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a b s t r a c t

In order to investigate the thermochemical reaction performance of steam methane

reforming (SMR), the steady heat and mass transfer model coupled with thermochemical

reaction kinetics is developed for the volumetric porous media solar thermochemical

reactor. The local non-thermal equilibrium (LNTE) model with modified P1 approximation

is adopted to investigate the temperature distributions of the solid phase and fluid phase.

For the solid phase energy equation, the irradiative heat transfer coupled with chemical

reaction kinetics is programmed via User Defined Functions (UDFs). The concentrated solar

irradiation is not only considered as the boundary condition at the reactor front surface,

but also as the irradiative heat source in the whole volume of reactor. The parametric

studies are conducted to investigate the thermal and hydrogen production performances

as a function of operational parameters. The numerical results indicate that SMR reaction

has big effects on temperature distribution. The generated H2 mole fraction decreases

sharply with the increasing of fluid inlet velocity, porosity and mean cell size. The

generated H2 mole fraction increases significantly with the increasing of incident solar

irradiance.

Copyright ª 2013, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.

1. Introduction

With solar energy being transduced to chemical energy, the

utilization of solar fuel can upgrade the calorific value of fossil

fuel, and the greenhouse emission can be dramatically

decreased [1]. Takemethane reforming as an example, the life

cycle analyses indicate that the CO2 equivalent emission can

be reduced to 41% and the calorific value of the product of

synthesis gas can upgrade to 28% when the process heat is

supplied by concentrated solar irradiation [2].
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During the hybrid solar and fossil endothermic process,

conventional fossil fuels (i.e. natural gas, coal, or petroleum

coke) are adopted as the chemical source for H2 production,

and concentrated solar irradiation is used as the energy

source to provide high working temperature [3,4]. Compared

to solar thermal power generation, the energy conversion ef-

ficiency is greatly improved for solar fuel as the hybrid solar

and fossil endothermic process is not limited by Carnot

efficiency.

Steam reforming of hydrocarbon fuels is a promising way

for hydrogen production compared to water electrolytic

hydrogen production which needs expensive catalyst, i.e. Pt

[5]. The SMR process comprises two steps, methane steam

reforming (MSR) and water gas shift reaction (WGSR) [6,7]. In

the MSR process (as shown in Eq. (1)), hydrogen and carbon

monoxide can be obtained from the reaction of methane with

water in the catalyst layer of reactor, which is a highly endo-

thermic process. Meanwhile, water reacts with carbon mon-

oxide which is called WGSR process and proceeds to generate

additional hydrogen and carbon dioxide, which is a slightly

exothermic process (as shown in Eq. (2)).

MSR:

CH4 þH2O#COþ 3H2 (1)

WGSR:

COþH2O#CO2 þH2 (2)

The required heat for MSR process is much higher than the

generated heat by WGSR process. Therefore, the whole pro-

cess for hydrogen production by SMR is an endothermic pro-

cess [8]. The additional heat for hydrogen production can be

provided by combustion or concentrated solar energy [9]. The

SMR process driven by concentrated solar energy is called

“Solar SMR”. Bianchini et al. had built a hybrid power plant

where the “Solar SMR” and a gas turbine power plant were

integrated for solar syngas production and utilization. The

experiments indicated that the natural gas saving can be

reached up to 20% when the gas turbine was fed only by solar

syngas [9].

Numerical analyses of SMR for hydrogen production can be

benefit for reactor design and operation improvement. Ni had

developed a 2D heat and mass transfer model coupled with

chemical reaction kinetics to research the effects of various

structural and operating parameters on reaction rate of

hydrogen production by SMR [10,11], while the local thermal

equilibrium (LTE) assumption was adopted in the study. A 3D

calculation model combined with chemical reactions and gas

permeation to/from the porous catalyst reforming layer was

developed by Yuan et al. to investigate the effects of design

and operating parameters on the SMR performances, the nu-

merical results indicated that characteristic ratios had sig-

nificant effects on the MSR and WGSR conversion rate [12].

Hou and Hughes had conducted experiments in an integral

reactor using Ni/aeAl2O3 as catalyst to investigate the kinetics

of MSR and WGSR processes, and intrinsic reaction rate

equations were derived based on the experimental data [13].

One dimensional model with the consideration of thermal

effects was developed by Yu et al. to illustrate the perfor-

mances of porous ceramic membrane reactor for SMR, the

numerical results indicated that using steam as the sweep gas

had better performance of methane conversion and hydrogen

recovery [14]. A CFD model was developed by Zhai et al. to

examine the elementary reaction kinetics for the process of

SMR in a micro reactor, and the numerical results illustrated

the significance of heat conduction ability and interplay be-

tween the exothermic and endothermic reactions [15,16]. The

Nomenclature

cp specific heat, J/(kg K)

CR concentration ratio

ds mean cell size, mm

Dm mass diffusion coefficient

DT thermal diffusion coefficient

Esun solar irradiance, W/m2

G Integrated intensity, W/m2

hi partial enthalpy of species i, J

hv volumetric heat transfer coefficient,

W/(m3 K)

ka absorption coefficient

ke extinction coefficient

ks scattering coefficient

L length of receiver, mm

p pressure, pa

r radius, m

R universal gas constant

S source term of energy equation

T temperature, K

T0 environmental temperature, K

u velocity in x direction, m/s

v velocity in y direction, m/s

x,y coordinates in flow region, m

Greek symbols

r density, kg/m3

f porosity

a absorptivity

m dynamic viscosity, kg/(m s)

asf surface area per unit volume, 1/m

l conductivity, W/(m K)

3 emissivity

s StefaneBoltzmann constant

F irradiation intensity, W/m2

u albedo coefficient

Subscripts

conv convective heat transfer

chem chemical reaction

eff effective

f fluid phase

i the ith species

rad irradiative heat transfer

s solid phase

w wall
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