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1. Introduction

Solid oxide fuel cells (SOFCs) are high temperature fuel-to-power devices [1,2]. The high
operating temperature (500—900°C) enables SOFCs to directly use hydrocarbons [3],
including hydrogen, syngas, methane, ethanol [4], propane, ammonia [5,6], reformed urea [7],
carbon [8], etc. for power generation. Among those fuels, ethanol possesses many attractive
physicochemical properties and features, including its high energy density, easiness of
transportation and storage. Moreover, ethanol can be produced from renewable biomass such
as wheat cellulose [9], crop [10] and algal [11]. Therefore, it is attracting intensive research
attention to develop SOFC running on renewable bio-ethanol by internal reforming using

steam as the reforming agent:
C,HsOH + 3H,0 — 2C0, + 6H, AHYygx = 173.5 k] mol ™! (1)

Conventionally, ethanol steam reforming reaction (Eq. 1) is a cheap and efficient method to
produce hydrogen, which is thermodynamically favoured when the reforming temperature is
higher than 500 K at ambient pressure. Therefore, it can be internally implemented in
ethanol-fuelled SOFC (E-SOFC) to achieve efficient and carbon-neutral power generation if
the ethanol is from renewable sources. In this respect, the E-SOFC can be more promising
than the common hydrogen-fuelled SOFC, for which hydrogen production is usually energy
intensive, such as water electrolysis and coal gasification. Moreover, the internal reforming
of ethanol can be promoted by the in-situ consumption of H, and CO according to the Le
Chatelier's principle, leading to high energy efficiency and system compactness compared to
external-reformed ethanol-fuelled SOFC [12].

Albeit ethanol conversion is thermodynamically high at typical working temperatures of
SOFC, the E-SOFC still has various issues to be investigated regarding the reforming process
at the anode side. For example, the highly endothermic nature of Eq. 1 tends to lower the E-
SOFC temperature, which in turn decreases the cell performance, including electrochemical
activity, material degradation due to temperature gradient and thermal expansion mismatch,
etc. Additionally, the carbon deposition issue and energy efficiency degrading of E-SOFC
depend on the steam reforming rate of ethanol and the temperature distribution. Therefore,
research efforts are needed for the careful management of the steam reforming process,
especially its thermal integration with the electrochemical processes in E-SOFC. Although
thermodynamic analyses on ethanol-fueled SOFC are available, no numerical study focusing

on the detailed electrochemical reaction, chemical reaction and heat mass transfer processes
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has been conducted. It should be noted that the detailed electrochemical-thermal modelling
of the E-SOFC is essential for understanding the various processes in the cell and for

optimizing the operating conditions for performance improvement.

In this work, we developed a multi-physical thermal model for a tubular E-SOFC with a 40
pm thick functional layer on the inner surface of Ni/YSZ anode support for ethanol steam
reforming. The focus of the simulation is on the thermal integration of the endothermic
ethanol steam reforming and exothermic electrochemical reactions. The ethanol conversion
and co-electrochemical oxidation of the CO and H, in E-SOFC are evaluated in detail.
Critical operating conditions (voltage, water to ethanol ratio and inlet flow temperature) are
investigated to identity their influence on the E-SOFC performance.

2. Ethanol-fuelled SOFC design and model development

The reaction pathway of overall ethanol steam reforming above 350°C is represented by sub
reactions including the water gas shifting (WGSR) and methane stream reforming reactions
(MSR), following the ethanol decomposition (EDR) on catalytic sites of metal initiated by the
dissociation of C-C bond [13—-15]:

C,HsOH - CH, + CO + H, AH95gx = 49 k] mol™? 2
CO + H,0 — CO, + H, AH2ggx = —41 k] mol~?! (3)
CH, + H,0 — CO + 3H, AH9gx = 206 k] mol™? (4)

Therefore the kinetics of the aforementioned three sub reactions can be adopted to describe
the overall Kkinetics of the ethanol steam reforming in this study. As the carbon deposition
issue is detrimental to the durability of the Ni-based catalyst via surface deactivation,
supporting materials (aluminium oxide, ceria and zirconia, etc.) are usually employed as the
Ni particle support. The supporting material can optimize the Ni dispersion, reduce the
sintering of Ni and promote the carbon removal due to its high oxygen mobility on surface
[16,17]. Here in this study, the most commonly used Ni-loaded (30 wt.%) CeO,/ZrO, catalyst
is employed to form a functional layer for ethanol reforming. A kinetic model is available for
ethanol reforming, based on a comprehensive experimental testing at temperature 600—700°C
[18]. The dimensional design of the ethanol reforming layer implemented SOFC is schemed

in Fig. 1 with details being summarized in Table 1.
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2.1 Electrochemical model

Conventional SOFC materials are used in this numerical study for the tubular SOFC as
shown in Table 1. The electrochemical model are already well developed in our previous
works [22,23] based on a secondary current distribution framework. The conduction of
positively charged oxygen ion and negatively charged electron are modelled separately and
linked by equilibrium potential of interfacial electrochemical reactions and activation
overpotentials. The following will briefly list the model details. Nernst equations for H, and
CO electrochemical oxidation are employed to determine their temperature-dependent

equilibrium potentials, considering the local concentration loss (Eg. 5—6):

Ey, = 1.253 — 0.00024516T +~_In [M] 5)
Ph,0
0.5
Eqp = 1.467 — 0.0004527T + X in [M] ©)
2F Pco,

, that should both comply the potential balance with the difference between the ion

conducting phase and electron conducting phasing. Take the anode side as example:
@ —@s = EH2/60 —Nact.a (7)

The n,4.; is the activation overpotential of electrochemical reactions, that can be linked to the
local current densities of Hy and CO oxidation currents (ispurce.ay,OF isource.ac,) Y the
classic Butler-Volmer equation for the anode, as well as the oxygen reduction current for the

cathode (isource.c):

. _ . 2FMNacta \ __ _PHp/CO —2FNacta
lsource.aHz/co - AVa lO.aHz/Co (exp ( RT ) PH,/COref exp RT (8)
. . PHy0 2F Nact.c Po, —2F Nact.c
i = AV, i ( ex ( ) — ex (—)) 9
source.c c loc PHy0ref 4 RT Poyref 4 RT ( )

The i, cand i, q,,, 1co TEPresent the values of the cathodic exchange current density and the

anodic exchange current densities [24]. The AV, is defined as the specific active area of the
anode (2.33x10° in unit of m* m™®) and the cathode AV, as 2.46x10° m™ for [25,26]. The
charge conduction is modelled by the electron conduction in Ni and LSM and the oxygen ion

conduction in YSZ, respectively:
i = _O-l.effv(@l)' Vi, = Q1 + isource (10)

s = _O-s.effv(@s)' Vis = Qs — Isource (11)
4
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, Where the effective conductivity of oxygen ion conductivity (o;.rr) and electron
conductivity(os o) can be computed by the electrode intrinsic conductivity, tortuosity and

porosity [23].

2.2 Heat transport model

It is necessary to carefully model the heat transport process in both the porous media and the
channel, as the chemical and electrochemical processes could significantly affect the
temperature field. In this work, the heat transfer in both the porous media and the channels
can be modelled using the following general energy conservation equation:

(pcp), U VT + V(=2effVT) = Qnear (12)

, Where the “eff” subscript denotes the effective thermodynamic properties, including the

density, heat capacity and heat conductivity by fraction averaging:
('Dcp)eff = EPglpg t+ 1- g)pscp.s (13)
Aepr = €lg + (1 — )4 (14)

The heat source term (Qy,.4¢) includes reaction enthalpy change of WGSR, MSR and EDR as
ascribed by EqQ. (2—3). The calculation of those reaction rates are described in the next
section. Additional electrochemical heat sources are considered in the electrodes and

electrolyte, including the electrochemical reaction heat and heat due to overpotential losses.

2.3 Mass and momentum transport model
The reaction rate of ethanol decomposition reaction follows a simple mass-action type

kinetics below that is sufficient to simulate the behaviour under operating conditions:

Regpr = KeprPe (15)
_ EgDR -1.,.-3
Kgpr = 8E6 X exp (— 7) [mols™" m™°] (16)

, Where the Ezpr is 64.8 kI mol™ [13] and the P, represents partial pressure of ethanol.
Regarding the WGSR and MSR, kinetics expressions over Ni active sites [27,28] are verified
by tuning the pre-exponential coefficient to fit experimental data:

DH,D 3 _
Ryesr = Ksr (pHZOPCO - HZTSCOZ) (molm 3s 1) (17)
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Ksr = 0.0171 exp (_1(;3;191) (mol m™3Pa~2s71) (18)

Kbs==exp(—0293523+—Q6351Zz+—417882—F03169) (29)
R =K sz(sz)s -3.-1

MSR = By¢f | PcH,PH,0 — K—pr (molm™s™") (20)

K,r = 2395 exp (%) (mol m—3Pa~?s71) (21)

Kpr = 1.0267 x 10%%exp (—0.2513Z* + 0.3665Z° + 0.581Z2 — 27.134Z + 3.277) (22)

1000
Z= el (23)

The aforementioned kinetic expressions are implemented in the mass conservation equations

as the source terms at the right hand side:
V- (pU) = X M;R; (24)

The D,ff,;; is binary effective diffusion coefficient [29] of species i and j. The mole fraction
and mass fraction of species j are defined as x; and w;. The gas density (p) is calculated by

the volume-averaged density of species as an ideal gas mixture.

The momentum transport equation of the gas flow in porous electrodes is formulated as:

g((U V) %) =V [—p +E(PU + (V)N —2L(7- U)] —uk~'U (26)

3¢

, Where k is the permeability and u is the dynamic viscosity. The value of & (porosity) in

non-porous channel, is set to be 1 and the ux~U term is cancelled.

The aforementioned models are developed in a Finite Element Method based computational
fluid dynamics simulation platform COMSOL v5.2. The simulated geometry model is
discretized by 28100 structured Quad elements with 274466 degrees of freedom. The
meshing of the model is fine enough to guarantee the mesh independence. More detailed

boundary conditions can be found in Table 3.

2.4 Model Validation
To validate the catalyst reforming activity, four reforming indicators are measured and

compared with experimental results of a fixed-bed reactor [18]:

6
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. F in—F
Ethanol conversion =—éthanolin_"ethanolout 1 ()()0 (27)

Fethanol,in

H, selectivity = FHz.out x 100% (28)

FHZ,out+FCO,out+FC‘02,out+FCH4-,out

CO selectivity= Foout x 100% (29)

FHZ,out +FCO,out+FC02,out+FC‘H4,0ut

CO; selectivity= Fcozout x 100% (30)

FHZ,out+FC‘O,out+FC‘02,out+FCH4—,out

CHj selectivity= Fensout x 100% (31)

FHZ,out+FCO,out+FCOZ,out+FCH4-,out

, of which the flowrates at the outlet of both gas and liquid species were measured by gas
chromatographs. The dimensions and operating conditions of the fixed-bed reactor is
summarized in Table 2. The bed is also simulated on the FEM platform COMSOL v5.2 as a
2D isothermal porous flow, assuming that the flow gas behaves as the ideal gas at operating
temperature of 600—700°C. The good agreement shown in Fig. 2b—2c verifies the good
accuracy of the adopted reforming kinetic to be used in the reforming layer. Regarding the
electrochemical model, the validation can be referred to our previous work [28], where the
same model and same SOFC design as this work were adopted and well validated by
comparing with the experimental results both in SOFC and SOEC operation modes (Fig. 3 of
ref. [28]).

3. Results and Discussion

3.1 Base case analysis

The E-SOFC is operated at the base case condition as specified in Table 1 to demonstrate the
interaction between ethanol reforming and SOFC. Fig. 3a shows the cross-sectional
temperature distribution of the four-layered MEA component (reforming layer, anode,

cathode and electrolyte), enclosed by the anode channel and cathode channel.

It can be seen that the temperature of both anode and cathode flow gradually increases along
the flow streams, indicating that the cooling effect of endothermic reforming can be mitigated.
This mitigation results from simultaneous heat sources associated with the water gas shifting
reaction as evidenced by Fig. 3b that the Ry, ;s is of the same magnitude as Rgpg. It is also
largely contributed by the electrochemical heat generation at 0.6 V. Fig. 3c—3e shows the
reaction rate distribution at the anode side (reforming layer and the support layer). We assign

0 to the anode channel and the figures are scaled to show the results more clearly. As shown

7
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in Fig. 3b, the WGSR is mainly concentrated in the reforming layer, as it is kinetically more
active than ethanol decomposition and the latter produces CO in the reforming layer as the
reactant for the WGSR.

It can be observed that the value of Ry, sz becomes negative at the region close to the anode-
electrolyte interface, especially at the downstream. This observation can be simply explained
by the increased fraction ratio of CO,:CO close to the interface due to the CO
electroreduction current, as evidenced by the separated current sources at different distances
to the anode-electrolyte interface profiled in Fig. 4a and the species fraction distribution in
Fig. 4b. On account of the H, electrochemical oxidation favours the water gas shifting to
generate H,, the negative Ry, ;sr as-observed points out that the water gas shifting reaction is
more thermodynamically sensitive to the CO and CO, fractions than the H, and H,O fraction.
It can be explained by the H, and H,O are quite abundant in this case. Different from Ry, ;sr,
Ry g is relatively uniform in the reforming layer and the magnitude of R,z in the reforming
layer is relatively lower than Rppg. Since the Ry in the anode support also contributes to
the consumption of CH,4 produced from EDR and its magnitude is well-maintained along the
flow due to the increase of temperature, the fraction of CHj is still at a low level (close to 0)
at the anode electrolyte interface as seen from Fig. 4b and Fig. 4c.

Overall, the E-SOFC achieves a power output of 2631.4 W m™, corresponding to an average
current density of 4385.6 A m? as summarized in Table 4. The conversion of ethanol can
reach 0.903 with 72.75 vol% H,O at the outlet due to the electrochemical reaction and
chemical reactions (Fig. 4b). The predicted composition profile indicates that the carbon
deposition can be potentially refrained in the SOFC-integrated ethanol steam reforming,

benefitting from the high level of H/C ratio along the reacting flow [30].

3.2 Effects of operating voltage

To examine the effects of operating voltage on the performance of E-SOFC, the current
density of the cell is simulated at voltage from 0.8 V to 0.35 V. Fig. 5a shows that the
increase of voltage facilitate the ethanol conversion (reaches >0.9 when the operating voltage
lower than 0.6 V). The observed improvement can be ascribed to two reasons: (1) in the case
of high current operation, the fast conversion of CO and H, products in the electrochemically
active region, beneath the reforming layer at the vicinity of anode-electrolyte interface of E-
SOFC, would help to reduce the concentration of reforming products; (2) the lower operating
voltage leads to large overpotential heat generation in the MEA assembly. Therefore the as-



©CO~NOOOTA~AWNPE

expected temperature increase (Fig. 5c) favours the deep conversion of ethanol from the
thermodynamic viewpoint. Accordingly, the selectivity of other species in Fig. 5a changes
(H2 and CO decreases, while CO; increases) because the consumption of H, and CO by the
SOFC is enhanced at lower operating voltage.

Fig. 6 provides the reaction rate distributions at VV=0.4, 0.6 and 0.8 V. All the Ry ¢sr, Rusr
and Rgsg are enhanced at the lower voltage. Again, negative WGSR close to the anode-
electrolyte is found and becomes more obvious in the case of lower voltage operation. This

should be explained by the faster conversion of CO at lower voltage.

3.3 Effects of water to ethanol ratio

Albeit the E-SOFC running on dry ethanol is promising as demonstrated by experimental
works [31—33], the coking issue still remains. Currently there are several solutions for this
issue, including optimizing the dispersion of active sites [33]; casting functioning layer over
the anode [3,34]; using water absorbable anode support [17,30]; introduction of partial
oxidation of ethanol [35], etc. One simple and effective method is to introduce water steam to
facilitate the reforming of ethanol, thus reducing the coking issue of hydrocarbon-fuelled
SOFC [32].

The participation of water in E-SOFC is critical to both the ethanol reforming and
electrochemical reactions. Therefore, the effects of the addition amount of water steam are
investigated in this section by changing the water to ethanol feeding ratio Ry from 3
(stoichiometric reforming) to 8. As seen from Fig.7a, the linear correlation between the
ethanol conversion and Ry, is observed at 3 different feeding flowrates of ethanol and the
lower Ry, results in a higher conversion of ethanol as a result of the reduced Rgpr (Fig. 8c).
This indicates the dilution effects of excessive H,O can be the rate-determining effect for the
EDR in the E-SOFC. The dilution effect also leads to the drop of current density (also power
density) value at higher Ry, and feeding flow rate in Fig. 7b. Comparing the selectivity of
CO and H; in Fig. 7cl—c2, the opposite trends of CO and H, could be caused by the
equilibrium shifting of WGSR due to the introduction of large amount of H,O. The reaction
rate distribution of WGSR in Fig. 8a verifies this guess by the lower magnitude of Ry, ;s at
Ry, =8 than Ry, ;=4 case. As a result of the shifting, the CO, fraction is also improved (Fig.
7c¢4), although the electrochemical conversion of CO to CO, is reduced. The temperature
distribution is shown in Fig. 8d and again can account for the decrease of current density due
to the cooling, originating from the dilution effects of excessive feeding of H,0.
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It can be concluded from this effect study that the increase of H,O addition compromises the
electrochemical performance, while benefiting the output H, content if the E-SOFC is
considered more as a reformer, serving for the cogeneration of H, and power. Another
drawback of using an excessive amount of water steam (large Ry, g) is the parasitic energy
cost of water vaporization. Therefore in practice, determination of the H,O amount to be
mixed with ethanol, might be a critical concern of developers in finding the trading-off point
between the durability and efficiency. The simulated fuel gas composition trajectory from
inlet to outlet is a straightforward indicator that helps developers to quantify the risk of
carbon formation as thermodynamically regionalized in Fig. 9 at any positions of the flow.
Taking 100 K as the safe temperature difference allowed for the actual temperature at a
particular position (Tacwa) and the critical deposition temperature (T,) at that position, it can
be suggested that the Ry, should be over 3 to make Tacwal-Tc>100 K. The increasing of Ry,
to 6 can effectively deviate the composition away from the deposition boundary of 973 K
(solid black line). We can also infer that at the starting-up stage, the inlet part of the SOFC is

more vulnerable to carbon deposition as the temperature may not be high enough.

3.4 Effects of inlet flow temperature

The temperature of the inlet fuel and air has a great impact on the rates of all involved
reforming reactions and the electrochemical performance of the SOFC. Simulations are
conducted with the inlet temperature being increased from 873 K to 1073 K. Fig. 10a clearly
presents the greatly enhanced current and power density due to the rise in temperature at
different Ry, cases. It suggests a synergistic promotion effect between the temperature and
the current density as shown in Fig. 10b that the higher current density operation would lead
to an enhanced temperature increase along the flow direction, by means of associated

electrochemical heating.

Fig. 11la—c demonstrates the positive effect of temperature on the ethanol conversion,
however, the selectivity of H, at the outlet is reduced due to the enhanced conversion of H, to
H,0 although the Ry sz is enhanced at higher temperature (Fig. 11d). Also, the greatly
improved high selectivity of CO, (red dotted line) implies that the increase of operating
temperature can effectively improve the hydrocarbon fuel utilization by promoting the
conversion of ethanol and methane to CO and H for direct utilization in SOFC. To account
for this statement, the change of Ry sz and Rgpr in Fig. 1le—f both exhibits the quicker
completion of the conversion of ethanol and methane at higher inlet temperature, as observed
from the peak-shaped reaction rate profile along the flow.

10
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4. Discussion

The direct fuelling of ethanol to SOFC highlights the advantages of utilizing renewable bio-
ethanol in a clean and efficient way. Currently, other types of fuel cells also can also use
ethanol fuel for power generation, such as direct alkaline ethanol fuel cell (DEFC), which
works at room temperature instead and is under intensive research [36,37].

It is reported that the biggest challenge to DEFC performance is the kinetically sluggish
direct oxidation of ethanol electrochemical (EOR) [36]. As a result, the anode side of DEFC,
where EOR occurs, still requires noble catalysts (Pt, Pd, etc.), and the power density of DEFC
is still usually lower than that of E-SOFCs as seen from the comparison of the power density
of DEFC [37-47] and E-SOFC from literatures [34,48—64] in Fig. 12. It hinders the
application of DEFC in large scale energy generation scenarios such as grid stabilization,
distributed power generation. On the other hand, E-SOFC has higher power density (up to the
level of 1 W cm™), but higher system complexity, so that the balance of plant (BOP) should
be provided for maintaining a suitable thermal condition for the SOFC stack, as well as
recovering waste heat by peripheral components, such as water/ethanol evaporators and heat
exchangers. In this regard, E-SOFC could be more advantageous than DEFC for stationary
applications in agricultural districts where bio-ethanol is usually resourceful, while the DEFC
is attractive in small-scale/residential applications where the attended operation of the fuel

cell stack is unpractical.

5. Conclusions

To this end, we can conclude from the numerical results that the ethanol-fuelled SOFC
achieves a typical performance of 4385.6 A m2and 2631.4 W m?at 0.6 V, 700°C, with a
high conversion of ethanol (0.903). The endothermic effects of reforming reactions are
effectively mitigated by the in-situ generated electrochemical heat. Parametric studies show
that firstly, lowering the operating voltage can further improve the conversion of ethanol,
however concentration overpotential will be worse, as long as the voltage is lower than 0.5 V.
The mutual enhancing effect between voltage lowering and temperature increase is clearly
observed from the results of voltage parametric study and evidenced by the enhanced Ry ¢sr,
Ry sk and Rgsr; Secondly, the change of inlet water to ethanol ratio is a critical parameter to
the current-power performance of the SOFC, while should be kept over 3, measured by the
risk of carbon deposition formation observed from the ternary diagram. Additional caution

for carbon deposition should be paid to the inlet part of the SOFC. Finally, the increase of

11
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inlet temperature is proved to be beneficial for both the ethanol utilization and the current-
power performance through the synergistic effect from the promotion of temperature and the

current density.

Future works on ethanol-fuelled SOFC may be directed to the introduction of partial
oxidation to the anode fuel so as to mitigate the temperature gradient of tubular SOFC.
Material research should be devoted to the development of effective reforming layer with

better compatibility with the anode support layer.in terms of chemical, mechanical matching.

Overall, the developed numerical model provides insight of the composition evolution inside
the SOFC, that is influenced by the coupled reforming process and electrochemical oxidation

of CO and H,, which is heuristic to future design and optimization of ethanol-fuelled SOFC.
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Fig. 1. Schematic of the axial symmetry model of the tubular ethanol-fuelled SOFC with
boundary conditions.
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Fig. 9. The ternary diagram of O, C and H elements of the gas mixture with regions of
depositions and total oxidation of carbon based on thermodynamic equilibrium. The
composition trajectories of Ry,;=3 and 6 operating shown by the red line and orange arrow
along the flow direction at the midline of reforming layer.
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Tables

Table 1 Dimensions and basic operating parameters of E-SOFC [18-20].

Parameters Values
Cell length 8cm
Inner radius 0.175cm
Porosity of Electrodes 0.4
Tortuosity of Electrodes 2
30%wt Ni-ZrO,/CeO, reforming layer 60 um
Ni-YSZ anode support 310 um
Electrolyte 12 um
LSM Cathode electrode 30 um
Operating voltage 0.6V
Operating Pressure 1 atm
Inlet temperature 973 K

Inlet fuel mole ratio, Ry, 5

Water steam:ethanol = 6:1

Inlet ethanol flow rate

0.02 ml min™* at STP

Air flow

3 times stoichiometry

Table 2 Catalyst kinetic characterization fixed-bed reactor specification.

Parameters Value
Bed height 0.66 cm
Radius 19 mmi.d.
Catalyst mass 3 g (diluted by 6 g silicon carbide)
Porosity 0.55
Feeding water to ethanol molar ratio, Ry, 9:1

Flow rate of ethanol

0.4 mL min™ (std)

Temperature

600—700°C

Table 3 Boundary conditions for E-SOFC.

Processes Anode inlet Cathode inlet Outlets
Xu20 = Rwe/(Rwe + 1)
_ Xo2 = 0.21 Free flow
Mass transfer Xgton = 1/(Ryg + 1) Xy = 0.79 condition
Xothers = 0 _
Momentum Constant velocity (flow rate) Constant velocity (flow P=1 atm
transfer rate)

Energy transfer T=973 K T=973K -n-q=0
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Table 4 Summary of base case results.

Parameters Value
Ethanol conversion 0.903
H, selectivity 0.357

Outlet composition in volume

0.91% : 2.08% : 14.88% : 0.02% : 72.75% :

C2H5OH:CO:C02:CH4:H20:H2 9.37%
Average current density 4385.6 Am”
Output electricity power density 2631.4 W m*
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