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Abstract The inﬂuences of various operating conditions including cathode inlet air ﬂow rate, electrolyte temperature and fuel particles size on the
performance of the direct carbon fuel cell DCFC were presented and discussed in this paper. The experimental results indicated that the cell performance was enhanced with increases of the cathode inlet gas ﬂow rate and cell
temperature. Binary alkali hydroxide mixture (NaOH-LiOH, 90–10 mol%)
was used as electrolyte and the biochar of apple tree origin carbonized at
873 K was used as fuel. Low melting temperature of the electrolyte and its
good ionic conductivity enabled to operate the DCFC at medium temperatures of 723–773 K. The highest current density (601 A m−2 ) was obtained
for temperature 773 K and air ﬂow rate 8.3 × 106 m3 s−1 . It was shown that
too low or too high air ﬂow rates negatively aﬀect the cell performance. The
results also indicated that the operation of the DCFC could be improved
by proper selection of the fuel particle size.
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1

Introduction

The direct carbon fuel cell (DCFC) is a power generation device converting
the chemical energy of carbon directly into electricity by electrochemical
oxidation of the fuel [1]. The basic structure of a direct carbon fuel cell
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is identical to any of the other fuel cells. Each cell consists of a cathode
and anode separated by electronically insulating but ionically conducting
electrolyte. The only diﬀerence is that the anode chamber is supplied with
a solid carbonaceous fuel (e.g., hard coals, biomass-derived biochars, active
carbons, carbon black, graphite, coke, etc.) that is oxidized directly at the
electrode surface. The DCFC technology is relatively simple compared to
other fuel cell technologies and requires no expensive preparation of any
gaseous fuel, as well as accepts all carbonaceous substances, as potential fuels. The theoretical maximum eﬃciency of carbon conversion in the DCFC
is 100% [1] but practical eﬃciencies have been demonstrated at roughly
80% [2].
So far, three diﬀerent electrolyte concepts have been proposed for the
DCFC technology: molten hydroxide, molten carbonate or solid oxygen ion
conducting ceramic [3]. The direct carbon fuel cell with molten hydroxide
electrolyte is considered as to be the most promising type of DCFCs, due to
its advantages [4], such as high ionic conductivity and high electrochemical
activity of the carbon. Accordingly, the DCFC may be operated at lower
temperatures (roughly 673–873 K) and thus cheaper materials may be used
to manufacture the cell. Despite those advantages, the technology is still
at an early stage of development and requires further research focused on
investigation of the reaction kinetics, fuel delivery, materials degradation
and optimal operation parameters, before this technology will come to the
phase of commercialization.
This paper, presents in detail the various operating conditions (electrolyte temperature, cathode air ﬂow rate, fuel particles size) on the performance of DCFC with molten hydroxide electrolyte.

2
2.1

Experimental study of direct carbon fuel cell
Electrolyte and fuel

The binary eutectic mixture (90–10 mol%) of alkaline earth metal hydroxides NaOH and LiOH (supplied by POCH corp.) was selected for the investigations. The fuel used for the investigation was biochar derived from the
carbonization of apple tree chips (particle size < 0.5 × 10−3 m) at 873 K for
30 min. Biochar was analyzed according to Polish standards with respect to
their ultimate and proximate analysis. The ultimate analysis was conducted
with the use of Leco TruSpec CHNS analyzer [5,6], while automatic isoperibol calorimeter (IKA C2000 Basic [7]) was used to determine the higher
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heating values (HHV) of all the samples. Mercury intrusion porosimeter
(Poremaster 33, Quantachrome [8]) was used to determine the total surface
areas and pore volumes of the samples, as well as to investigate the pore
size distributions. The results of the analyses are summarized in Tab. 1.
Table 1. Main parameters of the fuels tested (all values are given for a ‘dry’ state).

Fuel
Ultimate analysis [wt%] Ash
sample
[wt%]
C H N S Odif f
Biochar 80.3 2.8 1.9 0.00 4.30

2.2

10.7

Volatile Higher
matter heating
[wt%] value −1
[MJ kg ]
16.8
29.55

Surface Pore
area
volume
[m2 kg−1 ] [m3 kg−1 ]
6650

0.25 × 10−3

DCFC test setup

The experiments were conducted in a laboratory-scale DCFC test cell shown
schematically in Fig. 1.
The cell was manufactured from nickel and nickel alloys. The anode
and cathode chambers were separated in order to prevent any mixing at the
gases (CO2 above the anode and excess air above the cathode). The main
cell was manufactured from Nickel 201. The anode was also made from
Nickel 201, while the cathode was Ni-based Inconel alloy 600. The details
of conﬁguration and the operating mechanism of DCFC cell was described
elsewhere [9,10].

2.3

Fuel cell performance test methodology

The experiments described in the present paper were conducted in a laboratory-scale facility shown in Fig. 2. The electrolyte temperature was determined by a K-type thermocouple (NiCr-NiAl) and was maintained at the
desired value by an electronic temperature controller. The data acquisition
module Advantech USB-4711A [11] was used for the measurement of the cell
voltage and the decrease of the voltage on an external resistor. In order to
determine the cell current and power at various loads an external resistance
setup MDR-93/2-52 [12] was used and connected to the cell circuit thus
providing the possibility to adjust the electrical resistance of the external
circuit (in range 0.1–10.000 Ω). The Tektronix DMM 4040 digital multimeter [13] was used to measure the open circuit voltage of the fuel cell. The
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Figure 1. The outline of the experimental DCFC setup.

Figure 2. The picture of the laboratory-scale testing facility for DCFC.

acquisition module and multimeter were connected to a personal computer
(PC) where the data was displayed and stored. The amount of air fed into
the cell was controlled by a thermal mass ﬂow controller (Brooks 4850) [14]
witch local operator interface (LOI) to view, control and conﬁgure the control device. It was possible to adjust the gas ﬂow rate from 1.7×10−6 m3 s−1
to 33.3 × 10−6 m3 s−1 . In order to attenuate short-term surge suppression
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and eliminate the eﬀects of power grid interferences on the recorded data,
the emergency standby backup power device PowerCom UPS BNT-1500AP
with the noise ﬁlter EMI/RFI [15], was also used during the experiments.
At the beginning of each test eutectic mixture of NaOH (90 mol%) with
LiOH (10 mol%) was prepared and then heated up to the desired temperature. After the temperature level of 723 K was reached and the electrolyte
was completely molten, both the cathode and the anode were slowly immersed into the electrolyte and the cell data (current intensity, voltage,
temperature, etc.) were recorded. After each test was ﬁnished the heating
was turned oﬀ and the cell was ‘shutdown’. The setup was then cooled
down to room temperature and then all its parts were placed in special
plastic container ﬁlled with roughly 0.025 m3 of deionized water. All the
elements were kept there for three hours in order to get the solidiﬁed electrolyte removed. A mechanical stirrer was used to improve the dissolution
of the electrolyte. The water-electrolyte mixture was then removed and
a new portion of 0.025 m3 of deionized water was put into the container.
The whole procedure was then repeated. Afterwards, the cell elements were
removed from the container, cleaned with a soft sponge, and ﬁnally again
rinsed with deionized water. All the elements were then dried for 3 h in
a drier.

3
3.1

Results and discussion
The eﬀect of electrolyte temperature

Figure 3 shows curves of cell potential and output power density versus
current density at diﬀerent temperatures of the electrolyte. The air ﬂow
rate in this study was maintained at 8.3 × 10−6 m3 s−1 . The main electrical parameters obtained from the study are summarized in Tab. 2. The
results indicate that the increase of the temperature brings about increases
of the electrical parameters of the cell. The current and power densities
achieved at temperature of 773 K were twice as high as the results obtained
at 673 K. One of the reasons that the fuel cell generated higher power
density and current was probably the improved conductivity of electrolyte,
in addition to the increased reaction rate. The increased temperature not
only improves the performance of the cell, but also has an impact on the
corrosion processes that may lead to the subsequent shutdown of fuel cell.
Only long-term corrosion tests of cell operating at higher temperatures can
determine the impact of increased temperature on the created oxide layers
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that determine reliable and continuous operation of the fuel cell.

Figure 3. Cell voltage vs. current density (A) and power density vs. current density
(B) curves for diﬀerent electrolyte temperatures (fuel: biochar, air ﬂow rate:
8.3 × 10−6 m3 s−1 , particle size: 0.18 × 10−3 – 0.25 × 10−3 m).

Table 2. Summary of the operational parameters for the operation of the DCFC (various
electrolyte temperatures, air ﬂow rate: 8.3 × 10−6 m3 s−1 , fuel: biochar, particle
size: 0.18 × 10−3 – 0.25 × 10−3 m).
Electrolyte

3.2

Electromotive

Max. power density
W

m−2 ]

Current density
at 0.5 V [A m−2 ]

temperature [K]

force [V]

673

0.9985± 0.0003

179

333

723

1.0008± 0.0005

224

446

773

1.0402± 0.0008

318

601

The eﬀect of air ﬂow rate

The polarization and power characteristics of the cell operated with various cathode inlet air ﬂow rates are shown in Fig. 4. The main operation
parameters of the fuel cell are summarized in Tab. 3. Both data indicate
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that both too small and too large air ﬂow rates to the cathode chamber
of fuel cell had a negative inﬂuence on DCFC electrical parameters. For
air ﬂow rate of 0.5 × 10−6 m3 s−1 the fuel cell achieved the lowest current
density, while for the 8.3 × 10−6 m3 s−1 the best results were achieved for
both current and power density. Characteristic curves are similar to those
obtained by Hackett [16], who observed that increasing the amount of supply air results in a decrease in current and power densities. Analysis of the
shapes of characteristic curves shows that the low value of the air ﬂow rate
aﬀects the deterioration of the cell performance. This may be related to insuﬃcient amount of substrate (O2 ) in the reduction reaction which occurs
on the cathode surface. The higher reaction rate, related to higher current
generated by fuel cell results in increased demand for the oxygen which is
contained in the air fed to the cathode. On the other hand, too high a value
of air ﬂow (13.3 × 10−6 m3 s−1 ) makes a lot of gas bubbles, which are formed
at the surface of the electrode, limited the reaction surface area and thus
the fuel cell achieves worse electrical parameters. The results of the research
indicate that fuel cell operates best for average values of air ﬂow rates —
from 3.3 × 10−6 to 8.3 × 10−6 m3 s−1 . Most preferred amount of air supplied
to the tested model was 8.3 × 10−6 m3 s−1 .

Figure 4. Cell voltage vs. current density (A) and power density vs. current density
(B) curves for diﬀerent cathode inlet air ﬂow rates (fuel: biochar, particle size:
0.18 × 10−3 – 0.25 × 10−3 m, electrolyte temperature: 723 K).
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Table 3. Summary of the operational parameters for the operation of the DCFC (various
air ﬂow rates, electrolyte temperature: 723 K, particle size: 0.18 × 10−3 –
0.25 × 10−3 m, fuel: biochar).
Air flow rate

Electromotive

Max. power density

Current density

[m3 s−1 ]

force [V]

[W m−2 ]

at 0.5 V [A m−2 ]

0.5 × 10−6

1.0830± 0.0011

164

309

3.3 × 10−6

1.0541± 0.0029

212

407

10−6

1.0008± 0.0005

224

446

13.3 × 10−6

1.0087± 0.0004

140

279

8.3 ×

3.3

The eﬀect of fuel particles size

In Fig. 5 the characteristics of the DCFC operated with various fuel particles size are shown while the main electrical parameters are summarized
in Tab. 4. These results indicate that the size of biochar particles directly

Figure 5. Cell voltage vs. current density (A) and power density vs. current density
(B) curves for diﬀerent fuel particles size (fuel: biochar, air ﬂow rate: 8.3 ×
10−6 m3 s−1 , electrolyte temperature: 723 K).

aﬀects the value of the electromotive force. Generally, the larger the fuel
particle size the lower the cell voltage. The worst results were obtained
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for biochar with particle size range of 1 × 10−3 – 1.4 × 10−3 m, while the
highest density was obtained for fuel particle size range of 0.425 × 10−3 –
0.5×10−3 m. Better performance of fuel cell feeded by a fuel with a medium
particle size (0.425 × 10−3 – 0.5 × 10−3 m) compared to the performance of
cell which was fed by a fuel with a smaller particle size (0.18 × 10−3 –
0.25 × 10−3 m) may suggest that larger spaces between the biochar grains
positively aﬀect the cell operation. However, the results of the analysis of
the voltage-current characteristics indicate that the principle has failed for
larger fuel particles. Therefore it can be concluded that apart from a larger
intergranular space available for electrolyte the contact surface between fuel
grains and anode current collector is also important, as observed in the case
of biochar with particle sizes of 0.425 × 10−3 – 0.5 × 10−3 m.
Table 4. Summary of the operational parameters for the operation of the DCFC (various
particles size, air ﬂow rate: 8.3 × 10−6 m3 s−1 , electrolyte temperature: 723 K,
fuel: biochar).
Particle size

Electromotive

[m]

force [V]

0.18 × 10−3 – 0.25 × 10−3
0.425 ×

10−3

– 0.5 ×

10−3

1 × 10−3 – 1.4 × 10−3

4

Max. power density
[W

m−2 ]

Current density
at 0.5 V [A m−2 ]

1.0008± 0.0005

224

446

0.9292± 0.0039

256

503

0.8245± 0.0043

228

389

Conclusions

On the basis of the analysis of the information discussed in the present
paper the following major conclusions may be formulated:
1. The increase of the electrolyte temperature brings about increase of
the current and power densities — the power and current densities
obtained at 773 K were twice as high as those at 673 K.
2. Both too small and too large air ﬂow rates negatively aﬀect the cell
performance. The best cell performance was achieved for the air ﬂow
rate of 8.3 × 10−6 m3 s−1 .
3. The size of biochar particles aﬀects the cell voltage. Generally, the
larger the particle size the lower output voltage. The best results were
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obtained for biochar particle sizes of 0.18 × 10−3 – 0.25 × 10−3 m, and
0.425 × 10−3 – 0.5 × 10−3 m, while the worst results were determined
for biochars of roughly 1 × 10−3 – 1.4 × 10−3 m.
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