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In this paper, the authors present the first demonstration of a liquid-tin anode solid-oxide fuel cell (LTASOFC) operating on pure biodiesel (B100) prepared via base-catalyzed transesterification of virgin and
waste cooking oils. The LTA-SOFC was able to convert the biodiesel to electricity at commercially viable
power densities, i.e., greater than 100 mW cm-2. The peak power for each cell was 3.5 W over an active area
of 30 cm-2, which translates to a power density of 117 mW cm-2 and current density of 217 mA cm-2. The
peak power densities correspond to ∼80% fuel use at the liquid-tin anode surface and overall cell
efficiencies of >40%. These findings demonstrate the flexibility in operating a solid-oxide fuel cell capable
of internal reforming from a blend of petroleum- and biomass-derived diesels for greater resource
flexibility. Cells were operated for short times (∼4.5 h), owing to the experimental nature of the balance
of plant. Results support future efforts in developing an efficient balance-of-plant system for demonstrating long-term (>1000 h) power generation from biodiesel using the LTA-SOFC design.

To date, several studies have demonstrated successful replacement of pure diesel fuels with biodiesel blends6-10 in diesel
engines and commercial/home heating furnaces. In addition
to its obvious uses in displacing petroleum in transportation
and shipping, there has been growing interest in using biodiesel for electrical power generation in next-generation fuel cell
systems.
Fuel cell technology promises electrical energy production
from fuels at superior efficiencies to existing thermo-mechanical systems, owing to the removal of Carnot-cycle thermodynamic limitations on efficiency.11 Fuel cells may be broadly
classified as either hydrogen-driven or operable directly from
hydrocarbon fuels. Low-temperature proton-exchange membrane fuel cells (PEMFCs), operable from hydrogen fuel and
air oxidant and using a proton-conducting sulfonated flouropolymer (e.g., Dupont Nafion), are a leading candidate for
next-generation power systems, owing to their simplicity, durability, and portability.11 However, susceptibility to anode
catalyst poisoning by carbon monoxide12 and carbon dioxide
over long operating times via a reverse water-gas shift13 place
stringent purity requirements on hydrogen supply to the
PEMFC. This in turn places the dual burdens of fuel reforming,

Introduction
The world’s growing energy demands, pollution concerns,
and reliance upon fossil fuels have driven the search for clean,
renewable energy sources and more efficient power systems.
Biomass-derived diesel fuels, termed biodiesels, provide an
immediate solution to replacing petroleum-based diesel fuels
at a minimum modification to existing internal combustion
engines and fuels infrastructure.1 Biodiesel is comprised of a
blend of fatty acid methyl esters (FAMEs) derived from either
waste or virgin vegetable oils, with physical and combustion
properties similar to petroleum-derived diesels.2 Biodiesel
fuels are both biodegradable and nontoxic, with lower carbon
monoxide, hydrocarbon, particulate, and sulfur emissions
than petroleum-based diesels upon combustion.1-5 Biodiesels
are readily blended with conventional petroleum diesels,
further easing a transition to a renewable fuels economy and
allowing regional optimization of blended fuel properties.1,2
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Table I. ASTM Product Analysis Methods Used To Verify Biodiesel Quality Prior to Fuel Cell Usage
ASTM method
6584-08
664-07
D2500-05
D 93-08

parameter

analysis technique

tolerance

free and total glycerin
acid number
cloud point
flash point

gas chromatography
potentiometric titration
optical
Pensky-Martens closed-cup

<0.020% (free), <0.240% (total)
<0.50 (max) mg of KOH/g
NA
>130 C, min

6322 and a total output power of 2.3 W over an active area of
30 cm-2, for the single-cell design investigated.
Biodiesel is under consideration as a logistical fuel to
alleviate the dependence of the military on nondomestic fuel
supplies.23,24 Biodiesel is compatible with military fuels, such
as DF-2 and JP-8, in all blending ratios and confers environmental advantages because of lower sulfur content, lower
particulate, and lower unburned hydrocarbon emissions.25
For these reasons, the operability of solid-oxide fuel cell
systems from biodiesel is of particular interest. The present
LTA-SOFC concept is under development for portable power
applications in the 500-1000 W range. This would satisfy
U.S. Army interests in squad portable generators (<20 kg and
<40 L) that operate from fuels supplied by existing logistics
infrastructure (i.e., diesels).
In this paper, the authors report the first demonstration of a
fuel-cell power system directly operating from biodiesels
derived from virgin and waste cooking oils. Results verify
the flexibility of internal-reforming solid-oxide fuel cells for
processing a mixed fuel supply comprised of both conventional petroleum diesels and renewable biodiesel fuels.

typically via a combination of steam reforming, partial oxidation, and water-gas shift14,15 and reformate purification, by
either membrane systems16,17 or a combination of preferential
oxidation and methanation.18 An example of such a system is
the BIOFEAT project19,20 aimed at the demonstration of an
on-board biodiesel fuel reformer for a vehicular auxiliary
power unit (APU) using a PEMFC. A five-stage proof-ofprinciple design was reported by Kraaij et al.,20 consisting of a
single autothermal reformer stage, a high- and low-temperature
water-gas shift stage, and two-stage intercooled preferential
oxidation. While this system was demonstrated capable of
autothermal operation, substantial work remains in packaging
of the system to achieve competitive system volume, weight,
and startup time.
Alternately, the use of high-temperature fuel cells using
oxygen-ion conducting electrolytes capable of direct and/or
indirect reforming of complex hydrocarbons alleviates constraints on upstream fuel processing and reformate purification.21 For this reason, solid-oxide fuel cells provide a
promising alternative design approach to diesel fuel use
in fuel-cell-based power systems. Recently, McPhee and coworkers22 reported on a liquid-tin anode solid-oxide fuel cell
(LTA-SOFC) operable from JP-8 (diesel) logistic fuel. The
tubular cell design used a conventional 8 mol % yttria-doped
zirconia electrolyte, strontium-doped lanthanum magnate
(LSM) cathode, and the aforementioned liquid-tin anode,
which was kept separate from the fuel source via a porous
refractory ceramic outer shell. Operation at a cell temperature
of 1000 C demonstrated power densities up to 120 mW/cm2
and cell efficiencies of up to 41% corresponding to a fuel use of

Experimental Section
Biodiesel. Biodiesel fuel used in this study was a representative
2 L sample blended from multiple batches produced at the
University of Connecticut Biofuels Consortium Facility (R. S.
Parnas, Director). In all cases, biodiesel was produced via a
base-catalyzed transesterification of vegetable oils with methanol using a continuous transesterification reactor system.26
Feedstocks included virgin soybean and canola oils and waste
cooking oils donated by University of Connecticut Dining
Services. Prior to refining via transesterification, all waste
vegetable oils were pretreated to reduce free fatty acid content
via acid-catalyzed esterification;27 this ensures consistent processing and high fatty acid methyl esters (biodiesel) yields.
Product biodiesel quality was verified via American Society
for Testing and Materials (ASTM) methods summarized in
Table I. The biodiesel laboratory has demonstrated proficiency
in these quality tests via participation in ASTM’s Committee
D-2 Interlaboratory Biodiesel Crosscheck Program.
Fuel Cell. The LTA-SOFC single cells used for testing were
design iteration Gen3.1. A brief description is given, because full
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Figure 1. Bread-board testing rig employed in the current study for LTA-SOFC operation from biodiesel fuel.

details of cell construction have previously been published.29
The cell is built from the cathode current collector (CCC)
outward. The CCC is cylindrical in shape and runs the length
of the cell. The material used is a proprietary ceramic composite,
with similar mechanical and electrical properties to typical
current collectors employed in high-temperature SOFCs. The
cathode is comprised of a thin-walled (1 mm) closed-end tube of
lanthanum strontium manganite (LSM) with an internal rib
structure to provide electrical connection to the CCC. The
electrolyte, 8% yttria-stabilized zirconia (8YSZ), is also a thinwall (200 μm nominal), closed-end tube that is bonded to the
outside of the cathode. The electrolyte/cathode assembly is
placed inside a highly porous (65% nominal porosity) proprietary ceramic tube, with a wall thickness of <3 mm. This ceramic
tube has no catalytic or electrical function and does not chemically interact with the liquid tin. This outer ceramic tube is used
solely to contain the liquid-tin anode by balancing tin surface
tension against head pressure to form a 500 μm layer of tin
around the electrolyte. The active area of the electrolyte is
defined by the diameter of the electrolyte tube, 1.0 cm, and the
length that is in contact with the cathode, 9.9 cm, thus giving a
active area of 30.5 cm-2. The porosity of the alumina material
can cause subtle variations in the height of the tin, which
significantly affects the active area of the cell. Variations of
0.5 mm have been observed in both directions. For consistency,
the active area for Gen3.1 cell design is taken as 30 cm-2 for all
published results.
Apparatus. A prototype bread board for liquid hydrocarbonfueled power generation was used for testing, shown in Figures 1
and 2. This test rig uses a military JP-8 burner and balance of
plant (BOP), i.e., air blower, fuel pump, fuel filter, optical
sensors, and startup battery. The air/fuel ratio was controlled
manually by altering the 12 V power supply for the air blower
and fuel pump. The JP-8 burner was run air-rich to avoid
sooting. The JP-8 burner provides radiated heat to the cells.
The flame from the JP-8 burner is forced to travel through the
center of the mantel along a convalescence route to ensure an
evenly heated anode chamber. Radiated heat is distributed
along the length of the anode chamber via radiating mantel,
similar to a plate heater exchanger. In this manner, the anode
chamber is heated to the 1000 C operational temperature. The

Figure 2. Schematic of the bread-board testing rig employed in the
current study for LTA-SOFC operation from biodiesel fuel. The top
shows the LTA-SOFC and BOP. The bottom shows the JP-8 heater
that transfers heat to the SOFC via a plate-style radiating heat
exchanger.

anode chamber is designed to accommodate up to 20 cells, for
larger scale demonstrations; in the present study, only two cells
were used to minimize fuel consumption. As such, the heat
gained from resistance losses in the 2 cells under load is
insufficient to maintain the operating temperature of the system.
Thus, the JP-8 burner was continuously on during the test, and
the air and fuel were constantly adjusted to ensure that 1000 C
was maintained. Because of limited funding on this program and
the highly fluid design parameters for the anode chamber,
stainless steel (SS324) was used for construction of the anode
chamber and radiating mantel. On the inside of the radiating
mantel, exposure of the stainless steel to a slightly oxidizing
environment at >1000 C led to corrosion of the mantel over
time. This made temperature control of the anode chamber
challenging, with constant user intervention required to prevent
overheating or cooling of the anode chamber. Selection of
inconel or Haynes alloys for mantel construction will eliminate
corrosion, once the design is optimized. While corrosion
of the heating mantle prevented long-term analysis, the current

(29) Tao, T. T.; McPhee, W. A.; Koslowske, M. T.; Bateman, L. S.;
Slaney, M. J.; Bentley, J. Advancement in liquid tin anode-solid oxide
fuel cell technology. ECS Trans. 2008, 12, 681.
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Figure 3. Comparison of heatup profiles achieved using the LTASOFC operating from JP-8 diesel fuel and biodiesel supplied from
the University of Connecticut Biofuels Consortium. The lag in the
open-cell voltage associated with biodiesel operation is attributed to
faster heatup rates (20 min to steady state for biodiesel versus 32 min
to steady state for JP-8).

Figure 4. Current-voltage curves obtained for cells 1 and 2 operating from biodiesel fuel, demonstrating performance and reproducability of the system.

1000 C. In the case of subsequent biodiesel testing, the fuel
and air ratio to the burner were fixed at the beginning of
testing. This resulted in a faster overall heatup time, reaching
1000 C in 20 min. In both cases, no effort was made to track
the thermal energy output of the burner. Because the prototype is further developed, a control loop will be incorporated
into the burner system to ensure an even thermal output. This
is expected to result in overlapping OVC versus temperature
profiles.
The cells reached 1000 C in 20 min, with a small instantaneous test load at 23 min and a 0.5 A test load sustained for
3 min, 25 min after the test started. While previous runs on
JP-8 have demonstrated even quicker startup times to power
generation (∼10 min), the ability to initiate power generation
in less than 30 min without external reformation is still a
substantial accomplishment. It is important to note that
the purpose of the presently reported operation from biodiesel is intended to prove feasibility and not optimal cell
performance.
Once both cells reached the operating temperature,
1000 C, IV curves were generated sequentially for cells
1 and 2 (shown in Figure 4). Both of the cells achieved over
3.5 W of power operating from biodiesel fuel at a flow rate of
100 μL min-1. This power level, 3.5 W, equates to a power
density of 117 mW cm-2 and a current density of 217 mA
cm-2 for the 30 cm-2 active area. These values compare favorably to those obtained for the same system operated
from JP-8 under similar conditions (120 and 220 mA cm-2),
shown in Figure 5. Cells performance curves over the
entire time of operation from biodiesel are presented in
Figure 6.
The cell efficiency was calculated from the power output of
both cells and the fuel metered into the anode chamber. The
cells are only in communication with the fuel metered into the
anode chamber, and thus, the fuel to the JP-8 burner is not
considered for calculating cell efficiency. For the present
study, which verifies operability from both petroleum and
biomass-derived diesels, an overall system efficiency was not
calculated, owing to the experimental nature of the current
testing rig. The JP-8 burner and the associated BOP, including
the startup battery for the glow plug and 12 V power supplies
to run the combustion air and fuel pump, were designed for
a 20-cell demonstration, as opposed to the present 2-cell
demonstration. Specifically, the JP-8 heater was capable of

experimental system was sufficient to demonstrate cell operability from both JP-8 and biodiesel fuels; the results reported in
this paper provide the necessary justification for construction of
a next-generation bread-board capable of long-term power
generation.
The cells sit in a hermetically sealed insulated anode chamber,
such that oxygen-rich exhaust gases from the JP-8 burner are
kept separate from the anode. The biodiesel was fed into the
anode chamber using a small adjustable stroke Valcor solenoid
pump. The fuel droplet forms in a cool zone, <200 C, and free
falls into the 1000 C anode chamber. The oversized exhaust,
diameter of 25.4 mm, was closed to a 3 mm diameter. The cells
are sealed into the box using custom machined graphite ferrules
and swagelok fittings. The cells were electrically connected
individually to a Chroma load box. The Chroma load box and
Valcor fuel pump were controlled using a Labview-based test
program through a National Instruments Field Point DAQ. The
air supply to the cells was controlled using a rotameter and was
fixed at 600 sccm.

Results and Discussion
Two Gen3.1 LTA-SOFC cells were heated to 1000 C
within 30 min using 100 μL min-1 of biodiesel to the fuel cell
to prevent oxidation of the liquid-tin anode. The flow rate of
JP-8 to the burner was not tracked because the burner uses a
radiating mantel to transfer the heat to the LTA-SOFC, and
therefore, the fuel flow rate to the burner does not affect the
efficiency or fuel use of the LTA-SOFC. The abundance of
JP-8 fuel (and limited volume of biodiesel) in the testing
laboratory meant that it was used as a fuel for the burner in
all experiments. The initial heating was similar to operating on
JP-8 (approximately cetane C16H34) with no significant difference, as shown in Figure 3. Open-cell voltage (OCV)
discrepancies are within the variance of OCVs reported for
JP-8 operation.26 A slight lag in OCV from biodiesel at lower
temperatures was observed; this difference is attributed to
inconsistencies by the user in operating the fuel burner
between the two tests, causing significantly different heat
transfer to the cells. In the cases of the JP-8 tests, in which
JP-8 fuel was supplied to both the burner and fuel cells, the
burner quickly heated to 400 C before several temperature
lags to 1000 C. This resulted in 32 min for the cell to reach
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potential of 0.5 V that was chosen to give slightly less
power, 3.25 W/cell, than the maximum recorded earlier
during the experiment, i.e., 3.5 W/cell. This equates to a
cell efficiency of >40%. This is similar to efficiency
reported earlier by the authors for JP-8.29 The efficiency
numbers will always be questionable on short runs, i.e.,
less than 50 h, because of short-term accumulation of
carbon soot deposits within the anode during initial startup. Subsequent reforming of these carbon deposits by
carbon dioxide provides additional carbon monoxide fuel
within the anode chamber, which contributes to the fuel
supply during efficiency measurements. This effect can be
mitigated by long run times, typically over hundreds of
hours. However, the bread-board test rig is not suitable for
this style of test at the moment. Constant user presence was
required to ensure constant fuel supply and to maintain
operational temperature through manipulation of the
heater balance of plant. Nevertheless, the authors believe
the preliminary data suggest that high cell efficiencies,
>40%, can be sustained during typical operation on
biodiesel, JP-8, and other liquid fuels. At cell efficiencies
of >40%, the LTA-SOFC would be expected to exceed
the system efficiency goal of the BIOFET program,
>35%, without fuel processing or reforming. A system
efficiency based on scaling cell performance to the system
level and accounting for parasitic load and preheating
duties is not present at this time, because the final packaged system design is yet to be determined. The current
balance of plant is purely experimental and, in light of the
inefficiencies brought to light during the present round of
investigations (e.g., heater instabilities), will be subsequently refined.
The results obtained from operation of the LTA-SOFC
from biodiesel generated by the University of Connecticut
Biofuels Consortium demonstrate the flexibility of the SOFC
system to operate from both petroleum- and biomass-derived
fuels at competitive efficiencies. Programs are currently in the
planning stage to scale up the current work to a 125 W stack
for operation on JP-8 fuel. Scale-up of the current 2-cell
experiment to 125 W stack will maintain the current Gen3.1
cell architecture; thus, assuming 3.2 W/cell, a 40-cell stack will
be built. Although high efficiency is not a goal, it is still
anticipated that the stack will be able to achieve efficiency of
>35%. At a system level, the lack of fuel processing
and reforming should result in a cost per watt saving to the
end user.

Figure 5. Average of the polarization curves for the biodiesel
compared to an average of JP-8 performance show no significant
difference. The error bars on the JP-8 data are 95% confidence
intervals.

Figure 6. Time profile for both cells during operation from biodiesel, indicating steady-state operation achieved within 30 min.
The anode chamber temperature is also shown (red).

60 000 BTU, and BOP was appropriate for a 250-500 W
system.
Cell efficiency was defined using the low heating value
(LHV) of the biodiesel, 47 350 kJ kg-1.28 The LHV was
chosen because the reaction products are formed as a gas
phase. The thermal input power of the system is then calculated as the product of biodiesel consumed by the LHV for
biodiesel as shown in eq 1.
thermal input power ðWÞ ¼ X
 LHV ðkg s-1 J kg-1 Þ

Conclusions
A LTA-SOFC capable of direct, internal reforming of
complex hydrocarbon fuels was successfully operated for
∼4.5 h from biodiesels produced from a mixture of virgin
and waste cooking oils. The feedstock was selected to be
representative of a broad mix of potential biodiesel sources.
The peak power for each cell was 3.5 W, which translates to
a power density of 117 mW cm-2 and current density of 217
mA cm-2. The peak power densities correspond to ∼80%
fuel use at the liquid-tin anode surface and overall cell
efficiencies of >40%. Cell performance was nearly identical to that obtained from logistics petroleum-based diesels
(JP-8). These results demonstrate the flexibility of the LTSOFC system for operation from a blend of petroleum- and
biomass-derived diesels, for greater feedstock flexibility in
meeting future sustainable energy needs. These results also

ð1Þ

where X is the flow rate of fuel into the system and LHV is the
lower heating value of the fuel.
The dual cell efficiency is then calculated from the thermal
input power as follows
power output ðWÞ
ð2Þ
dual cell efficiency ð%Þ ¼
thermal input power ðWÞ
Issues with the test rig resulted in instability, while efficiency
data were being collected, toward the end of the 4.5 h
experimental run. However, the combined output of cells 1
and 2 was 6.5 W for several minutes (∼10 min) at a biodiesel
flow rate of 25 μL min-1. The cells were operated at a set
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present a successful alternative to the BIOFEAT design
strategy based on separate fuels reforming and hydrogendriven fuel cells.
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