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Abstract

A 2D multi-physics model is developed to study the glycerol-assisted SOEC co-electrolysis
process, with a novel in-tube reformer to improve the fuel utilization and reduce the
temperature difference. After model validation, the effects of key operating parameters on the
electrochemical performance and temperature distribution of the system are investigated. It is
found that glycerol assistance can significantly reduce the operating voltage of the SOEC co-
electrolysis system, thus saving over 55% of electrical energy at 1073K. Besides, increasing
operating voltage, operating temperature and cathode H>O molar fraction promote the co-
electrolysis process, leading to an increase in cathode H.O/CO; conversion. Optimal values of
the anode/cathode flow rates (Q.,=70~110 SCCM and Q.~=125~175 SCCM) and the anode
glycerol molar fraction (Xu,6:=0.05~0.15) are obtained to achieve both good electrochemical
performance and uniform temperature distribution. Meanwhile, the proposed in-tube reformer
can greatly reduce the temperature difference inside the cell, and by precisely controlling the
structure and operating parameters of the system, a more uniform internal temperature
distribution can be obtained, even allowing the system to be operated at homogeneous
temperature conditions. This study provides a reference for the commercialization of efficient
green syngas production and CO» recycling by using renewable electricity.
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35 Nomenclature

36  Abbreviation
SOEC  Solid oxide electrolyzer cell

SOFEC Solid oxide fuel-assisted electrolyzer cell

TPB Triple phase boundary

37  Letter
R Chemical reaction rate
Eqet Activation energy, J-mol’!
Ee Equilibrium potential, V
p Density, kg-m™
Vi Pre-exponential factor
o Conductivity, S-m’!
T Temperature, K
u Dynamic viscosity, kg-m™-s’!
R Universal gas constant, 8.314 J-mol!-K!
€ Porosity
¢ Electrostatic potential, V
F Faraday constant, 96485.3 C-mol’!
k Permeability, m?
Vi Molar fraction of specie i
Aeff Effective thermal conductivity, W-m™!-K!
AH° Enthalpy change, J-mol!
AS° Entropy change, J-mol-K'!
fi Fugacity of specie i, Pa
Dijefr Effective binary diffusion coefficient, m?-s™
Dikefp Effective Knudsen diffusion coefficient, m?-s™!
Cp Specific heat capacity, J-mol™!-K!
Oi Heat source term
T Tortuosity
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1 Introduction

Renewable energy (e.g. wind, solar, tidal, etc.) plays an important role in achieving carbon
neutrality and a low-carbon energy economy in the future [1]. For example, by 2050, the United
States intends to expand its renewable electricity use to 80%, while the European Union aims
to replace 55% of its electricity demand with renewable energy [2]. However, the high
intermittency and severe environmental dependence of renewable energy limits its large-scale
development, leading to an increasingly urgent need for efficient and cost-effective large-scale
energy storage solutions [3-6].

Among various energy storage systems (e.g. pumped hydropower system, redox flow
batteries, compressed air system, chemical energy storage, etc.), the conversion of renewable
electricity to chemical energy in valuable chemicals through solid oxide electrolyzer cell
(SOEC) i1s an extremely promising pathway [7,8]. SOEC operates under high temperature
conditions, which can significantly reduce electrical energy consumption and has the advantage
of high efficiency, material flexibility and reverse operation, compared to low temperature
electrolysis systems [9,10]. However, although part of the electricity is replaced by thermal
energy in SOEC operating at high temperatures, electrical energy is still the main energy
consumption and accounts for the major cost (even larger than 70%) during the operation of
the SOEC electrolysis system [11,12]. This is due to the fact that in SOEC, the anode is usually
exposed to ambient air with high oxygen partial pressure, which creates a large oxygen partial
pressure difference with the reducing atmosphere at the cathode side. Although the efficient
catalyst or novel heterostructured electrodes can reduce the oxygen partial pressure difference
by facilitating the oxygen evolution reaction (OER) reaction at anode [13,14], it still results in
an open circuit voltage (OCV) of up to 1 V at typical operating temperatures (800 °C), which
consumes a large amount of electrical energy and reduces the electrolysis efficiency [15,16].

Consequently, the large electrical energy consumption makes the cost of electrolytic hydrogen
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production 2-3 times higher than that of conventional hydrogen production by steam reforming
of fossil fuels [15].

Solid oxide fuel-assisted electrolyzer cell (SOFEC) is a promising new electrolysis method
that can reduce the O, partial pressure by rapidly consuming the oxygen produced at the anode,
thus overcoming the large overpotential in the OER reaction and reducing the equilibrium
potential of electrolysis [15]. According to statistics, more than 50% of the energy in water
electrolysis can be provided by the chemical energy in hydrocarbons, thus greatly reducing the
electrical energy consumption to 1/3 to 1/2 of that in the conventional electrolyzer cells
[15,17,18]. And since the assisting fuels such as hydrocarbons are utilized directly by
electrochemical process, which has a much higher efficiency than the Carnot cycle (utilized by
combustion), therefore, it can reduce emissions and operate efficiently. Several studies have
been conducted on the use of fuels such as carbon [18,19], CO [20], methane [21,22], and
ethanol [23] to assist the electrolysis process in SOEC. Lei et al. [18] proposed a new high-
efficiency syngas generator by combining carbon gasification and SOEC co-electrolysis, and
found that the co-electrolysis potential can be reduced by 1 V, which can save more than 90%
of the electrical energy input. Wang et al. [22] investigated the performance of methane-assisted
SOEC co-electrolysis for syngas production and found that by replacing the anode atmosphere
from air to methane, the Nernst potential could be reduced by an order of magnitude, achieving
a current density of -242 mA-cmat 850°C and 0.3 V. Liu et al. [23] developed a SOEC reactor
for ethanol-assisted water electrolysis, enabling thermally neutral operation by integrating the
fiber reactor in the anode channel, and achieving a stable operation at an ultra-high current
density of 3 A-cm™. However, the current modelling studies lack sufficient consideration of the
thermal effects within the fuel-assisted SOEC.

Among various hydrocarbon fuels, glycerol is a byproduct of biodiesel and is a renewable

chemical with high energy density, non-toxicity and chemical stability [24]. Glycerol has been
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produced in large quantities (10% of biodiesel weight) as a byproduct due to the explosive
growth of the biodiesel industry [25]. The international market for glycerol is predicted to reach
$3.5 billion by 2027, and is growing at a compound annual growth rate (CAGR) of 4% [26].
However, as biodiesel production increases, an increasing amount of glycerol is being
discarded, since only a small percentage is purified for further use [25]. Although several
studies have been conducted on the use of glycerol for hydrogen production [27-30], the
glycerol reforming reaction is highly heat-absorbing and requires a constant supply of heat
from outside, which is a typical energy-intensive industry and does not meet the requirements
of a low-carbon economy. Therefore, the use of glycerol to assist the electrolysis process in
SOEC not only avoids the waste of glycerol, but also has a promising prospect of recycling
CO> through electrolysis, reducing carbon emissions as well as providing green syngas
(currently, syngas is mainly obtained through the reforming of fossil fuels [31]) for later
Fischer-Tropsch synthesis [32]. Moreover, through the proper design of the internal reformer,
it is possible to match the heat absorption of the glycerol reforming reaction with the exotherm
of the electrochemical reaction, thus achieving the overall internal thermal neutrality and even
eliminating the obvious temperature difference within the cell.

Despite these benefits, few studies on glycerol-assisted SOEC have been conducted. The
mechanism of the co-electrolysis process within the glycerol-assisted SOEC system and the
effect of key operating parameters on the assisted electrolysis process are still unknown.
Therefore, a 2D multi-physics numerical model was developed to simulate the H>O/CO; co-
electrolysis process in a glycerol-assisted tubular SOEC in this study. A novel in-tube reformer
is proposed to improve the fuel utilization efficiency and reduce the temperature difference
within the cell. The model fully considers the flow, diffusion, chemical and electrochemical
processes and thermal effects in the SOEC. The effects of key operating parameters (flow rate

and inlet gas composition) and operating conditions (temperature and operating voltage) on the
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glycerol-assisted co-electrolysis system are analyzed as well as providing the optimal operating
conditions. This study provides an insight into the co-electrolysis process in glycerol-assisted
SOEC, which can facilitate the CO> recovery and green syngas production by using renewable

energy.

2 Modelling methodology

2.1 Physical model

Fig. 1(a) illustrates the system flow chart during operation and Fig. 1(b) demonstrates the
scheme of the tubular glycerol-assisted co-electrolysis SOEC system. The system uses an
anode-supported tubular SOEC for electrolysis, where the fuel (glycerol) used for electrolysis
assistance is supplied to the cell using a stainless steel tube, and the cathode and anode channels
are in a counter-flow arrangement. The cell uses YSZ (yttria-stabilized zirconia) as the
electrolyte, the mixture of Ni-YSZ as the anode and cathode, with the thicknesses of 10um,
600um, and 100um, respectively. In order to improve the glycerol conversion, an in-tube
reformer is arranged inside the stainless steel tube, which is consisted of a 400pum porous
medium with a homogenous distribution of the catalyst (Ni-Al,O3) for glycerol conversion.
Due to the small size and strong entrance effect of the anode corner (the bottom of the tubular
SOEC, served to conduct the gas mixture from the inner tube to the anode channel), only the
fluid flow, species transfer and heat exchange in the anode corner are considered, without
considering the chemical and electrochemical reactions in this region. The detailed geometric

dimensions and material properties are shown in Table 1.
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135 Fig.1 (a) System flow chart; (b) tubular glycerol-assisted co-electrolysis SOEC
136 Table 1 Geometric dimensions and material properties [33-36]
Materials or Parameters Expression or Value Unit
Conductivity
Ni 3.27x10°-1065.3xT S'm’!
YSZ 3.34x10*xexp(-10300x T S'm’!
Dimensions
Length of cell 62.6 mm
Length of anode tube 60 mm
Inner/Outer radius of anode tube 1.0/1.1 mm
Inner/Outer radius of anode channel 1.1/2.0 mm
Inner/Outer radius of cathode channel 2.71/4.71 mm
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During operation, the anode and cathode channels are using a counter-flow configuration.
H>O and CO; are supplied into the cathode channel, while glycerol and H>O are supplied into
the anode tube with some N; served as carrier gas. For the general co-electrolysis system
without assisting, the H>O and CO; are electrolyzed at the TPBs of cathode, gaining electrons,
forming H> and CO, as well as releasing O* (Egs. (1), (2)). Then, O is transferred to the anode
through the oxygen-ion conducting electrolyte and will release O by losing electrons at the
TPBs of anode (Eq. (3)), while the electrons will be delivered to the cathode through an external
circuit to participate in the electrolysis process of H>O and CO»>. However, for the glycerol
assisted co-electrolysis system, although the co-electrolysis process of HoO and CO, at the
cathode is the same as the unassisted system (Egs. (1), (2)), while at the anode, the glycerol
supplied into the anode tube will be consumed through the glycerol steam reforming reaction
(GSR, Eq. (4), which is composed of the glycerol deposition reaction (GDR, Eq. (5)) and water
gas shift reaction (WGSR, Eq. (6))) catalyzed by Ni-based catalyst in the in-tube reformer and
the anode electrode to produce H, and CO. Subsequently, the produced H> and CO will react
directly with O* delivered from the cathode at the anode TPBs (Egs. (7), (8)), releasing
electrons and forming H>O and CO,, so as to assist the co-electrolysis process. Although
methane may be formed on the Ni-based catalyst during operation (Egs. (9), (10)), it requires
low temperature and high pressure conditions [37], so methane formation is inhibited and not
considered under the conditions of study. While carbon deposition may be caused through some
side reactions (Egs. (11), (12)), it was not obvious and performed a stable operation for 49

hours in the experiment [39], so carbon deposition is also not considered.

H,0+2e” — H, +0* (1)

CO,+2e” —CO+0O* 2

O* -2 —0.50, )

C;H;0, +3H,0 —»3CO,+7H, , AH g, =128kJ/mol (4)

10
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C,H,0, —>3CO+4H, , AH,q,, = 251kJ/mol (5)

CO+H,0 <> CO,+H,, AH,, =—41kJ/mol (6)
H,-2e" +O0* - H,0 (7)

CO-2e” + 0> - CO, (8)

CO+3H, <> CH,+H,0, AH,, =—206kJ/mol )
CO,+4H, <> CH,+2H,0, AH,y, =—164kJ/mol (10)
2CO(g) <> CO,(g)+C(s) , AH,g =—171kJ/mol (11)
CO(g)+H,(g) <> H,0(9)+C(s) , AH 4 =—131kJ/mol (12)

The following assumptions are adopted based on the above mechanisms in this study:
(1) The gases are incompressible and ideal.

(2) The active sites are homogeneous for the chemical/electrochemical reactions.

(3) Heat radiation, carbon deposition, and methane formation are not considered.

(4) Only H> and CO will react electrochemically.

(5) The electronic/ionic conducting phase is uniformly distributed and continuous.

2.2 Chemical model

In the in-tube reformer and the anode electrode, glycerol is converted to H, and CO through
the glycerol steam reforming reaction (GSR, Eq. (4)), which is composed of the glycerol
decomposition reaction (GDR, Eq. (5)) and water gas shift reaction (WGSR, Eq. (6)). While at
the cathode electrode, the WGSR will occur apart from the electrolysis of H2O/COsz. In this
study, the reaction rates of GDR and WGSR are described as:

GDR [40]:

—63300

RGDR :00366 RT pgfl—?jo3 p|(_)|2388 Anetal surface (13)

WGSR [35]:

11
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~103196 Py, Peo
RWGSR =0.0171e *T ( szo Pco — —>—*) (14)

K,
K, = exp(—0.2935Z° + 0.6351Z 2 + 4.1788Z + 0.3169) (15)
Z= 10Tﬂ -1 (16)

where T'is reacting temperature, K; R is gas constant, 8.314 J-mol!-K!; p; is the partial pressure

of specie i, Pa; Ametal surface i metal surface area of the catalyst, m?.

2.3 Electrochemical model
During operation, H>O and CO; are electrolyzed to produce H> and CO (Egs. (1), (2)) at
the cathode TPBs. The operating potential (/) in the electrolysis process is described as:
V' =B+ actan + Mactca + Monmic (17)
where E is equilibrium potential, V; 7. 1S activation overpotential, V; #ommic i ohmic
overpotential, V.
For the general co-electrolysis cell without assisting, E is calculated by using the Nernst

equation [33,35]:

E,, =E5, + RT | Pr.\ Po, (18)
2F | Pao

Eeo = El, + X1 | PeolPo, (19)
2F Pco,

El(-)iz =1.253-0.00024516T (20)

Ego =1.46713—-0.0004527T (21)

where F'is the Faraday constant; EY, and Ely are the standard cell potentials, V.
While for the glycerol assisted co-electrolysis cell, since Oz is no longer a product in the

anode, but instead H> and CO are directly oxidized by O* to form H>O and CO>. The model

12
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based on the oxygen partial pressure is used to describe the equilibrium potential as [34,41]:

Eooy = In( pj (22)
nk pO2 ,an

where 7 is the number of electrons transferred in the electrochemical reaction; po2.c. and po2,an
are the oxygen partial pressures at the cathode and anode, respectively.
For the electrochemical reaction of H> and CO, the oxygen partial pressure can be further

described as [34,41]:

2
Py, AG JH,
Po, H,m,0 = {—pHHZO -exp[—%f“ o Jj (23)
p AG ’
Po, corco, = [% : eXp[%jj (24)

where AG represents the Gibbs free energy change during the electrochemical reaction, J-mol

1
The Butler-Volmer (BV) equation is used to describe the relationship between current

density and activation overpotential as [33,35]:

i =i, {exp( anlg_l?act j _ exp( —(1- CFZ?I_nFnact j} (25)

where i is the exchange current density, A-m; a is the electron transfer coefficient; # is the

number of electrons transferred per reaction.

The exchange current density for H2/H>O electrochemical reaction can be further expressed

as [34,36]:
. E
IO,an,H2 =7anH, " exp(_ﬁj (26)
. E
I0,ca,H2 = 7/ca,H2 : pHZ-‘cmB : exp(_ﬁj (27)

where yun,m2 and yeq m2 represent the pre-expontential factors for the anode and cathode sides,

13
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TPB

respectively; Eqc is activation energy, J-mol™'; pl” "

is the partial pressure of H; at the cathode

TPBs, Pa.
For the CO/CO; electrochemical reaction, since the electrolysis rate of HxO is
experimentally observed to be 2.2 times higher than the electrolysis of CO; [38], the exchange

current density of CO electrochemical reaction in this study is assumed as [34,38]:

io,ca,(:o = E ) io,ca,H2 (28)

Besides, the transport of oxygen-ions/electrons in the electrodes and electrolyte is described
by using the Ohm’s law:

li = —OCiert V(D) (29)

(o]

i, =—0, .« V(D,) (30)

e
where @,; and Q. represent the conducting potentials of oxygen-ion and electron, respectively;
ooiefr and oe e represent the effective conductivity of oxygen-ion phase and electron phase in
the porous electrodes, respectively. This is further calculated using tortuosity (z) and volume

fractions of oxygen-ion (V,;) phase and electron (V.) phase in the electrodes as:

V..
Goi,eff = Goi — (31)
oi
O-e,ef'f = O-e \é (32)
T

2.4 Momentum and mass transport
The Navier-Stokes (N-S) equation is implemented to simulate the gas flow and momentum
transport processes in the gas channels and porous electrodes/reforming layer [36]:

For gas channels, the N-S equation is presented as:

pgt—u+puVu =-Vp+V[u(Vu+ (Vu)T)—é,uVu] (33)

14
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For porous electrodes and the in-tube reforming layer, the N-S equation containing the
Darcy’s term is presented as:

p%“ + PUVU = —Vp+ V[(Vu + (Vu)") ‘% avul- 26

where k is permeability, m?; p is gas density, kg-m™; u is velocity vector, m-s'; u is dynamic

viscosity, kg-m™-s!; ¢ is porosity. p and u for the gas mixture can be further expressed as:
N
p=" (5)

=" v 36

where p;, (i and y; are the density, dynamic viscosity, and molar friction of specie i, respectively.
The diffusion of species in channels (molecular diffusion) and porous electrodes/reforming

layer (both molecular diffusion and Knudsen diffusion) are simulated by using the general Fick

model [42]:

__L(kPoP p 2(%P) (37)
RT\ u oz o oz

where k is permeability, m?; y; is the molar fraction of specie i; Dy represents the effective

binary diffusion coefficient, which can be further calculated as [43]:

Dij,eff :E(iﬂLi)il (33)
T Dij D;
1/2
__000143T*" (1 1 (39)
! 2p(vi1’3+v}’3)2 M M;
p, = 2r |8RT (40)
3 \\ zM.

[}
where Dj; is the binary diffusion coefficient, m?:s'; Dy is the effective Knudsen diffusion
coefficient, m?-s™'; M; is the molar mass of species i, kg-mol'!; r is the radius of electrode pores,

m; v is special molecule diffusion volume of each species, m®. The detailed material properties

15
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can be found in Ref. [44-48].

2.5 Heat transfer
During operation, the cell performance and temperature distribution are significantly
affected by the intense heat absorbing/releasing process due to the internal
chemical/electrochemical reactions, the temperature distribution and heat transfer process in
the cell is simulated by using the general heat balance equation [36]:
In channels:
PCU-VT +V - (-4, VT)=0 (41)
In porous electrodes/reforming layer and electrolyte:
PCU-VT +V - (—244VT)=Q (42)
Age = A —&) A + &4, (43)

where ¢, represents the specific heat capacity, J-mol!-K'!; J, and A, represent the thermal
conductivity (W-m™-K!) of gas species and solid phase, respectively. Q is the heat source term,
representing the heat releasing/absorbing processes caused by chemical reactions and different
overpotential losses. The heat source terms indicating the chemical reactions, electrochemical

reactions, and ohmic loss can be calculated as [36]:

Qchem = Rchem . AH(:hem (44)
_ (= L 45

Qelec ( TAS) nE ( )
Qohmic = _(I ) V¢) (46)

where Reem represents the reaction rate of each chemical reaction; AHcrem indicates the
enthalpy change in each chemical reaction; AS indicates the entropy change in each
electrochemical reaction. The physical properties of each species and solid material can be

found in Ref. [35,44,45,49].
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2.6 Boundary conditions and model validation
The finite element method (COMSOL Multiphysics) is adopted to solve the 2D steady-

state model in this study, and Table 2 shows the boundary conditions used for the calculation.

Table 2 Boundary conditions in this study

Location Boundary conditions

Anode/Anode channel interface O=Veen

Cathode/Cathode channel

0=0
interface
Anode tube inlet Specity the temperature, flow rate, and gas composition
Cathode channel inlet Specity the temperature, flow rate, and gas composition
Anode channel outlet Pressure outlet
Cathode channel outlet Pressure outlet
Other surfaces Insulated and adiabatic

In order to ensure the computational accuracy and reduce the solution time, grid-
independence check is performed and a grid with 470,000 degrees of freedom (Fig. 2(a)) is
adopted in the calculations. The electrochemical model of this study was validated through a
2D button SOEC model (Fig. 2(b)) [38]. While the chemical model was validated through a
2D fixed-bed reactor model (Fig. 2(c)) by using the parameters of glycerol conversion and H»
selectivity [39]. The glycerol conversion and H; selectivity use for model validation are defined
as [39]:

Carbon,
3xGlycerol,,

Glycerol conversion, X x100% (47)

Glycerol =

H, selectivity,S,, = moles of H, 'n gas products 3 1009 (48)
2 moles of carbonin gas products 7

The operating conditions used for model validation are listed in Table 3, and the parameters

17
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312

in this study are given in Table 4. From Fig. 2(b) and Fig. 2(¢), it is observed that the simulated

results of the chemical and electrochemical models have good consistency with the

experimental results, thus validating the model. This indicates that the assumptions and

governing equations adopted in this study can reasonably describe the actual multiphysics

processes in SOEC and can be used in calculations.
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Fig.2 (a) Grid independence check; (b) model validation using button SOEC; (¢) model

validation using fixed-bed

reactor

Table 3 Operating conditions in model validation

Parameters Button SOEC model [38] Fixed-bed reactor model [39]
Temperature 1023K 773~923K
Voltage 0.9~1.4V -
Inlet/Anode inlet Air C3Hs03:H20:N2=2%:18%:80%
Inlet/Anode flow rate 150 SCCM 95 SCCM
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Cathode inlet

Cathode flow rate

Operating pressure

CO72:H>0O:H>:N»

=28.6%:28.6%:14.3%:28.5%

350 SCCM

1 atm

1 atm

313 Table 4 Parameters in this study
Parameters Value Unit
Operating temperature 1023~1123 K
Anode inlet flow rate 50~150 SCCM
Cathode inlet flow rate 75~175 SCCM
Unassisted system: Air
Anode tube inlet -
Assisted system: 10%C3HgO3+40%H>0+50%N>
Cathode inlet H>0O/CO; (molar ratio 50%/50%) -
Unassisted system: 0.9~1.4
Operating voltage A"
Assisted system: 0.45~0.65
Outlet pressure 1 atm
314 3 Results and discussions
315 3.1 Effects of operating voltage
316 Simulations of the glycerol-assisted co-electrolysis SOEC are carried out at different
317  operating voltages, when the operating temperature is 1073 K, cathode flow rate is 150 SCCM,
318  anode flow rate is 100 SCCM, anode glycerol molar fraction is 0.1 and cathode H>O molar
319  fraction is 0.5. From Fig. 3(a), when the operating voltage is changing from 0.45 V to 0.65 V,
320  the current density is increasing from 3799 A-m™to 9524 A-m™. This is significantly lower
321  than that of the unassisted system (which needs to operate at 1.25 V and 1.43 V to achieve the
322  same current density at 1073K, respectively, Fig. 3(b)), indicating that the use of glycerol to
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323  assist the co-electrolysis process can save more than 55% of electrical energy, thus reducing
324  the power consumption significantly. From Fig. 3(c), the larger operating voltage facilitates the
325 electrochemical reactions in the cathode, increasing the conversion of H-O and CO; from 14.7%
326 and 3.8% at 0.45 V to 68.4% and 52.8% at 0.65 V, respectively. This leads to an increasing
327  molar fraction of H> and CO at the cathode outlet to 0.33 and 0.27 (Fig. 3(c)), bring a higher
328 yield of syngas. Besides, the higher current density also generates more heat, which raises the
329 average temperature in the cell (Fig. 3(a)) and promotes the decomposition of glycerol in the
330 in-tube reformer, bringing a higher in-tube glycerol conversion rate (Fig. 3(d)). From Fig. 3(d),
331  when the operating voltage is increasing from 0.45 V to 0.65 V, the glycerol in the cell is
332  completely converted (overall glycerol conversion (Xcpyceror) 1s 100%, reacting both at the in-
333  tubereformer and the anode surface), and the increasing average temperature promotes a higher
334  glycerol conversion in the in-tube reformer (Xciycerosin-uve from 55.9% to 82.7%, reacting only
335 atthe in-tube reformer), which means that the in-tube reformer takes up the majority conversion
336  of glycerol at higher operating voltages. Moreover, it can be seen from Fig. 3(e) and Fig. 3(f),
337  the increasing glycerol conversion in the in-tube reformer at higher voltages (e.g. Veer=0.65V)
338 leads to a higher concentration of H> and CO at the entrance of the anode channel (also the
339 anode corner), which provides more reactants for the electrolysis assisting reactions in the
340 anode (Egs. (7), (8)). While the larger current density at higher voltages (e.g. Veer=0.65V)
341  promotes the consumption of reactants (H> and CO) in the anode channel, making that at higher
342  operating voltages, although the concentration of H> and CO at the entrance of the anode
343  channel is higher, the larger current density promotes the rapid consumption of H> and CO in
344  the anode channel, thus reducing the concentration of H, and CO at anode outlet, as shown in
345  Fig. 3(d), Fig. 3(e) and Fig. 3(f). Fig. 3(g) shows the distribution of each anode species (C3HgOs3,
346  Hz, H,0, CO, and CO») along the anode main stream at different operating voltages. From Fig.

347 3(g), it can be seen that compared with the condition of V..;=0.65V, the conversion of glycerol
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in the anode tube is lower at Ve=0.45V due to the lower average temperature, which leads to
a lower Hz and CO concentration at the entrance of anode channel (also the anode corner). And
since there is still a part of glycerol not converted at the exit of inner tube, the remaining
glycerol (44.1%) is further converted to H> and CO with H»O at the anode electrolyte (Egs. (5),
(6)), leading to a further decrease of H»O and an increase of H»/CO concentrations after
entering the anode channel as the operating voltage is 0.45V, as shown in Fig. 3(g). While when
the operating voltage is 0.65V, as most of the glycerol has been converted in the in-tube
reformer (82.7%), H> and CO are directly involved in the electrolysis assisting reactions (Egs.
(7), (8)) when the gas mixture enters the anode channel, leading to a rapid decrease of H,/CO
concentration and increase of H>O/CO- concentration, as shown in Fig. 3(g). As the operating
voltage increases, more heat is generated due to the larger current density, causing a higher cell
temperature, as shown in Fig. 3(h). Fig. 3(i) shows the temperature distribution of the
electrolyte along the anode main stream. It is worth noting that when the operating voltage is
0.6V, the cell has a highly uniform internal temperature distribution (Fig. 3(1)), with the average
temperature of 1073 K (Fig. 3(a)). This indicates that at this condition (Vc.;=0.6V), the system
not only reaches the overall internal thermal neutrality, but also has a highly uniform internal
temperature distribution, eliminating significant temperature differences. The internal thermal
neutrality means that the system does not require additional heating/cooling measures during
operation; while the elimination of temperature differences facilitates the long-term operation
of the system. This is important because large temperature differences may lead to electrolyte
cracking or delamination between the electrolyte and electrodes during long-term operation,
thus causing severe irreversible cell structural failure or even resulting in total breakdown to
the system [50,51] (From Fig. 3(h), the main temperature difference is along the gas flow, rather
than vertical to the gas flow). This indicates that it has great potential to eliminate the

temperature difference and improve the energy conversion efficiency through the proper design
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of the geometrical and operational parameters of the in-tube reformer, which is essential for

the long-term operation of the system. Further studies on the in-tube reformer will be conducted

in the future so as to obtain the optimal system performance and significantly eliminate the

temperature difference, even achieving the complete homogeneous temperature operation

within the cell.
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Fig.3 Effects of operating voltage on: (a) current density and average temperature; (b) I-V
curve of assisted system and unassisted system; (c) cathode conversion and cathode outlet gas
composition; (d) glycerol conversion and anode outlet gas composition; (e) anode H> and
H>O distribution; (f) anode CO and CO> distribution; (g) molar fraction of each species along
the anode main stream; (h) temperature distribution; (i) temperature distribution in the

electrolyte

3.2 Effects of operating temperature (gas inlet temperature)

The chemical/electrochemical reaction kinetics are significantly affected by the operating
temperature. Simulations are carried out at different operating temperatures when the operating
voltage is 0.6 V, cathode flow rate is 150 SCCM, anode flow rate is 100 SCCM, anode glycerol
molar fraction is 0.1 and cathode H>O molar fraction is 0.5. From Fig. 4(a), it is clear that as
the operating temperature increases from 1023 K to 1123 K, the kinetics of electrochemical

reactions are promoted, increasing the current density from 4155 A-m™ to 11529 A-m™. This
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promotes the co-electrolysis process of H>O and CO; at the cathode TPBs, increasing the
conversion of H>O and CO; (as shown in Fig. 4(b)) from 24.1% and 14.0% to 83.5% and 70.9%,
respectively, leading to a further increase of the H> and CO molar fraction at the cathode outlet
to 0.40 and 0.38 as the operating temperature increases from 1023 K to 1123 K. Meanwhile,
from Fig. 4(c), the increasing operating temperature also facilitates the glycerol conversion in
the in-tube reformer, increasing the in-tube glycerol conversion from 62.4% to 84.9% when the
temperature increases from 1023 K to 1123 K. From Fig. 4(d) and Fig. 4(e), it is clear that as
temperature increases, the larger in-tube glycerol conversion increases the H> and CO
concentrations at the anode channel entrance (also the anode corner); while the higher current
density leads to a rapid consumption of anode H> and CO concentrations at this time. As shown
in Fig. 4(f), the glycerol is not fully decomposed in the inner tube at lower operating
temperature (e.g. 7=1023K), resulting in a higher glycerol concentration at the exit of the inner
tube (also the anode corner). After entering the anode channel, the remaining glycerol continues
to react with H>O and is fully decomposed at the position of x=0.01 m (Fig. 4(f)), making the
highest H> concentration and the lowest H>O concentration in this region. Subsequently, H> and
CO in the anode channel are gradually consumed due to the electrochemical reaction, however,
the lower current density at 7=1023 K leads to a higher H> and CO concentration at the anode
outlet, as shown in Fig. 4(f). Fig. 4(g) and Fig. 4(h) show the temperature distribution of the
assisted and unassisted systems, both of which are operated at the same operating temperature
and same current density (4155 A-m? at 1023K, 7979 A-m at 1073K, and 11529 A-m™ at
1123K). From Fig. 4(g) and Fig. 4(h), it is clear that compared to the unassisted system, the
glycerol assisted system with the in-tube reformer not only reaches the same current density at
lower operating voltages as the unassisted system (Fig. 3(b)), but also has a more uniform
temperature distribution (except for the remarkable temperature difference of the assisted

system due to excessive heat absorption at 7=1123K), significantly reducing the temperature
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electrolysis process by using this assisted method.
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difference inside the cell, which demonstrates the

prospect for the long-term efficient
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Fig.4 Effects of operating temperature on: (a) current density and average temperature; (b)
cathode conversion and cathode outlet gas composition; (c¢) glycerol conversion and anode
outlet gas composition; (d) anode H> and H>O distribution; (¢) anode CO and CO»
distribution; (f) molar fraction of each species along the anode main stream; (g) temperature
distribution of the assisted and unassisted systems; (h) temperature distribution in the

electrolyte

3.3 Effects of anode flow rate

During operation, a gas mixture of C3HgO3/H2O/N> is supplied to the anode as the assisted
fuel, with a molar ratio of 10%:40%:50%. Simulations are carried out at different anode flow
rates when the operating voltage is 0.6 V, cathode flow rate is 150 SCCM, operating
temperature is 1073 K, anode glycerol molar fraction is 0.1 and cathode H>O molar fraction is
0.5. From Fig. 5(a), it is clear that as anode flow rate increases from 50 SCCM to 100 SCCM,
more glycerol is provided and decomposed so as to provide more auxiliary fuels (H> and CO)
to the anode, which promotes the anode electrochemical reactions (Egs. (7), (8)) and leads to a
higher current density. While as the anode flow rate is further increasing from 100 SCCM to
150 SCCM, the further improvement of the electrochemical reactions has not been observed.
Instead, due to the highly heat-absorbing glycerol reforming reaction (Eq. (4)), the sufficient

or even excessive glycerol is reformed thus lowering the average temperature in the cell, which
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decreases the current density in Fig. 5(a). Meanwhile, from Fig. 5(b), the conversion of H,O
and COz in the cathode shows the same trend with the current density, reaching the maximum
of 52.1% and 38.3% at Q.,=100 SCCM, respectively. Besides, from Fig. 5(c), the anode
velocity and absolute glycerol content increase as the anode flow rate is changing from 50
SCCM to 150 SCCM, leading to a lower glycerol conversion in the inner tube. And as more
glycerol is converted at the anode electrode after leaving the in-tube reformer, it makes the
peak of H> and CO concentrations gradually move downstream in the anode channel, resulting
in a higher H, and CO concentrations at the anode outlet, as shown in Fig. 5(d), Fig. 5(e) and
Fig. 5(f). From Fig. 5(g) and Fig. 5(h), it is clear that at lower anode flow rates (e.g. Q=50
SCCM or Q.=100 SCCM), the anode has sufficient auxiliary fuels (H, and CO) due to the
large conversion of glycerol in the in-tube reformer (Xu,,6:>78%, Fig. 5(c)), which promotes
the anode electrochemical reactions and increases the temperature in the anode. However, at
higher anode flow rates (e.g. 0.=150 SCCM), more glycerol is reformed at the anode electrode
and higher gas flow rate also carries away more heat, resulting in a lower temperature at the
anode electrode (especially at x<0.03 m), which affects the anode electrochemical reaction
kinetics and causes a significant temperature unevenness, as shown in Fig. 5(g) and Fig. 5(h).
Therefore, the optimal anode flow rate is Q.,=70~110 SCCM, at which the cell has good

electrochemical performance and good temperature uniformity simultaneously.

10000 L} T L] L) ) L] L] L) ) L] T 1 lu" 80 L] L} T L) L) L] ) L] L} X L] L) 8” ﬁ
—0—-H -0 =
n . C 2.ca H Oca =
, 950 1090 _T0f -0-W,0,-#- X, . 170 2
£ 9000 - oo 41080~ s 6 —g—C0 @ =
o ocnn [ O—O—0—0—0— @ B e e =]
<500 [O° O—o—g J1070 5 = —C—C0,, -
~ ~o £ £ O-- OF 0= 0= G-~ 5. g
Z8000 F _OeO—O—Oe—— . 1060 E zS50po-- RACINPN 1 £
Z o8 Bp_© < 2 2 e e
£ 7500 o o\ 1050 £ Rl SR RS ‘ol &

= 5] - N 4
= 7000 f {1040 = o 30f “‘%/@- 30 2
o] o 7 =
£ 6500 F . 41030 & z Q=D=0=H=B=0=0= 9'--:1 . E
5 —0—Current density o = SN gy — TV~ — —_ 120 3
@] 6000 | 41020 2 =] \% \ =
—O— Average temperature - o V— Ny 10 =
5500 41010 i 110 =
50[]0 Lo Lo 4 o 1 o 1 o 0 o 1 o 1 o 1 o 1 . | 1“("' 0 L L 1 1 1 'l 1 L L L 1 ] G

50 60 70 80 90 100 110 120 130 140 15 50 60 70 80 90 100 110 120 130 140 150
a Anode flow rate / SCCM b Anode flow rate / SCCM

27



Molar fraction of H, Molar fraction of H,O

———————r —————— 1 0.25 0.5
100 f &2 - O-- 0= 5-- & G-- 5= O-- &-- 5 100 | )
" = o] A
<MF "t = H B 1 B
_c__ 80} -o-H,, e 180 ‘E % % 0.45
= —-0-HQo, g
SN —g-co_-o- X, 170 A
> L 5
‘é 60 -O : ('OZ-M- 1"?— XGb'm‘v.‘,in-moe "ﬁ 460 s 0'4
- s y
— 40} STV 440 2 0.35
=] O"""O =
S3f 130 5
2, S
G 201 420 % 0.3
10F —O—0O—0— 410 S
—0—0—0 "
50 60 70 80 90 100 110 120 130 140 150 = 0 0.25
464 C Anode flow rate / SCCM d 50 100 150 50 100 150
Molar fraction of CO  Molar fraction of CO. In-tube region Anode channel
2
l I 0.11 l 0.2 50 [ — 7 ' —- ! N 3
3 Anode inlet Corner ‘\node outlef]
o} 0.1 o 40 | -.2,=50 SCCM 1
:: g 0.16 S30f ' ]
0.08
‘ézﬂ - .
0.12 =10 F 4
0.06 20
=50
Ho.08 401 1
0.04 =l 30k -
=
0.04 20 1
0.02 - ok ]
u 1 L
0 0 006 0.04 002 000 002 004 0.06
465 e 150 50 100 150 f Location along the anode stream, x/m
Temperature distribution (K)
l Il 1090 1100 — T T T T
o 1090 E
g 1080 1080 - —_— T=1073K 4
i 1070 f oe—— =
1060 | - - -
1070 v B
~1050F _.- E
~
1060 1040 F , &—0,_=s0scCM
1030 L7 ----Q,=755CCM
1020 F P 0, =100 SCCM ]
1050 P —— Q=125 SCCM
1010 - o SN
- - = Q=150 SCCM
Ll 1[)0{' L L L 1 'l L L
= 1040 0.00 001 0.02 003 0.04 0.05 0.06
466 g 50 75 100 125 150 h Location along the anode stream, x/m

467 Fig.5 Effects of anode flow rate on: (a) current density and average temperature; (b) cathode
468 conversion and cathode outlet gas composition; (c) glycerol conversion and anode outlet gas
469 composition; (d) anode H and H>O distribution; (e) anode CO and CO: distribution; (f)

470  molar fraction of each species along the anode main stream; (g) temperature distribution; (h)

471 temperature distribution in the electrolyte

472 3.4 Effects of cathode flow rate
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A mixture of H2O and CO:z is supplied to the cathode as reactants for the co-electrolysis
process. Simulations are carried out at different cathode flow rates when the operating voltage
is 0.6 V, operating temperature is 1073 K, anode flow rate is 100 SCCM, anode glycerol molar
fraction is 0.1 and cathode H,O molar fraction is 0.5. Increasing the cathode flow rate from 75
SCCM to 175 SCCM promotes the electrolysis reactions (Egs. (1), (2)) to the forward direction
because more reactants are supplied into the cathode, which increases the current density from
6552 A m to 7929 A-m™, thus higher heat generation rate and higher cell average temperature
(Fig. 6(a)). Besides, from Fig. 6(b), the insufficient reactants for the electrolysis reaction leads
to high cathode H,O and CO; conversions at lower cathode flow rates (e.g. Q..=75 SCCM),
while the conversion of H>O and CO» decreases with increasing cathode flow rate as sufficient
reactant is passed into the cathode. As for the anode, increasing the cathode flow rate increases
the glycerol conversion in the in-tube reformer gradually from 63.1% to 76.7% due to the
increasing average temperature. From Fig. 6(c), the higher current density at large cathode flow
rate (e.2. Oc,=125 SCCM) leads to a faster consumption of H> and CO in the anode channel,
resulting in a lower H»/CO content in the anode outlet. However, when the cathode flow rate
exceeds 125 SCCM, no significant change in glycerol conversion and anode outlet gas
composition is observed (Fig. 6(c), Fig. 6 (d) and Fig. 6 (e)), as further increasing the cathode
flow rate does not lead to an obvious increase in the average temperature and current density
(Fig. 6(a)). From Fig. 6(f), at lower cathode flow rates (e.g. QOc.=75 SCCM), the lack of
reactants for the cathode electrochemical reactions leads to a lower electrochemical reaction
intensity and cell temperature (especially downstream of the cathode, Fig. 6(g)). Therefore, the
remaining glycerol continues to be converted after entering the anode channel, resulting in a
delayed peak of H» concentration (x=0.01 m), while the lower current density reduces the
consumption of H> and CO, resulting in a higher H> and CO concentration at the anode outlet

compared to the condition of Q=175 SCCM (Fig. 6(f)). And since the glycerol reforming
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reaction is heat-absorbing, the conversion of glycerol at the anode electrode at lower flow rates
(e.g. Q=75 SCCM) further reduces the temperature at the cathode downstream region,
resulting in a significant temperature difference in the cell, as shown in Fig. 6(g) and Fig. 6(h).
Therefore, the lower cathode flow rate should be prevented to avoid negative effects on the

electrochemical performance and temperature distribution of the cell, and the optimal cathode
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Fig.6 Effects of cathode flow rate on: (a) current density and average temperature; (b)
cathode conversion and cathode outlet gas composition; (c¢) glycerol conversion and anode
outlet gas composition; (d) anode H> and H>O distribution; (¢) anode CO and CO»
distribution; (f) molar fraction of each species along the anode main stream; (g) temperature

distribution; (h) temperature distribution in the electrolyte

3.5 Effects of anode glycerol molar fraction

Since the auxiliary fuels (H2 and CO) in the anode are produced by the reforming reaction
of glycerol and H>O, the molar fraction of glycerol in the anode directly affects the supply of
auxiliary fuels. Simulations are carried out at different anode glycerol molar fractions when the
operating voltage is 0.6 V, operating temperature is 1073 K, cathode flow rate is 150 SCCM,
anode flow rate is 100 SCCM and cathode H,O molar fraction is 0.5. From Fig. 7(a), as the
glycerol molar fraction is increasing from 0.05 to 0.15, more auxiliary fuels (H> and CO) are
generated due to more glycerol being converted, which brings a larger current density. While
when the molar fraction of glycerol is further increasing from 0.15 to 0.25, more heat is
consumed due to the decomposition of glycerol, which makes the average temperature decrease
rapidly and also affects the intensity of the electrochemical reactions, causing a decrease in the
current density (Fig. 7(a)). And the cathode HoO/CO; conversion shows the same trend with
the current density, as shown in Fig. 7(b). As for the anode, the increasing glycerol molar

fraction decreases the glycerol conversion, even leading to the incomplete decomposition of
31



527

528

529

530

531

532

533

534

535

536

537

glycerol in the anode (Fig. 7(c)). From Fig. 7(¢c), Fig. 7(d), Fig. 7(e) and Fig. 7(f), it is clear
that due to the continuous conversion of sufficient or even excessive glycerol in the anode
channel, the concentration of H» and CO in the anode channel increases continuously with the
increasing glycerol molar fraction, resulting in a high concentration of H> and CO at the anode
outlet. Besides, from Fig. 7(g) and Fig. 7(h), due to the highly heat absorption of the glycerol
reforming reaction (Eq. (4)), the temperature in the cell gradually decreases (especially at
x<0.03 m) as glycerol molar fraction is changing from 0.15 to 0.25, resulting in a significant

temperature unevenness. Therefore, the optimal anode glycerol molar fraction is
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temperature distribution; (h) temperature distribution in the electrolyte

3.6 Effects of cathode H,O molar fraction

During operation, the ratio of H>O and CO; at the cathode inlet can be changed as needed,
so as to adjust the ratio of Hz and CO in the syngas at the cathode outlet. Simulations are carried
out at different cathode H>O molar fractions when the operating voltage is 0.6 V, operating
temperature is 1073 K, cathode flow rate is 150 SCCM, anode flow rate is 100 SCCM and
anode glycerol molar fraction is 0.1. From Fig. 8(a), the current density and average

temperature increases with increasing cathode H>O molar fraction because the electrolysis of
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H>O has better electrochemical kinetics in the co-electrolysis of H,O and CO; [52]. And the
higher current density promotes the electrolysis of H,O and CO- at the cathode TPBs, leading
to a higher cathode conversion of H,O and CO», as shown in Fig. 8(b). Besides, the higher
current density and average temperature not only promote the conversion of glycerol in the in-
tube reformer, but also accelerate the consumption of H> and CO in anode, leading to the
decrease of H> and CO concentration at anode outlet, as shown in Fig. 8(c), Fig. 8(d), Fig. 8(e)
and Fig. 8(f). Moreover, the increasing cathode H,O content increases the internal cell
temperature (Fig. 8(g), especially in the middle region of the cell, due to the counter-flow
arrangement of the anode cathode channels). From Fig. 8(h), it is clear that both too small and
too large H>O contents in the cathode will cause significant temperature non-uniform
distribution, so the ratio of cathode H>O needs to be controlled properly, and the optimal

cathode H,O molar fraction is Xc4 z720=0.4~0.6.
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Fig.8 Effects of cathode H,O molar fraction on: (a) current density and average temperature;
(b) cathode conversion and cathode outlet gas composition; (c) glycerol conversion and
anode outlet gas composition; (d) anode H> and H>O distribution; (e) anode CO and CO;

distribution; (f) molar fraction of each species along the anode main stream; (g) temperature

distribution; (h) temperature distribution in the electrolyte

4 Conclusions

A 2D multi-physics model was developed to study the glycerol-assisted SOEC co-
electrolysis process, with a novel in-tube reformer to improve the fuel utilization and reduce
the temperature difference in the cell. The model fully considers the flow, diffusion, chemical
and electrochemical processes and thermal effects in the SOEC. The effects of operating
voltage, operating temperature, anode/cathode inlet flow rate and gas composition on the

electrochemical performance and temperature distribution of the system were studied and
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analyzed.

It is found that the operating voltage of the unassisted SOEC system can be significantly
reduced (from 1.43 V to 0.65 V at 9524 A-m™ and 1073K) by using the glycerol-assisted co-
electrolysis process, thus saving over 55% of electrical energy. Besides, the increasing
operating voltage, operating temperature and cathode H>O molar fraction will promote the co-
electrolysis process in the system, leading to a higher cathode H.O/CO> conversion; while the
anode/cathode flow rate and anode glycerol molar fraction all have the optimal values
(Qan=70~110 SCCM, Qca=125~175 SCCM and Xus,6:=0.05~0.15), with good electrochemical
performance and uniform temperature distribution simultaneously. Finally, the in-tube reformer
can significantly reduce the temperature difference inside the cell, and by precisely controlling
the structural and operational parameters of the system, a more uniform internal temperature
distribution can be obtained, even allowing the system to be operated at homogeneous
temperature conditions.

Overall, this study provides an insight of the glycerol-assisted SOEC co-electrolysis system.
And a novel in-tube reformer with high efficiency, compact size, easy fabrication, and high
flexibility is proposed to improve electrochemical reactions and reduce internal temperature
difference in SOEC. The system can effectively reduce the electrical energy consumption and
enhance the performance and long-term stability during SOEC co-electrolysis, which can
facilitate efficient glycerol utilization and COz recovery, as well as producing green syngas by

using renewable electricity.
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