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Molten carbonate fuel cells (MCFCs) are regarded as the closest fuel cell to commerciali-
zation due to their high capacity and energy efficiency. However, they are operated at a
high temperature (620 °C or higher), where liquid electrolyte loss occurs during operation;
hence, their lifetime is limited. For the long-term operation of MCFCs, it is essential to
develop a novel method to replenish the electrolyte during operation. However, it is very
difficult to directly inject the electrolyte, (Lio2Ko0.35)2CO3, into each unit cell of the stack
unless it is supplemented through liquid or gas phase at low temperature. It was verified
whether Lil and KI, which have low melting points and high vapor pressures, could
replenish the lost electrolyte in MCFCs. In this study, the Lil and KI injected into the unit
cell in liquid phase showed a similar tendency to the Li/K carbonate electrolyte. This is
because Lil and KI react with the CO,/O, gases supplied to the cathode during MCFC
operation to form Li/K carbonate electrolytes.

© 2019 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

Molten carbonate fuel cells (MCFCs) are an interesting type of
high-temperature fuel cells [1-6] due to the use of liquid
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carbonate as the electrolyte. Unlike other types of fuel cells,
MCFCs can utilize not only hydrogen but also natural gas,
syngas, and liquid propane gas (LPG) as fuel. The cells could
be particularly useful as decentralized power generators or
emergency power generators since power can easily be
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supplied from the units using existing liquid natural gas
(LNG) pipelines. Because of such advantages [7—10], MCFCs
currently produce more than 300 MW of electricity world-
wide, however, a lifetime of these systems can be affected by
several drawbacks [11—-13] as the loss of electrolytes or other
elements during long-term operation [14—17]. There are two
major mechanisms that lead to this loss as reported in Fig. 1.
First, the mechanism involves with the loss from the lith-
iation of the NiO electrode during pre-treatment and corro-
sion of the metal-based cell frame wet seal area [18—21], and
the second, depletion occurs through the volatilization of the
electrolyte as hydroxide forms in the anode atmosphere
[22,23].

In degradation phase 1, both the polarization resistance of
the electrode and ohmic resistance increase due to the con-
sumption of the electrolyte at the electrodes, and then the
performance is gradually reduced. If the electrolyte is
continuously volatilized during long-term operation, espe-
cially at the matrix, a drastic decrease in performance occurs
as in degradation phase 2.

The electrolyte loss from MCFCs causes an adverse effect
on the long-term operation due to the changes in electro-
lytic motility and the physical properties. For instance, the
main effect of loss of electrolyte is a decrease in ionic con-
ductivity due to a scarcity of charge-carrying medium
[25,26]. Deficiency of electrolyte, therefore, roots a gradual
decrease in cell voltage during operation, which almost
exclusively occurs through the increase of internal resis-
tance (IR).

Another effect of electrolyte loss is the formation of cata-
strophic cracks in the matrix, with an additional reduction of
cell performances. In fact, electrolyte loss can lead to micro-
fractures in the matrices; such hot spots, in turn, can lead to
imperfections in the sealing of the fuel gas and oxidant gas,
causing further corrosions and finally cracking the unit cell. In
order to improve the long-term operation of MCFCs two
strategies are proposed in the literature: employing additional
electrolytes to compensate the loss [22] or inserting a eutectic

Fig. 1 — The mechanism by which MCFCs degrade and the
qualitative effects of electrolyte replenishment to a cell
[14,24].

composition of the electrolyte as powders during operation
[14,24]. In previous studies, lab scale unit cells were operated
up to 40,000 h through replenishing electrolyte or pre-
overloaded electrolyte precursor.

These approaches achieved good results in the case of a
single cell test but their application cannot be practically
applied on a large scale MCFC stack system. In fact, it is very
difficult to directly inject (Lip2Ko.38)2CO3 having a eutectic
point of higher than 500 °C into the stack, so that in order to
improve the workability of the electrolyte replenishment, it
is preferable to use an electrolyte precursor with a low
melting point of below 300 °C. In this paper, various elec-
trolyte precursor (EP) have been investigated as candidates
for direct injection in MCFC systems. The electrolyte pre-
cursors were suitable to react with CO,/O, to produce
(Lio.62Ko.38)2CO3 due to their low melting point and high vapor
pressure. As a result, the noticeable improvement in per-
formance longevity was observed by the EP replenishment,
with the solid experimental evidence in cell voltage and po-
resistance comparable to the standard
(Lio_ggKo_gg)zCOg electrolyte.

larization

Experimental
Electrolyte precursor (EP) selection

Suitable EPs were investigated using “STANJAN equilibrium
solver” [27], the thermodynamic equilibrium calculation pro-
gram. STANJAN calculates the chemical equilibrium state of
products by minimizing the Gibbs free energy as a parameter
of pressure and temperature, using a Lagrange multiplier. The
required thermodynamic data were obtained from the JANAF
table (https://janaf.nist.gov/). The reactivity of EP with carbon
dioxide and oxygen was confirmed by thermogravimetric
differential thermal analysis (TG/DTA) analysis (Q600, TA In-
strument, US).

Cell set up

The unit cell, with a planar circle area of 6.606 cm? was
fabricated using standard NiO cathode, standard Ni anode,
and y-LiAlO, matrix. All components were produced by TWIN
energy Co. Korea. The electrolyte green sheet (MTFC Co.,
Korea) consisted of a mixture of lithium carbonate (JUNSEI
Co., Japan) and potassium carbonate (DAEJUNG Co., Korea) in
the composition of (Lio 70Ko0.30)2CO3. The unit cell designed for
electrolyte replacement is shown in Fig. 2. A tube for supply-
ing the electrolyte and EP to the unit cell during operation is
added to the cell frame of the air electrode in order to mitigate
the effects of electrolyte loss in the cell. The unit cells were
operated at 650 °C and the gas utilization was 0.1 to accelerate
an electrolyte depletion under harsh conditions [14,24]. The
performance and impedance analysis were carried out using a
Solartron 1260 with a frequency analyzer 1287 (frequency
range: 10 kHz to 0.01 Hz). While in an open-circuit voltage
(OCV) state, there is no nitrogen in the anode exhaust gas, so
the amount of nitrogen cross-over (N, Cross-over) from the
cathode was measured using gas chromatography (GC) (Agi-
lent Technologies Co., USA).
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Fig. 2 — Schematic diagram of unit cells with injection tubes for a solid phase (a) electrolyte and (b) electrolyte precursor (EP).

Electrolyte addition

The electrolyte consisting of 62 mol% of lithium carbonate
(Li,CO3) and 38 mol% of potassium carbonate (K,CO;) was
initially melted at 650 °C and coagulated during cooling in a
CO, atmosphere. The lithium potassium iodide compound
was prepared by melting 62 mol% Lil and 38 mol% KI at 650 °C
and coagulated in a reducing atmosphere. The melting points
of coagulated (Lio.62Ko0.38)2CO3) and (Lip 62Ko.38)] were measured
by TG-DTA and were 497 °C and 298 °C, respectively.

Either coagulated electrolyte ((Lio.2Ko.38)2CO3) or coagu-
lated EP ((Lip 62Ko0.38)]) were injected at room temperature as a
solid phase into a unit cell, which was specially designed as
shown in Fig. 2. The injected (Ljo.62Ko.38)2CO5 electrolyte pow-
ders were melted at the operating temperature of 650 °C and
then the melts were penetrated directly into the electrode. On
the other hand, in case of using the coagulated EP ((Lio ¢2Ko.38)
I), the injected EP (melting point: 298 °C) powders were
immediately melted at 650 °C and then CO,/O, gases were
flowed to the air electrode to induce conversion of the EP into
(Lio.62Ko.38)2CO3 electrolyte.

Results and discussions

Thermodynamic results for electrolyte precursors in the air
electrode atmosphere of an MCFC

According to the literature [28], a suitable EP has a low
melting point and high vapor pressure and it can be
transformed into the electrolyte in the air electrode atmo-
sphere of an MCFC. Substances that satisfy these conditions
include Li,O and LiOH, and their hydrates, Li;Sb,, LisBi,
Li,SO4, LiOC,Hs, LiIOCHj, Lil, LiBr, LiCl, LiF, Li3N, L;j>C,, LINH,,
LiMoOy, LiSn, LiAlH,, LiPb, LiHg, and LiTi in lithium series.
From the potassium series instead, K,O, KOH and its hy-
drates, KBr, KCl, KF, K5N, KNH,, and K,SO, were investi-
gated. Of these candidates, Lil and KI were selected due to
their properties and low costs. By using STANJAN to
calculate the thermodynamic equilibrium of Lil and KI and
their products, it was confirmed that the substances both
transformed into electrolytes when injected into an MCFC
air electrode as reported in Table 1.

Thermogravimetry & Differential Thermal Analysis (TG-
DTA) was performed to confirm the reactivity of EPs (Lil, KI)
under the MCFC operating condition. In the TG-DTA analysis,
20 mg of coagulated (Lig 62Ko 38)l Was used and the temperature
was increased from room temperature to 650 °C in a nitrogen
atmosphere at a ramp rate of 10 °C/min. During heating the
sample, the endothermic reaction was observed at 298 °C
which is a melting point of the (Lig:Ko3s)l (Fig. 3(a)). After
reaching the target temperature of 650 °C, the isothermal
operation was performed for 10 min to ensure the stabiliza-
tion time. Consequently, it was confirmed that the initial mass
of (Lip 62Ko.38)] was reduced by 10 wt% because of vaporization
of surface hydrate and EP. After maintaining the sample at
650 °C, CO,/0, gas was injected to induce reaction with EP. As
shown in Fig. 3(b), the exothermic behaviour shows that the
oxidation reaction of EP occurs at the time of introducing the
oxidant gases. Fig. 3 (b) shows that the weight loss rate
decreased after the rapid weight reduction because the car-
bonate liquid film produced by the oxidation reaction retards
the diffusion of CO,/O, needed to oxidize the remaining EP. No
further mass changes were observed after 200 min of TG
analysis with CO,/O, gas injection. At this time, the mass
change was reduced by 69.73% compared with the initial
weight and 6.05 mg remained. The final weight was theoreti-
cally consistent with the weight of (Li/K),COs;, which was
produced by Lil and KI reacting with CO,/O, to generate iodine
vapor. This experiment proved that Lil and KI EPs were con-
verted to the Li/K carbonate electrolyte under MCFC operating
conditions.

Electrolyte replenishment into unit cells

Injection of excess electrolytes
After pre-treatment to remove any organic substances from
the green sheet through an appropriate heat treatment in a
CO, atmosphere, the cell was changed to the normal gas
condition as shown in Table 2. After stabilization for 90 h,
0.05—0.06 g of electrolyte was injected at regular intervals.
Table 3 summarizes the amount of electrolyte added via each
injection.

Changes to the performance and impedance due to the
electrolyte injection into the unit cell are shown in Fig. 4(a).
The recovery of performance and IR was observed because the
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Table 1 — Thermodynamic equilibrium calculation of electrolyte precursor in the air electrode atmosphere of MCFC at 923 K

under 1 atm.

Reactant Product

Species Equilibrium mol Species Equilibrium mol

Lil (solid) 224 x 1073 Lil (gas) 5.59 x 10°**
Lil (liquid + solid) 5.40 x 10~
Li,CO; (liquid + solid) 1.12x 103
Li,O (solid) 7.47 x 10 *°
Li,0, (solid) 1.29 x 1072

KI (solid) 1.37 x 1073 KI (gas) 1.10 x 10 *°
KI (liquid + solid) 7.92 x 1077
K,CO5 (liquid + solid) 6.86 x 10~
K0 (solid) 1.01 x 1078

CO, (gas) 3.14 x 1073 CO, (gas) 1.27 x 1072

0, (gas) 152 x 1072 0, (gas) 6.36 x 107*
I, (gas) 1.81 x 102

Fig. 3 — Results of thermalgravimetric analysis differential thermal analysis (TG-DTA) of (Lig ¢2Ko.38)I. condition: room
temperature~650 °C (ramp. 10 °CG/min) in nitrogen atmosphere and isothermal in CO,: O, = 2:1 atm. (a) TG-DTA results by
temperature dependence (b) TG-DTA results by time dependence.

electrolyte consumed by the lithiation process in the cathode
during the early stages of operation was replenished via the
injection of the electrolyte. However, contrary to expectation,
we observed that the performance was negatively affected, if
the electrolyte was injected continuously. At a current density

Table 2 — Normal gas composition in a MCFC.

650 °C

2.0 kg/cm?

0.1 at 150 mA/cm?
H,/CO,/H,0 = 72:18:10
Air/CO, = 70:30
Ni-3wt%Al

In-situ lithiated NiO

v - LiAlO,
(Lio.62K0.38)2C03

Temperature

Sealing Pressure

Gas Utilization (Ug, U,)
Gas Composition fuel electrode
air electrode
fuel electrode
air electrode
Matrix
Electrolyte

MCFC Components

of 150 mA/cm?, the cell voltage was diminished by 26% and
the IR increased by 62%. No nitrogen was detected at the
anode effluent gas by GC analysis, which indicates that elec-
trolyte loss is not the fatal cause of this degradation in
performance.

This is an “electrolyte flooding” phenomenon [29] that oc-
curs when an excessive amount of electrolyte presents in the
MCFC unit cell, especially at the air electrode. Normally, the
excess electrolyte charges the pores of both electrodes after
filling all the pores of the matrix, in particular, the electrolyte
is more soaked within the air electrode’s pore due to its good
wettability to the electrolyte [13,30—32]. Two methods which
can be used to verify electrolyte flooding are electrochemical
impedance spectroscopy (EIS) and O, gain. The Nyquist plot,
obtained by EIS analysis, includes two overlapping semi-
circles ranging from high frequency to low frequency [33].

Table 3 — Summary of amount of Li/K carbonate electrolyte injected until electrolyte flooding occurs at the cathode.

electrolyte electrolyte injection No.
1 2 3 4 5 6 7
injected electrolyte amount (g)
Li,CO, 0.029 0.021 0.024 0.025 0.025 0.030 0.025
K,COs3 0.031 0.022 0.026 0.027 0.027 0.032 0.027
Total 0.060 0.043 0.050 0.052 0.052 0.062 0.051
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Fig. 4 — Results of the cell performance, nitrogen crossover, and electrochemical impedance spectroscopy (EIS) spectra. (a)
electrolyte injection until electrolyte flooding occurs at the cathode. (b) long - term cell operation with an adequate amount

of electrolyte replenishment.

The x-axis intercept in the Nyquist plot represents the ohmic
resistance (Ronm), Which reflects the ionic conductivity of the
electrolyte. The arc at the high frequency reflects the charge-
transfer resistance (Rcr) and the other arc at the low frequency
represents the mass-transfer resistance (Rur) including the
electrode resistances of gas solution & diffusion through the
electrolyte film and gas-phase diffusion through the pores of
the cathode. When an excess of electrolyte is present, a thick
electrolyte film forms at the air electrode, increasing the
diffusion distance for the 0,/CO, to the electrochemical re-
action, thereby adversely affecting cell performance. The
Nyquist plot in Fig. 4(a) shows that after 7 injections of the
electrolyte, the semicircle in the low-frequency range corre-
sponding to the Ry in the Nyquist plot has become signifi-
cantly larger.

Comparing impedance spectra of a standard cell with a
flooding cell by using pure ‘oxygen’ instead of ‘air’ as the
oxidant gas, the ‘flooding cell’ shows abnormally large
impedance arc of Ryt due to high gas-phase diffusion resis-
tance and high solution and diffusion resistance through the
‘flooding’ electrode [28,34]. In a standard cell, the performance
difference, the so-called ‘oxygen gain’ value measured by the
above method is about 80 mV at a current density of 150 mA/
cm?. However, in a cell where the cathode is filled with
excessive electrolyte, the oxygen gain is more than 80 mV
[10,35]. Therefore, it is possible to determine whether the cell
is ‘flooding’ by comparing the ‘oxygen gain’ value [29,36]. As
predicted, the values of oxygen gain after the 5th, 6th, and 7th
electrolyte injections increased gradually to 82, 87, and 90 mV,
respectively.

A comprehensive analysis of the experiments suggested
that the excess electrolyte injected formed a thick film on the
air electrode or plugged the pores of the electrode, and the
performance decreased due to an increase in the Ryr.

Long-term operation of an MCFC unit cell with electrolyte
replenishment

In order to limit electrolyte loss via vaporization during long-
term operation, a 30 um layer of corrosion-resistant Au was
applied to the cell frame wet seal area, minimizing the loss of
electrolytes due to corrosion.

The amount of electrolyte replenished during long-term
operation is summarized in Table 4 and results from the
analysis of performance, N, cross-over, and impedance are
summarized in Fig. 4 (b). It was observed that during opera-
tions, a minor degradation in the performance is observed
between 100 h and 642 h. The first replenishment of electro-
lyte was carried out at 652 h, and at this time there was a
decrease in performance of 1.36% (0.875 V, based on the cur-
rent density of 150 mA/-cm? and an increase in IR of
approximately 25% (0.342 Q-cm?) as compared to the refer-
ence time at 101 h when the performance was 0,885 V (current
density of 150 mA/cm?) and the IR was 0.273 Q-cm?.

This means that through the replenishment of electrolyte,
an IR decrease of about 3.2% (0.342 Q-cm?) and a performance
increase of 1% (0.885 V, based on the current density of
150 mA/cm?) was observed. It is assumed that the

Table 4 — Summary of the amount of Li/K carbonate

electrolyte replenished in a unit cell during long-term
operation.

electrolyte electrolyte replenishment No.
1 2 3 4
replenished electrolyte amount (g)
Li,CO5 0.055 0.057 0.050 0.033
K,CO3 0.059 0.061 0.054 0.036
Total 0.114 0.118 0.104 0.069
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performance did not fully recover due to the change in the
composition of the electrolyte and the structural change of the
components, among other factors, as the replenishment took
place after the appropriate time for electrolyte replenishment
had elapsed during long-term operation.

The second, third, and fourth replacement of the electro-
lytes proceeded at 787, 929, and 1079 h, respectively. The refill
of the electrolyte decreased the IR by 6.9, 6.8, and 5.1%,
respectively and no noticeable difference in performance was
observed.

From the Nyquist plot in Fig. 4(b), it is clear that IR did not
change significantly throughout the long-term operation and
electrolyte replenishment. However, it was confirmed that
either Rer or Ryr was increased slightly under continuous
injection. This is the result of injecting the electrolyte a little
more than the consumed amount. The electrolyte injection
should be performed before the hot spot is formed due to the
lack of electrolyte in the matrix, and the electrolyte should be
injected only before the ‘flooding’ state in which the electro-
lyte is excessively present in the electrode. This means that
the cell or stack can be operated reliably for long-term oper-
ation of MCFC by injecting the appropriate amount of elec-
trolyte at the right time.

According to Della Pietra et al. [24], the experiments pro-
posed in this paper confirmed that the adequate injection
timing for electrolyte injection was when the IR had increased
by 10% compared to the reference value.

Electrolyte replenishment using electrolyte precursors (EPs)
into unit cells

Injection of excess electrolyte precursors

The results of the above experiment showed that the unit cell
is adversely affected when an excess electrolyte is injected,
and in particular that the Ry increased at the air electrode. In
order to verify the adequacy of the selected EPs through
thermodynamic calculations, after suitable pre-treatment
process replenishment with the EPs was carried out in a sta-
ble unit cell for 100 h in a normal gas atmosphere. The amount
of EP injected and converted to the electrolyte is shown in
Table 5. Performance, IR, and N, cross-over analysis results
during the operation of the MCFC unit cell at the anode outlet
are summarized in Fig. 5(a). During the operation of the unit
cell, it was confirmed that the N, cross-over was maintained
at less than 1% during the EP injection, and there is a slight

decrease in performance after the first EP injection, but this
can be regarded as within the range of acceptable error.
Increasing the number of injection (e.g. eight), the cell
voltage drastically decreased to 0.508 V at the current density
of 150 mA/cm? due to the excess of electrolytes. However,
after the final EP refill, no additional changes in N, cross-over
or IR were detected. In the Nyquist plot, a continuous increase
in Rer and Ryt was observed as the injection of EP continued,
and after the 8th addition, the Ryt increased drastically from
1.452 Q-cm? to 2.737 Q-cm? (Fig. 5(a)). This phenomenon is due
to the formation of a thick electrolyte film produced by the
injected EP in the air electrode, resulting in an increase of
mass-transfer resistance, Ry, at the cathode. This result is
similar to previous experiments surrounding the excessive
injection of electrolyte, and through the experiment, we were
able to identify that Lil and KI, which were injected as EP,
served as adequate substances for replacement of electrolyte.

Long-term operation of a unit cell with electrolyte precursors
replenishment

As described in section Electrolyte replenishment using
electrolyte precursors (EPs) into unit cells, 30 pm of Au was
coated on the wet seal area, minimizing the corrosion arising
from the presence of electrolytes. The EP, (Lig ¢:Ko.35)l, which
was prepared in advance, was replenished and long-term
operation of the MCFC unit cell proceeded (the amount
injected at each replenishment is summarized in Table 6).
Results of the performance and EIS analysis for each injection
are summarized in Fig. 5(b). The maximum performance was
observed in 218 h after the pre-treatment, with 0.875 V (cur-
rent density 150 mA/cm? and IR 0.271 Q-cm? Continuous
degradation of performance in the unit cell was observed after
220 h of operating. Due to the large molecular weight of the
prepared EP, the amount of injected EP was quantitatively
greater than the electrolyte. Through the replenishment with
an adequate amount of EP by 6 times, we were able to confirm
a temporary improvement in performance, and we observed
that the MCFC operated stably for 886 h.

After the 7th replenishment of EP, the unit cell was oper-
ated at a current density of 150 mA/enrwithout any replenish-
ment during 164 h. In this time, a rapid degradation in
performance was observed. Also, the OCV fell drastically to
0.736 V and N, cross-over identified at the anode effluent was
23.8%. From this result, we can assume that neither fuel gas
nor air gas can maintain the partial pressure inside the cell,

Table 5 — Summary of amount of electrolyte precursors (Lil and KI) injected until electrolyte flooding occurs at the cathode.

EP EP injection No.
1 2 3 4 5 6 7 8
injected EP amount (g)

Lil 0.05 0.086 0.077 0.108 0.091 0.118 0.114 0.517
KI 0.038 0.066 0.059 0.082 0.069 0.09 0.087 0.393
electrolyte converted amount of electrolyte (g)

Li,CO, 0.013 0.023 0.021 0.029 0.025 0.032 0.031 0.142
K,COs3 0.015 0.027 0.024 0.034 0.028 0.037 0.036 0.163
Total 0.029 0.051 0.045 0.063 0.053 0.070 0.067 0.306
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Fig. 5 — Results of the cell performance, nitrogen crossover, and EIS spectra. (a) electrolyte precursor injection until
electrolyte flooding occurs at the cathode. (b) Electrolyte precursor injections after induction of electrolyte consumption

through an accelerated operation.

Table 6 — Summary of the amount of electrolyte precursors (Lil and KI) replenished in a unit cell during long-term
operation.

EP EP replenishment No.
1 2 3 4 5 6 7 8
replenished EP amount (g)

Lil 0.087 0.062 0.065 0.063 0.050 0.027 0.068 0.190
KI 0.066 0.047 0.049 0.048 0.038 0.021 0.051 0.144
Electrolyte converted amount of electrolyte (g)

Li,CO5 0.024 0.017 0.017 0.017 0.013 0.007 0.018 0.052
K,COs3 0.027 0.019 0.020 0.019 0.015 0.008 0.021 0.059
Total 0.051 0.036 0.038 0.037 0.029 0.016 0.039 0.112

and burning occurred due to direct contact between the O,
and the H,. It could lead to the excessive consumption of
electrolyte via corrosion or vaporization due to the suddenly
soaring temperature. Therefore, the EIS analysis showed that
the IR increased to 1.13 Q - e and the overall impedance
spectra shifted to the right significantly (shown in Fig. 4(b),
“before rep. 87).

However, since the 8th replenishment of EP, the OCV and
N, cross-over returned to the level of operation at 920 h. The IR
also decreased by 66.4% to 0.38 Q - o, returning to the stan-
dard level of an MCFC unit cell, and Rcr and Ryt also recovered

to a certain extent but were not fully restored to the levels at
the initial state of operation (Fig. 4(b), “after rep. 87). It is
assumed that this phenomenon is a result of a huge change in
the composition of the electrolytes within the cell and that the
micropore structure of the electrode was destroyed due to the
hot spot.

This phenomenon verified that the restoration of perfor-
mance using electrolyte replenishment was possible in the
“phase 2, rapid degradation” section in Fig. 1, and that at the
same time, electrolyte replenishment of MCFCs and long-term
operation were made possible by using EPs.

Table 7 — Summarization of performance with electrolyte or electrolyte precursor injected unit cells.

injection electrolyte injected cell EP injected cell
e operating injected IR (@xcm?)  voltageat operating injected EP IR (Q x cm?) voltage at
time (h)  electrolyte (g) 150 mA/cm?  time (h)  (converted) 150 mA/cm?
V) © V)

1 92 0.060 0.355 0.880 120 0.029 0.401 0.881

2 118 0.043 0.342 0.883 143 0.051 0.397 0.878

3 142 0.050 0.3313 0.884 179 0.045 0.454 0.875

4 166 0.052 0.353 0.874 211 0.063 0.386 0.880
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In conclusion, according to the 3.2.1 and 3.3.1 experimental
results, the EP injection to a unit cell has similar positive ef-
fects on performance or polarization degradation mitigation
by the Li/K carbonate electrolyte injection (Table 7). However,
an excess amount of EP injected to a unit cell showed adverse
effects just like electrolyte over-injected cell. Therefore, long-
term operation of MCFC is expected to be possible through an
adequate amount of EP supplementation.

Conclusion

This study explores and verifies the possibility of EPs which
can be injected the electrolyte as a liquid or gas phase into an
MCFC unit cell so that the electrolyte can be supplemented in
a homogeneous concentration for the long-term operation of
an MCFC stack. The in-situ EPs (Lil, KI) replenishment into
MCFC unit cell showed a similar tendency with the (Li/K),CO3
electrolyte replenishment. When the electrolyte was
replenished by adequate amounts, the performance and
impedance were restored but the Ryr increased and the
following degradation in performance was identified at the
time of over-injection (Pore filling ratio [36], “PFR =
(impregnated electrolyte volume in cell)/(total pore volume
[air, fuel electrode and matrices])”. State-of the art MCFCs
has PFR 70—80%. In this study, PFR >88%). Furthermore, we
have succeeded in attaining over 1000 h operation of MCFC
unit cell under the severe operating conditions through in-
situ EPs replenishment. In particular, when the EPs were
replenished where there was a significant loss of electrolytes
leading to drastic performance degradation as in degradation
phase 2, it was identified that the cell performance and the
impedance resistances recovered to the normal degradation
range.

In conclusion, this study identified that Lil and KI are
adequate for use as EPs for replenishing the electrolyte
consumed during the long-term operation of MCFCs. Favour-
able EPs, Lil and KI, have a low melting point and high vapor
pressure so that they are capable to replenish the electrolyte
of MCFC as liquid or gas phase. In other words, it means that
Lil and KI have the feasibility of electrolyte replenishment as a
liquid phase at the low temperature of below 300 °C and as a
gas phase at the operating temperature (650 °C) of MCFC. It is
expected that future studies into the replenishment of MCFC
stacks will enable the long-term operation of 40,000 h or more
when an adequate amount of EPs is replenished as a liquid or
gas phase.
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