK CURRENT, AMPS 1205 850 2055.05

CONTROL SET POINTS
STACK CATHODE INLET TEMP, F 1020 1020 BY PASS AIR CONTROLLED
AGO TEMP AT EXIT, F 1200 AGO AIR CONTROLLED
FUEL UTILIZATION SET POINT, % 0.71 0.7 CH4 FUEL FLOW CONTROLLED 
FUEL UTILIZATION, % 0.7106 0.6990 0.84
FUEL INLET PRHEATER EFFECTIVENESS,% 0.7837 0.0000
STK 2 CATH EXIT BYPASS TO PLSHR,% 0.00001
CELL PERFORMANCE(FROM MA MODEL)
mA/CM^2 154.0 108.6
VOLTS/CELL 0.7660 0.7952 (FROM FCE PERFORMANCE MODEL)
STACK VOLTS 307 340
PLANT PERFORMANCE
POWER, DC KW 370 289 659
STACK  LHV EFFICIENCY.% 50.90 89.23
ESTIMATED PARASITIC POWER, KW 23.71 8 STACKS
NET AC OUTPUT, KW ( INVERTER EFF  ~96%) 608.72 2435
OVERALL LHV EFFICENCY% 57.57
EFFICIENCY INCLUDING WASTE HEAT 76.52
STACK NET HEAT GENERATION,KW 924.9 734.8
PROCESS CONDITIONS
 FUEL TO STACK,LB/HR 120.5 53.6 174.1
STEAM FLOW ,LB/HR 246.3
STEAM/CARBON AT STACK INLET 2.0 6.4
TOTAL  FLOW TO STACK ANODES,LB/HR 366.5 1606.5
AIR FLOW TO AGO,LB/HR 2,420
COOLING AIR TO STACKS,LB/HR 1,014 1,440
TOTAL AIR FLOW,LB/HR 4873
AGO INLET TEMP,F 713.5
CATHODE INLET TEMP,F 1020.1 1020.1
CATHODE EXIT TEMP, F 1104.0 1139.0
CATHODE DELTA T, F 84.0 118.9
CATHODE INLET AIR FLOW, SCFM 1429.2 1263.3 *CORRECTED FOR 427 CELLS STK 2
FUEL INLET TO STACK, F 1023.6 1056.0 BOOSTER BLOWER HEAD REQUIRED
ANODE INLET TEMP (ASSUMED) 1080.0 1080.0  IWC 8.8
ADIABATIC TEMP OF INLET CONVERSION 529.7 938.2 PRES FRM PRCNVTR PSI 16.2
ADIABATIC INLET CONVERSION,% 12.2 26.7
INTERNAL REFORMER CONVERSION,% 53.81 80.80 EXHAUST PRSS  PSIA 14.69
STACK HEAT  FROM INLET REFORMING, % -375,322 -283,699  
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Table 6.2 Sample DFC2 System Process Conditions (Continued) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fuel Cell Performance in DFC2 System:  A key issue in the design of the system with 
cascaded fuel cells is the performance and power output of Module 2 stacks. The predicted cell 
performance for Module 2 stacks is shown in Figure 6.11, as a function of Module 2 operating 
conditions (current density, fuel utilization). The performance of the Module 1 cells that are 
operated at 154 mA/cm2 and 71% fuel utilization is also shown. The Module 1 performance is 
influenced slightly by the process gas conditions in the cathodes as Module 2 current density is 
increased.  

One of the factors contributing to the performance of the cells in Module 2 is the conversion of 
the raw natural gas fuel added to the anode exit gas from the Module 1 stacks. There is a 
relatively large fraction of CO2 and water vapor in the mixed fuel feed (at the inlet of Module 2 
anodes) as shown in Table 6.3. Adiabatic conversion limits the drop in temperature at the anode 
inlet related to the conversion of methane to hydrogen. The gas composition after adiabatic 
conversion is also listed in Table 6.3. The adiabatic conversion of methane fuel at the anode inlet 
of Module 2 cells is shown in Figure 6.12 for a range of Module 2 current and hydrogen 
utilization. The anode inlet temperature and the adiabatic temperature are shown in Figure 6.13 

OXYGEN FRACTION @STACK INLET,% 11.15 11.88 PRESSURE LOSSES
OXYGEN @ STACK EXIT, % 7.72 9.31 STACK 1 ANODE DP,IWC 0.96
CO2 FRACTION @ CATHODE INLET,% 13.64 21.56 STACK 1 CATH DP ,IWC 3.28
CO2 FRACTION @ CATHODE EXIT,% 5.44 16.19 STACK 2 ANODE DP,IWC 3.31
HYDROGEN FRACTION AT ANODE INLET,% 49.59 20.84 STACK 2 CATH DP ,IWC 2.94
HYDROGEN FRACTION AT ANODE EXIT,% 10.31 5.05
FLOW TO HUMIHEX. LB/HR 5293 CELL CROSS PRESSURES
TEMP TO HUMIHEX, F 1,004 STACK 1 Ai-Co,    IWC 4.68
HUMHEX EXHAUST TEMP, F 721 STACK 1 Ao-Ci,    IWC 0.45
WASTE HEAT AVAILABLE STACK 2 Ai -Co, IWC 7.25
TO 266F EXHAUST TEMP BTU/HR 666,206 STACK 2 Ao-Ci,    IWC 1.00

OVERALL  BALANCE HEAT MASS PARASITIC POWER KW
ENERGY IN BTU/HR LB/HR AIR BLOWER 15.36
FUEL  TO STK 1 -178,863 120.49 ANODE BOOSTER 4.10
FUEL  TO STACK 2 -81,638 53.60 MISC 4.25
WATER TO HUMIHEX -1,603,678 246.28 TOTAL 23.71
AIR TO AGO 337,947 2420.22
POWER TO ANODE BOOSTER BLWR 12,595
COOLING AIR TO STACK 1 141,557 1013.77
COOLING AIR TO STACK 2 201,039 1439.75

TOTAL -1,171,041 5,294.10
ENERGY OUT
DC POWER STACK 1 1,263,315
DC POWER STACK 2 985,111
EXHAUST GAS FROM HUMIHEX -3,608,292 5292.69
 HEAT LOSSES 189,183

-1,170,683
ERROR -357 1.41

0.03% 0.03%
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as a function of the Module 2 fuel utilization. The adiabatic conversion at the anode inlet was 
used in the cell performance model as a basis.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

Figure 6.11 Cell Performance in Module 1 and Module 2 Stacks 
 
 
 

Table 6.3 Module 2 Anode Inlet and Adiabatic Conversion Compositions 
 

Component Anode Inlet After Adiabatic 
Conversion 

H2 9.7% 15.4% 
H20 37.4% 33.3% 
CH4 5.8% 4.1% 
CO 4.2% 4.2% 
CO2 42.7% 42.8% 
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Figure 6.12 Adiabatic Conversion at Module 2 Fuel Inlet 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 6.13 Module 2 Inlet and Adiabatic Conversion Temperatures 
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DFC23000 Plant Performance and Cost Estimation:  System analyses were performed for a 3 
MW nominally rated DFC23000 power plant.  The LHV efficiency of the plant is shown in 
Figure 6.14 as a function of Module 2 current and fuel utilization. The plant efficiency as a 
function of the net power output is shown in Figure 6.15. The concept has the potential to 
provide a plant LHV efficiency of 55-60% depending on the power drawn from and the fuel 
utilization in the Module 2 stacks. 

Figure 6.14 Effect of Module 2 Current on DFC2 Plant Efficiency 
 

 
Figure 6.15 DFC2 Plant Efficiency vs. Net Power 
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Capital cost estimate for the DFC23000 power plant was also carried out.  The expected cost for 
the DFC3000 simple cycle power plant (not cascaded fuel cells) is $2500/kW. Table 6.4 is a list 
of the parts eliminated from and parts added to a DFC3000 plant as a result of modifying the 
system to a DFC2 system. Based on the parts affected, a cost reduction of about $400,000 is 
expected.  With the cost reduction of $400,000 for the part changes listed in Table 6.4, and 
operation of DFC2 plant at 2500 kW, the cost and the efficiency are estimated to be $2840/kW 
and 57%. 

Table 6.4 List of Parts Changed in DFC2 System 
 

Parts Eliminated  Number 
Internal Reformer Units from Module 2 stacks  264 
Stack inlet Superheaters from Module 2 stacks 4 
AGO from Module 1 1 
Eductor from Module 1 1 
  
Parts Added  
Additional cells in Module 2 stacks 104 
Anode Booster Blower 1 
Fuel Piping From Module 1 to Module 2 
Air Piping from Module 2 to Module 1  

 

  
Parts Effected  
Air Blower (Less total Air flow)  
Water Treatment System (Less Process water)  

 

A key issue in a DFC2 system is the cell operating current density that will result in acceptable 
thermal conditions for the cells of the Module 2 stacks. This is related to the absence of reformer 
units and the localized reforming of raw fuel that occurs in the anodes within these stacks. The 
reduction in heat management from the reduction in internal reforming in a stack puts a heavier 
burden on the cathode gas stream for heat removal. While analysis coupled with the 
understanding of the adiabatic conditions at the anode inlet offers a basis for preliminary 
confidence in the concept, FuelCell Energy is currently planning a test program to confirm the 
acceptability of the stack thermal management in a DFC2 system. 
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7.0 CONCLUSIONS 
This project was concerned with the emergence of DFC/T hybrid power plants based on 
integration of internal reforming Direct FuelCell technology with a gas turbine for achieving 
ultra high efficiency and near zero emissions. The very high electrical efficiency of DFC/T is 
suitable for power generation where electricity has a premium value. The conclusion of the 
project marked the achievement of significant milestones towards the advancement of the fuel 
cell power plants including: 

• Demonstration of an unsurpassed efficiency of 58% (LHV) by a sub-MW class packaged 
unit in grid connected operation  

• Ultra low emissions of NOx  and SOx from the DFC/T Alpha Unit, meeting California Air 
Resources Board’s (CARB) 2007 emissions standards  

• Detailed design of a 3-MW power plant hybrid power plant based on the operational 
experience with the Alpha Unit 

• Design of large fuel cell-turbine systems that can achieve 62% efficiency with currently 
available fuel cell technology and reach an ultimate goal of 75% efficiency on natural gas 

The project evolved from the proof-of-concept tests of the DFC/T system in a 400 kW-class test 
facility, achieving the milestone of being the world’s first grid-connected fuel cell/gas turbine 
power plant.  The test results confirmed the stability and controllability of operating the full-size 
(250 kW) fuel cell stack in combination with a microturbine.  Thermal management of the 
system was confirmed and power plant operation, using a microturbine as the only source of 
fresh air supply to the system, was demonstrated.    

One key objective of the DFC/T proof-of-concept tests was to obtain process information and 
operational data for use in the design of 40 MW high efficiency power plants.  The results of the 
sub-MW system tests indicated that effective recuperation of heat to the microturbine and 
minimization of the heat loss from the balance-of-plant equipment are important factors in the 
design of DFC/T power plants. The combination of high heat losses and low heat transfer 
coefficient of the recuperators can limit the power from the turbine in the hybrid power system.  

Another key objective of the proof-of-concept tests was the development of control strategies for 
power plant operation.  This objective was met by development of appropriate process and 
control loops for the system, such as control of fuel cell cathode temperature while maximizing 
turbine inlet temperature.  The power plant shutdown and emergency trip control logics were 
developed, and system trip and emergency shutdown scenarios were tested successfully.  The 
control strategies developed and refined during the operation of the sub-MW power plant were 
utilized in the development of piping and instrumentation diagrams for the sub-MW packaged 
DFC/T power plant (Alpha Unit). 

A stand-alone test of the microturbine after de-integration from the power plant facility, verified 
the turbine power output expected at a higher turbine inlet temperature of 1400°F (representative 
of the temperature expected in a packaged unit). 
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The system analysis for the 40 MW DFC/T power plant showed that gas turbines with inter-
cooled compression and high-pressure ratios are candidates for achieving ultra high efficiencies, 
approaching 75% (LHV, natural gas).  The heat rate and the cost of these systems can be 
optimized, based on the design parameters such as the gas turbine pressure ratio. The study 
showed that it is feasible to introduce the 40 MW hybrid power plants in the market sooner than 
previously thought.  The early market entry units with greater than 62% efficiency may evolve 
into 75% efficient systems in the long-term by using advanced inter-cooled gas turbines. 

A scalable approach for the 40 MW plant design based on fuel cell clusters of the existing 1 MW 
(M10) modules was developed.  Preliminary design for the 40 MW DFC/T system using a 
commercially available gas turbine was completed.  The system electrical efficiency (LHV) 
based on near-term fuel cell performance was estimated to be 62%.  Process flow diagrams with 
equipment and controls for operation and start-up were generated.   

A study of the ‘cascaded anode’ fuel cell concept was conducted for high efficiency, high power 
output fuel cell development needs.  Tests performed using a 20 kW DFC stack showed that a 
10% gain in fuel utilization is achievable.  CFD modeling analysis of alternate stack flow 
geometries such as counter flow design showed potential for reduced stack temperature gradient 
and more uniform current density distribution, enabling higher power output/fuel utilization 
operations. 

The Alpha Unit completed 8000 h of field demonstration operation at Billings Clinic site in 
Montana, providing clean efficient power to the hospital through grid-connected operation.  The 
operation of the Alpha DFC/T unit during the factory tests and the field demonstration tests in 
Montana showed that the system design is robust and suitable for future production. The Alpha 
sub-megawatt DFC/T power plant unit successfully demonstrated the ability of hybrid 
technology to provide reliable, highly efficient electrical power while meeting stringent 
environmental requirements with very low emissions of NOx and VOCs.  A number of power 
plant sizes and configurations were considered for the development of the MW-class power 
plant.  Based on market evaluation study and gas turbine availability, the 3 MW size was 
selected for development and future potential commercialization.   
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