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Abstract  

A complete stand-alone product prototype providing combined cooking and power is fabricated by 

retrofitting a commercial camping stove with a stack of metal-supported solid oxide fuel cells (MS-

SOFCs) delivering power to microelectronic LED driver and voltage boost circuits. The 5-cell stack 

produces 2.7 W (156 mW cm-2) while cooking on the stove, and is demonstrated to produce LED lighting 

and mobile phone charging while operating outdoors. Cooking efficiency is minimally impacted by the 

presence of the MS-SOFCs. It is found that vertical orientation of the cells is critical to maintain 

separation of fuel and air when a pot is placed on the stove.  
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1. Introduction 

Solid oxide fuel cells (SOFCs) operate at elevated temperature, typically 600-900°C, and require 

electrochemically-active fuel such as H2 or CO to produce power. An extremely simple way to fulfill 

these requirements is to place the anode of the SOFC in contact with a flame, which provides the 

necessary heat and contains H2 and CO within the primary combustion zone. This “direct-flame” setup 

yields relatively low performance and very low fuel-to-power efficiency, but has been studied extensively 

in the literature due to the simplicity and appeal of the system; no costly balance of plant is required to 

produce power [1–29]. Direct-flame SOFCs have been operated with a variety of gaseous, liquid, and 

solid fuels, including methane [2], propane [6], butane [4], ethylene [5], ethanol [15], methanol [8], 

parrafin [4], and wood [4]. A wide variety of burner configurations have been implemented, including jet 

burner tube which provides a simple setup and stable flame [19], micro-jet flame [7], multi-element 

diffusion flame burner [16], and flat flame burner [28] which provides very uniform temperature and 

concentration distributions across the cell area. Applications including an integrated multi-cell 

microtubular stack [13,23], and a tri-generation system for power, heating, and cooling has been analyzed 

[27],  and deployment can be envisioned anywhere that flames are available, including industrial heating, 

residential water heating, and well-head gas flares. Low electrical efficiency is expected for such 

scenarios, as much of the fuel is combusted to produce heat, but the direct flame configuration can 

provide electricity where none is otherwise available.  

 

 

Metal-supported SOFCs (MS-SOFCs) are particularly well suited to direct-flame operation due to their 

tolerance to thermal cycling and anode re-oxidation, and provide additional benefits including low 

materials cost, mechanical ruggedness, and in some cases high power density [30–32]. The MS-SOFC 

architecture shown in Figure 1 is symmetric, with porous stainless steel supports and porous YSZ 

electrode layers bonded to both sides of the YSZ electrolyte. Nano-scale catalysts are introduced into both 

electrodes by infiltration, as described in recent work [33].  In preparation for the prototype demonstration 
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presented here, the performance of MS-SOFC in propane direct-flame configuration was systematically 

mapped over a wide range of flame operation parameters, including burner-to-cell gap height, 

equivalence ratio, and flow velocity, using a tubular burner as shown in Figure 1d [34]. High power, 633 

mW cm-2 at 833°C, was achieved under controlled and optimized conditions.  

 

An interesting application of the direct-flame configuration is portable personal power achieved by 

inserting SOFCs into the flame of an operating cooking stove. Simple proof-of-concept prototypes of this 

design have been fabricated previously. A small camping stove with isopropane-butane fuel was fitted 

with 10 small MS-SOFCs in series, mounted horizontally above the burner face, and providing power to a 

USB port with no power conditioning electronics; performance was not reported [35]. A butane camping 

stove was fitted with 3 small anode-supported cells (ASC) each 0.8 cm2, mounted horizontally above the 

burner face, and joined in series by silver paste and wires [20]. The stack was heated up in about 10 min, 

provided 0.24 W (0.1 W cm-2), and was used to power a small fan. Multiple thermal cycles were not 

reported, but it is expected that such small ASCs would survive if the heating and cooling rates are 

sufficiently slow. Here, we improve upon the earlier demonstrations by: fabricating a stack of larger MS-

SOFCs that provides an order of magnitude higher power; using low-cost materials to join the cells; 

designing the stack to be coupled with high-efficiency power electronics for LED lighting and mobile 

phone charging; and, overcoming challenges associated with producing power while simultaneously 

cooking.  
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Figure 1. MS-SOFC and flame setup. SEM image of (a,b) polished cross section of MS-SOFC structure 

after sintering and before catalyst infiltration, and (c) cathode pore after infiltration of LSM nanoparticles. 

Approximate layer thicknesses are: metal support 250 µm, porous electrode 20 µm, and electrolyte 10 

µm. (d) Picture of the anode side of the cell with flame impinging on the 1 cm2 active area in the center of 

the cell. Reproduced from References [33,34] with the permission of the publisher. 

 

2. Experimental Methods 

Details of the cell fabrication and catalyst infiltration procedures are discussed elsewhere [33]. MS-

SOFCs were fabricated from YSZ (8Y, Tosoh) and stainless steel (P434L alloy, water atomized, Ametek 

Specialty Metal Products) layers prepared by tape-casting. Individual tapes were laminated together to 

create the green cell structure. Cells were cut from the layered tape with a laser cutter (H-series, Full 

Spectrum Laser). Cells were debinded in air at 525ºC for 1 h, and then sintered in 2% hydrgen in argon at 

1350ºC for 2 hours in a tube furnace. After sintering, cells were infiltrated by techniques described 

previously [36,37] with La0.15Sr0.85MnO3-d (LSM) on the cathode side and Sm0.2Ce0.8O2-d (SDC) mixed 
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with Ni with a ceria:Ni volume ratio of 80:20 on the anode side. Each side was infiltrated 3 times to 

ensure appropriate catalyst loading. Vacuum was applied during each infiltration to assist evacuation of 

air and flooding of precursor into all pore space in the cell. Each cell was a rectangle with 3.4 cm2 active 

area. 

 

Complete cells were stacked in series by connecting the anode of one cell to the cathode of the adjacent 

cell using 430 stainless steel mesh spot-welded directly to the metal supports of the cells. Each stack 

comprised 5 cells. Wire current leads (430 stainless steel) were welded to the meshes of the first and last 

cells.  The stack was placed on the burner of a propane-fueled camping stove (Coleman). Stack 

performance was assessed with a potentiostat (Biologic SP-150 with 5A current booster).  

 

Commercial LED, LED driver, and voltage boost converter circuits were characterized using a light meter 

(held at 120 mm from the LED) (Extech LT40), multimeter (Fluke 115), clamp ammeter (Electronic 

Specialties ES-687), digital power supply (GW Instek GPR-1810HD), and digital electronic load (BK 

Precision 8540). LED driver and boost converter circuit efficiencies were calculated by dividing output 

power by the input power. The boost converter provided nominally 5 V at no load. Output current was 

assessed by connecting the output of the boost converter to a digital electronic load set at 4.8 V. 

3. Results and Discussion 

3.1 Cell, flame, and power conditioning electronics system design 

3.1.1 MS-SOFC performance in direct-flame configuration 

Our previous work determined MS-SOFC performance in propane direct-flame configuration using a 

controlled flame and cell position, with small active cell area to approximate homogeneous performance 

over the active area [34]. Power density above 150 mW cm-2 was obtained for a wide range of 

equivalence ratio, fuel flowrate, burner-to-cell gap distance, and cell orientation. Under optimal 

conditions, cell performance of 633 mW cm-2 was achieved as shown in Figure 2a. This range of power 

density sets expectations for, and informs the design of, the present stand-alone prototype system. It was 
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also demonstrated that the MS-SOFC can withstand extremely rapid start-up, in a few seconds as shown 

in Figure 2b, and multiple heating/cooling cycles did not affect cell performance. This suggests that 

controlling heating or cooling rate in the present system is not necessary, and the stove can simply be 

turned on and off as desired.  

 

Figure 2. Direct-flame operation under controlled laboratory conditions. (a) Optimal performance for a 

fresh MS-SOFC at 1.8 equivalence ratio and 300 cm s-1 flow velocity at 833°C. (b) Rapid startup: OCV 

(black), temperature (red), and current density at 0.45 V (blue) recorded upon placing the MS-SOFC into 

a flame operating at 1.7 equivalence ratio and 250 cm s-1 flow velocity.  Reproduced from Reference [34] 

with the permission of the publisher. 

 

 

3.1.2 Electronics characterization 

 

Figure 3. Prototype system electrical schematic. Alligator clips connecting the copper wiring of the 

electronics to the stainless steel wiring of the MS-SOFC stack are not shown.  
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The performance of the MS-SOFC is expected to be sensitive to fuel flowrate, air-to-fuel equivalence 

ratio, temperature, and flame position on the cell, all of which may change rapidly due to wind, cookware 

placement, and heating power set by the user. To prevent flickering of the LED or rapid transients in USB 

voltage that would interfere with mobile phone charging, power conditioning electronics were deemed 

necessary to provide a satisfying user experience under real outdoor cooking conditions. Furthemore, a 

voltage boost component allows for a stack with fewer cells. A schematic of the system is illustrated in 

Figure 3. The electronics were characterized over a range of electrical inputs to determine their operating 

curves, and inform the design of the MS-SOFC stack, as there is significant flexibility in choosing the 

size of the cells (current) and total number of cells (voltage).  

 

The white LED behavior is shown in Figure 4a. The light output of the LED varies approximately linearly 

with current driven through the diode. The LED forward voltage (Vf) is roughly independent of current, 

varying from 2.6 to 2.8 V. In practice, LEDs are powered by an LED driver circuit, that take power from 

a power source and convert it to the correct voltage for the LED thus providing more uniform light and 

protecting the LED from high voltages. Using a driver circuit, a wider range of input voltage is 

acceptable. As shown in Figure 4b, the driver can turn on the LED for voltage as low as 0.9 V, and 3.5V 

is tolerated without damaging the LED. The driver operates at moderate electrical efficiency; around 60% 

of the input energy is transferred to the LED and is available for lighting. For context, reading with an 

LED close to the page requires about 200 lux, rich colors are visible at 1000 lux, and a large area such as 

a picnic table or small hut can be lit comfortably at 3500 lux. These scenarios correspond to power 

consumption of the combined LED and driver in the range 75 to 1200 mW. This is lower than the range 

of power expected for charging a mobile phone (1 to 5 W) so a fuel cell stack sized for phone charging 

will easily provide enough power for bright, satisfying light.  
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Figure 4. Operating curves of electronic components. (a) LED, (b) LED driver and LED, and (c) 5 V-

output voltage boost converter. Forward voltage (black triangles), light intensity (open green squares), 

power consumption (magenta diamonds), efficiency (closed red circles), input current (closed blue 

squares), output current (open grey circles).  

 

The USB standard for charging mobile devices is 5 V. That voltage can be provided by a voltage boost 

converter that accepts input power over a wide range of input voltages as shown in Figure 4c. When the 

output of the boost converter is connected to a lithium battery at lower than 5 V (typcally 4.2 to 4.8 V), 

current flows. As an example, a Samsung Galaxy III smartphone draws a maximum of 1 A, and will also 

accept charging at lower currents if high power is not available. The boost converter is capable of 

supplying 1 A at efficiency greater than 75% for input voltage above 2.25 V. A minimum input voltage of 

2 V is required for the boost converter to function.  

 

3.1.3 MS-SOFC stack design 

Based on the results in Section 3.1.2 above, a nominal MS-SOFC stack design was determined. Mobile 

phone charging requires more power than LED lighting, so the stack is sized according to the boost 

converter performance (Fig 4c). For typical SOFC applications such as grid power, fuel efficiency is 

critical and cells are operated well below their peak power. In contrast, fuel efficiency of the MS-SOFC is 

not a concern for this application, as the vast majority of fuel energy is used productively for cooking. It 
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is desirable, however, to minimize required area and therefore cost of the cells, so it is optimal to operate 

at peak power. For direct-flame MS-SOFCs, peak power is achieved at approximately 0.5 V (Fig 2a). For 

efficient phone charging, 2.5 V is a reasonable minimum input voltage (Fig 4c), and this is compatible 

with the LED driver as well (Fig 4b). Therefore, a stack of 5 MS-SOFCs in series, delivering 2.5 V (0.5 V 

each) was chosen. At 2.5 V, the boost converter requires 2.36 A input current to deliver approximately 1A 

for smartphone charging. Assuming a peak power of 350 mW cm-2 for the MS-SOFC in the non-

optimized conditions of the cooking stove (about 55% the power achieved in the optimized conditions of 

Fig 2a), the cells will provide 700 mA cm-2 at 0.5 V, and the desired 2.36 A input to the boost converter 

requires 3.4 cm2 of active area per cell. In summary, a series connection of five 3.4 cm2 cells was chosen 

as the nominal stack design, and implemented in the fabrication of the product prototype. Compared to a 

stack of more, smaller cells this stack design has a disadvantage of producing lower output voltage and 

requiring a voltage boost converter. Even a stack producing around 5 V would still require a voltage 

regulator circuit to provide continuous voltage to the phone battery. Furthermore, each cell has some 

inactive area where the cell-to-cell connections are made. For larger cells, this inactive area is a smaller 

portion of the total cell area. Also from a manufacturing and assembly standpoint, it is expected that a 

stack consisting of fewer larger cells is less costly to assemble than a stack of a greater number of smaller 

cells. Non-uniform temperature does affect the performance as discussed below in Section 3.2; it would 

be ideal if the whole cell was operating at the optimal temperature. In this application however, the user 

may be adjusting flame height during a cooking session, so having a large cell that has some area directly 

in the flame during “low” or “high” cooking is desirable. 

 

3.2 System performance 
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A 5-cell stack was mounted on the camping stove, with the cells placed horizontally above the hottest part 

of the flame, and distributed in a ring around the circumference of the circular burner. Baseline 

performance was first established using a potentiostat, without the electronics connected to the stack. The 

performance is shown in Figure 5. Low and high flame settings both produced OCV of 4.1 V (average of 

0.82 V per cell) and moderate mass transport limitation at higher current density, consistent with the 

single-cell result in optimized conditions (Fig 2a). Note that SOFCs operating with pure hydrogen vs. air 

display OCV near 1.1 V; the lower OCV for direct-flame configuration is a consequence of the relatively  

 

Figure 5. System demonstration with horizontal cells. (a) Image of MS-SOFC stack on burner. (b) Stack 

performance at high (red square) and low (blue triangle) camp stove flame settings. Large data points 

indicate the stack operation point when the LED (circles) or phone charging (diamonds) circuits were 

connected to the MS-SOFC stack. A Samsung Galaxy III was the smartphone being charged. 

 

lower concentration of electrochemically-active fuel species (H2 and CO) and higher oxygen partial 

pressure (CO2, H2O) present in the flame [6,38]. The equivalence ratio of the camping stove is expected 

to be greater than 1 (the stoichiometric limit for sufficient air mixed with the fuel as opposed to the actual 

case in which additional air diffuses to the visible secondary flame cone), and less than 2 (above which 
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yellow tipped flame and soot deposition on cookware begins to be observed). In this range, previous 

thermodynamic calculations and experimental gas species analysis indicate approximate CO mole 

fraction of 0.05 to 0.2 and H2 mole fraction of 0.05 to 0.12 in the inner flame cone are typical, the balance 

being primarily H2O and CO2 [6,39]. Performance improves with higher flame setting, likely as a result of 

both higher cell temperature and higher fuel flow rate. At the high flame setting, peak power density is 

124 mW cm-2, corresponding to a total stack power of 2.1 W. The power density is significantly below 

that obtained for single cells under optimized conditions, and below that assumed for the nominal stack 

design of Section 3.1.3. Improvement of the total power can be expected after optimizing placement of 

the cells with respect to the flames and tailoring the cell shape to better match the circular burner. In 

particular, the temperature and distance of the cell to the burner is highly non-uniform across each cell, as 

seen in Figure 5a. Cold spots are visible as dark areas of the cells, and the inside edge of each cell is 

almost touching the burner whereas the outside edge is almost 2 cm from the inner flame cone. The 

concentration of all electrochemically-active species varies spatially within the flame, so optimal 

placement of the cell within the flame can be important for maximizing performance. Despite the 

relatively low power density, the total stack power is sufficient to produce bright LED lighting and charge 

a phone. Figure 5 shows the stack operating points when either phone charging or LED lighting circuits 

are connected to the stack. The LED produced 4500 to 7000 lux, which is more than bright enough to 

illuminate a campsite comfortably for reading, cooking, or conversation. The phone received 0.26A 

charging current, which is high enough for a feature phone, but lower than desirable for a smartphone 

with a large battery. Note that the stack operation during phone charging occurs at significantly lower 

current density than the maximum power point. This suggests further effort to match the stack 

polarization curve and the phone charging circuitry would result in higher power available to the phone, 

for example by optimizing the number and size of the MS-SOFC cells.  
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Figure 6. System demonstration with vertical cells. (a) Image of MS-SOFC stack surrounding burner. (b) 

Stack performance with (red squares) and without (blue triangles) a water-filled pot on the stove. 

 

When a cooking pot with water was placed on top of the camping stove, the OCV of the stack fell 

immediately to near 0 V and power could not be generated. It appeared that the pot was preventing fresh 

air from contacting the cathodes, and as a result partially or completely combusted fuel was present on 

both sides of the cell. Of course, it is desirable to be able to produce power and cook simultaneously. This 

issue was solved by redesigning the MS-SOFC stack so that the cells were mounted vertically, creating a 

wall between the flame and surrounding air (see Figure 6a). With this improvement, the cathode was 

continuously exposed to fresh air and similar polarization behavior was obtained in both the presence and 

absence of a pot on the stove. This stack design also produced somewhat higher total power than the 

horizontal design: 2.4 W with no pot, and 2.7 W with a pot (Fig 6b). It is thought that the pot helps retain 

the hot combustion gases, and the stack is hotter and therefore produces more power with the pot in place. 

With the pot in place, the stack delivered 0.79 A at 2.6 V to the LED driver circuit, producing 6500 lux 

lighting, and 0.85 A at 1.9 V to the phone charging circuit. The impact of inserting the MS-SOFC stack in 

the flame on cooking efficiency was determined by heating water from room temperature to 95°C in the 
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pot, with and without the fuel cells in place. Propane consumption was monitored by weighing the stove 

before and after heating the water. With the MS-SOFC stack in place the water heating rate was 4.4 °C g-

propane-1, 94% of the baseline heating rate without fuel cells (4.7 °C g-propane-1). This seems a small 

decrease in cooking efficiency when considered with respect to the additional functionality the MS-SOFC 

stack provides. The final prototype design with vertical cells is shown in stand-alone operation outdoors, 

providing LED lighting and mobile phone charging, in Figure 7.  

 

Figure 7. Complete stand-alone prototype system operating outdoors at night.  

 

Durability of the MS-SOFC stack was demonstrated for 9 hours while boiling water in a pot to represent 

camping cooking. Figure 8 shows the current generated while operating the stack potentiostatically at 2.5 

V. Every time the water was almost boiled away, the pot was removed, filled with water, and placed back 

on the stove. When the pot was removed the stack performance declined a small amount, consistent with 

Fig 6. The stack survived 5 thermal cycles between room temperature and cooking temperature, when the 

flame was shut off to change to a new propane tank or between cooking sessions. The 465 g propane 

tanks lasted approximately 4 h, and the stack current varied somewhat over the lifetime of the tank, 

presumably due to variations in propane pressure or temperature; as the propane level dropped in the tank, 
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the tank cooled leading to condensation and frost on the outside of the tank. Rapid fluctuations in the 

current were also observed, and are thought to arise from unsteady air circulation around the stove. Note 

that the propane flow was controlled by the low-cost built-in stove valve, which is not expected to provide 

precise control; this may explain some of the variation in performance over the testing period. Regardless 

of these testing limitations, the MS-SOFC stack and camping stove prototype successfully produced 

power while cooking for over 9 h, without significant degradation.   

 

 

Figure 8. Initial durability while boiling water. Potentiostatic operation of MS-SOFC at 2.5 V (black line). 

Points indicate times at which the water was almost completely evaporated and the pot was refilled with 

water (blue diamonds), the system was shut off and cooled to room temperature (green squares), or the 

propane tank was empty and replaced (red circles). 

 

4. Summary 

A complete stand-alone product prototype providing combined cooking and power was fabricated by 

retrofitting a commercial camping stove with a stack of MS-SOFCs. Power conditioning electronics were 

chosen for LED lighting and mobile phone charging, and the MS-SOFC stack was designed to provide 

suitable current and voltage to operate these electronics. The stack produced 2.7 W while cooking on the 
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stove, and was successfully demonstrated outdoors in lighting and phone charging modes. It was found 

that vertical orientation of the cells is critical to maintain separation of fuel and air when a pot is placed 

on the stove. Further improvements to the prototype system to increase power could include: optimizing 

distance between the burner and cells, matching the shape of the cells to the flame pattern, optimizing the 

number and size of the cells, insulating the cells to increase temperature and improve temperature 

uniformity, and redesigning the stove to better match the requirements of the MS-SOFC stack, for 

example by adjusting the air-fuel mixing ratio or flame pattern. Durability of the stack was demonstrated 

by operating for 9 h while boiling water. 
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Figure Captions 

Figure 1. MS-SOFC and flame setup. SEM image of (a,b) polished cross section of MS-SOFC structure 

after sintering and before catalyst infiltration, and (c) cathode pore after infiltration of LSM nanoparticles. 

Approximate layer thicknesses are: metal support 250 µm, porous electrode 20 µm, and electrolyte 10 

µm. (d) Picture of the anode side of the cell with flame impinging on the 1 cm2 active area in the center of 

the cell. Reproduced from References [33,34] with the permission of the publisher. 

 

Figure 2. Direct-flame operation under controlled laboratory conditions. (a) Optimal performance for a 

fresh MS-SOFC at 1.8 equivalence ratio and 300 cm s-1 flow velocity at 833°C. (b) Rapid startup: OCV 

(black), temperature (red), and current density at 0.45 V (blue) recorded upon placing the MS-SOFC into 
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a flame operating at 1.7 equivalence ratio and 250 cm s-1 flow velocity.  Reproduced from Reference [34] 

with the permission of the publisher. 

 

Figure 3. Prototype system electrical schematic. Alligator clips connecting the copper wiring of the 

electronics to the stainless steel wiring of the MS-SOFC stack are not shown.  

 

Figure 4. Operating curves of electronic components. (a) LED, (b) LED driver and LED, and (c) 5 V-

output voltage boost converter. Forward voltage (black triangles), light intensity (open green squares), 

power consumption (magenta diamonds), efficiency (closed red circles), input current (closed blue 

squares), output current (open grey circles).  

 

Figure 5. System demonstration with horizontal cells. (a) Image of MS-SOFC stack on burner. (b) Stack 

performance at high (red square) and low (blue triangle) camp stove flame settings. Large data points 

indicate the stack operation point when the LED (circles) or phone charging (diamonds) circuits were 

connected to the MS-SOFC stack. A Samsung Galaxy III was the smartphone being charged.  

 

Figure 6. System demonstration with vertical cells. (a) Image of MS-SOFC stack surrounding burner. (b) 

Stack performance with (red squares) and without (blue triangles) a water-filled pot on the stove.  

 

Figure 7. Complete stand-alone prototype system operating outdoors at night.  

 

Figure 8. Initial durability while boiling water. Potentiostatic operation of MS-SOFC at 2.5 V (black line). 

Points indicate times at which the water was almost completely evaporated and the pot was refilled with 

water (blue diamonds), the system was shut off and cooled to room temperature (green squares), or the 

propane tank was empty and replaced (red circles). 




