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Abstract

The direct carbon fuel cell (DCFC) employs a process by which carbon is converted to electricity, without the need for combustion or gasification.
The operation of the DCFC is investigated with a variety of solid carbons from several sources including some derived from coal. The highly
organized carbon form, graphite, is used as the benchmark because of its availability and stability. Another carbon form, which is produced at
West Virginia University (WVU), uses different mixtures of solvent extracted carbon ore (SECO) and petroleum coke. The SECO is derived from
coal and both this and the petroleum coke are low in ash, sulfur, and volatiles. Compared to graphite, the SECO is a less-ordered form of carbon.
In addition, GrafTech, Inc. (Cleveland, OH) supplied a well-fabricated baked carbon rod derived from petroleum coke and conventional coal-tar
binder. The open-circuit voltage of the SECO rod reaches a maximum of 1.044 V while the baked and graphite rods only reach 0.972 V and 0.788 V,
respectively. With this particular cell design, typical power densities were in the range of 0.02-0.08 W cm™2, while current densities were between
30 and 230 mA cm~2. It was found that the graphite rod provided stable operation and remained intact during multi-hour test runs. However, the

baked (i.e., non-graphitized) rods failed after a few hours due to selective attack and reaction of the binder component.

© 2007 Published by Elsevier B.V.
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1. Introduction

Coal is the most abundant fossil fuel in the United States.
The dependence upon coal as a fuel source continues to be
widespread, as other natural resources remain in short supply.
In 2004, West Virginia mines produced over 153 million tonnes
of coal [1]. Therefore, it is logical to investigate a new process
in which coal is used as a carbon source for direct conversion to
electricity.

The direct carbon fuel cell (DCFC) has the potential to
convert the chemical energy of carbon directly into electricity
without the need for gasification or the moving machinery asso-
ciated with conventional electric generators. Moreover, these
fuel cells could be twice as fuel-efficient as coal-fired power
plants, resulting in reduced carbon dioxide emissions per unit
of generated electricity. These advantages, and the favorable
thermodynamics of direct oxidation, result in thermodynamic
efficiencies up to 80% [2]. The process produces a concen-
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trated carbon dioxide stream, which can be easily collected for
downstream disposal using methods such as carbon sequestra-
tion. Carbon is not reacted at high temperatures, therefore, the
exhaust is free of thermal nitrogen oxides (NO), eliminating
many pollution issues caused by conventional coal combustion.

Because of the absence of a need for smoke stacks, direct
carbon fuel cells can easily be located in urban areas. Thus,
DCFCs are more environmentally friendly than coal-fired power
plants.

2. Background

Sir William Grove first discovered the direct carbon fuel cell
in 1839. Since then, researchers have attempted to perfect the
invention. The first direct carbon fuel cell, as shown in Fig. 1, was
builtin 1896 by American Engineer Dr. William W. Jacques, and
was very simple and inexpensive. The cell used a steel pot filled
with molten sodium hydroxide, through which air was bubbled.
A carbon rod was placed into the molten sodium hydroxide elec-
trolyte. The steel pot acted as the air cathode and the carbon rod
acted as both the fuel and the anode.
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Fig. 1. Line art depicting Dr. Jacques’ direct carbon fuel cell [3].

Experiments conducted by Jacques included several differ-
ent cells, electrolytes, and cathode materials. He then placed his
most successful trials in a series of about 100 cells and generated
over 1 kW of electricity. The series produced a current density of
100 mA cm~2 at 1 VDC. It was also the first DCFC to be operated
long term [4]. In his patent [3], Jacques claimed an efficiency
of 82%; however, reviewers concluded that he had neglected
thermal energy requirements for heating the electrolyte and the
power needed to run his air pump. Their much-debated conclu-
sion showed an overall efficiency of only 8%. Even so, the cell
stack did indeed produce over a kilowatt of electricity.

In the early 1970s during the oil crisis, the Stanford Research
Institute (SRI, Menlo Park, CA) was funded to complete a carbon
fuel cell. The research leader, Dr. Robert Weaver, was success-
ful in proving that the electrochemical oxidation of carbon is
feasible. The research group later tested several different types
of carbons [5]. As shown in Fig. 2, the group was able to
demonstrate that a coal-derived anode was much more elec-
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Fig. 2. Performance of various carbons in a direct carbon fuel cell [6].

trochemically active (i.e., gave a larger potential, as shown as a
more negative voltage in Fig. 2) than a graphite anode.

The element carbon has an affinity for combining electrically
with a large number of other chemical elements under a variety
of conditions. In the DCFC, the exothermic reaction of carbon
and oxygen is used to provide the necessary electrons from the
system. Using a hydroxide electrolyte, the chemical reactions
that occur with a carbon-based fuel in the DCFC are as follows:

C + 0, — CO; (1)
C 4 40H™ — CO;+2H,0 + 4e” 2)
4e” + 024 2H,0 — 40H™ 3)
CO; +20H™ — CO3%*™ +H,0 4

Eqg. (1) is the overall reaction, and is the direct oxidation of
carbon. Eq. (2) is the reaction between the carbon fuel and the
molten hydroxide electrolyte that occurs at the anode, showing
that four electrons are produced per atom of carbon. Eq. (3)
represents the cathode reaction between the oxygen, water, and
electrons that replenishes the hydroxide electrolyte. Moreover,
the addition of water vapor increases the ionic conductivity in
the electrolyte by adding polar molecules. Eq. (4) is an unde-
sired side reaction that consumes the electrolyte producing the
carbonate ion. The occurrence of this reaction is minimized by
the addition of excess water vapor, which will hydrolyze the
carbonate anion, reforming the previously consumed hydroxide.

3. Experimental
3.1. Direct carbon fuel cell design

A detailed schematic diagram of the designed fuel cell is
shown in Fig. 3 with an actual photograph of the fuel cell test
stand shown in Fig. 4.

As previously mentioned, the DCFC design, in the most
basic sense, consists of a metal cathode and a carbon anode.
More specifically, carbon rods are used as the anode while an
iron—titanium alloy (98-2%) is used as the cathode. In this case,
a molten electrolyte of sodium hydroxide (NaOH) supplies the
hydroxide ions necessary for the anode half-reaction (Eq. (2)).
The electrolyte is contained by the cathode, which is shaped into
a can.

The oxygen supply, air, humidified at 70 °C, is pre-heated to
the fuel cell operating temperature (600-700 °C), and then is
distributed to the cathode by means of a “spider-type” sparger.
The spider takes the air inlet and directs it toward the inner
surface area of the can, supplying small bubbles of needed oxy-
gen and water to the cathode half-reaction (Eq. (3)). An inconel
wire (0.041in. OD) is used as a reference electrode for separate
anode and cathode voltage measurements. A type-K thermocou-
ple is placed in a ceramic thermal well to measure directly the
electrolyte temperature for control purposes.

The fuel cell is heated electrically to the desired operating
temperature by means of two 1.25kW ceramic fiber heaters.
The fuel cell and the pre-heated air tubing are well-insulated to
help prevent thermal losses.
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Fig. 3. Schematic diagram of direct carbon fuel cell.

The electrochemical load characteristics of the operating cell
were determined by means of an electronic load (TDI, Hack-
ettstown, NJ, model SDL 1103). Both the cell and pre-heater
temperatures are controlled by PID controllers (RKC Instru-
ments, South Bend, IN, model REX-P9) and the air flow is
set with an electronic mass flow controller (Alicat Scientific,
Tucson, AZ, model MC-02SLPM-D).

3.2. Carbon materials discussion and analysis

3.2.1. Graphite fuel rods
The graphite rods were tested in the DCFC to provide a reli-
able baseline for carbon anode testing. The rods were very well

Fig. 4. Photograph of fuel cell test stand.

made through an extrusion process at NAC Carbon Products,
Inc. (NAC, Punxsutawney, PA, part NAC-500). There were no
visible cracks or other defects on these rods. The outer diameter
of the graphite rods was 0.5 in.

An elemental analysis of these rods showed that the compo-
sition was well over 99% carbon with no detectable hydrogen
or sulfur. The resistivity of these rods was also measured and
the average was found to be 6.20 w2 m. This is lower than
the coal-derived rods that will be discussed in the following
section.

Additional graphitized rods were supplied by GrafTech, Inc.
(Cleveland, OH), which specializes in the production of syn-
thetic graphite. The rods produced by GrafTech did not have any
visible cracks and had an outer diameter of 0.75 in. The resistiv-
ity of these rods was measured and found to be 8.67 w2 m. The
average literature value for graphite is 7.837 nQm [7].

3.2.2. Coal-derived fuel rods

The coal-derived rods were made at West Virginia Univer-
sity (WVU) using a combination of solvent extracted carbon
ore (SECO), petroleum coke (PetCoke), and a standard coal tar
binder pitch which binds the SECO and PetCoke together. The
binder pitch was supplied by Koppers, Inc. and had a soften-
ing point of approximately 110 °C. SECO is a low-ash extract
material that is produced from bituminous coal at WVU by sol-
vent extraction using N-methylpyrrolidone as the solvent [8].
Petroleum coke is an anisotropic carbon produced in a delayed
coker at the refinery. It has a low electrical resistivity, mak-
ing it ideal for use as an anode material. Both the PetCoke and
the SECO were ground to —120 mesh prior to mixing with the
binder pitch. Some of the rods were created as pure PetCoke
(no SECO in mixture) at a composition of (80% PetCoke:20%
binder pitch). The amount of binder pitch was determined exper-
imentally. These rods were pressed in a heated mold at 200 °C
and then calcined to 1000 °C. They were used in Runs #11 and
#12, as described in the following section. Other rods were made
by the same procedure and included different compositions of
SECO and PetCoke, using 15% coal tar binder pitch to hold the
mixture together. Analysis of the finished SECO/PetCoke cal-
cined rods is given in Table 1. Details of the production of these
rods can be found elsewhere [9].

The WVU baked rods had a higher resistivity than the
graphite rods. The resistivities ranged from 53 to 140 pQ2m,
which is an order of magnitude larger than the graphite rods.
This was a result of both the manufacturing procedure as well as
the coke properties. It should be noted that these rods had visible
cracks in the surface and had some variation in their quality.

Table 1

Elemental analysis and ash content for seco/petcoke rods

Coke blend Nitrogen Carbon Hydrogen Sulfur Ash
(%) (%) (%) (%) (%)

0% SECO, 100% PetCoke 1.22 97.53 0.01 2.01 0.67

25% SECO, 75% PetCoke 1.10 83.70 0.00 0.77 0.62

50% SECO, 50% PetCoke 1.26 87.60 0.00 0.45 0.54

75% SECO, 25% PetCoke 1.22 88.30 0.00 0.24 0.62

100% SECO, 0% PetCoke 1.46 90.80 0.01 0.23 0.54
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In order to elucidate the possible connection between the
method of manufacture and the rod resistivity, GrafTech, Inc.
supplied well-fabricated baked rods for testing. GrafTech used
an extrusion-type process to produce these rods. They were
made from premium petroleum coke and binder pitch. They
were baked at 1000 °C but not graphitized. These rods did not
have any visible flaws on the surface. The resistivity of these rods
was measured to be 60 2 m, similar to the WVU baked rods.

3.3. Experimental design

The main objective of this research was to investigate the
effects of different types of carbon-based fuel rods on fuel cell
performance [10]. In addition, in some cases, the operating con-
ditions were changed while using the same type of carbon rod.
This allowed an assessment of both the effect of the rod type as
well as the operating conditions. Most of the experiments were
conducted with graphite rods. These rods were tested multiple
times to investigate process variables such as air flow rate and
fuel cell temperature. The graphite rods were used more exten-
sively than the others because they were commercially available
in large quantity.

The experimental design is summarized below:

1. Graphite rod, T=600°C, air flow=0.25 SLPM, NaOH

electrolyte

2. Graphite rod, T=600°C, air flow=0.50 SLPM, NaOH
electrolyte

3. Graphite rod, T=600°C, air flow=0.75 SLPM, NaOH
electrolyte

4. Graphite rod, T=600°C, air flow=0.90 SLPM, NaOH
electrolyte

5. Graphite rod, T=625°C, air flow=0.50 SLPM, NaOH
electrolyte

6. Graphite rod, 7=650°C, air flow=0.50 SLPM, NaOH
electrolyte

7. Graphite rod, T=675°C, air flow=0.25 SLPM, NaOH
electrolyte

8. Graphite rod, T=675°C, air flow=0.50 SLPM, NaOH
electrolyte

9. Graphite rod, T=675°C, air flow=0.75 SLPM, NaOH
electrolyte

10. Graphite rod, T=700°C, air flow=0.50 SLPM, NaOH
electrolyte

11. 100% Petcoke Rod #11, T=600 °C, air flow =0.50 SLPM,
NaOH electrolyte

12. 100% Petcoke Rod #10, T=600 °C, air flow =0.50 SLPM,
NaOH electrolyte

13. 25% SECO, 75% PetCoke rod, T=600 °C, air flow =0.50
SLPM, NaOH electrolyte

14. 50% SECO, 50% PetCoke rod, T=600 °C, air flow =0.50
SLPM, NaOH electrolyte

15. 75% SECO, 25% PetCoke rod, T=600 °C, air flow =0.50
SLPM, NaOH electrolyte

16. 100% SECO, T=600°C, air flow=0.50 SLPM, NaOH
electrolyte

17. GrafTech graphite rod, T=600°C, air flow=0.50 SLPM,
NaOH electrolyte

18. GrafTech baked rod, 7=600°C, air flow=0.50 SLPM,
NaOH electrolyte

The carbon rods are different both in their composition and in
the way that they were manufactured. The investigation included
a good sampling of rods that varied in one or both of these
characteristics.

Some of the various experiments were completed during the
same experimental run, i.e., the air flow rate and fuel cell temper-
ature were changed during a single experiment. All tests were
done with sodium hydroxide electrolyte.

Data were collected after the cell had equilibrated for an hour.
Data analysis consisted of plotting the generated cell voltage (V)
versus the current density (mA cm™2) that is drawn from the cell
using the electronic load, the so-called i—V curves. By using the
current density, i.e., the current drawn over the surface area of
the rod immersed in the electrolyte, the data are normalized for
rods of different diameter and surface area. Similarly, the power
density is plotted versus the current density to assess the maxi-
mum power. Fuel cells are designed to operate at or below the
power density maximum. At current densities below the power
density maximum, voltage improves but the power density falls.
Atcurrent densities above the maximum, both voltage and power
density fall sharply. The slope of the cell voltage versus the cur-
rent density in the linear central region of the i—V curve supplies
a value for the ohmic resistance of the fuel cell, the so-called
area specific resistance (ASR). It accounts for the fact that fuel
cell resistance scales with area, thus allowing different size fuel
cells to be compared.

4. Results and discussion
4.1. Graphite rods

The graphite rods operated very well in the DCFC. The
method in which they were manufactured allowed for reliable
experiments to be conducted. Because of their stability, it was
possible to run multiple types of experiments, changing the pro-
cess variables without the rod degrading. The graphite rods left
the electrolyte fairly clean after finishing an experiment, which
showed that not much particulate carbon was dissolving into the
electrolyte. Any carbon that was missing from the surface of the
rod was, therefore, reacting with the hydroxide to form electrical
power.

The maximum open-circuit voltage (OCV) from a graphite
rod was 0.788 V. This value for the graphite rods was not as high
as obtained from the coal-derived rods, as previously noted in
literature. However, a higher current density is obtained from
the graphite rods due to the increased current drawn which in
turn, raises the maximum power density. A summary of the runs
involving graphite fuel rods is given below in Table 2.

An example of results from one of the graphite runs is shown
below in Fig. 5. This run was conducted at an operating tempera-
ture of 600 °C and an air flow rate of 0.50 SLPM. It is interesting
to note that all of the graphite runs have the same shape for their
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Table 2
Summary of results for runs using graphite fuel rods

115

Run Open-circuit Maximum current Maximum power Area specific resistance Active surface
voltage (V) density (mA cm2) density (W cm2) (2cm?) area (cm?)
1 0.751 230 0.066 291 50.5
2 0.767 207 0.068 2.75 49.5
3 0.779 175 0.065 2.74 50.5
4 0.788 105 0.048 2.50 54.5
5 0.757 133 0.057 2.00 51.9
6 0.760 170 0.073 1.60 51.9
7 0.773 183 0.062 2.60 51.9
8 0.735 185 0.048 3.00 51.9
9 0.770 197 0.084 1.60 51.9
10 0.729 214 0.062 2.20 51.9
17 0.705 107 0.041 2.20 41.3
0.800 0.070 the cell apparatus, and even within the electrolyte itself. How-
0.700 Wy 0.060 g ever, betwe.:en each r.un the cell was dismantled and thoroughly
0.600 LI cleaned prior to testing another fuel rod. Fresh electrolyte was
o 0502 used for every run.
- | 0.040 o
g 040 A 0.030 % 4.2. Coal-derived rods
© 0.300 . E m Power
0020 @ . .
0.200 g The results from the coal-derived carbon rods are shown in
0.100 0.010 o Table 3. As can be seen, the coal-derived rods produced a higher
0.000 0.000 open-circuit voltage as compared to the graphite rods. This is
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Fig. 5. Example of cell voltage and power density vs. current density for a
graphite experiment subject to the operating conditions of Run #2. Air flow
rate =0.50 SLPM and T'=600 °C.

i~V curve. The curves all drop quickly near zero current due
to the activation resistance. They continue to decrease in a lin-
ear fashion due to the ohmic resistance of the cell. Finally, the
voltage decreases sharply at high currents due to the concen-
tration or transport limitation being reached [11]. The fuel cell
power density increases with increasing current density, reaches
a maximum, and then falls at still higher current densities.

The graphite rods were very consistent during the many runs
in which they were used. The data are reproducible when the
same experimental conditions are used. As shown in Table 2, the
range in OCV was less than +0.05 V. The reason for the slight
differences between experiments is most likely due to resis-
tances within the cell itself. Ohmic resistance (ASR) can occur
from the electrode materials, mechanical connections within

Table 3
Summary of results for runs using coal-derived fuel rods

because the molecular alignment in the coal-derived rods is not
as organized as the graphite rods and the carbon is more acces-
sible for reaction. Therefore, there are more active reaction sites
on the coal-derived rods and hence these rods show a higher elec-
trochemical activity. However, these rods did not produce a very
large current density due to their high area specific resistance,
as shown in Table 3.

Unlike the graphite rods, the coal-derived rods did not give
stable and consistent operation. The rods seemed to physically
degrade (broke, dissolved, etc.) in the cell. The degradation was
traced to the selective and preferential attack of the binder car-
bon which holds the rod together. This is because the coke from
the coal tar binder is more reactive than the coke in the rod. For
example, the rod in Run #13 broke off at the electrolyte surface
during the run. Moreover, after an experiment had been run, the
electrolyte was seen to be quite black, indicating dispersed car-
bon in the electrolyte. There also seemed to be a carbon buildup
around the surface of the molten electrolyte clinging to the sur-
face of the cell body. This buildup also occurred at the point on
the rod that was at the top surface of the electrolyte.

Run # Open cell voltage (V) Maximum current Maximum power Area specific resistance Active surface
density (mA cm™2) density (W cm™2) (Qcm?) area (cm?)

11 0.963 53 0.033 4.30 60.6

12 0.981 48 0.032 4.20 437

13 Rod broke off at electrolyte surface

14 0.963 31 0.020 8.10 71.7

15 Rod did not survive experiment preparation

16 1.044 35 0.024 7.55 66.5

18 0.972 38 0.026 4.20 65.2
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Fig. 6. Effect of temperature on cell voltage as a function of current density.
Data taken from Runs #4, #5, #6, #8, and #10, at a flow rate of 0.5 SLPM while
using a graphite rod.

Surprisingly, the well-fabricated GrafTech, Inc. baked rod
(Run #18) did not show better results than the baked rods pro-
duced at WVU. This indicates that it was not the manufacturing
method that caused the rods to show a lower performance, but
the preferential attack of the coal tar binder pitch which was
observed for both sets of baked rods.

The total current and power that was drawn with the coal-
derived rods were much lower than that seen for the graphite
rods. This is due in part to the higher ASR for the coal-derived
rods which dissipates power due to ohmic heating.

4.3. Effect of temperature

During the tests with the graphite rods, the cell tempera-
ture was varied stepwise from 600 to 700 °C and the i—V scans
were made. The results indicate that the increase in tempera-
ture clearly causes an increase in performance in the cell, as
shown in Fig. 6 for the i~V scans. However, there is a maximum
temperature at which the thermal effect ceases to increase per-
formance. According to the data, it appears that the reaction is
optimized at around 675 °C. Data at 700 °C show that the cell
voltage is less, even though more current is drawn than at the
lower temperatures.

The same can be seen for the power output in this case, as
illustrated in Fig. 7. The maximum power is obtained at 675 °C
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Fig. 7. Effect of temperature on power density as a function of current density.
Data taken from Runs #4, #5, #6, #8, and #10, at a flow rate of 0.5 SLPM while
using a graphite rod.

after a trend of increasing performance. The power output at
700 °C is lower, and therefore, it appears that the optimum tem-
perature for power output is also around 675 °C, even though
more current is drawn at 700 °C.

Although the theoretical values of E° obtained for different
temperatures in the Nernst Equation are similar, the values for
E.p obtained experimentally clearly show a strong temperature
effect [12]. From, Eq. (5), it appears that the influence of tem-
perature is dependant on the natural log of the ratio of the partial
pressures of CO; and O;. Assuming a well-mixed environment,
a negative ratio of the concentration implies the partial pressure
of CO; in the inlet gas is small compared to O>. When this
occurs, the cell voltage will increase with temperature, which is
seen in the data from 600 to 675 °C. At the higher temperature,
there may be more CO; produced in the cell, which would cause
the voltage output to decrease at even higher temperatures, due
to the ratio being positive.

Ecen = E° — E In (€O
NF  [0:]

It should be noted that this equation holds for C reacting with
gaseous O, to make gaseous COj, a situation that is not present
in these experiments. However, this equation is frequently cited
in literature and may be relevant when using the concentrations
of Oy and CO» in the electrolyte [2].

®

4.4. Effect of air flow rate

The effect of the air flow rate into the cell influences the
performance of the cell as shown below in Figs. 8-10. There is
a clear peak at 0.50 SLPM where the maximum performance is
obtained at 675 °C, as shown in Figs. 8 and 9, while the optimum
performance at 600 °C appears to be at higher air flow rates, as
shown in Fig. 10.

At a flow rate below the optimum air flow value (e.g., 0.25
SLPM), the optimum amount of air is not being supplied for
the reaction. Referring to Eq. (5), supplying more oxygen into
the system should cause the natural log of the ratio to be more
negative, causing the cell voltage to increase.

At a flow rate above the optimum air flow value (e.g., 0.75
SLPM), the air is either flowing too quickly for the reaction to
occur optimally, or it may be that the bubbles emanating from
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Fig. 8. Effect of air flow rate on cell voltage using a graphite rod at 675 °C.
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Table 4
Summary of results by carbon fuel rod

Rod (Run #) Maximum open-circuit Maximum current Maximum power Area specific resistance
voltage (V) density (mA cm™~2) density (W cm™2) (2 cm?)
Graphite (1,4, 9) 0.788 (4) 230(1) 0.084 (9) 2.59
WVU baked (11, 16) 1.044 (16) 53(11) 0.033 (11) 5.90
GrafTech baked (18) 0.972 38 0.026 4.20
0.080 1.50 10
0.070 ar S 140 9
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Fig. 9. Effect of air flow rate on power density using a graphite rod at 675 °C.

the spider are too large. This causes poorer gas—solid contact
at the cathode surface and hence inhibits the cathode reaction.
It should be noted that the spider/cell design used here was not
optimized with respect to gas—solid interaction. Thus, it seems
for these runs with this cell design, the optimum air flow was
found to be above 0.50 SLPM (Fig. 10).

4.5. Summary of effect of fuel rod composition

Table 4 is a summary of the main results obtained from
the different fuels. The ASR is calculated as average values.
The best voltage output was obtained using the WVU coal-
derived rods, as was expected. The GrafTech baked rod also
reached nearly 1.0V. Recall that the standard potential for
the oxidation of carbon is 1.01 V. The SECO rod recorded a
voltage slightly over the standard potential, probably due to
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@ Flow = 0.90, T = 600
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Fig. 10. Effect of air flow rate on cell voltage using a graphite rod at 600 °C.

Percentage of SECO Content

Fig. 11. Trends of open cell voltage and area specific resistance vs. percentage
of SECO content.

reactions of some impurities or the binder pitch used in the
rod.

The trends in the OCV and ASR versus SECO content for the
SECO/PetCoke rods are shown below in Fig. 11. The OCV does
not change appreciably overall, but it can be seen that the OCV is
the highest at 100% SECO content. The OCV is the lowest where
the ASR is at its maximum, as expected. There must, however,
be other factors which account for the low OCV observed at 0%
SECO content. Once again, the ohmic resistance hinders ionic
and electronic conduction in the electrolyte and electrodes, and
therefore, lowers cell voltage. Moreover, mechanical variation in
the connections for the cell add other “non-chemical” resistances
as pointed out above in Section 4.1.

5. Conclusions

Using carbon rods as a fuel source, the direct carbon fuel cell
produced electricity as predicted. The following conclusions can
be drawn from the work:

e Graphite rods were used to establish baseline performance of
the DCFC. They provided reliable and reproducible data and
ensured proper operation of the system.

e Coal-derived rods from blends of SECO and PetCoke were
successfully tested in the system.

e The effects of temperature and air flow were investigated
for graphite rods and showed that cell performance peaks at
about 675 °C and 0.50 SLPM with NaOH as the electrolyte.
Graphite rods had better long-term stability.

e The fuel cell performance was evaluated viai—V curves, which
can be used to investigate different types of cell resistances.
Graphite rods produced open-circuit voltages of up to 0.788 V
and current densities up to 230 mA cm™~2 while coal-derived
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rods produced open-circuit voltages of up to 1.044 V and only
35mAcm™2 in current density. The ASR for the graphite
rods was found to be around 2  cm? while that for the baked
coal-derived rods was around 6 €2 cm?.

e The fuel cell performance was evaluated by comparing plots
of power densities versus the current density and noting the
peak power output. Graphite rods produced peak power of
about 0.084 W cm™2 while coal-derived rods were only able
to produce 0.033 W cm™2 because of their higher ASR.

e Binder pitch is attacked preferentially in the reaction. There-
fore, the baked coal-derived rods disintegrated over time in
the electrolyte.

e GrafTech baked rods were tested to investigate whether the
method of manufacture influenced the behavior of the coal-
derived rods. As in the coal-derived rods, these baked rods did
not show long-term stability due to the preferential reactivity
of the binder pitch. Thus, the method of manufacture is not
the main cause of the mechanical failure of the baked rods.
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