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H I G H L I G H T S

• Novel rich-burn, flame-assisted fuel cell, quick-mix, lean-burn combustor proposed.

• An optimal fuel-lean equivalence ratio of 0.8 is observed for peak power density.

• Richer fuel-rich equivalence ratios increase the fuel cell power density and OCV.

• Flame-assisted fuel cell electrical efficiency improved from 0.144% to 0.358%.
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A B S T R A C T

Micro-tubular flame-assisted fuel cells (mT-FFC) were recently proposed as a modified version of the direct flame
fuel cell (DFFC) operating in a dual chamber configuration. In this work, a rich-burn, quick-mix, lean-burn (RQL)
combustor is combined with a micro-tubular solid oxide fuel cell (mT-SOFC) stack to create a rich-burn, flame-
assisted fuel cell, quick-mix, lean-burn (RFQL) combustor and power generation system. The system is tested for
rapid startup and achieves peak power densities after only 35min of testing. The mT-FFC power density and
voltage are affected by changes in the fuel-lean and fuel-rich combustion equivalence ratio. Optimal mT-FFC
performance favors high fuel-rich equivalence ratios and a fuel-lean combustion equivalence ratio around 0.80.
The electrical efficiency increases by 150% by using an intermediate temperature cathode material and im-
proving the insulation. The RFQL combustor and power generation system achieves rapid startup, a simplified
balance of plant and may have applications for reduced NOx formation and combined heat and power.

1. Introduction

Solid oxide fuel cells (SOFCs) are solid-state, electrochemical energy
conversion devices that have the potential for high efficiency and high
fuel flexibility, but in general have suffered from slow startup and
limited on/off and thermal cycling [1]. Thermal cycling is more of a
challenge in the Dual Chamber (DC-SOFC) [2,3] configuration, which
prompted the Single Chamber (SC-SOFC) [4–6] and the Direct Flame
Fuel Cell (DFFC) configurations [7]. DFFCs are SOFCs operating di-
rectly in a flame in a simple, no-chamber setup [7–30]. The advantages
of direct operation in a flame with no chamber include rapid startup,
rapid thermal cycling, high fuel flexibility, and simplifications to the
thermal management and reforming systems [31]. Unfortunately,
thermal gradients across the cell resulting from direct contact with
flame, low power density and low electrical efficiency have been major
challenges for DFFCs to date [19,22,32]. Despite the potential for im-
proving rapid startup and cycling, DFFCs are still being investigated for

improvements in these areas.
A recent change to the original DFFC occurred with the proposal of

operating a micro-tubular SOFC (mT-SOFC) in a dual chamber config-
uration directly in the combustion exhaust, termed a micro-Tubular
Flame-assisted Fuel Cell (mT-FFC) [31–34]. The dual chamber config-
uration changes the typical partially premixed combustion setup of the
DFFC to a premixed system with better control over the final combus-
tion equivalence ratio and exhaust composition [31]. The premixed
combustion exhaust composition has been characterized for methane
and propane fuels in previous studies and FFC performance based on a
model combustion exhaust has been conducted [31,33,35]. A micro
combined heat and power system design has been proposed for this
technology [32,36]. However, the dual chamber configuration means
that additional fuel remains after passing through the fuel cell because
100% fuel utilization is not possible as a result of Nernstian losses. To
overcome this a second, fuel-lean combustion in the fuel cell down-
stream is necessary. To date only the first-stage combustion and fuel cell
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operation in a model exhaust have been investigated, but a working
system using this setup has not been developed.

The notion of a first-stage, fuel-rich combustion followed by a
second-stage, fuel-lean combustion is an old combustor technology ty-
pically utilized to lower NOx emissions from gas turbines with appli-
cations like jet engines [37–39]. The first-stage, fuel-rich combustion
occurs at equivalence ratios above 1 which reduces the flame tem-
perature and thereby reduces ‘thermal NOx’ formation through the
Zeldovich mechanism [40]. Reduction in ‘fuel NOx’, or the oxidation of
chemically bound nitrogen compounds in the fuel, has also been ob-
served for two-stage combustion [40]. A premixed oxygen-deficient
combustion, i.e. fuel-rich, leads to fuel bound nitrogen conversion to N2

instead of complete conversion to NO which has been observed in
oxygen-rich, i.e. fuel-lean, conditions [41,42]. The remaining fuel is
then oxidized in a second-stage, fuel-lean combustor, but it requires a
quick mixing of the oxidant stream in order to eliminate local high
temperature regions and prevent further thermal NOx formation [42].
As a result, this technology is often referred to as a Rich-burn, Quick-
mix, Lean-burn (RQL) combustor, Rich-quench-lean (RQL) combustor
[37,39,43,44] or two-stage combustor [40].

In this work, a new kind of two-stage RQL combustor is proposed. A
first-stage, fuel-rich combustion is used to generate syngas in the ex-
haust stream. The exhaust then passes through SOFCs for conversion of
the syngas to electrochemical power and thermal energy. Any re-
maining fuel existing in the fuel cell exhaust is mixed with an oxidant
stream and a second-stage, fuel-lean combustion occurs. The first-stage,
fuel-rich combustion provides thermal energy for the SOFC operation
along with syngas while additional heat can be recovered from this
stage and from the second-stage, fuel-lean combustion. This technology
is denoted a Rich-burn, Flame-assisted fuel cell, Quick-mix, Lean-burn
(RFQL) combustor. Fig. 1 shows one embodiment of the technology
with a mT-SOFC stack arranged in a circle following the fuel-rich
combustion chamber. This RFQL configuration operating on methane
fuel is developed and investigated here.

2. Experimental setup

2.1. Combustor development and characterization

A RFQL combustor like the one shown in Fig. 1 was developed. A
spark ignitor is used for ignition of the fuel/air mixture in the fuel-rich
combustion chamber. K-type thermocouples are placed at different
points of the fuel-rich and fuel-lean combustion chambers as shown in
Fig. 2b. A flame arrestor is placed in the tubing before entering the

RFQL combustor in order to prevent flashback. Methane and air are
regulated at different fuel/air equivalence ratios using mass flow con-
trollers. For the fuel-rich combustion chamber, the equivalence ratio is
regulated between 1.05 and 1.40. The methane flow rate is fixed while
the air flow rate is adjusted to achieve the desired equivalence ratio.
Different flow rates of methane are also investigated ranging from 1.0
to 2.4 Lmin−1. The equivalence ratio (Ø) is defined in Eq. (1) below.
Here nfuel and nair are the molar flow rates of fuel and air, respectively;
and nSfuel and nSair are the molar flow rates required for stoichiometric
combustion of fuel and air, respectively.

∅ =
n n
n n

/
/

fuel air

fuel
S

air
S

(1)

For fuel-rich combustion of methane and air, the following general
reaction (2) occurs in the fuel-rich combustion chamber. Here a, b, c,
and d are the mole fractions of the products of combustion. While the
concentration of the products of combustion can vary significantly with
the equivalence ratio (Ø), the species shown in Eq. (2) are the primary
species observed in previous work [31,32] for the equivalence ratios
investigated in this study.

∅ + + → + + + +CH O N aCO bCO cH dH O N2( 3.76 ) 2(3.76)4 2 2 2 2 2 2

(2)

For the second-stage, fuel-lean combustion, a mass flow controller is
used to regulate the air flow. Four ports allow the air flow to be dis-
tributed evenly around the chamber. The air then passes over the
outside of the fuel-rich combustion chamber for preheating. After pre-
heating, the air passes over the SOFC stack for electrochemical reduc-
tion of the oxygen at the cathode. Any remaining fuel autoignites at the
SOFC outlet for the second stage, fuel-lean combustion. The following
reaction (3) occurs at the SOFC outlet.

Fig. 1. One embodiment of the RFQL combustor with 9mT-FFC stack.

Fig. 2. a) Exploded view of the RFQL combustor CAD model showing the base with fuel-
rich combustion chamber and fuel-lean combustion chamber and b) RFQL combustor
assembled.
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+ + → +H CO O CO H O2 2 2 2 (3)

Air is supplied to the fuel-lean combustion chamber to ensure that
the second-stage combustion results in a net fuel-lean combustion that
is regulated between equivalence ratios of 0.65 and 0.90. The flow rates
of methane and air for the fuel-rich combustion chamber and air for the
fuel-lean combustion chamber are shown for the case of a methane flow
rate of 2.4 Lmin−1 in Table 1. Similar calculations are used to de-
termine the flow rates of air for different methane flow rates. LabVIEW
software is used with National Instruments data acquisition interfaced
with a computer for control of the mass flow controllers and monitoring
of the temperatures. Combustion characterization of fuel-rich methane
combustion was carried out previously and results are comparable in
this setup [31–33]. As a result, combustion characterization is not re-
peated here.

2.2. Fuel cell fabrication and characterization

Micro-tubular SOFCs (mT-SOFCs) are fabricated as previously re-
ported with a few details repeated here [31,32]. The anode is Ni + YSZ
(yttria-stabilized zirconia) with YSZ electrolyte and an
(La0.8Sr0.2)0.95MnO3-x (LSM)+YSZ cathode. Nine mT-SOFCs are con-
nected in series to form the stack design as previously reported [34].
Silver paste was applied to the cathode and silver wire was wound
around the cathode for current collection. Each fuel cell has an active
area of 1.66 cm2 for a total stack area of 14.94 cm2. Current collection
from the anode was conducted on the outside of the mT-SOFC with gold
paste as described and depicted in previous work [34]. The fuel-rich
combustion chamber has 9 circular ports (0.33 cm diameter) at the end
through which all of the products of combustion flow. The diameter of
the ports was slightly larger than the mT-SOFCs external diameter
(0.32 cm), which allows the mT-SOFCs to be inserted into the ports. The
mT-SOFCs were then sealed in place using ceramic paste. To further
investigate the fuel cell performance, additional mT-SOFCs were fab-
ricated with a Sm0.20Ce0.80O2-X (SDC) buffer layer [2,3] separating the
YSZ electrolyte from an (La0.60Sr0.40)0.95Co0.20Fe0.80O3-X (LSCF)+SDC
(7:3 w/w) cathode. The buffer layer was applied by wet powder
spraying the SDC onto the mT-SOFC and was then dried and sintered at
1350 °C for 4 h. The LSCF + SDC cathode was then dip coated on top of
the buffer layer, dried and sintered at 1100 °C for 4 h with an active
area of 1.83 cm2. A Keithley 2420 sourcemeter was interfaced with a
computer for data acquisition. The current-voltage (IV) method with 4-
probe technique was used to measure the stack polarization and power
density. Two silver wires were connected to the cathode of the first mT-
SOFC in the stack and two silver wires were connected to the anode of
the last mT-SOFC in the stack for current and voltage measurements.

3. Results and discussion

In order to characterize the RFQL combustors baselines

performance, a 9 mT-SOFC stack with LSM + YSZ cathode was tested
before applying any insulation to the combustion chamber. The stack
achieved an open circuit voltage (OCV) of 6 V and its highest perfor-
mance (33 mW cm−2) at an equivalence ratio of 1.05. In previous work
in a dual chamber FFC setup at fixed temperatures [31,34], minimum
OCV and minimum power density were predicted to occur at lower
equivalence ratios due to a limited amount of fuel (i.e., syngas) in the
exhaust stream. As the equivalence ratio increases above 1.20, the
syngas concentration and especially H2 concentration become more
significant allowing less concentration losses in the fuel cell and better
performance of the fuel cell. In this initial test the best performance
occurred at lower equivalence ratios and decreased with increasing
equivalence ratio. Changes in the temperature of the combustion
chambers in this RFQL setup are important as the flame temperature,
exhaust temperature and the air temperature around the cathode all
decreased when the equivalence ratio increases. The air around the
cathode had a very low temperature (635–656 °C) compared to normal
operating temperatures for an LSM based cathode, which are typically
above 800 °C [2]. Despite the increased syngas in the exhaust at higher
equivalence ratios, the temperature plays a dominant role in fuel cell
performance when no insulation is applied to the RFQL combustor. To
enhance the fuel cell performance, the inner side of the fuel-lean
combustion chamber was insulated. Open area around the burner,
shown in Fig. 1, was also insulated to decrease possible heat losses.
Adding the insulation to the fuel-lean combustion chamber increased
the fuel-lean combustion chamber temperature from 635-656 °C to
765–785 °C at the same flow rates of methane and air of the initial test.
A 9 cell mT-SOFC was tested in a furnace with H2 fuel at a total flow
rate of 450mLmin−1 to establish a baseline for the stacks performance.
Since the cathode air temperatures increased to 765–785 °C with in-
sulation, the stack was tested in H2 at 700 °C, 750 °C and 800 °C. At a
stack voltage of 5.4 V (0.6 V per cell), power densities of 118, 130, and
250mW cm−2 were achieved at 700 °C, 750 °C and 800 °C, respectively
with pure H2.

The stack was then sealed to the RFQL combustor and methane was
ignited at an equivalence ratio of 1.2. The Keithley 2420 was initiated
just after igniting the methane to monitor the fuel cell voltage during
startup. Fig. 3a shows the fuel cell voltage during startup. The stack
reached a stable operating voltage around 7.5 V after∼4min of testing.
The anode temperature was over 950 °C in less than 4min. However,
the temperature in the fuel-lean combustion chamber increased quickly
in the first 12min and then slowly afterward. After 12min the tem-
perature around the cathode was 626 °C. After 30min of testing the
temperature in the fuel-lean combustion chamber began to stabilize
around 750 °C and the first polarization curve was taken after 35min as
shown in Fig. 3b. The peak power density of ∼128mW cm−2 was the
highest power density achieved with LSM cathode at an equivalence
ratio of 1.25 and occurred after only 35min of startup. With better
thermal management, the fuel-lean combustion chamber could be
brought to operating temperature faster resulting in more rapid startup

Table 1
Methane and air flow rate for the fuel-rich combustion chamber and air for the fuel lean combustion chamber at different fuel-rich and fuel-lean equivalence ratios and fixed methane flow
rate of 2.4 Lmin−1

Fuel-rich combustion chamber Fuel-lean combustion chamber air flow rate (L.min−1) at different equivalence ratios

Fuel-rich equivalence
ratio

Methane flow rate
(L.min−1)

Air flow rate
(L.min−1)

0.90 0.85 0.80 0.75 0.70 0.65

1.05 2.4 21.7600 3.6267 5.1200 6.8000 8.7040 10.8800 13.3908
1.10 2.4 20.7709 4.6158 6.1091 7.7891 9.6931 11.8691 14.3799
1.15 2.4 19.8678 5.5188 7.0122 8.6922 10.5962 12.7722 15.2829
1.20 2.4 19.0400 6.3467 7.8400 9.5200 11.4240 13.6000 16.1108
1.25 2.4 18.2784 7.1083 8.6016 10.2816 12.1856 14.3616 16.8724
1.30 2.4 17.5754 7.8113 9.3046 10.9846 12.8886 15.0646 17.5754
1.35 2.4 16.9244 8.4622 9.9556 11.6356 13.5396 15.7156 18.2263
1.40 2.4 16.3200 9.0667 10.5600 12.2400 14.1440 16.3200 18.8308
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and testing than reported here.
Before investigating the effect of the fuel-rich equivalence ratio on

the mT-FFC stack performance, the fuel-lean combustion equivalence
ratio was varied and the fuel-rich combustion equivalence ratio was
fixed at 1.30 and 1.40 with methane flowrate fixed at 2.4 Lmin−1.
Fig. 4 shows the results. Fig. 4a shows the changes in polarization for
different fuel-lean combustion equivalence ratios from 0.65 to 0.90
with the fuel-rich combustion equivalence ratio fixed at 1.30 while
Fig. 4b shows similar results for a fuel-rich combustion equilvalence

ratio of 1.40. From Fig. 4a and b, there was not significant variation in
the polarization or power density with change in the fuel-lean equiva-
lence ratio. A closer examination of the power density at a FFC stack
voltage of 5.4 V (0.6 V per cell) and OCV with varying fuel-lean
equivalence ratio is shown in Fig. 4c. The power density at 0.6 V per
cell varied by less than 13%, but a peak in the power density was ob-
served at an fuel-lean combustion chamber equivalence ratio of 0.8.
This result occurred for a fuel-rich combustion equivalence ratio of 1.3
and 1.4. The reason for the optimal appears to be due to the impact of

Fig. 3. mT-FFC stack a) voltage after starting up and b) first test conducted 35min after startup at an equivalence ratio of 1.25.

Fig. 4. mT-FFC stack polarization and power density with varying fuel-lean combustion chamber equivalence ratio between 0.65 and 0.90 and with fixed fuel-rich combustion
equivalence ratio of a) 1.30 and b) 1.40 and c) a summary of results at 0.6 V per cell.
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temperature and decreased polarization in the fuel cell. As the fuel-lean
equivalence ratio is decreased from 0.9 to 0.65, the air flow rate to the
fuel-lean combustion chamber increases as shown in Table 1 and results
in a decrease in the air temperature around the cathode. This was
confirmed with thermocouples and by monitoring the stack OCV as
shown in Fig. 4c. The fuel cell OCV is well known to increase with
decreasing temperature. The decreasing temperature also has a nega-
tive impact on the electrode kinectics resulting in decreased perfor-
mance, as shown from an equivalence ratio of 0.8 to 0.65. However, the
increase in air flow rate also increases the amount of O2 available to the
cathode which appears to be responsible for the initial increase in
performance as the fuel-lean combustion equivalence ratio decreases
from 0.9 to 0.8. An optimal fuel-lean equivalence ratio at 0.8 results.

With an optimal fuel-lean equivalence ratio uncovered for the RFQL
combustor, the fuel-lean equivalence ratio was fixed and the fuel-rich
equivalence ratio was increased from 1.05 until reaching an upper
flammability limit for the apparatus at 1.4. The upper flammability
limit is the highest fuel-rich equivalence ratio achieved for a gas phase
reaction and is notably fuel and apparatus dependent as described in
other work [45,46]. The mT-FFC stack polarization and power density
at equivalence ratios from 1.05 to 1.4 is shown in Fig. 5. As shown, the
stack OCV and power density increase significantly with increasing
fuel-rich equivalence ratio. The increased OCV and power density are a
result of increased sygnas concentration in the exhaust which was
previously shown to increase from a mole percentage of only 1.4% at an
equivalence ratio of 1.05 up to 21.2% at an equivalence ratio of 1.4
[32,33]. Methane and other hydrocarbons were not detected in fuel-
rich combustion exhaust in that work indicating that the mT-FFCs in the
RFQL combustor has electrochemical reactions from syngas only ac-
cording to the following half reactions (4) and (5).

+ → +− −H O H O e22
2

2 (4)

+ → +− −CO O CO e22
2 (5)

In addition, the presense of water vapor in the exhuast makes the
water-gas shift reaction a possibility for indirect use of CO according to
the following reaction (6).

+ → +CO H O CO H2 2 2 (6)

The primary fuel for the mT-FFC is syngas, the concentration of
which is highly dependent on the equivalence ratio. The trends for the
polarization and power density curves at increasing equivalence ratios
were predicted previously using a model combustion exhaust based on
the exhaust composition at various fuel-rich combustion equivalence

ratios [31,32,34]. The results here confirm the previous predictions,
although the change of temperature with equivalence ratio is important
in the RFQL combustor and was not considered in previous studies. The
results in Fig. 5 differ signifcantly from the test without insulation due
to the temperature increase of the air around the cathode with the
added insulation. At a mT-FFC stack operating voltage of 5.4 V (0.6 V
per cell) the power density was 120mW cm−2 at an equivalence ratio of
1.4. This power density, which occurred with the air temperature
around the cathode at 776 °C, is nearly half of the power density ob-
tained with H2 at 800 °C, is nearly the same as the stacks power density
at 750 °C with H2 and is an improvement of nearly 4 times compared to
the initial test without insulation. Obtaining peak performance in the
RFQL combustor is highly dependent on proper thermal management.

Despite the improved performance, the electrical efficiency of RFQL
combustor remained low. To assess the possibility of increasing the
electrical efficiency, the methane flow rate was decreased from 2.4 to
1.6 Lmin−1 while fixing the fuel-rich and fuel-lean equivalence ratios
at 1.25 and 0.8, respectively. Electrical efficiency (ε) is defined based
on a previously reported method [19] shown in Eq. (7).

= =ε
Electric power generated by FFC

Heating power of fuel
P A V
V HHV

· ·
˙ ·

m

(7)

Here, P is the mT-FFC peak power density, A the total fuel cell active
area, Vm is the molar volume at standard conditions (2.24×10−2

m3mol−1), V̇ is the methane flow rate at standard conditions and HHV
is the higher heating value of methane (8.89×105 Jmol−1). The po-
larization and power density results are shown in Fig. 6a. As shown, the
power density decreased with decreasing methane flow rate. However,
the electrical efficiency did improve slightly as shown in Fig. 6b. The
main reason for the decreased performance and only slight increase
(∼5%) in electrical efficiency despite fixed equivalence ratios is the
decrease in heat release and the resulting decrease in air temperature
around the cathode as shown in Fig. 6b.

The air temperature around the cathode (730–790 °C) significantly
affected the FFC performance in this setup while the temperature of the
exhaust gases passing over the anode were over 900 °C. The anode
exhaust gas temperatures are appropriate for the Ni + YSZ anode and
YSZ electrolyte chosen for this setup, while the LSM + YSZ cathode is
operating at the low end of its temperature range. Decreasing the flow
rate of methane to improve efficiency only resulted in slight improve-
ments in efficiency because of the rapid decrease in cathode air tem-
perature. Due to the intermediate temperature range of the cathode air
and a higher anode temperature achieved in the RFQL combustor, a
LSCF + SDC cathode was applied with an SDC buffer layer onto the YSZ
electrolyte with Ni + YSZ anode. A cross-sectional image obtained from
a scanning electron microscope is included in Fig. A.1 in the appendix.
The insulation was also improved further with an ultra-low thermal
conductivity (0.044Wm−1 K−1 at 800 °C) insulation. Nine mT-SOFCs
were then sealed to the RFQL combustor and tested at methane flow
rates of 1.0–1.6 Lmin−1, which were lower than the flow rates in-
vestigated in Fig. 6. For this test only one mT-FFC was tested at the top
of the stack to assess peak power without any influence of stack related
losses. The fuel-lean combustion equivalence ratio was again fixed at
0.80 while the fuel-rich combustion equivalence ratio was varied from
1.2 to 1.4. The polarization and power density are shown in Fig. 7.
Similar trends of increasing OCV and power density with fuel-rich
equivalence ratio were observed except the mT-FFC with LSCF + SDC
cathode had much higher power density. At an equivalence ratio of 1.4
and methane flow rate of 1.6 L min−1 the FFC achieved a peak power
density of 199mW cm−2 and a power density of 184mW cm−2 at 0.6 V.
The power density did decrease as the methane flow rate decreased as
shown in Fig. 7b–d, but the decrease in power density was less sig-
nificant than in Fig. 6. For example, at a methane flow rate of 1.6, 1.4,
1.2 and 1.0 Lmin−1 the FFC power density at an operating voltage of
0.6 V was 184, 178, 161, and 125mW cm−2, respectively. These power
densities were obtained at the highest equivalence ratios sustained at

Fig. 5. mT-FFC stack polarization and power density with fixed fuel-lean combustion
equilvalence raito of 0.8 and varying fuel-rich combustion equivalence ratio from 1.05 to
1.40.
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each flow rate. As shown in Fig. 7, the highest equivalence ratio de-
creased from 1.4 to 1.375 as the flow rate decreased because of the
decreased heat release with decreasing fuel flow rate and subsequent
quenching of the flame.

The mT-FFC electrical efficiency with the LSCF + SDC cathode was
calculated using Eq. (5) at a fuel-rich equivalence ratio of 1.25 and
methane flow rates from 1.0 to 1.6 Lmin−1. The results are plotted in
Fig. 8a with the measured cathode air temperature at each condition.

The trends are similar to those obtained for the mT-FFC with
LSM + YSZ cathode test, but the increase in electrical efficiency was
much more significant (∼38% increase compared to∼5%). Despite the
increase in electrical efficiency with decreasing methane flow rate, the
electrical efficiency began to decrease again after reaching an optimal
condition at a methane flow rate of 1.2 L min−1. This optimal is due to
the rapid decrease in cathode air temperature (740 °C down to 699 °C)
when the methane flow rate decreased below 1.2 Lmin−1. An electrical

Fig. 6. a) mT-FFC stack polarization and power density with fixed fuel-rich (1.25) and fuel-lean (0.8) combustion equivalence ratios and varying methane flow rate 1.6–2.4 Lmin−1 and
b) electrical efficiency and temperature change with methane flow rate.

Fig. 7. mT-FFC polarization and power density with SDC + LSCF cathode for fuel-rich equivalence ratios of 1.2–1.4 and methane flow rates of a) 1.6 Lmin−1, b) 1.4 Lmin−1, c)
1.2 Lmin−1, and d) 1.0 Lmin−1.
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efficiency comparison was conducted with the FFC having LSM + YSZ
cathode and LSCF + SDC cathode at fuel-rich equivalence ratios from
1.05 to 1.40. The comparison is shown in Fig. 8b. The mT-FFC electrical
efficiency, with LSCF + SDC cathode at the optimal methane flow rate
(1.2 L min−1) and fuel-rich equivalence ratio of 1.375, increased by
149% (up to 0.358%) compared to the mT-FFC with LSM + YSZ
cathode at equivalence ratio 1.4 (methane flow rate of 2.4 L min−1,
electrical efficiency 0.144%). This increase is due to the LSCF + SDC
cathode which is more suited to the operating conditions achieved in
the RFQL combustor and the improved insulation. One previous study
with methane fuel in a DFFC reported an optimal electrical efficiency of
0.19% [19]. While the improvement in electrical efficiency is sig-
nificant compared to mT-FFC with LSM + YSZ cathode and is among
the highest reported electrical efficiencies achieved for a DFFC or FFC
[22], more work is needed to improve the electrical efficiency further.
However, the RFQL combustor has significant potential for combined
heat and power (CHP) applications because all of the fuel is reacted in
the two-stage combustor and heat can easily be transferred from the
fuel-lean combustion chamber to heat water or air. As a result, the
combined efficiency is expected to be high.

While soot formation is a concern in DFFC and FFC research, the
equivalence ratios tested in this study are below the critical equivalence
ratio for soot formation from methane fuel [46]. As a result, soot for-
mation is typically not observed under these conditions and it was not
observed on the anode or combustion chamber in this study either.

4. Conclusions

The development of a dual chamber FFC configuration has been
discussed in previous work and modeled with experiments and theory.
The first self-sustained FFC is tested in a novel Rich-burn, Quick-mix,
Lean-burn (RQL) combustor to make the first Rich-burn, Flame-assisted
fuel cell, Quick-mix, Lean-burn (RFQL) combustor in this study. In
short, the RFQL combustor is a two-stage combustor with mT-SOFCs
between the fuel-rich combustion zone and the quick-mix, fuel-lean
combustion zone. Combustion characteristic and heat release in the
fuel-rich and fuel-lean combustion chambers impact the mT-SOFCs
performance. The RFQL combustor shows potential for rapid startup,
achieving a high OCV within 4min. With a better thermal management
to increase the fuel-lean combustion chamber temperature faster, a
faster startup may be possible. The RFQL combustor shows optimal
conditions for the fuel-lean combustion at an equivalence ratio of 0.80.
This result is due to a balance between decreasing cathode air tem-
perature at leaner fuel-lean (0.65–0.75) equivalence ratios and

decreased O2 for the cathode at less fuel-lean (0.85–0.9) equivalence
ratios. Peak power density and electrical efficiency are found at richer
fuel-rich equivalence ratios where there is greater syngas concentration
in the exhaust. Soot formation was not observed in this study and only
syngas fuel was found in the exhaust in previous work indicating po-
tential for the RFQL combustor to operate directly with hydrocarbon
fuels while limiting carbon deposition. A significant temperature dif-
ference between the anode and cathode of the mT-SOFC was observed.
Lower temperature cathode materials better suited to the lower tem-
peratures in the fuel-lean combustion chamber and better insulation
were found to have a significant impact on the power generation and
electrical efficiency. Applications in areas were RQL combustors are
already utilized, like jet engines, in CHP applications or in various
combined cycles power plants is possible.
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GLOSSARY

A: Fuel cell area
CHP: Combined heat and power
DC-SOFC: Dual chamber solid oxide fuel cell
DFFC: Direct flame fuel cell
FFC: Flame-assisted fuel cell
HHV: Higher heating value
LSCF: Lanthanum strontium cobalt ferrite
LSM: Lanthanum strontium manganite
mT-FFC: micro-tubular flame-assisted fuel cell
mT-SOFC: micro-tubular solid oxide fuel cell
nair: Molar flow rates of air
nfuel: Molar flow rates of fuel
nSair: Molar flow rates of air for stoichiometric combustion
nSfuel: Molar flow rates of fuel for stoichiometric combustion
OCV: Open circuit voltage
P: FFC peak power density
RFQL: Rich-burn, Flame-assisted fuel cell, Quick-mix, Lean-burn
RQL: Rich-burn, Quick-mix, Lean-burn or Rich-Quench-Lean
SDC: Samaria-doped Ceria
SC-SOFC: Single chamber solid oxide fuel cell
SOFC: Solid oxide fuel cell
Vm: Molar volume at standard conditions
V̇ : Methane flow rate at standard conditions
YSZ: Yttria stabilized zirconia
ε: FFC electrical efficiency
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