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ABSTRACT 

 

The project objective was to demonstrate that an integrated waterless coal gasifier and 

solid oxide fuel cell (SOFC) system could efficiently convert coal to electricity.   The 

target was to obtain 250 mW/cm
2
 power density with a decay rate of less than 10 mV for 

up to 1000 hours.  This performance has been demonstrated by SOFCs fueled by steam 

reformed natural gas at 800
o
C SOFC [1].   

 

The system consisted of a reactor for gasifying carbon by CO2 to produce a CO/CO2 

mixture. The gasified product is then supplied to the SOFC to convert the CO to CO2 and 

electricity.  Laboratory scale and bench scale integrated systems capable of continuous 

operation of 3 cm
2
 and 35 cm

2
 active area SOFCs, respectively, were constructed.  In 

laboratory cells, the effects of the temperature and gas compositions were first 

determined with clean CO/CO2 blends.  Fuel cell operation at 800
o
C using fuel 

containing 50 to 65% CO was found to be most suitable.  With adequate C/CO2 contact, 

this composition could be obtained with the coal reactor operating below 850
o
C.  

Therefore the reactor and SOFC are thermally compatible with each other.  In bench-

scale cells, continuous SOFC operation at 825
o
C with gasified Illinois coal produced at 

~800
o
C was demonstrated.  Peak power density was 82 mW/cm

2
 and the decay rate was 

high at 4.6mV/hr.  Data showed the low performance was due to high cell resistance, 

while degradation was due to decreasing CO content in the fuel produced by the gasifier.   

 

To meet the target power density, cells with resistance of 0.5 Ohm-cm
2
 or lower are 

needed.  They are available from commercial SOFC developers. To obtain stable 

performance, improved reactor design and a close connection with the fuel cell will be 

needed.  Better understanding of the gasification kinetics will help in designing an 

effective coal reactor.     
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EXECUTIVE SUMMARY 

The Illinois coal industry is a nearly $1 billion industry (according to website of Illinois 

Dept of commerce and Economic Opportunity). Developing a commercially viable 

means to generate power while controlling carbon emissions to the atmosphere would 

greatly benefit the state’s economy.   

The system evaluated under this project is an integrated CO2 coal reactor and solid oxide 

fuel cell (SOFC).  In the coal reactor, coal is thermo-chemically gasified by CO2 to 

produce CO and ash. CO is fed to the solid oxide fuel cell (SOFC), where it 

electrochemically combines with O2 from air to generate electricity and produce 

concentrated CO2.  Part of the CO2 from the fuel cell exhaust can be recycled back to the 

coal reactor to continuously produce CO.  The balance of the CO2, being highly 

concentrated (>95%), can be readily disposed of by sequestration or used as a feedstock 

for another process.   The SOFC and the coal gasifier are thermally compatible with each 

other as the SOFC efficiently operates above 700
o
C where ample CO can be produced by 

the CO2 and coal reaction.  Compared to conventional gasification and combustion 

systems, this described system has the following advantages: 1) no water consumption, 2) 

high thermodynamic efficiency, 3) the only inputs are coal and air, 4) no NOx production 

and 5) N2 and O2 free CO2 exhaust.  

SOFCs with active areas of 3-cm
2
 and 32-cm

2
 were tested with CO/CO2 blends, CO2 

gasified carbon black and CO2 gasified Illinois coal to assess the achievable performance 

and stability of the system.  The target was to achieve a power density of 250 mW/cm
2
 

and performance stability for up to 1000 hours using the Illinois coal.  This goal is 

believed to be the minimum required for the system to provide a cost competitive power.  

Sufficient data and observations were obtained to support the claim that the targets are 

achievable with improvements in the SOFC materials and gasifier design. They are: 

 Cell operating temperature of 800
o
C, typical for SOFCs, was found suitable for the 

operation with CO2 gasified coal produced at comparable temperatures.   

 At 800
o
C, area specific resistance or ASR, a measure of combined cell ohmic 

resistance and electrode polarization, was 0.9 Ohm-cm
2 

or higher for laboratory cells 

and nearly 2.0 ohm-cm
2
 for bench scale cells.  The difference is due to cell 

construction and fuel utilization.  Peak power densities of 170 and 110 mW/cm
2
 were 

respectively obtained for these cells using clean CO/CO2 blends as well as CO2 

gasified carbon black.  To reach the target power, trilayer SOFCs with ASRs below 

0.5 Ohm-cm
2
 will be required.  The department of energy’s SECA (Solid State 

Energy Conversion Alliance) program requires their commercial participants to 

achieve ASRs below this number.  The target 250 mW/cm
2
 power is achievable with 

SECA’s SOFCs. 

 In most of the tests conducted, fuel cell performance with CO/CO2 blends was lower 

than with H2/N2 of similar fuel content.  However, when the fuel was tightly sealed 

within the anode compartment, peak performance under the CO/CO2 becomes 
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comparable to H2/N2.  Moreover, peak performance with the CO/CO2 blend was 

achieved at higher fuel utilization as desired for more efficient power conversion.   

 Stable performance with a CO/CO2 blend for over 1000 hours was demonstrated in a 

laboratory cell.  However, the SOFC performance stability was poor with either CO2 

gasified carbon or with coal.  The instability was determined to be caused by 

decreasing CO content of the gasified product.  A better understanding of the CO2 

gasification process of coal is needed to design gasifiers that can supply a steady 

stream of CO fuel.    

 It was also found that the gasifier had to be ceramic and chemically stable in a 

reducing C/CO/CO2 environment.  Coal volatiles were found to be harmful to the fuel 

cell and must be removed before using.  This cleaning process may not be costly, as 

the volatiles may be combusted to supply thermal energy to the system or sold as by-

products.   

 Although power generation degraded with time, the integrated bench-scale CO2 

gasifier/SOFC system managed to continuously operate with Illinois coal for up to 23 

hours with a decay rate of 4.59mV/hr at 80mA/cm
2
.  The system was operated on 

gasified Illinois charcoal. The gasifier was operated at 800
o
C which was lower than 

the operating temperature of the fuel cell, 825
o
C.   
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OBJECTIVES 

The project objective was to demonstrate that an integrated waterless coal gasifier and 

solid oxide fuel cell (SOFC) system could efficiently convert coal to electricity.   The 

target was to obtain 250 mW/cm
2
 power density with a decay rate of less than 10 mV for 

up to 1000 hours in 100-cm
2
 bench-scale type cells.  This performance has been achieved 

by steam reformed natural gas fueled SOFCs at 800
o
C [1].    

 

The work was divided into three tasks: 

 

Task 1.  Determine Operation Window for CO-fueled SOFC Performance  

 

The purpose of this task was to determine the safe CO-CO2 gas composition for SOFC.  

  

Task 2.  Construct a CO Reactor Suitable for a 100-cm
2
 SOFC  

 

A CO reactor capable of generating sufficient CO to power a 100-cm
2
 SOFC was 

designed and constructed.   

 

Task 3. Demonstrate Target Performance and Stability in 100 cm
2
 Bench Scale Cell   

 

The CO reactor was integrated into Gas Technology Institute’s (GTI) bench scale cell 

facility to test 100-cm
2
 type SOFCs.  Tests were conducted by gasifying Illinois coal with 

dry CO2 and feeding the CO/CO2 product to generate electricity with the SOFC.   
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Figure 1.  System concept 

INTRODUCTION AND BACKGROUND 

 

Coal-fired plants provide nearly half the nation's power while having the highest CO2 

emissions among various generation sources.  Illinois has a 250-year supply of coal and 

has the largest reported bituminous coal resource of any state in the United States. The 

Illinois coal industry is a nearly $1 billion industry (Illinois Dept of commerce and 

economic opportunity). Coal is mined in 12 Illinois counties. Developing a commercially 

viable means to generate power while controlling carbon emissions to the atmosphere 

will greatly benefit the state’s economy.   

 

In this project, The GTI investigated a system approach 

to efficiently convert Illinois coal to electricity while 

generating readily disposable concentrated carbon 

dioxide product. A simplified diagram of the system is 

displayed as Figure 1. In the coal reactor, coal is 

thermo-chemically gasified by CO2 to produce CO and 

ash. CO is fed to a solid oxide fuel cell (SOFC), which 

electrochemically combines it with O2 from air to 

generate electricity and produce concentrated CO2.  

Part of the CO2 from the fuel cell is recycled back to 

the coal reactor to continuously produce CO.  The 

balance of the CO2, being highly concentrated (>95%), 

can be readily captured and disposed.   The SOFC and 

the coal gasifier are thermally compatible with each 

other as the SOFC efficiently operates above 700
o
C 

where ample CO can be produced by the CO2 and coal 

reaction.  Compared to conventional gasification and combustion systems, GTI’s system 

has the following advantages: 1) no water consumption, 2) high thermodynamic 

efficiency, 3) the only inputs are coal and air, 4) no NOx production, and 5) N2 and O2 

free CO2 exhaust.   

 

Through the 2008/2009 ICCI Exploratory Research grant (ICCI Contract 08-1/ER8), GTI 

has proven the concept of generating electricity using a SOFC powered by CO2 gasified 

Illinois coal. In this continuation project (ICCI Contract 10/2B-1), GTI scaled up the 

system and evaluated performance and life expectancy to prepare for system economic 

assessment.   
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EXPERIMENTAL PROCEDURES 

 

Performance and life evaluation of the integrated SOFC/coal-gasifier system were 

evaluated in both laboratory scale and bench scale facilities.   

 

Laboratory Scale System 

 

The laboratory scale system consisted of a 3 cm
2
 size SOFC and 10g capacity carbon 

reactor.  Photographs of the gasifier and cell components are shown in Figure 2 and 

Figure 3.  The reactor tube containing the carbon source was heated in a tube furnace.  

CO2 from a compressed gas bottle was introduced at the bottom and the mixed CO/CO2 

product exited at the top. A thermocouple measured the internal temperature and a 

pressure gauge indicated the reactor internal pressure.   The gas product could be directed 

to either the gas chromatograph (GC) or the SOFC.  The SOFC is operated in another 

tube furnace side by side the carbon reactor. A 1-in (2.54-cm) diameter trilayer 

(cathode/electrolyte/anode) cell disc is compression sealed against the rims of two 

vertically aligned ceramic tubes.  The set-up was heated in the tube furnace. Air was 

introduced to the cathode, which was facing up, through the upper tube. The CO/CO2 gas 

from the reactor was introduced through the lower tube.  Suitable fittings were provided 

to capture the anode exhaust gas for analysis.  The exhaust gas was vented and not 

recycled to the gasifier.  This project used trilayer SOFCs purchased from Materials and 

Systems Research Inc. (MSRI) of Salt Lake City, UT.  

 

With the laboratory scale fuel cell, effects of temperature and fuel gas composition were 

determined.  The size of the fuel cell made it impractical to determine the effect of fuel 

utilization or gas flow rate. Flow rates were fixed at 100 sccm (standard cc per min) each 

for air and fuel.   The carbon reactor was operated above 900
o
C to obtain high enough 

CO composition in the gas product.   

   

 
 

Figure 2. GTI’s laboratory scale gasifier 

 
 

Figure 3. Laboratory cell components 

 

 

Figure 6.  Components of GTI’s 3-cm2 

Laboratory Cells  
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Figure 4.  Bench scale system 

Figure 5.  Bench scale cell hardware 

 Bench Scale System 

The bench scale system consisted of a 3x4 sq.in. size SOFC and a 400 g capacity carbon 

reactor.  A photograph of the system is shown in Figure 4.  The reactor tube was heated 

in a tube furnace located underneath the table.  CO2 

was introduced at the bottom and the mixed CO/CO2 

product exited at the top, which was just below the 

fuel cell. An internally inserted thermocouple 

measured the bed temperature.  The fuel cell was 

installed on the tabletop and heated between two flat 

plate heaters. The anode and cathode plates, 

comprised of high temperature steel, are shown in 

Figure 5.  They were 3x4 sq. in. size (77 cm
2
) with 

an active area of 35cm
2
.  They consisted of an outer 

frame, a pair of gas ports located on opposite 

corners, and parallel gas flow channels.  The trilayer 

SOFC was sandwiched between these plates and the 

sandwich was pressed together to seal the perimeter 

of the fuel cell against the plates’ frame.  The gas for 

each plate was introduced at one of the corner ports, 

distributed through the parallel channels, and exited 

through the opposite port. The inlet ports were 

specified such that the flow direction in the active 

area of one plate was counter to the other plate.  A GC was used to analyze the reactor 

gas product and the anode exhaust.   

      

The bench scale fuel cell was 

operated with blended H2/N2, 

CO/CO2, CO2 gasified carbon 

black and CO2 gasified Illinois 

coal.  Fuel flow rates were varied 

to determine the effect of gas 

utilization. The gasifier was 

operated at various temperatures to 

obtain the desired CO 

concentration for the fuel cell.  Its 

lower operating temperature than 

the laboratory scale reactor was 

due to a lower CO2 flow rate to 

carbon loading ratio.   
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RESULTS AND DISCUSSION 
 

Task 1. Determine operation window for CO-fueled SOFC performance  

 

The purpose of this task was to determine the safe CO-CO2 gas composition for SOFCs 

and operating temperature for both gasifier and fuel cell. Tests were conducted using 3-

cm
2
 laboratory cells. Specifically, conditions for fuel cell maximum performance that 

were stable with time were determined.  

 

A total of five 3-cm
2
 laboratory size SOFCs were tested to serve the purpose of this task. 

Each cell is discussed below. 

 

Cell 10-0113 

 

This was the first cell operated on this project.  It used an old trilayer SOFC from MSRI.  

Initially, it reached an open circuit voltage (OCV) of 916 mV at 800
o
C with 50H2/50N2 

(unless otherwise specified, numbers are in sccm units) fuel and 100 sccm air as oxidant.  

The fuel seal efficiency, which was measured as the anode outlet versus inlet flow rates, 

was 75%.  These values were acceptable for baseline SOFC tests.  

 

This cell was tested at 800
o
C and 850

o
C under different fuels.  Results are shown in 

Figure 6 and Figure 7.  For all the tests, flow rates were 100 sccm each for the fuel and the 

air oxidant.  Performance under H2/N2 fuel was the baseline for assessing the effect of 

fuel composition.  At 800
o
C (Figure 1), the voltage with 50CO/50CO2 was lower by 

about 65 mV but the slope was similar compared to those with the H2/N2 fuel.  With 

30CO/70CO2, the cell voltage was much lower and the slope of the performance was 

much steeper.  At 850
o
C (Figure 7) only rich CO/CO2 blends were tested.  However, 

performance improvement with temperature appeared greater for H2/N2 than for CO/CO2 

as indicated by two observed results: 1) Even the fuel-richer 75CO/5CO2 could not match 

the voltage under the leaner 50H2/50N2 and 2) the voltage difference between the 

50H2/50N2 and the 50CO/50CO2 was is much greater at 850
o
C (100 mV) than at 800

o
C 

(65 mV).  It is interesting to note the fuel richer (60% CO) but slower flowing (50sccm) 

37.5CO/12.5CO2 yielded higher voltage than the leaner (50% CO) but higher flowing 

fuel (100sccm) 50CO/50CO2.   

 

Performance stability was evaluated at 800
o
C using 50CO/50CO2 fuel and 850

o
C using 

70CO/30CO2.  It did not appear to be an issue at 800
o
C based on a 95 hour test but the 

cell decayed at 850
o
C after being stable for 33 hours.  

      

The cell was taken apart after cool down.  Figure 8 is a picture of the post-test 

components.  The anode was clean without any sign of carbon deposits.  However, the 

fuel gas supply tube was plugged with carbon at a section located just below the cell 

furnace.  The increasing restriction in fuel supply to the cell due to continuous carbon 

deposition upstream explains the performance degradation with time under the CO-rich 

70CO/30CO2 fuel. In practice, the observed upstream carbon deposition will not occur 

since high temperature CO from its generator is directly fed to the SOFC.    
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Figure 6. Cell 10-0113 performance at 800

o
C 

 

 
Figure 7.  Cell 10-0113 performance at 850

o
C
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Figure 8. Cell 10-0113 components after testing 

 

Cell 10-0322 

 

Cell 10-0322, as well as all further cells tested used improved MSRI SOFC trilayers.  

This test initially had an anode seal efficiency of 80% and reached an OCV of 920 mV.  

The improved trilayer indeed yielded higher performance.  At 800
o
C, it reached peak 

power densities of 150 mW/cm
2
 with 50H2/50N2 fuel and 139 mW/cm

2
 with 

50CO/50CO2 fuels (Figure 9).  Cathode oxidant was 100 sccm air and the temperature 

was 800
o
C all throughout the tests. 

 

The effect of CO/CO2 fuel composition was determined.  Results shown in Figure 10 

suggest the power density reached a maximum at CO content of less than 75%.  However, 

to avoid risk of carbon deposition, CO concentration around 60-65% would be preferable.     

 

 
Figure 9. Cell performance of Cell 10-0322 
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Figure 10. Peak power density vs. CO content 

 

Cell 10-0421 

 

This cell initially had an anode seal efficiency of only 60% and a peak OCV of 820 mV 

at 800
o
C under 50H2/50N2 in the anode and 100 sccm air in the cathode.  Its peak power 

density was 178 mW/cm
2
 under 50H2/50N2 fuel and 126 mW/cm

2
 under 50CO/50CO2 

(Figure 11). 

 

This cell was operated with gas streams from the carbon gasifier.  The gasifier contained 

about 10 g carbon black and was heated to 900 to 1000
o
C.  It was purged with 50 sccm 

N2 during heat up and was then fed with 75 sccm CO2 after reaching 900
o
C.  With this 

CO2 flow rate, a gas product with 50% CO would result in a product of having a flow rate 

consisting of 50 sccm CO and 50 sccm CO2 (designated as 50CO/50CO2).  The CO 

concentration was typically 50 to 60% with the gasifier operated between 950 and 

1000
o
C depending on carbon loading, CO2 supply rate, and operating time.  The gas 

product was first analyzed by the GC to determine its composition before feeding it to the 

fuel cell.  Whenever possible, the gas product was again analyzed after the cell test. 

 

Peak power density with the gasifier product was 142 mW/cm
2
.  With this fuel, the cell 

was held under a constant load of 107 mA/cm
2
.  The results are summarized in Table 1.  

The cell performance degraded severely in all runs. These tests, however, did not cause 

permanent damage to the fuel cell since normal performance under 50H2/50N2 fuel was 

always resumed.     

 

Table 1. Cell performance with reactor gas as fuel under 107 mA/cm
2
 load 

Test Period 

hr 

Test Duration 

hr. 

Initial mV Final mV Voltage Loss 

mV/hr 

% CO of Gas 

before/after 

268 1.9 740 640 53 ~65/58 

291 1.0 711 662 49 60/60 

340 1.75 685 596 51 NA 

NA: Not available 
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Because of the incomplete anode seal, it was not possible to determine the exact gas 

composition of the gas exiting the fuel cell.   Instead, a mixed blend of 50H2/50N2 fuel 

was passed through the gasifier that was maintained at 900
o
C before feeding to the fuel 

cell.  The purpose was to determine if the metallic reactor container reacts with the fuel. 

Upon holding at 140 mA/cm
2
 current density, the H2/N2 fuel that passed through the 

heated reactor showed a voltage decay of 190 mV/hr, which eventually caused permanent 

cell damage.  Upon cool down, it was observed the anode and its current collector were 

discolored, as if they were coated by vapor deposition (Figure 12).  It is conceivable that 

vapor species of Cr may have been generated under reducing atmosphere and deposited 

on the anode. To avoid gas contamination in future runs, the reactor material was 

subsequently changed to dense alumina.   

 

 
Figure 11.  Peak performance of cell 10-0421 

 

 

 
Figure 12.  Picture of the fuel cell anode (left) and the exhaust tube (right).  The 

red/orange deposits likely came from the stainless steel reactor. 
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Cell 10-0529  

 

This cell had a tight anode seal (i.e., inlet flow rate = outlet flow rate) all throughout its 

operation.  However, in spite of its good seal, data from this cell was not any better than 

the previous test.  After conditioning at 800
o
C, its maximum power densities of 170 

mW/cm
2
 with 50H2/50N2 and 120 mW/cm

2
 with 50CO/50CO2 were comparable to those 

of Cell 10-0421 (see Figure 11 vs.  Figure 13).  Both cells used 100 sccm of air as 

oxidant in the cathode.  The ceramic carbon reactor, containing about 10 g of carbon 

black, was heated to 950-1000
o
C and fed with 75 sccm of CO2 gas reactant to form a 

CO/CO2 gas product.  At this operating condition, the gas product was typically 50-60% 

CO as analyzed by a GC.  The cell performance with the reactor gas as fuel was 

monitored.  High decay rates (~40 mV/hr) were observed.  Because the CO content of the 

reactor gas appeared to be reducing with time, (initially 60CO/40CO2 before the test and 

50CO/50CO2 after a 2.5 hour test), the fuel cell was operated with blended 65CO/35CO2, 

60CO/40CO2, 53CO/47/CO2 and 50CO/50CO2 fuels and maintained under 70 mA/cm
2
 

load.  Performance under each fuel was steady.   

 

Then 5 sccm H2 was added to the gas product from the C-reactor before the fuel cell.  

This small amount of H2 helped stabilize the cell performance.  With the fuel cell under a 

current load of 70 mA/cm
2
, the voltage remained steady within 740-746 mV range over 8 

hours. It appears that H2 is preferentially utilized by the fuel cell even at low 

concentrations.   Cell polarization data were obtained under 5H2/95N2 and 5H2/80Reactor 

gas as fuels.  At their respective peak power density of 88 mW/cm
2
 and 121 mW/cm

2
, H2 

utilization was only 83% using 5H2/95N2 but 103% using 5H2/80Reactor gas.  The fuel 

cell utilized CO from the reactor gas, but which may be lower than the GC analyzed 

composition.  

  

The fuel cell stability test under 5H2/80Reactor gas as fuel at 70 mA/cm
2
 current load 

was repeated.  The test lasted 24 hours.  After being initially stable for 8 hours, voltage 

degraded from~790 mV to less than 400 mV. According to GC analysis, the CO content 

of the reactor gas was reduced from 50% initially to 8% at end of test (Figure 14).   

  

The reactor was operated independently and the gas product was analyzed by GC with 

time (Figure 15).  Its CO content initially dropped rapidly and seemed to have stabilized 

towards the end of 23 hours.  When the reactor gas was analyzed to contain 60% CO, it 

was introduced to the fuel cell that was running at OCV (i.e., cell not consuming fuel).  

The fuel cell anode outlet gas was analyzed by GC.  It was shown to contain just 46-48% 

of CO.  The results indicate the cell degradation under the gas reactor product was due to 

the decreasing CO content.    

 

In all reactor runs, carbon loss from the reactor was accounted for by weighing the carbon 

before and after test and the actual mass loss was always smaller than that calculated 

from GC compositions, gas flow rate and test duration, indicating lower CO composition 

that GC analysis.  However, various diagnostic tests failed to pinpoint the real cause of 

the discrepancy.   
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 Figure 13.  Performance of Cell 10-0519 with 50H2/50N2 and 50CO/50CO2 fuels 

 

 

 

 
Figure 14.  Voltage change with time under reactor gas + 5sccm H2 
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Figure 15.  Change in reactor gas composition with time 

 

Cell 10-0625 

 

The purpose of this cell was to demonstrate SOFC performance stability under CO/CO2 

fuel.  Given the instability of the composition generated by the carbon reactor, the cell 

performance stability was determined with 60CO/40CO2 blend.  This composition was 

determined to be preferred for SOFCs operating at 800
o
C as discussed previously.  

  

As shown in Figure 16, stable performance under 60CO/40CO2 blend over 1000 hours 

was demonstrated.  Polarization behavior of the cell during the middle and the end of the 

stability test did not change with time verifying further performance stability with time 

(Figure 17).         
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Figure 16.  Cell operation history at 140mA/cm

2
 under 50H2/N2 (black dots) and 

60CO/40CO2 (red) 

 

 
Figure 17.  Polarization at various times during the CO lifetime test 

 

 

Cell 10-0625 
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Task 2. Construct a CO reactor suitable for a 100-cm
2
 SOFC 

 

A CO reactor capable of generating sufficient CO to power a 100-cm
2
 SOFC was 

constructed.  The integrated reactor/SOFC had been discussed under the Experimental 

Procedure section.  The reactor was a 2 inch diameter alumina tube, Figure 18, orientated 

in a vertical position within a tube furnace.  Custom flanges and retaining clamps were 

built and welded for the gas inlet and outlet.  The gasifier has a hot zone volume of 470 

cm
3
 and can accommodate 400 grams of Illinois coal.  This mass of coal will allow for 55 

hours of uninterrupted CO generation before refueling is required.    

 

 
Figure 18.  Gasifier built for the bench scale tests 

 

Task 3. Demonstrate target performance and stability in 100 cm
2
 bench scale cell  

  

Bench-scale SOFCs were assembled and operated with CO-CO2 fuel from the gasifier.  

The fuel source included Illinois coal.  A performance of up to 250 mW/cm
2
 power 

density maintained for up to 1000 hours was the original target.  The initial goal for this 

task was to operate using SOFCs of 100 cm
2
.  GTI received a quote of $10,000 for 

custom hardware of this size to be built.  To save costs, existing GTI hardware with an 

active area of 35 cm
2
 was utilized, shown in Figure 5.  Using this hardware we have 

scaled up the test size by a factor of 10 and the hardware has features comparable to that 

using 100cm
2
. 

 

A total of 3 bench scale cells were assembled but only two were operated due to trilayer 

breakage in one cell.  The cells were 7.5 cm x 10 cm (3 in x 4 in) in size with an active 

area of 35-cm
2
.  The two operated cells are discussed below. 

 

Cell 10-0810-3x4 

 

This was the first bench scale cell operated under this project.  At 800
o
C, it had an anode 

seal efficiency of 85-90%.  First, the fuel cell was operated with 60H2/40N2.  The results 

displayed in Figure 19 indicate the large cells result in higher open circuit voltages but 

also with higher resistances.  The result is lower overall power densities in the high 

current region.   

 

The cell was then operated with blended 60%CO/40%CO2 fuel.  The flow rate was for 50% 

utilization at 150 mA/cm
2
.  Performance under this fuel is compared with that under 

H2/N2 in  Figure 20.  Although it is lower for the CO/CO2, the area specific resistance 

(slope of the V-I curves) is comparable to each other.  Another series of test addressed 

the effect of CO composition.  Three CO/CO2 blends were used; 60%CO/40%CO2 with 

flow rate for 50% utilization at 150 mA/cm
2
, 50%CO/50%CO2 with flow rate for 50% 
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utilization at 150 mA/cm
2
 and 60%CO/40%CO2 with flow rate for 50% utilization at 120 

mA/cm
2
.  Results, not shown, indicate reducing either the CO composition or the total 

fuel flow rate lowers cell performance by approximately 30mV.  However, the more CO 

concentrated 60%CO/40%CO2 with lower total flow rate (50% utilization at 120 mA/cm
2
) 

shows about the same performance as the fuel with less CO concentrated but higher total 

flow rate (50%CO/50%CO2 with flow rate for 50% utilization at 150 mA/cm
2
).   

 

The cell was held at 160 mA/cm
2
 for 166 hours under 60%CO/40%CO2 fuel with flow 

rate corresponding to 50% utilization at 150 mA/cm
2
.  During this period, the cell voltage 

increased from 615 to 667 mV and then leveled off at 655 mV.  No voltage decay was 

observed. 

 

The gasifier was loaded with 50 g of granulated carbon black (Vulcan XC-72) and heated 

to 1000
o
C with N2 purge.  The density of carbon black is so much smaller than coal, as a 

result, only 50g of the carbon black could fit in the gasifier.  The effect of temperature on 

the CO production from the gasifier was measured and is displayed in Figure 21.  Higher 

temperatures are required when using carbon black because of the low density.  With the 

carbon bed temperature at 1030
o
C and the CO2 flowing to the gasifier at 100 sccm, the 

fuel for the fuel cell was switched to the gasifier product gas.  The resulting performance 

data are comparable to that under 73CO/49CO2 gas blend as shown in Figure 22.  The 

fuel cell was held for 2 hours at 100 mA/cm
2
 load with the gasifier stream as fuel.  The 

voltage went up initially but slowly decreased from 650 mV to 642 mV during the last 

hour of hold.  This decay rate is relatively less than observed in 3 cm
2 

cells operated 

under gasifier fuel.  

 

The gasifier was refilled with fresh carbon black and a stability test was run.  The gasifier 

temperature was set to 950
o
C with a CO2 flow rate of 60 sccm and  the fuel cell was set to 

operate on only the gasifier product gas.  The fuel cell was set to a current density of 

80mA/cm
2
 and was allowed to run overnight (19 hours).   The performance with time is 

displayed in        Figure 23.  During the 19 hour run the performance dropped 

significantly from 0.642V to 0.429V, a total of 213mV (12.2 mV/hr).  It was believed the 

decay may have been due to the high concentration of CO, so the temperature of the 

gasifier was reduced by 25
o
C.  The percent CO in the fuel decreased from 72% to 66% 

and the fuel cell performance dropped to 0.18V.  It is believed the fuel cell may have 

been slightly starved of fuel since the slipstream used to measure the gas concentration by 

the GC was taken before the fuel cell.  This will reduce the gas flow to the fuel cell by 

10-15%.  It was decided in future experiments the GC measurement will be made using 

the fuel cell exhaust. 

 

Cell analysis after cool down showed several cracks in the trilayer originating from the 

edges as shown in Figure 24.  The trilayer used was larger than the hardware and 

extended beyond the edges of the metal hardware.  The anode in the extended area was 

exposed to air and in the active area, it was in a reducing fuel environment.  Cracks may 

have formed due to stress developed along the transitional boundary between the 

oxidizing/reducing sections.    
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Figure 19.  Bench scale cell performance under 60H2/40N2(%) fuel with flow rate 

set for 50% utilization at 120, 150 and 180 mA/cm
2
 current densities.  Data is 

forH2 fuel.  Large cell 1 was eventually tested with gasified carbon, while large 

cell 2 was eventually tested with gasified coal 

 

 
  Figure 20.  Performance of the 35 cm

2
 bench scale cell under H2/N2 and CO/CO2 

 

 



20 

 

 

 
Figure 21.  Composition of gasified carbon black at various temperatures 

 

 

 

 

 
Figure 22.  Comparison of performance under 73CO/49CO2 and with gasifier fuel 

stream 

 

 

 

  



21 

 

 
       Figure 23.  Stability of the large fuel cell under H2 fuel or gasified carbon black 

 

 

 

 

Figure 24.  Cell 10-0810-3x4 

cathode after testing 

 

 

Figure 25.  Hardware for cathode (left) and anode 

(right) of Cell 10-1115-3x4 after testing 
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Cell 10-1115-3X4 

 

This cell was assembled to continue testing gasified Illinois coal in the bench scale cell.  

The coal used for this test was from the Gateway mine in Coulterville, IL, the analysis is 

displayed below.  The coal was donated from the gasification group at GTI.  This fuel 

cell test had a tight (97%) anode seal but leaky cathode (<82% seal).  Due to the tight 

anode seal, it had a high OCV (1026 mV) and performance.  Its performance under 

73H2/49N2 and 73CO/49CO2 are shown in Figure 26.  Peak power densities are 

comparable to each other, 106 and 109 mW/cm
2
, respectively.  More interestingly, peak 

power for the CO/CO2 occurred at a high current density or higher fuel utilization.   

 

 
 

When the bench scale gasifier was heated up while containing 400g of Illinois coal the 

exhaust stream contained a large amount of heavy pyrolysis oil and sulfur containing gas.  

The heavy pyrolysis oil is unsuitable for the SOFC, and the sulfur containing gas would 

severely poison the SOFC catalyst.  Standard SOFCs can only tolerate ~25-50ppm H2S at 

the most before severe performance loss occurs.  The pyrolysis oil was noticed on the 

smaller scale experiments but the problems associated with it were more apparent when 

the system was scaled up.  We then decided to use the remaining charcoal for the fuel for 

the gasifier.  The gasified coal discussed in the following paragraphs sent to the fuel cell 

had the pyrolysis oil and gas removed before fuel cell testing.        

 

When fueled by CO2 gasified Illinois coal, cell peak power density (82mW/cm
2
 at best) 

was 40mW/cm
2
 lower than with H2 and ~30mW/cm

2
 lower than with the clean blended 

fuels but was still respectable.  The gasifier only needed to be operated at 800
o
C to 

generate 60% CO/ 40%CO2 when fed with 75 sccm of CO2.  This is because of the high 

density of the Illinois coal as compared with carbon black.  This temperature is more 

ideal as the fuel cell was operated at 825
o
C.  In this case the gasifier was operated at a 

lower temperature than the fuel cell which is critical for a thermally integrated system.    

Results are compared with the data on clean 73CO/49CO2 and shown in Figure 27 They 
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show the performance was higher with the CO richer but slower flowing fuel consistent 

with observations from the previous bench scale cell.   

 

Two stability tests were performed using gasified Illinois coal.  In the first, the SOFC was 

held at 130mA/cm
2
 with a blend of CO/CO2 for 18 hours to demonstrate stability, shown 

in Figure 28.  Although there was some initial decay in performance, the performance 

began to increase with time.  When the gasified charcoal was introduced to the fuel cell 

the performance decayed from 0.633mV to 0.569V in 5 hours.  The total decay of 64mV 

in 5 hours is 12.8mV/hr. This is a significant loss and the detail is shown in Figure 29.  

The concentration of CO in the fuel cell exhaust was decreasing during this test and may 

explain the loss in performance.  With time the gasifier is expected to produce lower CO 

concentrations.   

 

During an interim stability test, a very high rate of decay was noticed when using gasified 

Illinois coal.  For the final test, it was decided the current density should be lowered in 

case the decay was due to fuel starvation.  The final stability test results are displayed in 

Figure 30.  When the current density was 100mA/cm
2

, the decay over 1.1 hours was 

58mV from 0.675V to 0.617V (52.7mV/hr).  The current density was then decreased to 

80mA/cm
2 

and the performance became more stable.  Over the next 20.5 hours the 

performance only decayed 94mV (4.59mV/hr).  It can also be seen that the percent of CO 

in the fuel cell exhaust was relatively stable around 36-40.7%.  This indicates the fuel 

utilization was stable with time and less than with the high current density in previous 

stability test shown in Figure 29.  After this test the fuel cell was tested with H2 and there 

was a significant loss in performance, seen in      Figure 31.  This loss in performance was 

permanent and not reversible.  Possible causes of the irreversible loss include: a decaying 

cathode as seen in Figure 25, the use of stainless steel flanges on the ceramic reactor, or 

contaminants from coal.   
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Post test examination of the SOFC revealed the cathode was detached from the 

electrolyte (Figure 25).  The problem likely occurred sometime later in the cell’s life 

since the performance was initially high.  The cause is not currently understood but may 

be related the high leak rate at the cathode.  

 

Polarization Data Under H2/N2 and CO/CO2 Blends
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Figure 26.  Polarization data with H2/N2 and CO/CO2 blends 

 

 
Figure 27. Polarization data with CO/CO2 blends and CO2 gasified Illinois coal 

(charcoal)   
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Figure 28.  Stability of bench scale fuel cell using blended CO/CO2 and gasified 

Illinois coal (charcoal) 

 
Figure 29.  Detail of degradation under gasified coal from Figure 28 
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Figure 30.  Second stability test of the fuel cell using gasified Illinois coal (charcoal) 

 

 
     Figure 31.  Comparison of hydrogen fuel cell performance of the bench scale system 

before and after coal stability studies 
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CONCLUSIONS AND RECOMMENDATIONS 

 

Summary and Conclusions from Laboratory Scale Tests 

 

A summary of the best performance achieved in 3 cm2 laboratory cells is given in Table 

2.  At 800
o
C, best performance achieved was 216 mW/cm

2
 with 50H2/50N2 and 170 

mW/cm
2
 achieved with 60CO/40CO2 fuel blends.  Performance increases as ASR, 

decreases.  The best performing cells in the table have ASR of 0.9-0.92 Ohm-cm
2
.  To 

achieve the target power density of 250 mW/cm
2
, fuel cell resistance must be reduced to 

less than 0.5 Ohm-cm
2
.  This value is achievable because it is within the target of DOE’s 

SECA program, which oversees the commercial development of SOFC.   

 

Long term stability of a SOFC in CO/CO2 fuel has been demonstrated with stable 

performance under 60CO/40CO2 blend at 140mA/cm
2
 current density for over 1000 

hours (Figure 16).  This result shows the potential for achieving stable SOFC 

performance with time using CO2 gasified coal.   

 

When operated with CO2 gasified carbon black containing 50-60% CO, cell performance 

decayed rapidly at a rate of ~50 mV/hr (Cell 10-0421).  Monitored GC analysis of reactor 

gas showed CO content reducing with time especially during the initial few hours and 

explains the observed cell decay behavior. 

 

It was found that metal reactor reacts with gasified coal and produces vapor harmful to 

the fuel cell.  A ceramic reactor is therefore preferred.  Carbon was found to deposit in 

colder section between the reactor and the fuel cell.  This can be avoided by ensuring 

efficient thermal integration of the two units.   

 

Table 2. Summary of best performances in 3 cm
2
 cells 

FUEL, SCCM  TEMP., 
O
C  ASR*  

OHM-CM
2
  

MAX PD**, 

MW/CM
2
  

50H2 + 50 N2  800  1.65  126  

50CO + 50 CO2  800  1.68  104  

30CO + 70 CO2  800  3.04   48  

50H2 + 50 N2
*** 

800  0.90  216  

60CO/40CO2 800  0.92  170  

 
50H2 + 50 N2  850  1.39  142  

50CO + 50 CO2  850  1.84   96  

75CO + 25CO2  850  1.53  121  

37.5CO + 12.5CO2  850  1.84  101  

*ASR: AREA SPECIFIC RESISTANCE  

**PD: IS POWER DENSITY,  ***:DIFFERENT TEST 
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Summary and Conclusions from Bench Scale Tests  

 

With 60%H2/40%N2, it was determined the increasing flow rate beyond that 

corresponding to 50% utilization at 150 mA/cm
2
 did not significantly improve bench 

scale cell performance.  At this flow rate, the performance with 60%CO/40%CO2 was 

lower than that of 60%H2/40%N2 although their ASRs were similar.  However, when the 

fuel was tightly sealed within the anode compartment, the performance of the CO/CO2 

blend can match or even surpass that of H2/N2.    

 

By keeping the CO utilization to 50% fuel utilization at 150mA/cm
2
, diluting the CO 

with CO2 also reduced the cell performance. The same is true by keeping the same 

CO/CO2 composition but decreasing the flow rate to correspond to 50% CO utilization at 

180 mA/cm
2
.    

 

A bench scale cell was fueled by CO2 gasified carbon black.  A positive result is the 

performance was comparable to that of CO/CO2 blend of similar composition.  However, 

performance with the gasified C decayed with time due to reducing CO content of the 

gasified product. 

 

Performance in bench scale tests also decayed when fueled by CO2 gasified Illinois coal, 

again due to decreasing CO content with time of the gasified product.  It was found the 

pyrolysis gas needs to be removed from the coal to prevent poisoning the fuel cell.  When 

using gasified Illinois coal the maximum power was 82mW/cm
2
 and the decay rate at 

80mA/cm
2
 was 4.59mV/hr during a 23 hour stability test.  After coal testing the fuel cell 

had irreversible performance losses which are currently unexplained.  Possible causes of 

the irreversible loss include: a decaying cathode as seen in Figure 25, the use of stainless 

steel flanges on the ceramic reactor, or contaminants from coal.     

 

Recommendations  

 

The target cell performance of 250 mW/cm
2
 that is stable for up to 1000 hours using CO2 

gasified Illinois coal was not demonstrated in bench scale cell.  This target is the 

minimum for the concept to be commercially competitive with SOFCs fueled by 

conventionally steam/air gasified coal.  However, findings under this project support the 

claim that the targets are achievable by taking the following measures: 

 

 Use high performing SOFC trilayers capable of delivering <0.5 Ohm-cm
2
 ASR.  

Although GTI has the ability to develop such trilayers, commercial participants in 

DOE’s SECA program are already producing them. Teaming up with any of these 

developers in commercialization efforts would make more sense. 

 

 Improve CO2 coal gasifier to produce CO/CO2 fuel with steady composition.  This 

will require kinetic studies of the CO2 reduction process by coal.  A thorough 

investigation of all minor elements leaving the gasifier is needed to address and 

correct fuel cell performance decay.    
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