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ABSTRACT 
This 1-year project has achieved most of its objective and successfully demonstrated 

the viability of the fluidized bed direct carbon fuel cell (FB-DCFC) approach under 
development by Direct Carbon technologies, LLC, that utilizes solid carbonaceous fuels 
for power generation. This unique electrochemical technology offers high conversion 
efficiencies, produces proportionately less CO2 in capture-ready form, and does not 
consume or require water for gasification. 

FB-DCFC employs a specialized solid oxide fuel cell (SOFC) arrangement coupled to 
a Boudouard gasifier where the solid fuel particles are fluidized and reacted by the anode 
recycle gas CO2.  The resulting CO is electrochemically oxidized at the anode.  Anode 
supported SOFC structures employed a porous Ni cermet anode layer, a dense yttria 
stabilized zirconia membrane, and a mixed conducting porous perovskite cathode film.  
Several kinds of untreated solid fuels (carbon and coal) were tested in bench scale FB-
DCFC prototypes for electrochemical performance and stability testing.  Single cells of 
tubular geometry with active areas up to 24 cm2 were fabricated. The cells achieved high 
power densities up to 450 mW/cm2 at 850oC using a low sulfur Alaska coal char.  This 
represents the highest power density reported in the open literature for coal based DCFC.  
Similarly, power densities up to 175 mW/cm2 at 850oC were demonstrated with carbon.  
Electrical conversion efficiencies for coal char were experimentally determined to be 
48%. Long-term stability of cell performance was measured under galvanostatic 
conditions for 375 hours in CO with no degradation whatsoever, indicating that carbon 
deposition (or coking) does not pose any problems.  Similar cell stability results were 
obtained in coal char tested for 24 hours under galvanostatic conditions with no sign of 
sulfur poisoning.  Moreover, a 50-cell planar stack targeted for 1 kW output was 
fabricated and tested in 95% CO (balance CO2) that simulates the composition of the coal 
syngas.  At 800oC, the stack achieved a power density of 1176 W, which represents the 
largest power level demonstrated for CO in the literature. 

 Although the FB-DCFC performance results obtained in this project were definitely 
encouraging and promising for practical applications, DCFC approaches pose significant 
technical challenges that are specific to the particular DCFC scheme employed.  Long 
term impact of coal contaminants, particularly sulfur, on the stability of cell components 
and cell performance is a critically important issue.  Effective current collection in large 
area cells is another challenge.  Lack of kinetic information on the Boudouard reactivity 
of wide ranging solid fuels, including various coals and biomass, necessitates empirical 
determination of such reaction parameters that will slow down development efforts.  
Scale up issues will also pose challenges during development of practical FB-DCFC 
prototypes for testing and validation.   

To overcome some of the more fundamental problems, initiation of federal support 
for DCFC is critically important for advancing and developing this exciting and 
promising technology for third generation electricity generation from coal, biomass and 
other solid fuels including waste. 
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1. EXECUTIVE SUMMARY 
The quest for direct conversion of carbon (or coal) into electricity has been 

pursued in waves of activity for over a century.  This is primarily because coal, based on 
its energy content, has been and still remains to be the cheapest and arguably the most 
abundant fossil energy resource on this planet.  Moreover, US possess the largest coal 
reserves in the world. So, efficient and effective utilization of coal is deservedly 
important for energy and national security of this country. Currently, more than 50% of 
the electricity in the US is produced from coal using chemical conversion processes such 
as pulverized combustion.  Similarly, the share of coal in electricity production is about 
80% in China and more than 70% in India.  A large portion of existing coal fired plants in 
this and other countries are only 30-35 % efficient, while producing copious amounts of 
greenhouse gas emissions and other pollutants. These chemical conversion processes all 
have inherently limited efficiencies imposed by thermodynamic constraints that only 
allow incremental improvements.  Given the widely accepted projections of increased use 
of coal in the next several decades, there is great need to develop technologies more 
efficient than chemical conversion can offer, so that coal can continue to play its 
dominant role in electricity production in this country and around the globe with minimal 
impact on the environment.   

In this regard, electrochemical conversion of coal is attractive since it inherently 
provides higher conversion efficiencies than chemical processes.   But one of the 
fundamental obstacles that limit the use of coal or any other solid fuel in an 
electrochemical conversion process is the ability to provide or supply the solid fuel to the 
electrochemical reaction site at the anode.  Physically, this is difficult to achieve, since 
the relative dimensional disparity is huge between the atomic scale of the reaction site 
and tens of microns or larger size of the solid fuel particles. 

To overcome this fundamental problem and to achieve higher conversion 
efficiencies, Direct Carbon Technologies, LLC (DCT) is developing a proprietary direct 
carbon fuel cell technology that utilizes a fluidized bed Boudouard gasifier coupled to a 
solid oxide fuel cell.  This fluidized bed direct carbon fuel cell (FB-DCFC) technology 
makes clever use of the anode product gas CO2 that is recycled back to the gasifier to 
fluidize the solid fuel bed and at the same time, to produce CO through the Boudouard 
reaction.  Since only the carbon in the solid fuel is involved in the reaction with CO2, this 
provides great flexibility in the range of solid fuels including different grades of coal, 
carbon, biomass, and waste products from forests, saw mills, municipalities, human and 
animals, etc.  Prior to the DOE project, DCT had successfully demonstrated conversion 
of synthetic carbon, coal (Pittsburgh #8 and Illinois #6), and biomass (almond shells) in a 
single cell FB-DCFC arrangement [1-5], albeit at modest performance levels. 

DCT’s FB-DCFC technology promises the following advantages that are significant 
and attractive from a practical point of view: 

- Higher conversion efficiencies than chemical conversion processes for coal 
- Proportionately less use and depletion of coal reserves  
- Proportionately less emission of CO2 
- No N2 in the process flow stream, eliminating the need for separating CO2 
- Flue stream practically all CO2, ready for capture  
- Fuel flexibility allowing the use of wide variety of solid fuels 
- No consumption or requirement for water, preserving a precious natural resource 
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- No NOx emissions due to relatively low operating temperature and lack of N2 in 
the process flue stream 

- Modular and suitable for distributed or central (base-load) power generation 
The primary objective of this one-year limited scope project is to develop DCT’s FB-

DCFC technology, and build and test a 1kW unit.  Two major pieces of the 1 kW 
development program under this project involve 1) the design, construction and testing of 
a Boudouard gasifier operating on solid fuel and capable of supplying sufficient CO to 
generate 1 kW in the fuel cell stack, and 2) development, construction, and testing of a 1 
kW fuel cell stack operating on gasified solid fuel. 

 
1.1. Project Accomplishments 

We have met most of the project goals and confirmed that there is no fundamental 
obstacle or inherent limitation to DCT’s FB-DCFC technology that would seriously 
impede or preclude its development.  There remains, however, a multitude of technical 
and engineering challenges that are yet to be resolved or overcome before 
commercialization. Nevertheless, the project has successfully achieved many of its 
objectives and milestones on time and on budget:  

- Superior power density of 450 mW/cm2 (at 60% fuel utilization) was achieved at 
850oC in a single cell supplied from gasified low-sulfur Arkansas coal char 

- Electrical conversion efficiency of 48% was demonstrated at a power density of 
320 mW/cm2 at 80% fuel utilization with gasified Alaska coal char 

- Benchmarking experiments with pure gaseous fuels (without the presence of solid 
fuel in the bed) demonstrated superior performance with power densities of 670 
mW/cm2 at 1 A/cm2 (or at 0.67 V) in single cells using CO gas and 740 mW/cm2 
at 1 A/cm2 measured for H2 gas at 850oC  

- Galvanostatic tests for cells demonstrated no degradation up to 375 hrs of 
continuous operation in pure CO and no sign of sulfur poisoning up to 24 hours of 
operation with gasified coal char at 850oC 

- Gasification characteristics for biomass-derived activated carbon and Alaska coal 
char were determined to establish the basis for the 1kW gasifier design 

- Completed the construction of the 1 kW gasifier and its heating elements and 
other peripheral components and probes.  However, testing of the gasifier with 60 
lbs of coal ran into safety and building code issues related to production, 
handling, and safety monitoring of large quantities of CO indoors.  

- Successfully built and tested a 50-cell planar SOFC stack, specifically fabricated 
for this project, on 95% CO and demonstrated 1176 W of power generation 

- Achieved a power density of 0.24 W/cm2 at 800oC during the 1.2 kW generation 
test employing the 50-cell stack 

 
To our knowledge, these performance numbers achieved in the previous reporting 

periods are the first and best fuel cell performance figures for coal char and also for CO 
utilization in an SOFC arrangement reported up to date in the literature.  It is also 
important to note that no water was involved in the coal gasification step, or in any part 
of the process stream.   
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2. BACKGROUND 
The search for technological breakthroughs for efficient conversion of carbon, coal, 

biomass and other carbonaceous fuels has involved various fuel cell arrangements to 
attain the best possible delivery mode or chemical vehicle to supply the solid fuel or the 
oxidant to the electrochemical reaction site. Although carbon conversion in a fuel cell 
was first reported back in 1855 by Becquerel [6], the progress to date has been slow and 
intermittent.  In a carbon-constrained world, effective and efficient utilization of solid 
fuels, especially coal, is critically important to maintain our energy supply with a 
minimal carbon footprint. Recent reports by the author and his co-workers demonstrated 
a promising pathway towards achieving these dual goals by a new approach [1-5, 7-11] 
described and tested in this project . 

Energy and environment, arguably the two most important issues of the 21st century, 
are intricately linked in the way we manage and utilize our energy resources. The current 
global energy consumption is nearly 14 TW, which is expected to grow to 28 TW by 
2050.  Similarly, the global electricity consumption of 1.9 TW in 2005 is projected to 
double up to 3.8 TW by 2030. The share of coal in the global production of electrical 
power has been about 50% and this number is projected to remain practically unchanged 
through 2030. The corresponding share of coal in electricity production in the US was 
49% in 2007 and is projected to be 47% in 2030 (12).  US possesses the world’s largest 
coal reserves with nearly 250 billion metric tons of proven recoverable coal (13) that 
should last nearly two centuries at the rate of current consumption.   In this regard, coal is 
critically important for the energy security of the US, as well as for many of the rapidly 
developing countries such as Russia, China, and India, which respectively possess the 2nd, 
3rd, and 4th largest shares of proven coal reserves in the world. 

So given the abundance, proven technology base, and the built-in infrastructure, it 
seems likely that coal will continue to be a dominant player in energy generation for 
many decades to come (14). But coal has a large carbon footprint. Also, conventional 
pulverized coal fired power plants that make up a significantly large fraction of the 
installed capacity globally, operate with rather poor conversion efficiencies in the low 
30%. An effective strategy to mitigate the interlinked problems concerning energy and 
environment is to address coal utilization and develop the next generation technologies 
that offer significantly more efficient, responsible, and environmentally friendly use of 
this cheap and abundant natural energy resource.  Definitely, rapid progress is needed for 
effective utilization and conversion of solid fuels, especially coal and biomass. 

In this context, electrochemical conversion in a direct carbon fuel cell (DCFC) 
arrangement offers the potential of significantly higher conversion efficiencies than 
conventional coal technologies of today.  Higher efficiencies naturally translate into 
smaller amounts of coal consumed, and proportionately less amount of CO2 emitted for 
the same amount of electrical power generated.  To achieve this goal, electrochemical 
conversion of carbon has been pursued for than a century (15). Since then, many different 
types of DCFC systems, based on molten hydroxide, molten carbonate, solid oxide, 
molten metal anode, and alkaline, have been employed, studied and tested. These 
approaches were recently reviewed by Gür [10] from a mechanistic point of view.  
Several of these types of carbon conversion schemes are being actively pursued today for 
commercial purposes, and are reviewed from the point of view of the particular fuel cell 
systems they employed for conversion (16).  
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However, conversion of solid carbonaceous fuels, especially coal, in a fuel cell 
presents many technical challenges. In most cases, “direct” oxidation of carbon is 
difficult to achieve, if not impossible, in the mechanistic sense of elementary reactions. 
Hence, the search for technological breakthroughs in carbon conversion involves various 
fuel cell arrangements to attain the best delivery mode for either the solid fuel or the 
oxidant. However, the accessibility of the electrochemical reaction site (ers) by either the 
solid fuel or oxygen is mostly limited.  This is because electrochemical reactions are 
restricted to electrode-electrolyte interfaces, and this constraint presents a major problem.  
For example, in the case of solid oxide fuel cells (SOFC) there is incompatibility in the 
dimensional scale, differing by many orders of magnitude between the size of the 
reaction site at the interface and the size of the solid carbon particles.  In the case of a 
molten or liquid electrolyte, the ers may not be readily accessible to electrons due to lack 
of connectivity or to oxygen from air, and would require a chemical delivery vehicle. 
Similarly in the case of solid electrolytes, the solid fuel may not have access to ers, since 
that would require a solid-to-solid contact, which is known to be rather poor. So the 
unspoken goal of carbon conversion efforts has been to overcome this wide dimensional 
gap and bring oxygen and the fuel together at ers in a necessarily indirect but effective 
way. 

It is important to note that, in its strict mechanistic sense, the terminology “direct 
carbon fuel cell” may be a misnomer.  The oxidation reaction of carbon, which involves 
the transfer of four electrons. 

C + O2 = CO2         (1)  
most likely does not proceed in a single elementary reaction step, but probably involves a 
complex mechanism with a multitude of elementary steps. In this respect, direct carbon 
fuel cells may not mechanistically provide “direct conversion” in a single elementary 
step, but usually involve a chemical delivery mechanism to achieve conversion. So the 
reference to ”direct” in DCFC requires clarification in order to avoid misinterpretation 
and misunderstanding.  We suggest that the use of “direct” is appropriate only when it is 
intended to suggest or indicate that the conversion process is accomplished in a single 
process step or chamber coupled to a fuel cell, and carries no mechanistic implications.  It 
is in this context, that “direct” in DCFC is used in the present study. This argument and 
clarification is in line with the suggestion made earlier by McIntosh and Gorte (17) 
regarding “direct utilization” of gaseous and liquid fuels in fuel cells. 
 
2.1. Project Structure 

In order to demonstrate the viability of the FB-DCFC in a cost effective way, DCT 
has subcontracted part of the task to Materials and Systems Research, Inc. (MSRI) of Salt 
Lake City, Utah.  Using MSRI’s anode supported SOFC tubes, the goal of this joint effort 
has been to design and build a 1 kW system for testing.  The fact that the principal 
scientists of DCT and MSRI have been colleagues for many years in SOFC research 
made this collaborative development effort possible.  

The primary task of the project is to design and fabricate a 1kW FB-DCFC system 
that runs on solid fuel for extended periods and hence, demonstrate the feasibility of 
water-independent generation of electricity. To facilitate this design and to provide 
experimental validation for models of the potential economic and environmental gains 
offered by the technology, performance characterization and assessment of single cells 
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and multi-cell assemblies, as well as of the gasifier and the coupled SOFC-gasifier has 
been conducted.  

This project has had a limited scope of work, employing MSRI’s existing tubular 
SOFC technology including materials and geometric parameters directly inside the FB-
DCFC arrangement.  The project did not involve development of new materials or 
fabrication tools or techniques, or altering or modifying existing technology towards 
making a new generation SOFC tubes.  
 
3. EXPERIMENTAL METHODS 
 
3.1. Description of the Fluidized Bed Direct Carbon Fuel Cell (FB-DCFC) 

Our novel approach to coal and carbon conversion in essence employs solid oxide 
fuel cell (SOFC) coupled to a Boudoaurd reactor.  A carbon (or coal) bed in the 
Boudouard reactor is minimally fluidized by the anode oxidation product CO2, leading to 
the generation of CO according to Boudouard reaction (2).  

C + CO2 = 2CO      (2)  
The CO is subsequently oxidized at the anode generating electrical energy. One major 

advantage of this approach is that this dry gasification process does not involve or 
consume water. Moreover, the use of the YSZ electrolyte membrane excludes the 
nitrogen in air from entering the process stream, and hence the product effluent may 
potentially be capture-ready CO2, eliminating expensive separation procedures. This is, 
of course, attractive and cost effective for sequestration and other purposes. The 
gasification process is also selective to carbon, so makes it possible to utilize other types 
of carbonaceous fuels providing fuel flexibility.  

The possibility of carbon and coal conversion in such a fluidized bed solid oxide fuel 
cell arrangement was originally proposed by Gür and Huggins [18,19] and the feasibility 
of the FB-DCFC concept has recently been demonstrated by Gür and co-workers [1-

5,9,10] who have reported 
utilization and conversion of 
various kinds of solid fuels 
including coal, carbon and 
biomass. 

A general conceptual 
depiction of the FB-DCFC 
process is illustrated in Figure 1. 
A portion of the oxidation 
product gas CO2 enters the 
bottom of the Boudouard gasifier 
that contains the carbon (or, sold 
fuel) bed. The CO generated by 
the Boudouard reaction (2) in the 
minimally fluidized carbon bed 
diffuses to the anode TPB where 
it is electrochemically oxidized 
by the lattice oxygen evolving 
through the anode.  

Figure 1. Conceptual design of FB-DCFC. 
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The operating principle of FB-DCFC in terms of the reactions at the electrodes and in 
the carbon bed is provided in Table 1, while the net transport pathways are depicted in 
Figure 2, which schematically depicts an YSZ solid electrolyte layer with appropriate 
anode and cathode structures.  The pathways suggested in this figure are representative of 
the particular SOFC-gasifier arrangement adopted in this study that employed an anode-

support fuel cell element, which made it difficult to 
bring the fluidized carbon bed in direct physical 
contact with the anode surface.  In this detached 
arrangement of the gasifier and fuel cell element, the 
CO shuttle mechanism recently proposed by Gür 
[10] is not expected to be effective.  However, in the 
case where YSZ- or cathode-supported SOFC 
geometry is employed, as was the case in author’s 
previous reports [1-5], the CO shuttle mechanism is 
expected to play a significant role in the overall cell 
performance.  

The thermodynamics of the Boudouard reaction 
indicate that it is favorable above 700oC [20].  This 
reaction also has mild endothermicity, about +168 kJ 
per 2 moles of CO, while the exothermic enthalpy 
change for CO oxidation is -565 kJ per 2 moles of 
CO [20].  In other words, effective thermal 
integration of the SOFC section with the gasifier 
makes it possible for net heat generation and 
improved conversion efficiency. 

 
Table 1. Summary of reactions governing FB-DCFC operation. 
 

Boudouard reaction in carbon bed:   
C(s) + CO2(g) = 2CO(g)    

 
[i] 

SOFC anode reaction: 
2CO(g) + 2Oo

x
(YSZ) = 2CO2(g) + 2Vo

¨
(YSZ) + 4e'(electrode)  

 
[ii] 

 
 
Fuel side reactions in 
the anode compartment 

Net bed-side reaction:   
C  + 2Oo

x
(YSZ) = CO2(g) + 2Vo

¨
(YSZ) + 4e'(electrode)  

 
[iii] 

Cathode reaction O2(g) + 2Vo
¨
(YSZ) + 4e'(electrode)  = 2Oo

x
(YSZ)  [iv] 

Overall net reaction C(s) + O2(g) = CO2(g)  [v] 
 
The overall net reaction of FB-DCFC is given in Table 1 by reaction [v], i.e., the 

complete oxidation of solid carbon to CO2.  For each carbon atom consumed from the 
solid fuel in the FB-DCFC, 4 electrons are routed through the external circuit (or 
electrical grid) performing useful electrical work. 

 
3.2. Cell Structure of Anode-supported Tubular SOFC Elements 

The details of the experimental arrangement and the structural features of the SOFC 
fuel cell element employed in this study were already described in a recent report [9]. It 
involved a Ni/YSZ cermet anode-supported tubular SOFC design (Materials and Systems 

O2

2CO

2CO2

2O2-

YSZ
Memb.

CathodeAnode

4e’4e’

(Air)

(Coal Bed)
CO2
flow

Figure 2.  FB-DCFC transport 
pathways and electrode reactions. 
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Research, Inc. of Salt lake City, UT) with about 10 mm thick nonporous YSZ membrane, 
and a perovskite-based La-Sr-Mn-O (LSM)/La-Sr-Co-O (LSC) composite cathode.  The 
SOFC tubular element was about 10 mm OD in diameter and 150 mm in length with 24-
cm2 active area limited by the cathode layer.  Ag mesh on the cathode side, and Ag or Cu 
grid on the anode side were employed as current collectors. The cell was mounted at the 
outlet end of the Boudouard gasifier made of a stainless steel shell that was 75 mm OD 
and 300 mm long.  External resistive heating was provided to the SOFC-gasifier couple 
to maintain the desired operating temperature. About 200 g of biomass-derived activated 
carbon with about 1-5 mm particle size was loaded inside the gasifier shell. 

 
3.2.1. Tubular Cell 
Fabrication 

 The SOFC elements 
used for the single cell testing 
in this study were tubular in 
geometry using a Ni/YSZ 
anode-supported structure of 
0.8-1.0 mm thickness and 9.4 
mm diameter, coated with a 
30 mm thick finely structured 
Ni/YSZ anode interlayer, and 
an 8-10 mm thick YSZ 
electrolyte membrane coated 
on the outer surface of the 
tube.  The cathode comprises 
a 20 mm thick La-Sr-Mn-O 
(LSM)/YSZ composite 
catalytic interlayer deposited 

on the YSZ membrane, and a 25 mm thick porous La-Sr-Co-O (LSC) current collecting 
layer separated by a 10-15 mm thick compositionally graded LSM/LSC layer. The role of 

the interlayer is to serve as a 
chemical barrier to prevent a 
possible reaction between LSC and 
YSZ to form an insulating 
zirconate phase during primary 
firing of the cathode layers.  After 
the cathode has been sintered, it is 
infiltrated with a solution of La, Sr, 
and Co salts. Upon firing, small 
particles of LSC are formed within 
the cathode structure. The purpose 
of introducing finely divided LSC 
is to improve cathode performance.  
The active geometric area of the 
cell was 24 cm2.  Silver and copper 
woven mesh was used for current 

Figure 3. Fracture cross section scanning electron micrograph 
showing the anode interlayer, electrolyte, cathode interlayer, 
and cathode current collector of a typical tubular cell element. 

 
Figure 4.  Cross section scanning electron micrograph of 
the anode support of a typical tubular cell element. 
 
 



 12 

collection on the cathode and anode surfaces, respectively.  
Figure 3 shows a scanning electron micrograph (SEM) of a fractured cross section of 

a typical tubular cell element employed in this study.  The compositions of the individual 
layers in the overall architecture of the tubular SOFC element are labeled in the picture.  
Similarly, the microstructural details of the outer surface of the fractured anode support 
are depicted in Figure 4, indicating a grain size of about one micrometer and pore sizes 
on the order of several micrometers. 

 
3.3. Prototype SOFC-Gasifier 

A prototype Boudouard gasifier was designed and coupled to a single SOFC tube, as 
shown in Figure 5.  The gasifier made out of stainless steel has a diameter of 3” and a 
length of 12”.  The anode supported SOFC tube is coupled to the gasifier downstream of 
the gas flow.  This batch system, operated under various experimental conditions, served 
two purposes: 

- determine DCFC performance levels using activated carbon as well as low-sulfur 
coal in the gasifier 

- test and establish gasifier performance to help the design of the 1 kW gasifier unit 
 

Operationally, MSRI’s anode 
supported SOFC tubes require the 
oxidant, air, on the outside and fuel 
on the inside of the tubes, opposite 
to the design concept shown in 
Figure 1.  This can, fortunately, be 
accommodated easily by FB-DCFC 
due to its design flexibility.  Indeed, 
Figure 5 indicates that the gasified 
fuel flows inside fuel cell tube, 
while the outside is exposed to 
ambient air.  

A dedicated test stand was 
constructed equipped with proper 
fuel cell test-rig, automated mass 
flow controls for gas mixing, a gas 
chromatograph for gas analysis, 
data acquisition system for control 
and monitoring as well as for 
profiling the performance of single 
cells and cell bundles, and for 
testing of the simple gasifier test 
bed in both stand-alone tests and 

integrated with the single cell fixture.  The test stand consists of several furnaces.  One 
has a reduction fixture and gas mixer for controlled atmosphere anode reduction of 
batches of tubular cells under dilute hydrogen-nitrogen gas.  Another is a profiling 
furnace for automated testing of single cells (or cell bundles of up to 6 cells) under 
variable temperature, flow utilization, gas composition and sulfur content. A third furnace 

 
Figure 5.  Boudouard gasifier coupled to a single cell.  
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has an additional single cell fixture and gas supply for long term testing of single cells.  A 
fourth furnace is for housing the simple gasifier test bed. 

The system has automated controls for gas mixing using mass flow controllers 
(thermal), an automated load box and power supply for polarization testing, and 
instrumentation for recording temperature and voltage profiles.  The control system 
allows a user to input a range of test parameters (fuel utilization, composition, flow rate, 
etc.) that form a test matrix that will be automatically executed according do defined 
current intervals, soak times, and allowable voltage ranges so a single cell can be used to 
generate a wide data set with minimal experimental variance.  The mixing station can 
generate a range of CO/CO2 compositions from 5%-95%, and can also deliver pure 
gasses.  Gas analyses, as needed, were performed by a Varian 2400 gas chromatograph 
supplied by DCT to MSRI.   

The geometric and compositional parameters of the fuel cell elements originally 
developed by MSRI and employed in this project are provided in Table 2. 

 
3.4. Specs of Coal and Carbon Used in the Experiments 

The solid fuels employed in this work consisted of biomass-derived activated carbon 
(Marineland, Black Diamond Media – premium activated carbon) with about 1-5 mm 
particle size, and a low sulfur content Alaska coal obtained from Penn State University 
Coal library. It is a Waterfall Seam Kenai-Cook Inlet County, AK, coal with a net 
calorific value of 28.208 MJkg-1 on dry basis, 0.15% sulfur content, 0.975 atomic H/C 
(Parr) and 0.227 atomic O/C (Parr) ratios. The coal was crushed with the majority of the 
mass having an approximately 1 to 3 mm as the particle size with some fines. The coal 
was pre-treated at 950oC in nitrogen for 4.5 h to remove volatile matter and produce char.  

Approximately 300 g of pretreated 
coal char was placed inside the gasifier. 
Pure CO2 was preheated to 750oC and 
passed through the Boudouard gasifier at a 
flow rate of 0.25-0.5 lmin-1. The CO 
formed in the gasifier was passed through 
the SOFC, maintained at 850oC. Figure 5 
shows a schematic of the experimental 
setup depicting the coupled Boudouard 
gasifier-SOFC operation.  
 
3.5. 50-Cell Stack Fabrication and 
Testing 

For the construction of a 1 kW-rated 
SOFC stack, fabrication of a planar cell 
geometry offered relative simplicity when 
compared to that of long tubular cells.  
Accordingly, the planar cell fabrication 
technology previously developed by 

Materials and Systems Research, Inc. (MSRI) was used to construct a 50-cell stack 
wherein the repeat unit comprised an anode supported planar cell, stainless steel 
interconnect, compliant mica-glass gasket, and anode and cathode contact aids. The 

Table 2. Initial Cell Parameters for SOFC 
Tubes 
Anode Standard Ni-YSZ 

cermet 
Anode Current 
Collector 

Woven copper mesh 
pressed to 0.020” 
thickness 

Anode Contact 
Aid 

Au/Cu/Ni braze filler, 
TLiquidus= 895°C 

Electrolyte 8-10 micron YSZ 

Cathode LSM/LSC, 24cm² 
active area 

Cathode Current 
Collector 

Woven silver mesh 
pressed to 0.016” 
thickness 

Cathode Contact 
Aid 

Silver Paste 
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planar cells had similar architecture and microstructure with the tubular cells described 
above.  They were fabricated on a tape-cast Ni-YSZ 
anode support (0.8 to 1.0 mm thick) with spray coated 
Ni-YSZ anode functional layer (~30 micron), spray 
coated YSZ electrolyte (8-10 micron), screen printed 
LSM-YSZ composite cathode functional layer (~30 
micron), and screen printed LSC cathode current 
collector (~100 micron).   

The typical active area of each cell (cathode area) 
was 100 cm2. The repeat units were assembled between 
stainless steel endplates containing gas manifolds 
feeding air and fuel to the stack’s internal flow channels 
as well as terminal connections for electrical current. 
Voltages were measured with leads attached to the 
metallic interconnects. Figure 6 shows a photograph of 
the 50-cell stack, which measures 15.25 cm x 15.25 cm x 
14.8 cm (height excluding endplates).  The schematic 
structure of the planar stack repeat unit is shown in 
Figure 7. 

The stack was installed in an electrically heated test 
furnace with an external spring plate assembly to 

maintain a compressive force on the stack end plates.  Brooks® 5850 series mass flow 
controllers were used to regulate anode and cathode inlet flow rates.  Omegalux® electric 
gas heaters preheated inlet flows to ~550°C (at the furnace inlet) to reduce thermal shock 
to the cells.  Control and data acquisition were executed with a National Instruments 
Labview® system using a BNC-2110 analog I/O interface, SCB-68 shielded I/O 
connector block with a Keithley Integra® series 2700 multimeter DAQ.  For the 
electrochemical testing, the stack current was controlled using a Hewlett Packard 6060B 
system DC electronic load.  Independent current measurements were made over a 
Grainger® 1x071 100A portable shunt resister.   Furnace temperatures were monitored 
using Omega® K-type thermocouples located ~ 2cm from the stack wall, i.e., within the 

hot zone of the furnace.  Stack end 
plates were insulated to minimize heat 
loss through conduction and to reduce 
thermal gradients in the stack. 

The stack was first heated under 
dilute H2-N2 gas to condition the glass 
seals and to reduce the NiO in the 
anode to nickel metal.  Baseline 
performance was measured on an H2-
N2 mixture, and then the flow was 
switched to CO-CO2 for performance 
testing.  Polarization response was 
measured in a fixed-flow rate, current-
controlled discharge. 
 

 

Figure 6.  Picture of MSRI’s 
50-cell planar stack. 
 

 

Figure 7. Planar stack repeat unit. 
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3.6. Tubular Single Cell Tests with Coupled Gasifier 
As shown in Figure 5, the SOFC tubular cell element was mounted at the outlet end 

of the Boudouard gasifier made of a stainless steel shell that was 75 mm OD and 300 mm 
long.  External resistive heating was provided to the SOFC-gasifier couple to maintain 
the desired operating temperature. 

The batch system comprising the Boudouard gasifier and the SOFC was operated 
under various experimental conditions to achieve two objectives: (a) To establish gasifier 
performance and behavior. (b) To determine the performance of the integrated 
Boudouard gasifier – SOFC system. A test stand designed and constructed in-house 
equipped with automated mass flow controllers for gas mixing, an automated electronic 
load box and power supply for SOFC performance testing, instrumentation for 
temperature measurement, a gas chromatograph (Varian 3400) for gas analysis, and data 
acquisition for control and monitoring of experiments was used for this study. Testing 
was done over a range of conditions such as fuel composition, fuel utilization, and flow 
rates.  

For the tests with gasified carbon, about 200 g of the biomass-derived activated 
carbon (Marineland, Black Diamond Media) was loaded inside the gasifier shell. 
Similarly for the tests with gasified coal,  about 300 g of pretreated coal char was placed 
inside the gasifier. Pure CO2 was preheated to 750oC and passed through the Boudouard 
gasifier at a flow rate of 0.25-0.5 lmin-1. The CO formed in the gasifier was passed 
through the SOFC, maintained at 850oC. Figure 5 shows the schematic of the 
experimental setup depicting the coupled Boudouard gasifier-SOFC operation. 

3.7.  1 kW-Gasifier Construction 
 The construction of the gasifier shell is presented in Figure 7.  Also visible in the 

background are the flammable gas detection system, emergency gas shutoff and alarm.  
The gasifier tests were delayed as it was deemed a higher priority to focus efforts towards 
demonstrating a viable option a 1kW demonstration on this project. The heating elements 
and insulation have been delivered and assembly has begun in this reporting period.   

One ton of Wyoming coal acquired from Foundation Coal West of Gillette, WY., and 
adequate quantity of CO2 gas cylinders for extended testing have been delivered and 
stored in the premise for use in testing.  

The reactor was modified with stainless steel brackets to support the installation of 12 
imbedded electrical heating elements, and then insulated with an insulation shell, air gap, 
and radiation shield.  All insulation gaps and feedthroughs for instrumentation and power 
to the heating elements were packed with zirconia fibers and sealed.  The heaters were 
wired to three PID controllers and the gas inlets was supplied by a mass flow controller 
wired to a Labview interface that regulated flow with the capability to supply CO, CO2, 
or an inert gas to the chamber, and also monitored and recorded the temperature profile in 
the reactor.  Electrochemical CO detectors were installed in the test vicinity along with 
the existing flammable gas alarms. Figure 7 shows photographs of the gasifier shell, and 
after the completion of the final assembly 
 
3.7.1. CO Safety Issues 

In regard to the concerns of gasifier testing, there is significant risk inherent to 
operation with large quantities of carbon monoxide generated in this high temperature 
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reactor that is inherently difficult to seal hermitically.  MSRI’s test facilities contain 
adequate ventilation and alarm systems to allow for safe operation on hydrogen and other 
flammable gases, but these are not sufficient to comply with safety rules for ensuring 
worker safety in the lab space during testing of a large CO generating system.    
There are a number of standards for occupational exposure to carbon monoxide: 
 The current Occupational Safety and Health Administration (OSHA) permissible 

exposure limit (PEL) for carbon monoxide is 50 parts per million (ppm) parts in air 
(55 milligrams per cubic meter (mg/m(3))) as an 8-hour time-weighted average 
(TWA) concentration [29 CFR Table Z-1].   

 The National Institute for Occupational Safety and Health (NIOSH) has established a 
recommended exposure limit (REL) for carbon monoxide of 35 ppm (40 mg/m(3)) as 
an 8-hour TWA and 200 ppm (229 mg/m(3)) as a ceiling [NIOSH 1992].    

 The American Conference of Governmental Industrial Hygienists (ACGIH) has 
assigned carbon monoxide a threshold limit value (TLV) of 25 ppm (29 mg/m(3)) as 
a TWA for a normal 8-hour workday and a 40-hour workweek [ACGIH 1994, p. 15].   

 The Immediately Dangerous to Life and Health Limit (IDHL) is 1200ppm, causing 
irreversible health effects after 30 minutes of exposure 

 
The NIOSH limit is based on the risk of cardiovascular effects [NIOSH 1992].  The 

ACGIH limit is based on the risk of elevated carboxyhemoglobin levels [ACGIH 1991, p. 
229].  ~200 std. liter CO in MSRI’s Lab Space would yield an average concentration of 
25ppm CO, with local concentrations much higher.  1 kW gasifier generates ~16SLPM 
CO under normal operation.  In stagnant air surrounding a test station, IDHL could be 
reached quickly in the event of a pipe rupture, check valve pressure release, etc. 
 

 
Figure 8.  Photograph of the 1kW gasifier prototype showing the shell (left) and final 
assembly with heaters, instrumentation, plumbing and insulation jacket (right) 
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Any significant effort involving CO testing for the 1 kW gasifier would have 

involved significant upgrades in the fan capacity and ventilation systems, and installation 
of CO sensing and alarm systems throughout the facility. Based on time and budget 
consideration, and in consultation with our program officer at NETL, we have 
collectively agreed not to pursue such costly modification and upgrades 
 
4. RESULTS AND DISCUSSION 

 
4.1. Preliminary and 
Benchmarking Tests with CO 

The tubular cells were tested 
with pure CO as well as with 
different CO/CO2 gas mixtures as 
fuel in the temperature range from 
800 to 900°C.  Current-voltage (I-
V) characteristics of the cells were 
measured for constant fuel 
utilization values maintained by 
regulating the feed rate of the fuel 
by mass flow controllers.  During 
these experiments, the cell voltage 
was usually kept above 0.65–0.7 V 
(vs. air).  

Information on CO oxidation 
on Ni/YSZ anodes in SOFCs is 
scarce [21-23].  Furthermore, 
MSRI had not tested their anode 
supported SOFC tubes in CO fuel, 
which would be the primary 
species from the Boudouard 
gasifier.  So the approach adopted 
during the initial stages of the 
program was to carry out 
benchmarking tests for MSRI tubes 
in hydrogen and CO/CO2 mixtures 
using bottled gases, in order to 
establish baseline performance and 
fuel cell behavior. 
 
4.1.1. Open Circuit Voltage 
Measurements  

The open circuit voltages 
(OCV) using tubular cells at 
various CO/CO2 ratios were 
measured at 850°C and were 

 

Figure 9  Experimental and calculated values of the 
open circuit voltage versus air, for various CO/CO2 
compositions at 850°C. 
 

 
Figure 10. Tubular cell performance in 50:50 
CO:CO2 gas mixtures as a function of temperature. 
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compared with the theoretically expected values calculated from established 
thermochemical data [20].  This is shown in Figure 9.  There is excellent agreement 
between the measured and calculated OCV values, indicating that equilibrium is readily 

established between the gas 
phase CO-CO2 mixtures and 
the anode at this temperature.   
 
4.1.2. Tubular Single Cell 
Performance 

The performance of tubular 
cells was benchmarked by 
operating them first on pure 
hydrogen for the same fuel 
utilization, Uf, and oxidant 
utilization, Uo, as was used 
with CO as the fuel.  The 
constant utilization values 
during these experiments were 
maintained and monitored by 
regulating the mass flow 
controllers with a LabView 
control system.  

There is significant 
variation in the performance 

results among anode supported 
cells reported in the literature, 
even where the materials 
composition and operating 
conditions are comparable.  This 
may be due to differences in the 
microstructure among cells, 
interfacial and ohmic losses, or 
sheet resistance of the current 
collectors, as well as variation in 
experimental procedures that 
may result in different thermal or 
flow properties in the 
experimental setup.   

The tubular cells were tested 
first using 50:50 CO:CO2 gas 
mixtures.  The results are shown 
in Figure 10, which indicates a 
ceiling power density of 210 
mW/cm2 for this gas 
composition. To provide a 
reference baseline for assessing 

Figure 11.  Benchmarking test results with H2 versus CO at 850oC 
with equal fuel and oxidant utilization using the same cell element. 
 

 

Figure 12.  V-I-P plot showing cell performance at different 
temperatures and fuel utilization, for 50:50 CO/CO2 mixtures 
compared with 50:50 H2/N2 benchmarking experiments. Note the 
apparent insensitivity of performance to fuel type and 
temperature. 
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comparative performance for higher CO concentrations independent of experimental and 
microstructural differences, operating data were also obtained for H2 using the same cells 
as were used for the CO tests.  Figure 11 shows the results of a benchmarking 
experiment at 850°C on pure H2 and pure CO measured on the same cell at a fuel 
utilization of 20%, and an oxidant utilization of 40%. The voltage-current-power (V-I-P) 
plot indicates a power density of 0.74 W·cm-2 for H2 and 0.67 W·cm-2 for CO at a current 
density of 1 A·cm-2.  The power density of 0.67 W·cm-2 for CO at 850°C compares 
reasonably well with the earlier result of Jiang and Virkar [6] who reported about 0.7 
W·cm-2 for CO oxidation at 800°C on a button type anode-supported disc cell with an 
active cathode area of 1.1 cm2.  

The tubular anode-supported cells used in the present work with an active electrode 
area of 24 cm2 produced up to 16 W of power on CO as a fuel at a current density of 1 
A·cm-2.   

In earlier studies on button cells, [21,23-25], it was observed that there was a 
significant difference in performance between H2 and CO as fuels. This difference was 
attributed to differences in activation polarization associated with H2 oxidation and CO 
oxidation since in button cell testing negligible losses occur in current collection.  Thus, 
button cell tests more clearly distinguish between performance characteristics related to 
materials, fuel composition, temperature, etc.  In the present work on tubular cells, the 
observed difference is much smaller.  Given the fact that virtually identical materials 
were used in the earlier studies of Jiang and Virkar [6] and in the present work with the 
only difference being cell geometries (planar vs. tubular), the  
observed apparent insensitivity of performance to fuel type must be related to geometric 
effects.  Indeed, recent modeling by Virkar et al. [26] has shown that substantial losses 
are associated with current collection in tubular geometry which mask the effects of 
activation polarization between cells tested under different fuel types.  This leads to 
apparent insensitivity to fuel type and temperature.  Also, because of current collection 
losses, tubular cells tend to yield lower performance.  Even in planar stacks, relative 
differences in performances with change of fuel (from H2 to CO) are small due to greater 
current collection losses associated with the interconnect and contacts.  The observation 
that excellent performance on a tubular cell was observed (0.67 W·cm-2 at 850°C) 
suggests that in the present work (Figure 11) current collection losses were probably not 
limiting performance.  Further testing of cell performance was conducted between 800 
and 900°C using 50:50 mole ratio CO-CO2 and H2-N2 mixtures.  The H2-N2 fuel mixture 
was again used for benchmarking purposes.  These tests were conducted using a different 
cell for different fixed flow rates equivalent to 20 to 50% fuel utilization at 0.5 A·cm-2.  
The results are presented in Figure 12, which are generally lower than the performance 
values presented in Figure 11.  This difference in performance between individual cells 
may be related to possible cell-to-cell variations (microstructures, thicknesses of various 
layers) or to differences in effectiveness of current collection, which is related to contact 
between the electrodes and metallic current collection meshes.  A recent comparative 
study of CO and H2 oxidation was reported on Ni/YZS and Cu/CeO2/YSZ cermet anodes 
of 0.35 cm2 active areas [27].  While the performance of H2 on Ni/YSZ anode was clearly 
superior to CO oxidation (0.136 W·cm-2 versus 0.073 W·cm-2 at 700°C, respectively), the 
Cu-ceria cermet cells showed almost identical performance for CO and H2, both giving 
power density of about 0.305 W·cm-2 at 700°C.  This result highlights the importance of 
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the catalytic properties of the anode material [28], where ceria is known to be an effective 
oxidation catalyst for both CO and H2.  More interestingly, when Co is impregnated to 
make Cu-Co/ceria/YSZ bimetallic anode, the cell performance was greatly enhanced.  
The power densities for CO and H2 fuels at 700°C reported on Cu-Co/ceria/YSZ anode 
were 0.37 W·cm-2 and 0.31 W·cm-2, respectively [27].   
 The power densities for CO oxidation on Ni/YSZ cermet anodes reported in the 
present study (and those reported by Jiang and Virkar [21]) are significantly larger than 
these literature values, and promise possibilities for further improvement in performance 
by developing better catalytic anodes for CO oxidation.  
 
4.1.3. Stability of Cell Performance in CO 

Several tubular cells were tested under constant current in flowing 50:50 CO/CO2 
mixtures or pure CO for various durations ranging from tens of hours up to 375 hr 
between 800 and 950°C.  Tests conducted at 850°C or below showed no significant 
degradation in performance, while some degradation in cell performance was observed at 
temperatures above 900°C.  This performance degradation at 900°C also occurred with 

H2 as a fuel suggesting 
that degradation is not 
related to the choice of 
fuel.  In these tests, one of 
the current collectors was 
silver mesh and it is quite 
possible that degradation 
at high temperatures is 
related to current 
collection, perhaps 
sintering of the silver 
mesh.  For most cells, 
there was no obvious 
indication of degradation 
upon inspection, although 
partial delamination of 
the electrolyte layer from 
the anode was observed 
for a cell that was 
operated in pure hydrogen 
at 0.9 A·cm-2 and was 
tested in various 

temperature steps between 800 and 900°C over a period of 375 hours. 
The results of a long-term cell stability test on CO at 850°C are shown in Figure 13. 

The cell was initially held under open circuit in flowing pure CO gas, and then the long 
term experiment commenced at a current density of 0.414 A·cm-2, or nearly 10 A of total 
current.  After an initial voltage drop under a fixed current, the cell performance 
remained stable over the testing period of 375 hours. 

This initial drop shown in Figure 13 has also been observed with other cells tested 
for long term.    The mechanism for this initial degradation has not yet been fully 

 

Figure 13.  Long-term cell performance result of a tubular SOFC 
element of 24 cm2 active area, that is tested in flowing CO at 850°C 
and under a constant current density of 0.414 A·cm-2. The data 
indicate stable cell power output over 375 hours. 
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understood.  It may be the result of a combination of effects including degradation of 
electrical contact at electrode-current collector interfaces, reduction in sealing efficacy, 
and chemical reaction between cell and stack components.   Another possible explanation 
may be related to the removal of the residual surface carbon built up on the anode by 
oxygen that becomes available during discharge.  As discussed above and verified by 
spectroscopic studies [29-31], graphitic carbon can build up on Ni anodes under open 
circuit conditions and may improve electrical conductivity of the anode.  It was recently 
reported that carbon deposition during direct oxidation of hydrocarbons on Cu/ceria/YSZ 
anodes enhances anode conductivity and improves cell performance [32].  Since carbon 
is known to deposit preferentially on nickel relative to copper, this effect may be even 
more pronounced on Ni/YSZ anodes.  After the commencement of long term testing, 
carbon deposits are removed from the anode surface by oxidation.  This may lower the 
anode conductivity and connectivity at the anode, resulting in a slightly lower power 
density for the same current, as reflected by the initial behavior in Figure 13.  From the 
amount of charge under the initial drop in Figure 13, one can calculate the amount of 
carbon that would have been removed by oxidation.  Accordingly, the amount of carbon 
removed was estimated to be of the order of 1 mole.  Considering that the carbon deposit 
would be spread over and inside the porous anode of 24 cm2 geometric area and nearly 
40% porosity, it is conceivable that the initial drop in the cell performance was due to the 
gradual oxidation and removal of the surface carbon that deposited under open circuit 
conditions before the long term experiments were initiated.  Further experimental 
investigation is warranted to substantiate this hypothesis. 

 
4.2. Electrical Conversion Efficiency 

The electrical conversion efficiency, e, for the cells is calculated from the expression, 
e = (Uf)·(E/OCV), assuming that CO oxidation is Faradaic, and thus coulombic efficiency 
of the cell is 100%. Here, E is the operating voltage of the cell, OCV is the measured 
open circuit potential, which agreed well with the theoretically expected values (see 
Figure 9) and Uf is the fuel utilization. The experimental data indicate that conversion 
efficiencies in excess of 50% can be achieved at practically significant power densities.  
Conversion efficiencies of 52% at 0.31 W·cm-2, of 55% at 0.22 W·cm-2 and of 57% at 
0.17 W·cm-2 were obtained. These efficiency values are generally in good agreement with 
those reported earlier [1,9] and also with those predicted by a recent thermodynamic 
study [5]. 
 
4.3. Issues with Coking (or Carbon Deposition)  

Detectable levels of carbon deposition were not observed in the present work.  The 
origin of carbon deposition at the anode is the CO disproportionation (i.e., reverse 
Boudouard) reaction: 
  2CO = CO2 + C      (3) 

In one atmosphere total pressure, pCO + pCO2 = 1 (since pO2 is proportional to 
(pCO2/pCO)², and is negligibly small).  As the temperature increases, the equilibrium 
shifts to the right in reaction (3). At 850°C, carbon deposition is thermodynamically 
possible under open circuit conditions and where pCO2 < 0.05 atm.  In the present work, 
most of the experiments were conducted under nonzero current conditions. Thus, 
oxidation of CO at the anode by the reaction (CO + O2-  CO2 + 2e’) continuously 
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occurred.  The CO2 level in the anode gas was always maintained above the value 
required to prevent carbon deposition.  Any initial carbon that was formed, possibly 
during open circuit conditions, was rapidly removed (oxidized) as soon as current was 
passed.  Thus, during the actual operation of an SOFC on pure CO, no carbon deposition 
is expected.  Several studies using in-situ spectroscopic measurements have indeed 
shown that any deposited carbon is removed when current is passed through the cell [29-
31,33,34].  Therefore, it is expected that coking will not be an issue not expected as long 
as CO2 content is kept above ~5% [35], and/or that the cells are operated under current 
carrying conditions. 
 
4.4. Prototype Gasifier Performance 

Figure 14 shows performance characteristics of the Boudouard gasifier using low 
sulfur Alaska coal char. The gasifier temperature was nominally about 930oC for most 
experiments. The feed gas was pure CO2. The space velocity of the CO2 feed gas was 
varied between ~0.005 s-1 and ~0.043 s-1. The gas mixture exiting the gasifier was 

analyzed using a gas 
chromatograph. The mole 
fraction of CO in the exiting gas 
mixture was found to vary 
between ~0.96 for the lowest 
space velocity to ~0.8 at the 
highest space velocity used in the 
experiments. At 900oC, the 
equilibrium CO/CO2 ratio in 
equilibrium with solid carbon at a 
total pressure of one atmosphere 
is ~36/1 [35]. The present results 
thus show that at the low space 
velocity, equilibrium between 
CO, CO2 and C was established. 
At higher space velocities, 
equilibrium was not established. 
In concept, it is a straightforward 
matter to design a gasifier such 
that the exiting gas is as close to 
C-CO-CO2 equilibrium as 
possible, without making the 
gasifier excessively large.  

The gasification behavior of 
the activated carbon was similar.  However, one needed to operate at significantly smaller 
space velocities than that with the Alaska coal char in order to attain comparable CO 
concentrations, indicating that gasification kinetics for activated carbon was significantly 
slower than for coal.   Nevertheless, we obtained high cell performance for both of these 
fuels as discussed in the section below [10]. 
 
 

 

Figure 14. The outlet gas composition from the Boudouard 
gasifier operated at about 930oC as a function of space 
velocity, depicting the gasification characteristics of low 
sulfur Alaska coal char.  
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4.5. Coupled SOFC-Boudouard Prototype Test Results 
 
4.5.1.Gasified Activated Carbon 

FB-DCFC performance was first tested using gasified activated carbon. In this 
experiment, the cell was mounted directly on the gas outlet end of the gasifier shell. The 
gasifier was operated at about 900oC, while the anode-supported tubular SOFC was 
maintained at a slightly lower temperature of 850oC to avoid damage to the current 
collectors and brazed leads. The CO in the CO/CO2 gas mixture leaving the carbon bed in 
the gasifier was oxidized at the anode.   

The voltage-current-power (V-I-P) relationship of this arrangement is provided in 
Figure 15.  It is clear from the open circuit potential of 0.84 V versus air, that the 
corresponding CO/CO2 ratio calculated from known thermochemical data [20] is slightly 
over 15% CO.  In other words, this is the composition of the gasifier flue stream 
supplying the tubular SOFC.  This low value of 15% CO indicates that the Boudouard 
equilibrium, which is expected to yield >90% CO at this temperature, has not been 
established under the conditions inside the gasifier.  Such a low CO concentration in the 
gasifier effluent is indicative of the sluggish gasification kinetics of activated carbon, and 
also gives rise to mass transport limitations in the fuel cell segment.  Indeed, the V-I plot 

in Figure 15 seems to 
indicate a slight bending 
at current densities 
exceeding 0.2 A/cm2, 
suggesting mass 
transport limitations due 
possibly to fuel 
starvation effects. 
Nevertheless, the FB-
DCFC arrangement 
employed in this study 
was able to achieve a 
power density of 175 
mW/cm2 at 0.6 V and 
850oC using an 
activated carbon source.   

Considering the 
active electrode area 
was 24 cm2, this tubular 
SOFC generated more 
than 4 W of sustained 
power over a period of 

25 minutes without degradation. To the best of our knowledge, this result represents the 
highest power level obtained from activated carbon in a direct carbon fuel cell reported in 
the peer-reviewed literature. 

 Figure 15. FB-DCFC performance at 850oC utilizing gasified activated 
carbon fuel. 
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4.5.2. Gasified 
Alaska Coal Char 

Using gasified 
Alaska low sulfur 
coal char, cell 

performance 
results on are 
shown in Figure 
16. The gasifier 
was connected to 
the SOFC although 
no attempts were 
made for tight 
physical or thermal 
integration. The 
main objective was 
to test the 

fundamental 
concept of 
operating a SOFC 
on dry gasified 
coal using a 

Boudouard 
gasifier. The SOFC was maintained at 850oC and the gasifier was at 936oC during this 
experiment. Tests were conducted at two values of fuel utilization; 60% and 80%. Note 
that at 60% fuel utilization, power density as high as 0.45 Wcm-2 was obtained with an 
overall efficiency of 35%. For the test at 80% utilization, the maximum efficiency 
recorded was 52% with the corresponding power density of 0.35 Wcm-2. To the best of 

authors’ knowledge, this is 
the first time direct 
operation on gasified coal 
with such high values of 
power density and 
efficiency has been 
demonstrated.  

Figure 17 shows results 
of performance stability test 
at a current density of 0.313 
Acm-2 or about 8 A of total 
current through the cell at 
850oC. Over a period of 
some 30 hours, the cell 
voltage dropped gradually 
from 0.8 V to ~0.71 V. The 
initial degradation rate was 
about 1.3 mVh-1. Towards 

Figure 17. Performance stability of the SOFC operating at 850oC 
directly on gasified Alaska coal char. The current density was 
maintained at 0.33 Acm-2.  
 

Figure 16. Voltage and power density vs. current density of the SOFC operated at 
850oC on gasified Alaska coal char at two values of fuel utilization; namely, at 60% and 
80%.  
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the end of the test, the rate of degradation was greater and the voltage also fluctuated 
significantly. This decrease in performance and the fluctuations was primarily related to 
loss of fuel. The gasifier used was batch type and coal consumed was not replenished 
continuously. So, the CO/CO2 ratio of the mixture exiting the gasifier decreased 
monotonically, which led to gradual reduction in the cell voltage at constant current.  
Interestingly, no obvious signs of degradation associated with sulfur poisoning were 
observed over the duration of the test. It is known that degradation due to sulfur normally 
sets in during the first few hours of operation.  

After the tests, the SOFC anodes were examined and no obvious signs of carbon 
deposition, or coking, were observed. This is not entirely unexpected. From a purely 
thermodynamic point of view, electrochemical oxidation of CO at the anode pulls the gas 
composition towards higher CO2 compositions, moving it further away from the carbon 
deposition boundary  [36]. Moreover, carbon deposition is not expected at 850oC above 
CO2 content of ~5% based on the known thermodynamics of the C-CO-CO2 system [35]. 
However, carbon deposition may still be possible under open circuit conditions, 
especially if the gasifier temperature is much higher than the SOFC operating 
temperature. This is because the C-CO-CO2 equilibrium (i.e., Boudouard reaction) shifts 
to CO formation at higher temperatures. Thus, if the gasifier is at a much higher 
temperature than the SOFC, the CO disproportionation reaction may occur leading to 
carbon deposition.  

But even if the SOFC temperature is lower than the gasifier temperature, carbon 
deposition is not expected to occur under current carrying conditions when the cell is in 
operation. If carbon is deposited under OCV conditions, it is expected that during cell 
operation it will be oxidized. Indeed, a recent study employing in situ Raman 
spectroscopy for CO oxidation on Ni/YSZ cermet SOFC anodes at 715 oC reported direct 
evidence of graphitic carbon formation under open circuit conditions [29-31].   However, 
under current carrying conditions, they reported that the Raman spectra clearly showed 
the gradual disappearance of the graphitic carbon peak within several minutes, and 
increasingly faster at larger cell overvoltages.  

Moreover, in recent studies carbon deposited thermally on SOFC anodes under 
open circuit conditions from the pyrolysis of methane and propane was oxidized 
electrochemically, demonstrating SOFC operation in a rechargeable battery mode with 
many charge/discharge cycles that involved pyrolitic carbon deposition under OCV and 
subsequent oxidation during SOFC operation [33,34,37].  This study provides further 
support that any carbon deposited on the Ni/YSZ cerment anodes in this study was most 
likely removed under current carrying conditions by oxidation with the evolving oxygen.  

In summary, the collective results of recent studies provide strong support that carbon 
deposition from CO as the primary SOFC fuel, unlike typical hydrocarbon fuels 
containing hydrogen, will not lead to operational problems with coking under current 
carrying conditions.  This provides another incentive for CO-fueled SOFCs. 
 
4.6. 50-cell Planar SOFC Stack Performance 
  A 50 cell planar stack was installed in an electric furnace, and the performance was 
then measured at a furnace temperature of 785°C.  Tests were conducted under three flow 
conditions, using various fuels. (i) 50% H2, 50% N2 at a fixed flow rate equivalent to 
40% fuel utilization at 30 A; (ii) 95% CO, 5% CO2 at a fixed flow rate equivalent to 40% 
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fuel utilization at 30 A; and (iii) 95% CO, 5% CO2 at a fixed flow rate equivalent to 60% 
fuel utilization at 30 A.  For all data sets, the airflow was held at a fixed rate equivalent to 
40% oxidant utilization at 30 A.  The results are shown in Figure 18.  Note that the fuel 
and oxidant utilizations given in the inset correspond to an electrical current of 30 A, but 
at values other than 30 A, both the fuel and oxidant utilizations differ from these values.   

The stack produced 1176 W and 1165 W on CO/CO2, at a fuel utilization of 40% 
and 60%, respectively, and produced 1275 W on H2/N2 at 40% fuel utilization.  While 
small single button cells consistently showed larger variation between CO-fueled and H2-
fueled performance [21,23-25], the results of this test suggests that the effects causing 
these differences are largely masked in larger SOFC modules by other losses.  Since most 
of these other losses are generally unavoidable, the relative performance differences 
between H2-fueld and CO-fueled practical SOFC systems are modest.  The present results 
provide further support for CO as a viable fuel for SOFC.  

To the author’s knowledge, this 50-cell demonstration represents the first test 
reported in the literature for large scale testing of an SOFC stack fueled exclusively by 
dry CO.  This testing provides encouraging results that warrant further investigation and 

development of SOFC 
anodes and structures that 
enhance CO oxidation. 

The tubular and planar 
cells used in this study were 
both anode-supported with 
the same materials 
composition and cell 
structure.  Some variation 
in the electrode 
microstructure exists due to 
differences in fabrication 
methods since the planar 
cells comprise a tape-cast 
anode support with spray-
coated electrolyte and 
screen printed cathode, 
whereas the tubular cells 
comprise a slip-cast anode 

support with dip-coated electrolyte, and hand-painted cathode layers. 
Data for both tubular and planar cell geometries are presented not only to show the 

effects of such microstructural differences, but also to demonstrate the viability of CO as 
primary fuel in a relevant platform for scalable power generation.  As such, it is 
important to demonstrate not only performance under idealized single cell testing 
conditions, but also in a multi-cell assembly where temperature variation, non-uniform 
flow distribution, current collector losses, and chemical reaction between reactants and 
stack components (cell, interconnect, contact aides, gaskets) may present significant 
challenges.  Furthermore it is important to note that differences in performance at a single 
cell level may be masked in a stack level test.  This relates directly to the motivation for a 
CO-fueled stack demonstration as it relates to a coupled SOFC - fluidized bed Bouduard 

 

Figure 18.  Polarization response of a 50-cell planar SOFC stack 
tested on H2-N2 and CO-CO2 at 800°C 
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gasifier.  Since the difference in cell performance between a CO-fueled and H2-fueled 
stack is small, the relative economics of the two processes will be dictated by the cost and 
availability of the fuel sources, rather than by small differences in conversion 
efficiencies. 

Due to personnel safety and building compliance issues, the 50-cell stack testing was 
necessarily conducted during working hours only.  After testing, the stack was placed in 
10% hydrogen atmosphere for overnight, until the next testing procedure the following 
business day.  After more than a week of this procedure started to degrade the stack 
performance gradually, at which time the stack was cooled for visual inspection.  It was 
observed that most of the silver mesh current collectors have melted in big drops mostly 
concentrated to the middle section of the stack. Postmortem investigation and some 
modeling suggested that the stack was aggressively pushed to high power levels too fast 
too soon.  The heat generated during CO oxidation accumulated faster than can be 
dissipated by convective flow or by conduction, causing overheating that essentially 
melted away the silver (MP: 961oC).  This resulted in electrical shorting in the stack, and 
degraded cell performance.  Interestingly, the copper mesh on the cathode side did not 
melt (MP: 1083oC). 
 
5. MEETING PROJECT OBJECTIVES 

The goal of this project has been to show the viability of DCT’s FB-DCFC concept 
via the demonstration of operation at the kW scale. In support of this goal, the objectives 
of this project and their status in achieving the goals are: 

Objective: Design and build a 1 kW lab-scale electric power generation system based 
on DCT’s FB-DCFC technology. 
Status: A 1kW stack was built and tested, but with simulated gasifier mixture of 95% 
CO (balance CO2). A 1kW gasifier was designed and built but could not be tested due 
to safety compliance reasons.  Although this objective was met only partially in the 
strictest sense, the performance results of the cells were the highest reported in the 
literature. 
Objective: Assess and characterize the performance of the 1 kW system on CO/CO2 
mixtures and if possible, by various solid carbonaceous fuels, without the need for 
water. 
Status: This objective is fulfilled for CO/CO2 mixtures. 
Objective: Obtain experimental data to support modeling of the FB-DCFC system to 
facilitate process optimization and assessment of the technological potential for 
efficient and cost effective power generation. 
Status: This objective was fully met. 
Objective: Identify key technical barriers and a pathway to commercialization of 
DCT’s FB-DCFC technology including performance limitations, stability, and cost 
drivers. 
Status: The cost drivers are assumed to be the same as in the DOE-SECA project. The 
performance limitations and stability issues have been addressed.   
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6. CONCLUSIONS 
This report describes and demonstrates the FB-DCFC concept, which offers an 

effective approach for utilizing solid carbonaceous fuels in a solid oxide fuel cell 
arrangement to generate electricity directly.  It successfully demonstrates significantly 
higher conversion efficiencies compared to chemical conversion processes. This project 
has successfully demonstrated that coal can be utilized directly and converted in a SOFC 
by dry gasification via the Boudouard reaction.  

Because this scheme excludes nitrogen from entering the process stream and prevents 
dilution of both the fuel and the product gas CO2 by nitrogen, the resulting exhaust 
stream is pure CO2 that is capture ready for recovery for possible sequestration. Simple 
analysis also shows that the use of the Boudouard gasifier may be superior to the more 
expensive approach using pure oxygen to gasify coal, such as that envisioned by Gür et al 
[9] using an MIEC reactor. Furthermore, no water is consumed in this dry gasification 
process, preserving a precious resource. Power densities up to 0.45 W/cm2 and 
conversion efficiencies up to 48% were demonstrated using an Alaska coal with low 
sulfur content [9]. Similarly, a moderately high power density of 175 mW/cm2 at 850oC 
was demonstrated for activated carbon [10 ]. In both cases, gasification was achieved 
using a fluidized bed. Successful operation of an SOFC on dry gasified coal presents 
significant opportunities for efficient and clean conversion of coal into electricity.  
 This study demonstrates the viability of CO as a primary fuel for SOFCs.  Pure, dry 
CO and CO/CO2 mixtures were employed in Ni/YSZ anode-supported tubular SOFCs 
with active areas of 24 cm2.  Power densities up to 0.67 W·cm-2 that were obtained in 
pure CO at 850°C translate into 16 W of power per cell.  The cells also demonstrated 
stable performance for up to 375 hours of continuous operation at 0.414 A·cm-2.  No 
carbon deposition was observed on the anodes after the tests, in agreement with recent 
studies of in situ Raman on SOFCs.  Also, a 50-cell planar SOFC stack was built and 
tested with 95%CO simulating the gasifier output gas composition and produced 1176 W 
of power at 800°C.  These results represent practical scale stack tests employing dry CO 
exclusively as the primary fuel. The long term stability and high performance of cells in 
CO fuel warrant further exploration and consideration of CO as a primary fuel and 
development of catalytic anodes specifically for CO oxidation. 

Although it has not been within the scope of this project, naturally in the context of 
coal or other solid fuels, the effects of contaminants such as sulfur, chlorine, and heavy 
metals on the stability and catalytic activity of the anode materials as well as sustained 
cell performance remain to be of major concern, since these are of great importance for 
the practical implications of this attractive and exciting new approach to solid fuel 
utilization. 

Even though no clear degradation signature due to sulfur poisoning was observed 
over 24 hours continuous operations in tests with the Alaska coal char, which had 0.15% 
sulfur, coals with much higher sulfur contents such as Illinois #6 and Pittsburgh #8 
demonstrated in FB-DCFC by Gür and co-workers earlier [1] are expected to present 
technical challenges for stability and long term performance.  Although addressing or 
developing sulfur resistant materials were outside the scope of this project, practical 
viability of this interesting, novel and attractive approach will likely depend on the 
progress made in developing anode materials that exhibit tolerance to sulfur and other 
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coal contaminants. Much progress can be made in this regard if sufficient resources are 
deployed to tackle this challenging problem. 

Furthermore, the mildly endothermic nature of the Boudouard reaction versus the 
highly exothermic nature of the CO oxidation reaction bring about the importance of 
effective heat transfer between the solid fuel bed and the anode surface.  Therefore, the 
efficacy of good thermal management becomes a critical consideration and factor for 
practical applications in order to achieve high conversion efficiencies at the system level. 

Last but not least, estimates independently carried our by DOE [38] and a joint 
EPRI/Nexant study [39] clearly indicates that both integrated gasification fuel cell 
(IGFC) and direct carbon fuel cell (DCFC) approaches to coal conversion offer 
significant advantages and superiority over both pulverized coal (PC) and integrated 
gasification combined cycle (IGCC) processes in capital cost investments, system 
conversion efficiency, as well as cost-of-electricity.   

Therefore, despite the technical challenges yet to be overcome, this novel FB-DCFC 
approach demonstrated here in this project provides a cost effective and efficient 
conversion option for 3rd generation clean power production technologies from coal, 
biomass and other solid carbonaceous fuels.  The project successfully achieved 
practically attractive performance levels with potential reduction of carbon footprint and 
capture ready CO2 without the need for water usage for gasification.  
 
7. PROJECT OUTPUT AND PUBLIC DISCLOSURES 
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1.  Turgut M. Gür, Michael Homer, and Anil V. Virkar, High Performance Solid Oxide 

Fuel Cell Operating on Dry Gasified Coal, J. Power Sources 195, 1085 (2010) 
2.  Turgut M. Gür, Utilization Modes for Solid Carbon Conversion in Fuel Cells, ECS 

Trans. 25(2), 1099 (2009) 
3.  Michael Homel, Turgut M. Gür, and Anil V. Virkar, “Carbon Monoxide-Fueled Solid 

Oxide Fuel Cell, J. Power Sources 195, 6367 (2010) 
4.  Turgut M. Gür, Mechanistic Modes for Solid Carbon Conversion in High 

Temperature Fuel Cells, J. Electrochem. Soc. 157(5), B571 (2010) 
 
7.2. Conference/Workshop Presentations 
1. Turgut M. Gür, Utilization Modes for Solid Carbon Conversion in Fuel Cells, oral 

presenteation at the SOFC-XI Symposium at the 216th meeting of The 
Electrochemical Society, Vienna, Austria, October 4-9, 2009 

2. Michael Homel, Erinn Sorge, Turgut M. Gür, Viability of Coal Conversion in a 
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