
Performance and effective kinetic models of methane steam
reforming over Ni/YSZ anode of planar SOFC

Yuzhang Wanga,b,*, Fumihiko Yoshibaa, Makoto Kawasea, Takao Watanabea

aEnergy Engineering Research Laboratory, Central Research Institute of Electric Power Industry, 2-6-1 Nagasaka, Yokosuka, Kanagawa

240-0196, Japan
bSchool of Mechanical Engineering, Key Laboratory for Power Machinery and Engineering of Ministry of Education, Shanghai Jiao Tong

University, 800 Dong Chuan Road, Shanghai 200240, P.R. China

a r t i c l e i n f o

Article history:

Received 28 July 2008

Received in revised form

10 February 2009

Accepted 14 February 2009

Available online 27 March 2009

Keywords:

SOFC

Anode

Methane steam reforming

Nickel catalyst

a b s t r a c t

Under mass/heat transfer and species diffusion limitations, the detailed thermodynamic

investigations and experimental measurements were carried out to study and evaluate the

performance of methane steam reforming and to develop its effective kinetic models over

Ni/YSZ anode of the planar solid oxide fuel cell developed by Central Research Institute of

Electric Power Industry (CRIEPI) of Japan. Based on the kinetic models of methane steam

reforming developed by Xu and Froment, the effective kinetic models were developed.

Combining the experiment data with the iteration calculation, the effective factor (Ce) is

found to be 5.0� 10�4. Using these effective kinetic models, the detailed distributions of

temperature, species, methane conversion, and carbon formation and gasification activity

are presented under wide range of operating conditions. The results show that the local

temperature in the reactor and the methane conversion are sensitive to the operating

parameters. The region of the lowest local temperature and the most possible region of

carbon formation are at the front of the porous anode sample. Due to the limitation of

contact time, heat transfer and species diffusion, the methane conversion appreciably

decreases with an increase of S/C ratio.

ª 2009 International Association for Hydrogen Energy. Published by Elsevier Ltd. All rights

reserved.

1. Introduction

Solid oxide fuel cell (SOFC) is a promising energy conversion

unit that produces electric power and heat with higher effi-

ciency, lower noise and pollutant emission than conventional

heat engine, steam and gas turbines, and combined cycle [1,2].

Due to its high operating temperature (700 �C–1000 �C), SOFC

offers the widest potential range of applications, the flexibility

of fuel choices and the possibility for operation with an

internal reforming [3–5]. The uses of various alternative fuels,

i.e. methane, methanol, ethanol, gasoline and other oil

derivatives, in SOFCs have been widely investigated [6]. To

date, methane is a promising fuel for SOFC system as it is an

abundant component in natural gas (80�95% CH4) [7] The H2/

CO-rich gas, eventually used to generate the electrical energy

and heat in the SOFC system, can be produced by catalytic

heated steam reforming (HSR) or partial oxidation (POX) [8].

Nevertheless, the steam reforming is widely used in the

industrial. Its main advantage compared to other fuel pro-

cessing technologies is the high thermal efficiency.

* Corresponding author at: School of Mechanical Engineering, Key Laboratory for Power Machinery and Engineering of Ministry of
Education, Shanghai Jiao Tong University, 800 Dong Chuan Road, Shanghai 200240, P.R. China. Tel.: þ86 21 3420 6031; fax: þ86 21 3420
6582.

E-mail address: yuzhangwang@yahoo.com.cn (Y. Wang).

Avai lab le a t www.sc iencedi rec t .com

j ourna l homepage : www.e lsev ier . com/ loca te /he

0360-3199/$ – see front matter ª 2009 International Association for Hydrogen Energy. Published by Elsevier Ltd. All rights reserved.
doi:10.1016/j.ijhydene.2009.02.073

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n e n e r g y 3 4 ( 2 0 0 9 ) 3 8 8 5 – 3 8 9 3

mailto:yuzhangwang@yahoo.com.cn
http://www.elsevier.com/locate/he
http://www.sciencedirect.com


The methane steam reforming is a quite complex process.

It not only involves the transfer and diffusion of reactants and

products between the bulk flow and the catalyst surface as

well as within the catalyst, but also involves several reactions

simultaneously in parallel or in series [9]. Therefore, there are

several major problems remain to be solved before such

SOFCs can be routinely operated on the direct feed of alter-

native fuels other than hydrogen. One of them is the carbon

deposition on the anode, causing loss of active site and cell

performance as well as poor durability. The growth of carbon

filaments attached to anode crystallites can generate massive

forces within the electrode structure leading to its rapid

breakdown [10]. A number of efforts have been carried out to

alleviate this problem. Usually, the approach to avoid carbon

deposition is the addition of extra steam to the feed. High

steam/carbon (S/C ) ratios can be used to effectively suppress

carbon formation. However, the use of high S/C ratio is unat-

tractive as pressurizing and heating a large excess of water is

expensive, and it lowers the electrical efficiency of SOFC by

steam dilution of fuel. In addition, increasing the operating

temperature also suppresses the carbon formation but it is

restricted by the maximum temperature due to the thermal

durability of the SOFC cell components [11]. Another of them

is the internal stress in cell components arising from the non-

homogeneous temperature distributions. The direct internal

steam reforming causes the steep change of the local

temperature on the anode due to providing large heat for the

endothermic reaction. This not only causes larger internal

stress and enhances the difficult of sealing, but also increases

the possibility of carbon formation.

A considerable effort has been put into investigations of

the kinetic models of methane steam reforming since the

early 1950s [9,12,13]. Many studies of the kinetic models of

methane steam reaction were carried out with the catalysts of

different compositions prepared by various methods and of

different particle size, and over wide ranges of temperature

and pressure. Therefore, there are many different mecha-

nisms and kinetic models suggested. However, it impossible

to develop generalized kinetic models, which can be applied to

different catalyst with only a change in parameter to suit each

catalyst. The main reasons are two-fold: (1) the change of

catalyst composition changes not only the values of the

parameters of the kinetic model, but it also changes the

structure of the kinetic model via change in the mechanism

[9]; (2) the most mechanism and the kinetic models for each

type of steam reforming catalyst are obtained experimentally

under no mass/heat transfer and species diffusion limitations.

Whereas, in SOFC cell, mass/heat transfer and species diffu-

sion in porous anode are significantly limited and affected by

the operating conditions and anode properties, such as

porosity, pore-size, tortuosity, permeability, thermal conduc-

tivity, etc. Furthermore, due to the limited contact surface

area of porous medium, it is impossible that all catalyst in the

porous anode contacts with gas molecules. Hence, it is

necessary to study the effective kinetic models of steam

reforming reaction for porous anode.

The objective of this work is to study and evaluate the

performance of methane steam reforming and to develop its

effective kinetic models over Ni/YSZ porous anode of the

planar SOFC developed by CRIEPI of Japan, under heat/mass

transfer and species diffusion limitation by the experiments

and numerical thermodynamic investigation. Based on

commercial CFD software (CFX4.4) and a routine developed by

ourselves using the effective kinetic models of methane steam

reforming, a fully three-dimensional mathematical model has

been constructed to simulate the flow, heat and mass transfer,

and steam reforming process in the experimental equipment.

Within wide ranges of temperature, pressure and S/C ratio, the

Nomenclature

ac,i carbon activity

Ai pre-exponential factor

Ce effective factor

Di,e overall effective diffusion coefficient of species i,

m2 s�1

Dij binary mass diffusion coefficient of a mixture

species i and j, m2 s�1

Di,m mass diffusion coefficient for species i in the

mixture, m2 s�1

DK Knudsen diffusion, m2 s�1

dP pore diameter in porous medium, m

Ea,i activation energy, J kmol�1

Gi¼1�5 flow rate of dry methane, ml min�1

H total enthalpy, J kg�1

DH0
298:15 heat of reaction, J kmol�1

DH0
i heat of chemisorption, J kmol�1

Keq,i equilibrium constant

ki reaction rate constant

Ki Adsorption constant of component i

Kn Knudesen number Kn¼ lf/dP

M molecular weight, kg kmol�1

Pi partial pressure of component i, kPa

R universal gas constant, J kg�1 K�1

ri reaction rate, kmol h�1 kg cat�1

Sf source or sink

T temperature K

U velocity, m s�1

Xi molar fraction of species i, kmol kmol�1

Y mass fraction of species, kg kg�1

Greek symbols

k turbulent kinetic energy, m2 s�2

3 turbulent dissipation rate, m2 s�3

r density, kg m�3

l thermal conductivity, Wm�1 K�1

lf mean free path length, m

n special Fuller et al. diffusion volume

3P porosity of porous medium

sP tortuosity of porous medium

k permeability of porous medium

fi pore diameter, mm

Gf diffusion coefficient, kgm�1 s�1

Subscripts

g gas

s porous solid
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