https://doi.org/10.1016/j.apenergy.2023.122030 This is the Pre-Published Version.

A novel in-tube reformer for solid oxide fuel cell for performance improvement and
efficient thermal management: a numerical study based on artificial neural network
and genetic algorithm

Chen Wang', Qijiao He', Zheng Li!, Idris Temitope Bello', Jie Yu', Keqing Zheng', Minfang
Han**, Meng Ni'-*

! Department of Building and Real Estate, Research Institute for Sustainable Urban
Development (RISUD) and Research Institute for Smart Energy (RISE), The Hong Kong
Polytechnic University, Hung Hom, Kowloon, Hong Kong, China
2 Department of Energy and Power Engineering, Tsinghua University, Beijing, 100084, China

* Corresponding author:
Email: meng.ni@polyu.edu.hk (Meng Ni)
hanminfang@tsinghua.edu.cn (Minfang Han)

© 2023. This manuscript version is made available under the CC-BY-NC-ND 4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/


mailto:meng.ni@polyu.edu.hk

Abstract

The pursuit of higher power density and compact structure presents a critical challenge to the
thermal management of solid oxide fuel cell. In this study, a novel in-tube reformer is proposed
and a Multi-physics simulation-Artificial neural network-Multi-objective genetic algorism
based optimization framework is developed to improve the output performance and reduce the
internal temperature difference in solid oxide fuel cell. First, a validated multi-physics model
is developed for parametric simulation and generating dataset. Afterwards, a surrogate model
is obtained by training an artificial neural network to predict the output performance and
internal temperature field of solid oxide fuel cell. Finally, multi-objective genetic algorithm
optimizations based on the surrogate model are performed to maximize the output performance
and minimize the internal temperature difference under different operation strategies. It is
found that compared to the conventional configuration (without in-tube reformer), the use of
in-tube reformer can effectively improve the electrochemical reactions, increase the fuel
utilization (up to 34.2%) and current density (up to 14.5%) while significantly reducing the
maximum temperature difference (up to 85.5%) in the cell, resulting in a uniform current
density and temperature distribution along the cell. The proposed novel in-tube reformer and
optimization framework are demonstrated to be highly powerful and can be easily applied to
other fuel cell/electrolyzer systems to effectively improve system performance and realize
efficient thermal management under actual demands.
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Nomenclature

Abbreviation
SOFC  Solid oxide fuel cell

ANN Artificial neural network
MOGA Multi-objective genetic algorism
PEN Positive electrode/Electrolyte/Negative electrode

TPB Triple phase boundary

Letter
R Chemical reaction rate, mol-m>-s"!
Eact Activation energy, J-mol’!
Ecq 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
Aefr Effective thermal conductivity, W-m™!-K!
AH' Enthalpy change, J-mol’!
AS° Entropy change, J-mol!-K'!
fi Fugacity of specie i, Pa
Dijetr Effective binary diffusion coefficient, m?-s!
Dik et Effective Knudsen diffusion coefficient, m?-s™!
cp Specific heat capacity, J-mol™!-K!
O; Heat source term, W-m"
T Tortuosity



1 Introduction

As a novel energy conversion device, solid oxide fuel cell (SOFC) is attracting increasing
attention [1]. Since the chemical energy in the fuels can be directly converted into electricity
without combustion and mechanical processes, the thermal efficiency of SOFC is not limited
by the Carnot cycle and can reach over 70% [2]. Meanwhile, the high temperature operation,
no moving components, and modularity features make SOFC have the advantages of excellent
fuel flexibility, long-term stability, low pollution, and high capacity flexibility [ 1,2]. At present,
SOFC has been used to provide electricity for civil, commercial, transportation and other fields,
which is important for alleviating energy crisis, meeting power demand and reducing
environmental pollution [2].

Currently, one challenge of SOFC is to improve power density and increase compactness
[3-7]. With continued efforts, the power density of SOFC has exceeded 1W-cm™ [4] and has
been used in ships [8], vehicles [9] and drones [10]. However, the pursuit of high power density
and compact size of SOFC operating at high temperature also brings a series of
thermomechanical and stability problems [11]. This is because the heat generated by the intense
and uneven electrochemical reactions in SOFC can lead to significant thermal stress, which
may cause electrolyte fracture and delamination between electrolyte and electrode, thus
significantly affecting the cell performance and reducing the lifetime [11]. When internal
reforming schemes are adopted to further increase compactness and improve thermal efficiency
of the system, the spatial and intensity mismatch between the intense heat-absorbing chemical
reactions at the upstream region and the exothermic electrochemical reactions in the
downstream region can further enhance the temperature gradient in the SOFC, leading to more
severe thermal stresses [11]. According to reports, the temperature gradients in SOFCs without
thermal management measures can reach 20 K-cm™'[12,13], and it can further exceed 50 K-cm™

' [14,15] with internal reforming, which all apparently exceed the allowable value of 10 K-cm™
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'116].

To address the thermomechanical and stability problems caused by thermal stresses in
SOFC, novel composite electrode materials have been developed to balance the thermal
stresses caused by temperature differences [17-20]. Zhang et al. [19] demonstrated a novel
thermal expansion offset approach to develop high performance and durable cathode. By
mixing Co-containing cathode materials and oxides with a negative thermal expansion
coefficient (TEC), they successfully reduced the TEC of the composite cathode, which is close
to that of the electrolyte. As the TEC mismatch is eliminated, they achieved both high
performance and excellent durability of SOFC. Apart from material development, appropriate
thermal management methods are also effective solutions to reduce the thermal stress in SOFC
and improve the operating lifetime [21-30]. Typically, the most common thermal management
method for SOFC is to supply excess air to the cathode channel, but the additional airflow
obviously increases the system operating cost and reduces the system efficiency [22,26,31].
Therefore, researchers have developed various novel approaches for thermal management of
SOFC, including optimizing the flow arrangement [21,22], developing novel interconnectors
[23], integrating heat pipes [24,25], using chemical coolers [26], and rearranging catalyst
distribution [28-30]. Recknagle et al. [21] found that the co-flow arrangement has the most
uniform temperature distribution and the smallest thermal gradient compared to counter-flow
and cross-flow, and has more thermal structural advantages. Guo et al. [23] developed a novel
cathode interconnector with discrete ribs and found that the novel design can increase the
power density by up to 12.96% while reducing the thermal stress of the interconnector by 19.31%
and lowering the failure probability of the cell by up to 28.97%. Dillig et al. [24] Integrated the
planar liquid sodium heat pipe into the interconnector to reduce the internal temperature
gradient of SOFC. It was found that for a SOFC stack with an effective area of 200200 mm?,

the maximum temperature difference within the cell layer could be reduced from 296 K to 189



K by using the heat pipe interconnector, and it could be further reduced to 50 K by increasing
the number of heat pipe interconnect layers. Promsen et al. [27] used saturated water for thermal
management of SOFCs and found that the use of water cooling can reduce the temperature
difference from 295 K to 62 K for tubular SOFC and from 185 K to 26 K for planar SOFC
compared to the conventional air cooling method, thus reducing the parasitic air supply power.

The cooling effect of the SOFC thermal management scheme is directly determined by the
structural and operating parameters in the system. Nevertheless, the experience-based
optimization of output performance and cooling effects is limited, so the advanced algorithms
have also been used to assist the SOFC optimization [32-36]. Artificial neural network (ANN)
is a computational model that simulates the operating characteristics of biological neural
systems and is suitable for seeking complex nonlinear relationships between the inputs and
outputs [37]. Genetic algorithm (GA) is an optimization search algorithm proposed by adapting
the principles of biological evolution [38]. Numerous studies have been conducted to
demonstrate the effectiveness and efficiency of combining ANN and GA with multi-physics
simulations [32-36]. Yan et al. [33] established a prediction model for cathode overpotential
and degradation rate using ANN, and obtained the optimal SOFC microstructure with low
cathode overpotential and degradation rate through multi-objective genetic algorithm (MOGA),
thus optimizing the process parameters. Xu et al. [35] used CFD modeling, ANN and GA to
improve the output performance of SOFC. It was found that among 19 widely used intelligent
algorithms, ANN can provide the best prediction accuracy, and the power density of SOFC can
be improved by 97% after GA optimization. Wang et al. [36] developed a predictive model for
the output performance and carbon deposition characteristics of SOFC using deep neural
networks (DNN). They obtained the optimal electrode microstructure using multi-objective
genetic algorithm (MOGA) optimization to get higher power density and significantly reduce

the carbon deposition rate.



As can be seen, although the current thermal management schemes in SOFC can take away
the excess heat from the cell and reduce the thermal stress caused by large temperature gradient,
this part of heat is not used by the system, resulting in the loss of overall system thermal
efficiency [27]. Meanwhile, the complex and heavy cooling structures make it difficult for the
fabrication and miniaturization of SOFC [23,24], and the reported novel cooling structures are
also insufficient to achieve the optimal cell performance and precise control of internal
temperature. In this study, a novel in-tube reformer is proposed, and an optimization framework
is developed to improve the output performance and reduce the temperature difference in SOFC.
The in-tube reformer can fully utilize the excess heat and reduce the temperature difference
inside the cell. And the framework combines multi-physics simulation (MPS), artificial neural
network (ANN) and multi-objective genetic algorithm (MOGA) optimization. The
experimentally validated multi-physics model fully considers the fluid flow, species transfer,
chemical/electrochemical reactions and thermal effects in the SOFC. A database is established
based on the Latin hypercube sampling (LHS) method by considering the eftects of structural
(size of inner tube, thickness of reforming layer) and operating (anode flow rate, anode gas
composition) parameters of the system. A numerical surrogate model of the multi-physical
model is obtained by training the ANN. Finally, the trade-offs among the system average
temperature, positive electrode/electrolyte/negative electrode (PEN) maximum temperature
difference, current density, and syngas production are obtained using the MOGA. The
optimization results can improve the system performance while achieving efficient thermal
management of SOFC (eliminating temperature difference and operating in thermal neutrality).
The proposed MPS, ANN and MOGA based optimization framework using in-tube reformer
can increase the power density while minimizing the PEN temperature difference, but also
features simple structure and easy fabrication, which can facilitate the miniaturization and

commercialization of SOFC.



2 Methodology

2.1 Physical model and optimization framework

The scheme of the tubular SOFC with a novel in-tube reformer is demonstrated in Fig. 1(a).
The anode-supported SOFC is adopted for co-production of electricity and syngas. The SOFC
uses glycerol as fuel and adopts an internal reforming scheme with a co-flow configuration for
the anode channel and cathode channel. YSZ, Ni/YSZ, and LSM/YSZ are used as the
electrolyte, anode and cathode, with a thickness of 10um, 600pum, and 100um, respectively. In
the anode channel, a stainless-steel tube is used to supply fuel (glycerol+H>O) to the system,
and a 400um thick internal reforming layer (porous medium with uniformly distributed Ni-
ADLOs3 catalyst for glycerol reforming) is arranged inside the tube to improve the fuel
conversion and to match the heat absorption/release of the chemical/electrochemical reactions.
Because of the strong inlet effect and the small size, the chemical and electrochemical reactions
at the bottom of the tubular SOFC (also the anode corner) are not considered. The detailed
structural dimensions and material properties are listed in Table 1.

Fig. 1(b) illustrates the optimization workflow combining MPS-ANN-MOGA. First, the
multi-physics processes in SOFC are considered comprehensively to develop the MPS model.
Afterwards, the validated model is used to perform the parametric studies and to build the
database for ANN training. The well-trained ANN model can accurately represent the complex
nonlinear relationship of input and output to obtain the surrogate model. Finally, the optimal
structural design and operating parameters of the cell are obtained by integrating MOGA
optimization, so as to maximize the performance and minimize the temperature difference in

the SOFC.
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Fig.1 (a) Tubular glycerol-fueled SOFC with novel in-tube reformer; (b) The workflow for

optimization combining MPS-ANN-MOGA

Table 1 Structural dimensions and material properties [39-42]

Materials or Parameters Expression or Value Unit
Conductivity

Ni 3.27x10%-1065.3xT S'm’!

YSZ 3.34x10*xexp(-10300x T S'm’!



LSM
Dimensions

Length of cell

Length of anode tube

Anode channel

Cathode channel

Thickness of anode tube

Inner radius of anode tube

Thickness of in-tube reformer

Anode
Cathode
Electrolyte
Tortuosity
Porosity
Anode
Cathode
In-tube reformer
Permeability
Anode
Cathode
In-tube reformer

StprB
Anode

Cathode

423107/ Txexp(-1150x T

10

62.6
60
2.0
2.0
0.1
1.0~1.6
200~1000
600
100
10

3

0.4
0.4

0.4

1.76x10
1.76x101

1.76x101

2.66x10°

3.33x10°

S'm

mm

mm

mm

pum

pum

pum

pum



Oan 0.5 -

Olca 0.5 -
Y
Yan,H2 1.5x10° -
Yea,H2 7x108 -
Eact
Eactan 1.2x10° J-mol’!
Eactca 1.3x10° J-mol!

The anode and cathode channels are in a co-flow configuration. During operation, air is
passed into the cathode channel, while a mixture of glycerol and H»O is supplied into the anode
stainless-steel tube. The glycerol steam reforming (GSR, Eq. (1)) in the anode will be catalyzed
by Ni-based catalyst to undergo glycerol decomposition reaction (GDR, Eq. (2)) and water gas
shift reaction (WGSR, Eq. (3)) to produce H, and CO. The produced H> and CO will then
participate in the electrochemical reactions (Egs. (4), (5)) at the anode, releasing electrons at
the anode triple phase boundary (TPB) and reacting with O* transferred from the cathode to
produce H>O and COx. The released electrons will flow through the external load and reach the
cathode, where they will react with O, at the cathode TPBs to produce O* (Eq. (6)), which will
be continuously transferred to the anode through the oxygen-ion conducting electrolyte (YSZ)
under the effect of potential difference, thus completing the circuit. Since the methane
formation reaction (Egs. (7), (8)) on the Ni-based catalyst requires low temperature and high
pressure conditions [43], it is not considered since it is not thermodynamically favorable in the
SOFC. Moreover, the experiment exhibited 49 hours of stable operation with no notable carbon
formation [44], so the possible carbon deposition reactions (Egs. (9), (10)) are also not
considered.

C,H,0, +3H,0 —3CO, + 7H,, AH ,qy, =128kJ/mol (1)
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C,H,0, — 3CO +4H,, AH,,, =251kJ/mol 2)

CO+H,0 <> CO, +H,, AH,,, =-41kJ/mol (3)
H,+0% > H,0+2e (4)

CO+0% - CO, +2¢ (5)

0, +4e — 207 (6)

CO, +4H, <> CH, +2H,0, AH,,, =-164kJ/mol (7)
CO+3H, <> CH, +H,0, AH,, =-206kJ/mol (8)
CO(g) +H,(9) <> H,0(9) + C(s), AH 4 =-131kJ/mol 9)
2C0O(g) <> CO,(9) +C(s), AH g5 =-171kJI/mol (10)

The reforming of glycerol is highly heat absorbing (Eq. (1)) while the H>» and CO
electrochemical reactions are highly exothermic. Therefore, when the structural parameters of
the cell are determined, it is possible to match the heat absorption from chemical reactions with
the heat release from electrochemical reactions by adjusting the size of anode reformer and
operating parameters to reduce the PEN temperature difference within the cell. Meanwhile,
since the internal reforming scheme is adopted in this study, the excess heat inside the cell is
not discharged and wasted, but is utilized by the glycerol reforming process, thus preventing
the loss of overall system thermal efficiency due to heat waste. Besides, compared with the
complex thermal management structures, the thermal management scheme (in-tube reformer)
in this study has the advantages of simple structure and easy fabrication. The following
assumptions are employed 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 O2, H> and CO will react electrochemically.
12



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

2.2 Chemical model

At the in-tube reforming layer and the anode electrode, glycerol is converted to H> and CO
in the presence of Ni-based catalysts through the main reactions of glycerol decomposition
reaction (GDR, Eq. (2)) and water gas shift reaction (WGSR, Eq. (3)). The reaction rates of

GDR and WGSR (mol-m>-s!) can be expressed as:

GDR [41]:
63300
RGDR =0.036e pgf::% p&ngAmm surface (1 1)
WGSR [41]:
-103196 pH pCO
RWGSR =0.0171e <7 szo Pco- |2< - (12)
ps
K., =exp(-0.2935Z°+0.63517 *+4.1788Z +0.3169) (13)
Z= —1OTOO -1 (14)

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

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

2.3 Electrochemical model
In operation, the operating potential (V) is represented as:
V' =E-ectan ~Mactca ™ lomic (15)
where E represents the equilibrium potential, V; 7. represents the activation overpotential, V;
Nohmic Tepresents the ohmic overpotential, V.

The Nernst equation is implemented to calculate the equilibrium potential £ [39,41]:

0.5
E, =E, +g[—p”z;poz) j (16)
H,0
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05
EcozEgo‘*‘ﬂ M (17)
2F Pco,

where F is the Faraday constant; Ej}, and EQo are the standard cell potentials (V), which are
temperature dependent and can be further expressed as [39,41]:

E,gz =1.253-0.00024516T (18)

EC,=1.46713-0.0004527T (19)

The relationship between activation overpotential (#.ct) and current density (7) is described

by using the Butler-Volmer (BV) equation [39,41]:

i=i, {exp (%j -exp (%ﬂ (20)

where a is the electron transfer coefficient; # is the number of electrons transferred per reaction.
And i is the exchange current density (A-m™), which can be further calculated for the Hy/H>O

electrochemical reaction as [40,42]:

: Eac an

IO,an,H2 =yan,H2 ’ p::Ban 'exp[_R—.tILj (21)
: 0.21 Eac ca
IO,ca,H2 =}/(:a,H2 ( p(;:?:a) : exp[_R—.tILJ (22)

where yan 2 and yean2 represent the pre-expontential factors for the anode and cathode sides,

TPB

respectively; p,-

is the partial pressure of H at the anode TPBs, Pa; Eqctan and Eacica are the

activation energy for the anode and cathode, respectively, J-mol™.
As for the electrochemical reaction of CO/COa, since the reaction rate of H» is observed to
be 2.2 times of that of CO in the experiment [45], it is assumed in this study that the exchange

current density of CO satisfies the relationship of [41,45]:

i =
0,an,CO 0,an,H
2.2 2

1 23)

In addition, the oxygen-ions/electrons transfer process in the electrode and electrolyte is
14



calculated using the Ohm's law:

Ioi __Goi,eff

V(2y) (24)
ie:-ae,eﬁv(ge) (25)
where O represents the conducting potential; goicfr and o cff represent the effective conductivity

of oxygen-ions (oi) and electrons () in porous electrodes, respectively, which is related to the

tortuosity (7) and volume fraction of oxygen-ion/electron phase in the electrodes as:

V.

O-oi,eff :O-Oi — (26)
V

Ue,eff :O-e —= (27)
T

2.4 Mass and momentum transport
The gas flow and momentum transport processes in porous medium and gas channels can
be simulated through Navier-Stokes (N-S) equation [42]:

For gas channels, the N-S equation is:
ou _ T\ 2
IOE-F PUVU=-Vp+V ,u(Vu +(Vu) )-g;Nu (28)

For porous medium (electrodes and in-tube reforming layer), the N-S equation containing

the Darcy’s term is:

p%+puvu:-Vp+V{y(Vu +(Vu)T)-§ﬂvu}'% (29)

where k is permeability, m?; p is gas density, kg'm?; ¢ is porosity; u is velocity vector, m-s™!; u
is dynamic viscosity, kg-m™'-s!. In the steady-state simulations in this study, the transient terms

in Egs. (28), (29) are treated as 0. p and u for the gas mixture can be further expressed as:
N
p=zi:l Yibi (30)

N:Z:\il Yid; (31)
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where p;, 1 and y; are the density, dynamic viscosity, and molar friction of specie 7, respectively.
The species diffusion process in gas channels (molecular diffusion) as well as porous
electrodes/reforming layer (molecular diffusion and Knudsen diffusion) are simulated by using

the general Fick model [46]:

N.:-A(kv_ipf-.a_ @<yj’>j 62)

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

binary diffusion coefficient, which can be further calculated as [47]:

1
¢l 1 1
D. .=—| —+— 33
ij eff TLD"- Dik} ( )
0.00143T*% 1 1 v
= 2 + ] (34)
2p(vi1’3+v}’3) M; M;
2 [8RT
D,=%r [ 35
ik 3 7Z'M- ( )

1

where Dy 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

can be found in Ref. [48-52].

2.5 Heat transfer

During operation, the uneven and intense chemical/electrochemical reactions within the
cell can lead to complex internal temperature conditions, which can not only seriously affect
the performance of the cell, but can even cause obvious thermal stress and result in the failure
of cell structure. The heat generate/transfer and temperature distribution in the cell are
simulated by general heat balance equation [42]:

In channels:
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pCU-VT +V-(-2,VT)=0 (36)
In porous electrodes/reforming layer and electrolyte:
peu-vT +V-(-/16ﬁVT):Q (37)
Aett = (1—5)/1S +é&h, (38)
where ¢, represents the specific heat capacity, J'-mol!-K!; A, and As represent the thermal
conductivity (W-m™-K™) of gas species and solid phase, respectively. Q is the heat source term
(W-m™), describing the heat releasing/absorbing processes that occur at the electrodes,

electrolyte, and reforming layer during operation. Heat source terms caused by ohmic loss,

chemical reactions, and electrochemical reactions are calculated as [42]:

Qohmic :-(i V(D) (39)

Qchem :Rchem -AH chem (40)
=(TAS)

Qelec_( TAS) nF (41)

where Rchem represents the reaction rate of each chemical reaction; AHchem indicates the
enthalpy change in each chemical reaction; AS indicates the entropy change in each

electrochemical reaction. The physical properties of each gas and solid material can be found

in Ref. [41,48,49,53].

2.6 Boundary conditions
The 2D steady multi-physics model in this study is solved using the finite element method

(COMSOL Multiphysics), and the boundary conditions used are listed in Table 2.

Table 2 Boundary conditions in this study

Location Boundary conditions

Anode/Anode channel interface =0

17



Cathode/Cathode channel

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

2.7 Artificial neural network

Although multi-physics simulations can provide accurate information, the computations of
the complex internal multi-physics processes are time-consuming, so machine learning
methods have been used to facilitate the simulation and optimization process. Artificial neural
network (ANN) is a computational model that simulates the operating characteristics of
biological neural systems without the need to be aware of the complex relationship of input
and output, and has obvious advantages in dealing with complex nonlinear relationships.
Numerous studies have demonstrated that ANN is more accurate compared to other prediction
algorithms (e.g. Boltzmann machines (BM), decision trees (DT), support vector machines
(SVM), etc.) in multi-physics simulations [35]. Fig. 1(b) presents the ANN scheme used in this
study. The ANN consists of an input layer, a hidden layer, and an output layer. In this study, the
focus is mainly on improving the cell performance and achieving efficient thermal management
by adding an in-tube reformer and optimizing the most easily adjustable parameters (operating
parameters and reformer structural parameters) without changing the cell structure. Therefore,
two structural (radius of anode tube, reformer thickness) and two operating (anode flow rate,
glycerol molar fraction) parameters are used as inputs and four performance parameters
(current density, system average temperature, electrolyte temperature difference, syngas

production) are used as outputs.
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252 samples are obtained through Latin hypercube sampling, and a database for training is
built using multi-physics simulations. To accelerate convergence, the input data are normalized

and scaled to the range [0.1,0.9]:

x =08 %) o4 42)
( Xmax Xmin )

where Xmax and xmin are the maximum and minimum values of the input, respectively.
The mean square error (MSE) and coefficient of determination (R?) are used to evaluate the

predictive performance of the model:
_ 1 o f o) 43
MSE—WZM( Yi) (43)

R2=1- Z:ﬂ( Yi _f_l)zz
zi:l(yi_yi)

where N is the number of samples; y; and f; are the predicted and actual values, respectively;

(44)

and y. is the mean value of yi.

2.8 Model validation
2.8.1 Model validation for multi-physics model

The calculation is based on a grid of 440000 degrees of freedom (Fig. 2(a)) to achieve a
balance between the computational accuracy and solution time. After that, the multi-physics
model was validated using experimental results. The electrochemical model was validated
through a syngas-fueled button SOFC (Fig. 2(b)) [54]. The chemical model was validated
through a glycerol steam reforming fixed-bed reactor (Fig. 2(c)) considering glycerol
conversion and Hy selectivity [44], which are calculated as:

Carbon

Glycerol conversion, X —_—
3x Glycerol,,

x100% (45)

Glycerol —

moles of H, m_gas products ngloo% (46)
moles of carbon in gas products 7

H, selectivity, S, =
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The parameters in the model validation are shown in Table 3. From Fig. 2(b) and Fig. 2(c),

the numerical results have good agreement with the experimental results.

8000 —r——7 — —T 1120 1.2 T T T T T T T T T
7800 | —0O— Current density [ —SIM, 1023K
« T600L © —O— Average temperature J1110 > L SIM, 1073K 1
‘s L Z - Bt v A —— SIM, 1123K
= 7400 } s g
< | N s F08 O EXP, 1023K 4
27200 | O—0p o) o o 41100 2 = O EXP, 1073K
£ £ =
E 7000 f ;; gnl]ﬁ v EXP,1123K ]
= 6800 | 11090 2 'E; [ .
5 > S04 O, g, 1
£ 6600 | 3 e,
s i " tvi
O 6400 - {0802 © . 1
6200 - |
6000 L i L " L " L L L i 1070 0-0 " L " L A L L " L "
0 20 40 60 80 100 120 0 2000 4000 6000 8000 %0000 12000
Number of degrees of freedom (x10%) Current density/A-m’
a
100 Best validation performance is 0.00040544 at epoch 26
100 | T ) ) . | —_ F T T T T T T 3
sl g ~ © | 100 % —Train
T o dos —Validation
< 90 | - ] ) Elﬂ-l —Test
g Fixed-bed 90 X = o Best
e 490 = )
‘7 85F reactor J ~ -
5 15 & 3
v 80f - S =
el g 10
S 75k 480 g =
_E' 70 F —O— SIM, Conversion J75 @ g
g‘ 65k --0--EXP, Conve_rs_iou 1 = R0l
S oo —0—SIM, Select1‘v1.ty ) 70 = oy
--0--EXP, Selectivity )
55 cHogmory, 705 =
50 L A L A L i L ] (0 1074 = * * * g * * =
R 773 823 873 023 ’ 0 5 10 15 20 25 30
c TIK d Epochs
100 -1000
Sensitivity: +40% A R e | Sensitivity: -40% ) R hean
< 80 G 800 F 5 "reform
z 1o, |= L]0,
« P
%‘0 60 ] Xoner | 2 oo b — X,
=
£ £
& ]
2 40 F =z -400 |
o=} p=1}
= =
] =
%ok & 200}
e stn cd T ”e-1073 AT e stn

20



Training: R?=0.99996 Validation: R?=0.99990

=y
=

8000 000 P
O  Data O Data
7000 Fit Fit
o 6000

< 6000 =
= = 5000
S 5000 >
=] =
T 4000 g 000
= <
% 3000 = 3000
i W
[-¥ = 2000

2000 A

AT e s stn &
1000 1000
0 e
0 2000 4000 6000 3000 0 2000 4000 6000
Simulated value Simulated value
Test: R2=0.99973 All: R?=0.99992
8000 7 8000 S
©  Data © Data
7000 Fit 7000 Fit

« 6000

=

€ 5000

b1

£ 4000

S

T 3000

R 2000
1000

0 0
0 2000 4000 6000 8000 0 2000 4000 6000 8000
f Simulated value Simulated value

Fig.2 (a) Grid independence check; (b) model validation through syngas-fueled button SOFC;
(c) model validation through glycerol fixed-bed reactor; (d) mean squared error (MSE) during
ANN training; (e) sensitivity analysis for the input parameters of ANN; (f) predicting

performance of ANN

Table 3 Parameters in model validation

Parameters Syngas-fueled button SOFC [54] Glycerol fixed-bed reactor [44]
Temperature 1023~1123K 773~923K
Voltage 0.3~1.0V -
Operating pressure 1 atm 1 atm
Inlet/Anode flow rate 300 SCCM 95 SCCM
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H>:H,O:CO:CO;
Inlet/Anode inlet C3H303:H20:N2=2%:18%:80%
=19.4%:3.0%:58.2%:19.4%
Cathode flow rate 300 SCCM -

Cathode inlet Pure O, -

2.8.2 Model validation for ANN

Table 4 demonstrates the detailed features of ANN used in this study. Fig. 2(e) represents
the sensitivity analysis for the input parameters (freform, Rtube,an, Qan, and Xangr) of ANN. From
Fig. 2(e), the average temperature and electrolyte temperature difference are very sensitive to
the four input parameters (especially treform and Qan); while the current density and syngas
production are not sensitive due to the relatively large value (5930 A-m2and 77 SCCM). From
Fig. 2(d), the MSE is 4.05x10*. And Fig. 2(f) represents the prediction ability of ANN for the
four performance parameters (current density, system average temperature, electrolyte
temperature difference, and syngas production) in this study. It can be seen that for the training
set, validation set, test set, and all set, the prediction model has excellent accuracy (R? over
0.99, from Fig. 2(f)), indicating that the ANN in this study is well-trained. Table 5 demonstrates

the detailed operating conditions used in this study.

Table 4 ANN features in this study

Features Description
Learning type Supervised
Architecture 4-10-4
Network topology Feed-forward
Performance MSE
Training algorithm Back-propagation (BP)
Output layer activation function Linear
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Training epochs 100

Number of data used for training/testing/validation 70%:15%:15%

Table 5 Operating conditions in this study [39-42]

Parameters Value Unit
Inner radius of anode tube 1.0~1.6 mm
Thickness of in-tube reformer 200~1000 pum
Operating temperature 1073 K
Anode flow rate 50~250 SCCM
Anode tube inlet C3HsO3+H>O -
Anode glycerol molar fraction 0.1~0.5 -
Cathode flow rate 300 SCCM
Cathode inlet Air -
Operating voltage 0.6 A"
Outlet pressure 1 atm

3 Results and discussions

3.1 Effects of in-tube reformer thickness (#eform)

Simulations are performed at reformer thickness of 200~1000 um, with anode tube inner
radius of 1.4 mm, anode flow rate of 150 SCCM and glycerol molar fraction of 0.3. To clarify
the effect of the in-tube reformer, the same structural (#eform, Riube,an) and operating (Qan, Xan,GL)
parameters are used for both the new scheme and old scheme, except that the old scheme does
not have a reforming layer in the anode tube. From Fig. 3(a), the addition of the reforming layer
in the anode inner tube achieves the pre-reforming of glycerol, which not only increases the
glycerol conversion from 62.0% to 82.6% at maximum, but also increases the current density

from 5226 A-mto 5984 A-m? due to the increasing H> and CO concentration in the anode.
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Meanwhile, the sufficient H, and CO in the anode channel not only greatly improves the
electrochemical reaction and increases the current density at the anode upstream region (x<0.02
m), resulting in a more uniform current density distribution along the stream (Fig. 3(b)), but
also increases the H, and CO flow rate at the anode outlet, leading to a higher syngas co-
production yield (H>+CO, Fig. 3(¢c)). It is worth noting that the syngas obtained from the anode
co-generation process has a ratio of H2:CO>2 and a higher yield (Fig. 3(c)), which is suitable
as a feedstock for Fischer-Tropsch (F-T) synthesis [55]. Besides, the glycerol pre-reforming
process in the anode tube also significantly reduces the temperature gradient inside the cell
(Fig. 3(d)) due to the intense heat absorbing glycerol reforming reaction (Eq. (1)). The
increasing thickness of the in-tube reforming layer not only moves the system temperature
closer to the thermal neutral temperature (1073K), but also reduces the maximum temperature
difference of the electrolyte by 74.2% from 21.7 K to 5.6 K when the thickness is 1000 um
(Fig. 3(d)). Moreover, the pre-reforming process in the anode tube can simultaneously absorb
excess heat in the anode downstream region (x>0.04 m) and enhance the electrochemical
reactions in the anode upstream region (x<0.02 m, by increasing H> and CO concentrations in
this area). This results in a more uniform temperature distribution along the cell compared to
the conventional tubular SOFC, and it becomes more uniform as the reformer thickness

increases (Fig. 3(e) and Fig. 3(f)).
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Fig.3 Effects of reformer thickness on: (a) current density and anode glycerol conversion; (b)
current density along the electrolyte; (c) anode syngas outlet; (d) average temperature and
maximum temperature difference on electrolyte; (e) temperature distribution; (f) temperature

distribution along the electrolyte

3.2 Effects of anode tube size (Rtube,an)

The anode tube is used to support the in-tube reforming layer, with the tube thickness of
0.1 mm. Simulations are performed at anode tube inner radius of 1.0~1.6 mm, with reformer
thickness of 600 um, anode flow rate of 150 SCCM and glycerol molar fraction of 0.3. The
increasing inner radius of anode tube reduces the distance between the in-tube reformer and
the heat-generating anode, which enhances the heat transfer process and promotes the pre-
reforming of glycerol, resulting in higher glycerol conversion and current density (Fig. 4(a)).

The increase in current density with in-tube reforming scheme is due to the improved H>/CO
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concentration in the anode channel (especially at x<0.02 m), which avoids the dramatic changes

in current density along the cell (Fig. 4(b)) and leads to a higher syngas yield at the anode outlet

compared to old configuration (Fig. 4(c)). In addition, the enhanced heat transfer process

between the anode and in-tube reformer leads to a significant decrease in the maximum

electrolyte temperature difference from 20.6 K to 3.0 K, with a reduction rate of 85.5% at

Rupe=1.6 mm (Fig. 4(d)). From Fig. 4(e) and Fig. 4(f), the increasing dimension of the anode

inner tube can significantly reduce the temperature difference inside the PEN, thus leading to

a more uniform temperature distribution along the cell. This can effectively avoid the structural

damage and performance failure of the cell due to large temperature gradients and thermal

stress [56], which facilitates the long-term stable operation of the SOFC.
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Fig.4 Effects of anode tube inner radius on: (a) current density and anode glycerol
conversion; (b) current density along the electrolyte; (c) anode syngas outlet; (d) average
temperature and maximum temperature difference on electrolyte; (e) temperature distribution;

(f) temperature distribution along the electrolyte

3.3 Effects of anode flow rate (Qan)

During operation, a mixture of glycerol and H>O is supplied into the anode tube to provide
fuel (H2 and CO) for the electrochemical reactions and to control the temperature inside the
cell. Simulations are performed at anode flow rate of 50~250 SCCM, anode glycerol molar
fraction of 0.3, anode tube inner radius of 1.4 mm, and reformer thickness of 600 um. At lower
anode flow rates (e.g. Q=50 SCCM), since glycerol is completely converted in the anode
inner tube (XGL,in-wbe-new=100%), the significantly increased H> and CO concentrations in the
anode channel and limited reforming heat absorption lead to a remarkable current density
increase and a large electrolyte temperature difference (Fig. 5(a), Fig. 5(b), and Fig. 5(d)). As
anode flow rate increases, the general tubular SOFC can no longer achieve the complete
reforming of glycerol (XGr ota1-01d<100%) due to the increasing quantity of glycerol and the
higher anode flow rate (Fig. 5(a)). While the adoption of the in-tube reforming scheme not only
brings a 34.2% increase in glycerol conversion (from 43.0% to 57.7%) and 13.5% increase in
current density (from 4777 A-m™ to 5420 A-m™ at 0,,=250 SCCM, Fig. 5(a)), but also has a
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lower electrolyte temperature difference (Fig. 5(d)) and a more uniform temperature
distribution along the cell (Fig. 5(e) and Fig. 5(f)). From Fig. 5(c), the increasing anode flow
rate not only leads to a higher syngas yield, but also improves the ratio of H»:CO from 1:1 to
3:1, bring a higher hydrogen content. It is worth noting that when Quy is larger than 200 SCCM,
although a uniform along-cell temperature distribution is observed (Fig. 5(f)), the average
temperature is less than thermal neutral temperature (Fig. 5(d)) and requires external heat

replenishment to maintain stable operation, so excessive flow rate conditions should be avoided.
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Fig.5 Effects of anode flow rate on: (a) current density and anode glycerol conversion; (b)
current density along the electrolyte; (c) anode syngas outlet; (d) average temperature and
maximum temperature difference on electrolyte; (e) temperature distribution; (f) temperature

distribution along the electrolyte

3.4 Effects of anode glycerol content (Xan,G1.)

Simulations are performed at anode glycerol molar fraction of 0.1~0.5, anode flow rate of
150 SCCM, anode tube inner radius of 1.4 mm, and reformer thickness of 600 um. At lower
glycerol content (Xan,cr=0.1), glycerol is completely converted to H>/CO in the in-tube
reformer, which greatly facilitates the electrochemical reactions, leading to higher current
density and heat generation (Fig. 6(a), Fig. 6(b), and Fig. 6(d)). As the glycerol molar fraction
increases, more glycerol is converted and the enhanced heat absorption by glycerol reforming
result in a smaller electrolyte temperature difference (Fig. 6(d)). From Fig. 6(a) and Fig. 6(c),
when the in-tube pre-reforming scheme is used, it can not only realize a 13.9% increase in
current density and 52.0% increase in syngas yield (from 5222 A-m™ and 52.8 SCCM to 5950
A-m and 80.2 SCCM at Xun1=0.3, respectively), but also achieve a further reduction of the
electrolyte temperature difference from 21.5 K to 7.1 K (Fig. 6(d)), which further improves the

uniformity of temperature distribution along the cell compared to the old scheme (Fig. 6(f)).
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Fig.6 Effects of anode glycerol molar fraction on: (a) current density and anode glycerol
conversion; (b) current density along the electrolyte; (c) anode syngas outlet; (d) average
temperature and maximum temperature difference on electrolyte; (e) temperature distribution;

(f) temperature distribution along the electrolyte

3.5 Multi-objective optimization based on ANN and GA

30



The analysis of the above parameters shows that the proposed in-tube reforming scheme
not only leads to an increasing fuel utilization and current density, but also significantly reduces
the maximum PEN temperature difference inside the cell and leads to a more uniform
temperature distribution, thus reducing the impact of the large temperature gradient and thermal
stress inside the cell effectively. Nevertheless, the output performance and internal temperature
distribution of the novel SOFC system are complicated by both the structural (Zweform, Riube,an)
and operating (Qan, XanGL) parameters of the in-tube reformer. The MOGA is suitable for
solving multi-objective optimization problems in complex nonlinear relationships in SOFC.
Therefore, in order to maximize the cell output performance with strict consideration of the
thermal effects inside the SOFC, the MOGA is used to predict and optimize the performance
based on ANN surrogate model. The optimization in this study focuses on maximizing the
output performance and minimizing the PEN temperature difference inside the cell. It is also
expected that the cell operates under thermal neutral conditions to eliminate additional heat
replenishment/dissipation measures, and also has remarkable co-production performance to
produce sufficient syngas. Therefore, the output performance, the maximum electrolyte
temperature difference, the system average temperature, and the syngas production are used as
the objective functions in the genetic algorithm, and multi-objective optimizations are
performed under different operating strategies.

3.5.1 Multi-objective optimization focusing on output performance

The large temperature difference and thermal stress in the PEN can have a serious impact
on the long-term stable operation of the cell. Therefore, the output performance and the
maximum electrolyte temperature difference are regarded as the key considerations, and the
system average temperature is also taken into account to achieve thermal neutral operation
(Theura=1073K). This strategy is to achieve maximum output performance with a focus on

thermal effects. The MOGA is performed using MATLAB. The genetic algorithm has the
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population size of 200 and generations of 500 (exceeding 50 and 400 recommended by
MATLAB to ensure accuracy). And the crossover fraction (intermediate crossover) is 0.8,
mutation rate (adaptive feasible mutation) is 0.2. The multi-objective optimization issue can be
described in Eq. (47), with the same weights set for different objective functions (the weights

can be adjusted according to different actual requirements).

{Find the optimal solution X ={R e an» tetorm: Qs Xanor | )

Max cd, Min AT,,,, Min abs (T, -T

ele? ave ' neutral )

The corresponding parameter constraints are:

1.0mm<R <1.6mm

200um <t ., <1000pm

50SCCM <Q,, <250SCCM (48)
0.1< X, <05

V_,=0.6V, T =1073K

cell

tube,an

Fig. 7(a) demonstrates the Pareto front under the constraint of current density-maximum
temperature difference-average temperature. It can be seen that the maximum current density
that can be obtained is about 6000 A-m under the restriction of minimizing the temperature
difference and operating the system in thermal neutral conditions (7=1073K, Fig. 7(a) and Fig.
7(b)). To further increase the current density, compromises have to be made on the maximum
temperature difference and system average temperature. With the objective of maximizing the
current density and minimizing the temperature difference, the optimal parameters of the GA
optimization are Rupean=1.49 mm, freform=703 pm, Q=142 SCCM, and XanGr=0.46. The
current density and syngas production of the optimized system are 6114 A-m™ and 80 SCCM,
respectively. In order to verify the optimization results of GA, calculations are performed for
the optimized new scheme and the old scheme. The same structural (Zreform, Ribean) and
operating (Qan, XanGL) parameters are used for both schemes, except that the old scheme does

not have a reforming layer in the anode inner tube. From Fig. 7(c) and Fig. 7(d), the optimized
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new scheme has a more uniform temperature distribution compared to the old scheme, which
reduces the maximum temperature difference of the electrolyte from 20.0 K to 3.0 K. And the
new scheme has a system average temperature of 1073 K and is operated thermal neutrally.
Meanwhile, due to the pre-reforming process of glycerol in the in-tube reformer, the H, and
CO contents in the anode channel and anode outlet are greatly improved (Fig. 7(e)). This
significantly improves the electrochemical reactions especially in the anode upstream region
(x<0.02 m), increasing the average current density from 5408 A-m™ to 6114 A-m™ (power
density from 0.324 W-cm™ to 0.367 W-cm™ at 1073K) and leading to a more uniform current
distribution along the cell (Fig. 7(f)).

Typically, a finite temperature gradient is accepted to maximize the output performance of
the SOFC during operation. In this case, the maximum output performance and optimal design
of the cell under specific temperature constraints can be obtained by simply putting a limit on
the maximum temperature difference (e.g. ATce<40K) in Fig. 7(a) and Fig. 7(b). Therefore, the
optimization scheme in this study is also applicable to the operating strategies with finite

temperature gradients.
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temperature difference; (c) temperature distribution; (d) temperature distribution along the
electrolyte; (e) anode molar fraction of each species; (f) current density distribution along the

electrolyte

3.5.2 Multi-objective optimization focusing on syngas production

Since the system can produce electricity and syngas simultaneously, and the H> and CO at
the anode outlet have a ratio of H2:CO>2 (suitable for F-T synthesis [55]), this system is also
feasible for direct coupling with the F-T synthesis system for subsequent syngas conversion.
Therefore, the syngas production is the main objective, and thermal effects are also addressed

in order to operate the system thermal neutrally. This strategy is to achieve maximum syngas
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production with a focus on thermal effects. The corresponding parameter constraints are shown
in Eq. (48). This multi-objective optimization issue can be described is Eq. (49) (same weights
set for different objective functions).

. : (49)
Max Q..,Min AT, ,Minabs(T, -T

syn? ele? ( ave neutral)

{Find the optimal solution X ={R ..+ teom: Quns Xanot |

Fig. 8(a) illustrates the Pareto front at the constraints of syngas production-system average
temperature, and it is clear that the maximum syngas production of the system is about 86
SCCM under thermal neutral conditions. With the objective of maximizing the syngas
production and minimizing the temperature difference, the optimal parameters of the GA
optimization are Rupean=1.50 mm, feform=996 pm, Qa=198 SCCM, and XancL=0.18. The
current density and syngas production of the optimized system are 5647 A-m and 86 SCCM,
respectively. Simulations are performed for the optimized new and old schemes to verify the
GA optimization results. From Fig. 8(b), the optimized new scheme has a significant
enhancement of H, and CO content in the anode channel. Meanwhile, due to the GA
optimization of thermal effect, the optimized new scheme can not only operate under thermal
neutral conditions (7..=1073K), but also reduce the maximum electrolyte temperature
difference from 19.2 K to 2.3 K, resulting in a more uniform temperature distribution inside
the cell (Fig. 8(c) and Fig. 8(d)). Besides, the output performance of the optimized new scheme
is also enhanced compared to the old scheme, in which the average current density is not only
increased by 16.7% (from 4838 A-m™to 5647 A-m™), but also eliminates the extremely uneven
current distribution inside the cell (Fig. 8(e)).

Therefore, the novel in-tube reformer and the MPS-ANN-MOGA based optimization
framework proposed in this study are effective. They can simultaneously increase the SOFC
performance and improve the electrochemical/thermal conditions significantly, leading to a

uniform current density and temperature distribution along the cell, which facilitates the long-
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term stable operation of the SOFC.
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4 Conclusions

In this study, a novel in-tube reformer is proposed and a MPS-ANN-MOGA based
optimization framework is developed to enhance the output performance and reduce the
temperature difference within the SOFC. First, a multi-physics model is developed and
validated based on experimental data, while the effects of structural (feform, Riubean) and
operating (Qan, XanGL) parameters are analyzed and a database for ANN training is generated.
Afterwards, an effective surrogate model with high correlation coefficient is obtained through
the training of an artificial neural network, which is used for the accurate prediction of the cell
output performance and internal temperature conditions. Finally, multi-objective genetic
algorithm optimizations based on the surrogate model are performed under different operating
strategies for maximizing the cell performance, eliminating the PEN temperature difference,
as well as operating the cell thermal neutrally. The above scheme makes full use of the excess
heat in the system to avoid the loss of overall thermal efficiency, and improves the output
performance while achieving efficient thermal management of SOFC (eliminating temperature
difference and operating in thermal neutrality). The novel in-tube reformer and the optimization
framework proposed in this study are demonstrated to be highly powerful and can also be easily
applied to other fuel cell/electrolyzer systems to improve system performance and perform
efficient thermal management. The main findings and conclusions are as follows:

(1) The use of in-tube reformer allows full use of excess heat in the cell and improves
electrochemical reactions, which can increase fuel utilization (by 34.2%) and current density
(by 14.5%) while significantly reducing the maximum temperature difference (by 85.4%) in
the cell compared to the conventional configuration (without in-tube reformer), resulting in a
uniform current density and temperature distribution along the cell.

(2) Small anode flow rate and glycerol content (e.g. Q=50 SCCM and Xan,cL=0.1) cause

remarkable internal temperature differences, while increasing the reformer thickness, anode
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tube size, anode flow rate, and glycerol content improve the uniform distribution of current
density and temperature along the cell.

(3) Multi-objective genetic algorithm optimization is performed to obtain the optimal
parameters under different operating strategies, which can maximize the performance of the
system under efficient thermal management conditions (eliminating temperature difference and

operating in thermal neutrality).
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