
ww.sciencedirect.com

i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 0 ( 2 0 1 5 ) 3 1 5 8e3 1 6 9
Available online at w
ScienceDirect

journal homepage: www.elsevier .com/locate/he
Computational fluid dynamics study of hydrogen
generation by low temperature methane reforming
in a membrane reactor
Syed A.M. Said a,*,1, David S.A. Simakov b,*,1, Esmail M.A. Mokheimer a,
Mohamed A. Habib a, Shakeel Ahmed c, Mohammed Waseeuddin a,
Yuriy Rom�an-Leshkov b,*

a Department of Mechanical Engineering, King Fahd University of Petroleum & Minerals, Dhahran 31261,

Saudi Arabia
b Department of Chemical Engineering, Massachusetts Institute of Technology, Cambridge, MA 02139, USA
c Center for Refining and Petrochemicals, RI-King Fahd University of Petroleum & Minerals, Dhahran 31261,

Saudi Arabia
a r t i c l e i n f o

Article history:

Received 29 November 2014

Received in revised form

5 January 2015

Accepted 8 January 2015

Available online 28 January 2015

Keywords:

Hydrogen

Methane reforming

Membrane reactor

CFD model
* Corresponding authors. Tel.: þ966 13 86031
E-mail addresses: samsaid@kfupm.edu.sa

1 These authors contributed equally.
http://dx.doi.org/10.1016/j.ijhydene.2015.01.0
0360-3199/Copyright © 2015, Hydrogen Energ
a b s t r a c t

Concentrated solar energy can be used to drive highly endothermic reactions, such as

methane reforming. An attractive route is the parabolic trough technology, which is

mature and relatively inexpensive but limited to temperatures below 600 �C, when

methane conversions are low. However, high conversions are achievable if hydrogen is

continuously removed from the reactive stream by a membrane selective to hydrogen. In

this study, low temperature methane reforming in a membrane reactor is analyzed

numerically by computational fluid dynamics over a wide range of operating parameters.

Effects of temperature, steam-to-carbon ratio and space velocity on conversion, hydrogen

recovery and carbon monoxide selectivity are specifically investigated. Our results show

that concentration polarization can be significant. Below 500 �C the reactor performance is

kinetically limited by the reforming reaction, while above this temperature hydrogen

separation is a limiting factor. High hydrogen recovery is achievable even at high, indus-

trially relevant space velocities. Importantly, hydrogen separation enhances water gas

shift, reducing the concentration of carbon monoxide, the main source of coke formation

at low temperatures.
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Introduction

Most of the energy used worldwide is derived from fossil fuels

by direct combustion, leading to excessive emission of carbon

dioxide (CO2) that contributes to global warming [1]. An

alternative fuel is hydrogen (H2) that have several advantages

over fossil fuels, such as clean andmore efficient combustion,

and can be used for highly efficient and environmentally

friendly electricity generation using fuel cells [2]. Hydrogen is

also an important chemical feedstock with applications

ranging from desulfurization, hydro treating, petroleum

refining and production of chemicals [3]. Hydrogen is typically

produced from hydrocarbons (mostly natural gas) by partial

oxidation, autothermal reforming, dry reforming or steam

reforming. Electrolysis can be used to generate H2, but

currently is too expensive to be deployed at large scale [4].

Among all methods mentioned above, steam methane (CH4)

reforming (SMR) is the cheapest and the most widely used

method to produce H2 on a commercial scale [5]. The use of

steam as an oxidant is advantageous and relatively high H2-

to-carbon monoxide (CO) ratios obtainable by SMR are favor-

able for H2 production [6].

The process of CH4 reforming by steam can be described by

the following reactions:

CH4 þH2O%COþ 3H2 DH+
298 ¼ 206 kJ=mol (1)

COþH2O%CO2 þH2 DH+
298 ¼ �41 kJ=mol (2)

CH4 þ 2H2O%CO2 þ 4H2 DH+
298 ¼ 165 kJ=mol (3)

Reaction (1) is SMR, reaction (2) is thewater gas shift (WGS),

and reaction (3) is the overall process, which is reversible (H2

generation is favored at low pressures) and highly endo-

thermic, requiring large heat inputs. In commercial in-

stallations, reformer tubes containing a Ni-based catalyst are

heated by burning a fraction of natural gas (ca. 30%) and the

CO produced is reacted with steam at lower temperatures in

downstreamWGS reactors catalyzed by Fe and Cu catalysts to

produce more H2. To prevent coking, high steam-to-carbon

ratios are required for SMR (ca. 2e4), since running the pro-

cess with stoichiometric feed composition leads to severe

coking deactivation of Ni-based catalysts [7]. Nonetheless, Ni

is inexpensive and features reasonably high catalytic activity.

Platinum group metals have been also identified as excellent

reforming catalysts but their implementation is hindered by

the exceedingly high cost associated with current catalyst

formulations that feature prohibitively high metal loadings

(typically ranging from 1 to 5 wt%). Progress toward the use of

platinum groupmetals for low temperature SMRwas outlined

in a recent review [8].

An attractive route to produce H2, reduce CO2 emissions,

and save the otherwise combusted fraction of CH4, is to use

concentrated solar energy to provide the heat required for

SMR [9e12]. This way, solar energy is used to upgrade the

energy content of the hydrocarbon feedstock (e.g. natural gas)

by converting it to a “solar” fuel consisting of a mixture of H2

and CO (syngas) or H2 (if additional steps of WGS and/or pu-

rification are implemented). The resulting “solar” H2 can be

used as a fuel for electricity generation in gas turbines or as a
chemical feedstock. The high temperatures required for SMR

historically limited the choice of a solar concentrator to solar

dishes and central receivers [9e12] that have limited eco-

nomic viability due to high capital costs. An alternative route

is to use the mature and relatively inexpensive parabolic

trough technology that can provide temperatures of ca.

400e600 �C when molten salts are used as heat carriers. In

addition to high operational temperature, molten salts have

other important advantages over conventional heat carriers

such as steam and mineral oils, including low operational

pressure, high heat capacity and density, high heat transfer

coefficient and non-flammability. The solar heat is applied to

the reformer indirectly, through the molten salt heat transfer

fluid [13e16]. However, these temperatures are well below the

operating temperature of conventional SMR reformers

(850e950 �C). Therefore, to apply parabolic trough technology

to SMR, it is critical to design an appropriate reforming system

that can operate effectively at temperatures below 600 �C.
To overcome the thermodynamic limitations on CH4 con-

version imposed by low operating temperatures, membrane

reformers can be implemented to continuously remove H2

from the reactive stream and to shift the equilibrium towards

the formation of products according to Le Chatelier's principle
[17e21]. In a membrane reformer, complete CH4 conversions

are achievable well below 600 �C [22], thereby enabling the use

of parabolic troughs for solar thermal SMR. The selective

removal of H2 can be effectively done by means of palladium

(Pd)-basedmembranes, which are permeable exclusively to H2

[23,24]. Though the cost of Pd is a prohibitive factor, recent

developments provide a potential for mass production of Pd-

based membranes at economically feasible costs [20]. Impor-

tantly, there is no additional energy investment for creating a

pressure drop required to effectively separate H2 by a Pd

membrane (ca. 10 bar), since natural gas is already at pres-

sures that exceed by far this requirement. In a recent experi-

mental work reported by Patrascu and Sheintuch, SMR in a Pd

membrane reformer designed specifically for solar thermal

applications using molten salts as heat carriers was studied

[25]. The reformer was packed with the PteNi/CeO2 catalyst

supported on the SSiC ceramic foam (to improve heat transfer)

and the membrane area was 175 cm2. As a first step, the

reformer was heated by an electrical furnace. Over 90% CH4

conversion and over 80% H2 recovery were achieved at 525 �C.
The separation characteristics of Pd-based membranes

and their implementation in membrane reactors have been

thoroughly investigated [20e24,26e30]. Goto et al. [28] studied

H2 permeation rate through a composite membrane with a Pd

film coated on a porous ceramic tube and defined a numerical

model based on the combined resistances of the Pd film and

the composite support. Coroneo et al. [26,27] investigated

mass transfer characteristics of PdeAg membrane H2 sepa-

ration modules experimentally and numerically using

Computational Fluid Dynamics (CFD). Though porous ceramic

membranes provide higher permeabilities, dense Pd mem-

branes perform much better in SMR due to their exceptional

selectivity. Uemiya et al. [17] compared the SMR performance

of a supported Pd membrane and a porous Vycor glass

membrane in a membrane reactor in a temperature range of

623e773 K. While the Pd membrane efficiently exceeded the

equilibrium conversion, only a small change in equilibrium

http://dx.doi.org/10.1016/j.ijhydene.2015.01.024
http://dx.doi.org/10.1016/j.ijhydene.2015.01.024


Fig. 1 e Schematic representation of themolten salt-heated

membrane reformer (a) and its cross-sectional view (b); (c)

A schematic of the 2D CFD computational domain (not to

scale) representing a counter-current membrane reformer

with tubular axisymmetric geometry.
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was observed for porous Vycor glass. Simakov and Sheintuch

provided experimental demonstration of the autothermal Pd

membrane reformer and studied the effects of various pa-

rameters on the reformer performance [21,30]. It was shown

that the reactor performance is strongly affected by the ratio

of the feed rate to the maximal H2 separation rate (membrane

area and permeability).

Chibane and Brahim [18] studied a one dimensional model

of a Pd membrane reactor for SMR, evaluating the reactor

performance in terms of CH4 conversion, H2/CO ratio and H2

recovery. The reactor performance was found to be optimal

(nearly complete conversion and high H2 recovery) for the

temperature range of 580e600 �C, steam-to-methane ratio of

3, pressure range of 300e600 kPa and a sweep gas ratio of 3. In

another simulation study conducted by Fernandes and Soares

[19], it was shown that the membrane thickness is an impor-

tant parameter in the membrane reactor performance and

that the use of ultrathin membranes (mm scale) can signifi-

cantly enhance methane conversions. Simakov and Shein-

tuch [22,29] defined a one dimensional non-isothermal model

of the autothermal Pd membrane reformer and studied sys-

tematically the effects of various design and operation pa-

rameters on the reformer performance. The simulations

mapped the acceptable domain of operation and the optimal

set of operating parameters.

Although a significant amount of work has been done on

the modeling of Pd membrane reactors, a simplified one-

dimensional (1D) plug flow formulation is frequently

applied, neglecting radial gradients [13,18,19,22,29]. Though

such models can definitely describe the reactor performance

approximately, more comprehensive formulation is required

for more detailed analysis. It is highly desirable to account for

radial gradients in simulations of membrane reformers. Since

the driving force for H2 separation is determined by the dif-

ference in H2 partial pressures in the immediate vicinity of the

membrane wall, the well-known phenomenon of concentra-

tion polarization will clearly limit the separation ability of the

membrane and the overall performance of the membrane

reformer in terms of CH4 conversion and H2 recovery. Though

several two-dimensional (2D) studies of membrane reformers

have been reported, they typically focus on a specific set or a

narrow range of operating conditions and not always account

for 2D velocity distribution which requires CFD modeling

[31e33]. Also, there is a lack of systematic, generalized studies

on the effects of industrially-relevant operating parameters,

such as space velocity (i.e., reformer throughput).

Herein, we couple the detailed CFD modeling approach

with an extended parametric study. We define a 2D CFD model

that describes a packed bed membrane reformer and analyze

the reformer performance in SMR numerically. We focus on

the low temperature regime achievable by parabolic trough

solar collectors with molten salt as a heat transfer fluid

(400e600 �C) and scan the reformer performance over a wide

range of space velocities, including elevated, industrially-

relevant values. Such extended parametric analysis, as

opposed to a study with a fixed set of operating parameters, is

very important for understanding design limits and optimi-

zation routes for practical implementation of a concept. We

study the effects of space velocity, reformer temperature and

feed steam-to-carbon ratio on the reformer performance in
terms of CH4 conversion, H2 recovery, and H2/CO ratio. Our

findings show that the reformer performance can be kinetically

limited (by the reforming reaction) or mass transport limited (by

H2 separation), depending on operating temperature and

space velocity. High H2 recovery is achievable even at

elevated, industrially relevant space velocities. Importantly,

H2 separation enhances WGS, reducing the concentration of

CO, which is the main source of coke formation at low

temperatures.
Model formulation

Reformer configuration

Fig. 1 shows a schematic representation of the molten salt

heated membrane reformer. The reformer size will be defined

by the reformer most essential part, the H2 separation mem-

brane. The dimensions of the Pdmembrane implemented in a

recent experimental work [25], alongside with the corre-

sponding dimensions suggested for the molten salt heated

membrane reformer are listed in Table 1. In our numerical

study, the axisymmetric tubular geometry of the membrane

reformer is approximated by a 2D computational domain

(Fig. 1c). The reformer geometry is defined by the reformer

diameter (2R), themembrane diameter (2RM) and the reformer

length (L), or, for a fixed reformer length, by the aspect ratio

2R/L and the membrane surface-to-reformer volume ratio SM/

V ¼ 2RM/R
2. The inlet feed consists of CH4 and H2O (steam)

http://dx.doi.org/10.1016/j.ijhydene.2015.01.024
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Table 1 e Reformer dimensions.

DM, mm DR, mm DMS, mm L, mm

14 50 70 400

D and L denote diameter and length of the tubular membrane

compartment and of the packed bed and molten salt shell com-

partments (Fig. 1). Subscripts M, R and MS stand for membrane,

reaction zone and molten salt, respectively.
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which are converted into H2, CO and CO2 over the catalytic

packed bed. The produced H2 permeates through the Pd

membrane and removed by a sweep gas (e.g. steam). The

reformer is operated in a counter-currentmode (Fig. 1) to keep

a high H2 partial pressure difference along the axial dimen-

sion. Effects of the reformer temperature, steam-to-carbon

molar ratio (S/C) and gas hourly space velocity (GHSV) on

CH4 conversion, H2 recovery and CO selectivity (H2/CO ratio)

are investigated.
Model equations

The steady-state 2D CFD model employed in our study is

based on the previously reported CFD models [26,27,34]. We

assume a pseudo-homogeneous description of the catalytic

bed [22,29], therefore the computational domain representing

the catalytic packed bed is solved as a continuum. Details of

the CFD formulation can be found elsewhere [35]. Briefly,

model equations include continuity equation (Eq. (4)), mo-

mentum balance (Eq. (5)), energy balance (Eq. (6)) and species

transport-reaction equation (Eq. (7)):

V$
�
εrf u

!� ¼ Si (4)

V$
�
rf u
!u!

�
¼ �Vp� bu!þ V$ t!!þ rf g

! (5)

V$
�
rf u
!hþ u!p

�
¼V$

�
keVT�

X
i
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�
εrf u

!mi

�
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�
rfDi;eVmi

�
þ ð1� εÞrcMi

X
j

aijRj þ Si (7)

In the equations above, b is the friction coefficient given by

the following equation (we assume ε ¼ 0.5 and dp¼ 3mm):

b ¼ 150mf ð1� εÞ2
ε
3d2

p

þ 1:75ð1� εÞrf
ε
3dp

j u!j j u!j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2
r þ u2

z

q
(8)

mi is the mass fraction of species i, Rj is the reaction rate

with a corresponding stoichiometric coefficient aij, ε is the

void fraction of the packed bed and Si is the source/sink term.

For the reaction zone (Fig. 1c), which is packed with catalyst

pellets, the model includes the reaction terms (Rj denotes the

rate of a reaction j), the sink term (Si) that accounts for H2

removal by the membrane, and the friction term ðb u!Þ to ac-

count for pressure losses along the packed bed. There is no

catalyst in the molten salt and permeate zones (ε ¼ 1) and,

therefore, there is no reaction there (Rj¼ 0). There is no
reaction or separation in the molten salt zone and, therefore,

mi¼ 0 there.

Reaction rates are calculated using the commonly adopted

SMR kinetics over the (MgO-promoted) Ni/Al2O3 catalyst

[36,37] (pi denotes the partial pressure of species i; a list of

parameters can be found elsewhere [33]):

R1 ¼ k1

p2:5
H2

 
pCH4pH2O � p3

H2
pCO

K1;eq

!
1

den2 (9a)
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pH2
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�
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�
1

den2 (9c)

den ¼ 1þ KCOpCO þ KH2
pH2

þ KCH4
pCH4

þ KH2OpH2O

pH2

kj ¼ Aj exp

��Ej

RgT

�
Ki ¼ Bi exp

��DHi

RgT

�

The effectiveness factor was not taken into account in the

kinetics equations since mass and heat transfer limitations

are not expected for the small catalyst particle size (dp¼ 3mm)

we used in our simulations [22]. The source/sink term that

accounts for mass flow of species across the membrane is

given by Eq. (10), wherein the H2 flux is given by Sievert's law,

Eq. (11) (pH2 ;M denotes the H2 partial pressure in the permeate

zone, EH2
¼ 6:6 kJ=mol, AH2

¼ 0:4 mol=ðm2 s bar0:5Þ [22]). The

term Si is zero unless the computational cell is adjacent to the

membrane, i.e. to the boundary between the reaction zone

and the permeate zone of the computational domain (Fig. 1).

Since the membrane is assumed to be permselective to H2,

Ji¼ 0 (and thus Si¼ 0) for all species except for H2.

Si ¼ AMJiMi

V
(10)

JH2
¼ AH2

exp

�
� EH2

RgT

��
p0:5
H2

� p0:5
H2 ;M

�
(11)

Numerical simulations were performed using the com-

mercial CFD package Fluent 14.0 (ANSYS Inc., PA, USA) [35].

Pressure-velocity correction was done using the SIMPLE al-

gorithm. Reaction rates and H2 permeation were modeled by

user-defined functions (Cþþ) compiled and hooked in the

Fluent software. Dependences of fluid density, viscosity,

diffusivity, thermal conductivity and heat capacity on tem-

perature, pressure and composition were accounted for using

standard definitions built-in in the computation software. A

small fraction of H2 at the reaction zone entrance was used to

prevent numerical problems that stem from the appearance

of pH2
in the denominator in Eq. (9).
Model validation

The accuracy of our model was verified versus experimental

data reported in the literature [37]. The non-membrane

reformer (without a Pd membrane, i.e. SH2 ¼ 0) was simu-

lated in a range of temperatures (isothermal operation was

http://dx.doi.org/10.1016/j.ijhydene.2015.01.024
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assumed) and residence times reported in the experimental

study which was used for model validation as a reference [37].

The inlet feed consisted of CH4, H2O and H2, with S/C ¼ 3 and

H2/CH4 ¼ 1.25, the porosity of the catalyst bed was set to 0.528

and the reformer exit pressure was 10 bar (as in the reference

work [37]). Fractional CH4 conversion was calculated by Eq.

(12) using the reformer outlet molar flow rates obtained in the

simulations. Fig. 2 shows the variation of fractional CH4 con-

version for different reforming temperatures over a range of

space velocities. It can be seen that the simulated values are in

a good agreement with the reported experimental values [37].

f ¼ FCO þ FCO2

FCO þ FCO2
þ FCH4

(12)

Results and discussion

In all simulations, the dimensionless reformer geometry was

defined by the reformer aspect ratio (2R/L ¼ 0.125) and the

membrane surface-to-reformer volume ratio (SM/

V ¼ 22.4 m�1). Gas hourly space velocity (GHSV) is defined as

the volumetric flow rate of CH4 in the feed (defined at standard

temperature and pressure) divided by the reformer volume

(excluding the molten salt compartment):

GHSV ¼ QSTP
CH4 ;f

V
(13)

Inlet feed consisted of (preheated to the reformer

temperature) H2O and CH4 with a steam-to-carbonmolar ratio

of S/C ¼ 1e3. Though our model does not account for carbon

formation (which is expected to occur for S/C < 2 over Ni-

based catalysts) we intentionally included the stoichiometric

feed case (S/C ¼ 1) in our analysis to evaluate the potential of

the membrane reformer for low S/C operation. This is of

particular importance for solar thermal reforming, wherein

maximizing the reformer throughput is required to minimize

capital cost investment. It should be mentioned here that the

kinetic expressions used in the simulations were developed

for MgO-promoted Ni/Al2O3, i.e. Ni/MgAl2O4, which is more
Fig. 2 eModel validation, comparing simulated variation of

CH4 conversion (lines) to experimental data (symbols, after

[37]) for S/C ¼ 3, P ¼ 10 bar.
stable against coking. Nevertheless, new catalysts, with su-

perior stability against carbon deposition, should be devel-

oped for such applications. The pressure at the reaction zone

outlet was fixed to P ¼ 10 bar, whereas the pressure at the

outlet of the permeation zone was PM ¼ 1 bar in all simula-

tions. The counter-current sweep flow was used to keep high

H2 partial pressure difference along the reformer (Fig. 1a), with

the sweep gas mass flow rate equivalent to that of the feed.

The reformer performance was evaluated by fractional

methane conversion (Eq. (12)), H2/CO ratio (accounting for

combined H2 flow at the outlet of the reaction and permeate

zones) and H2 recovery (the ratio of the molar rate of perme-

ated H2 (membrane outlet) to the feed CH4molar rate, Eq. (14)).

The H2/CO ratio is more useful evaluation parameter for ap-

plications wherein the total reformer outlet is used as a fuel

(for gas turbine) or as a chemical feedstock, while H2 recovery

is more relevant for applications that require an extra-pure H2

flow (e.g. fuel cells, hydrogenation etc.).

RH2
¼ FH2 ;M;out

FCH4 ;f
(14)
Temperature distribution

We start with determining the molten salt velocity (ums),

requiring that the rate of the sensible heat supply by the

molten salt is equal to the rate of heat consumption by SMR

(DHMSRþWGS refers to the enthalpy of the combined process,

Eq. (3)):

ums ¼
FCH4 ;fDHMSRþWGS

ShrmsCp;msTms;f
(15)

where FCH4,f is the CH4 molar feed rate, Sh is the reformer wall

surface area, Tms,f is the molten salt feed temperature and rms,

Cp,ms are molten salt density and heat capacity (1899 kg/m3

and 1495 J/(kg K) [38]). In order to achieve relatively uniform

heating of the reformer, the heat should be supplied in large

excess along the reformer tube. In this case the molten salt

temperature profile is expected to be essentially flat, because

the amount of heat transferred to the reformer compartment

will contain only a small fraction of the total sensible heat

stored in the molten salt [15].

Fig. 3 shows a representative temperature distribution

within the reformer obtained with large excess of the molten

salt supply, ten times higher than that calculated by Eq. (15),

i.e. 10ums. As it can be seen from Fig. 3, nearly uniform tem-

perature distribution is obtained within the reaction zone of

the reformer. The significantly lower temperature at the

membrane interior entrance is due to the sweep gas (steam)

entering at low temperature (above the boiling point of water).

Supplying the molten salt in large excess in a practical situa-

tion is feasible, due to its high volumetric heat capacity. For

example, for the case shown in Fig. 3 (GHSV ¼ 1000 h�1) sup-

plying the heat carrier in 10-fold excess implies the molten

salt flow of ca. 1 kg/h, which is definitely obtainable with the

reformer dimensions listed in Table 1. In our further analysis

we focus on concentration gradients and effects of operating

parameters on the reformer performance in the low temper-

ature range obtainable by solar parabolic trough

http://dx.doi.org/10.1016/j.ijhydene.2015.01.024
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Fig. 3 e Temperature distribution within the reformer obtained with Tms,f ¼ 873 K, S/C¼ 3, GHSV¼ 1000 h¡1, P¼ 10 bar and

PM ¼ 1 bar. Arrows show flow directions.
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concentrators. We assume that the reformer reaction zone

has uniform temperature distribution (as in Fig. 3) which im-

plies that the molten salt is supplied in large excess.
Concentration polarization

Fig. 4 presents typical results, showing simulated contours of

the H2 mass fraction within the computation domain for S/

C¼ 1, 3 and T¼ 773, 848 K. Since the flow of sweep gas is in the

counter-current direction to the flow of reactants (see Fig. 1c),

the highest values of the H2 mass fraction in the permeate

zone are observed at the inlet of the reaction zone, which is

located at the same side as the exit for the sweep gas (flow

directions are shown by arrows in Fig. 4). These plots clearly

justify the use of the 2D model since strong radial gradients

develop, leading to relatively low H2 partial pressures at the

membrane vicinity in the reaction zone. The buildup of the

gradients is particularly pronounced in the beginning of the

reaction zone in which the reforming reactions mostly take

place. Since the driving force for H2 separation is determined

by the difference in H2 partial pressures in the immediate vi-

cinity of themembranewall, concentration polarization limits

the separation ability of the membrane and the overall per-

formance of the membrane reformer in terms of CH4 con-

version and H2 recovery.

Radial cuts of the 2D H2 mass fraction distribution along

the reactor length are shown in Fig. 5. Radial gradients are

shown at four non-dimensional positions defined as x/L (x

stands for the axial coordinate). The H2 mass fraction de-

creases in both the reaction and permeate zones along the

length of the reactor (in the direction of the reactants flow) as

the H2 formed by reforming reactions and WGS (Eqs. (1)e(3))

permeates through the membrane and accumulates in the

permeate zone. The existence of concentration polarization is

evidently seen from Fig. 5.
Methane conversion enhancement

Fig. 6 shows the simulated CH4 conversion (Eq. (12)) at a fixed

GHSV of 6000 h�1 and different S/C ratios, in the low temper-

ature SMR range relevant to the solar parabolic trough tech-

nology. It can be seen that CH4 conversions obtained in the
membrane reformer exceeds by far those obtainable in the

non-membrane reformer over the tested range of temperature

and steam-to-carbon ratios (Fig. 6). The CH4 conversion

enhancement is due to the selective removal of H2 by the Pd

membrane that shifts the equilibrium towards H2 generation

(Eqs. (1)e(3)). This substantial increase in the CH4 conversion

compensates for low temperatures obtainable by solar para-

bolic troughs. For the given temperature, CH4 conversion in-

creases with steam-to-carbon ratio, both for membrane and

non-membrane reactors (Fig. 6), which is dictated by equilib-

rium. Though it is expected to obtain higher conversions in a

membrane reformer, the fact that such a significant

enhancement is achievable at elevated space velocity

(GHSV ¼ 6000 h�1 in Fig. 6) is rather nontrivial and it empha-

sizes the potential of membrane reformers for high-

throughput applications.

Three different steam-to-carbon ratios, S/C ¼ 1, 2 and 3

were investigated. Though we aware of the tendency of the Ni

catalyst to coke formation at S/C < 2 [7], S/C ¼ 1 was included

as a reference value that represents the ideal case with no

coke formation (coking was not accounted for in our simula-

tions). We note that CO is the main source of coking at rela-

tively low temperatures, due to exothermic Boudouard coking

and reverse gasification, while endothermic CH4 cracking oc-

curs at significantly higher temperatures. Interestingly, the

results we present in next sections show that very low CO

concentrations are obtained under certain operating condi-

tions, thereby potentially allowing operating at low S/C ratios.

Low CO concentrations can be attributed to low temperature

regime of operation (WGS is exothermic, Eq. (2)) and to H2

removal by the membrane.
Effect of temperature and steam-to-carbon ratio

Hydrogen recovery and H2/CO ratio at different operating

temperatures and steam-to-methane ratios are shown in

Fig. 7. A general trend is observed showing that H2 recovery

increases for increasing temperature and S/C ratio (Fig. 7a).

This increase is due to the faster reaction and separation ki-

netics at high temperatures (see Eqs. (9) and (11)) and an

enhanced WGS reaction (Eq. (2)) in the presence of excess

steam for high S/C ratios. Though the increase in H2 recovery
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Fig. 4 e Simulated distributions of the H2 mass fraction in the membrane reformer (not to scale) at T ¼ 773 K and 848 K for S/

C ¼ 1 (a) and S/C ¼ 3 (b); GHSV ¼ 6000 h¡1, P ¼ 10 bar and PM ¼ 1 bar. Arrows show flow directions.
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is monotonic, three distinct ranges can be seen in Fig. 7a.

There is a slow increase for T ¼ 673e723 K followed by a sharp

(about two-fold) improvement in the H2 recovery for

T ¼ 723e773 K, while further increase in temperature results

in only minor improvement again. Such trend clearly in-

dicates the existence of (at least two) different limiting factors.

The maximum H2 recovery for isothermal operation is 4, as

dictated by the reaction stoichiometry (Eq. (3)).

At very low temperatures (T < 720 K), the reformer per-

formance is expected to be severely limited by the low activity

of the Ni-based catalyst. The activation energy of the main

reforming pathway is very high (E1 ¼ 240.1 kJ/mol, Eq. (9a)

[37]), implying that the catalyst activity is very low below

720 K, but increases drastically for T ~ 770 K and above since

the dependence of the reaction rate on temperature is highly

nonlinear (Eq. (9)). This explains the two-fold increase in H2

recovery for T ¼ 720e770 K (Fig. 7a). The activation energy for

H2 separation is very low (EH2 ¼ 6:6 kJ=mol [22]) and is not
Fig. 5 e Simulated radial gradients of the H2 mass fraction in th

zone (right panel) at selected axial positions obtained at T ¼ 773
expected to limit the reformer performance. The change in the

slope of the H2 recovery increase observed for T > 770 K

(Fig. 7a) should be rather attributed to the lack of the mem-

brane area [22] (this subject is discussed in more detail in

Section 3.6), but could be also the result of the more pro-

nounced concentration polarization (Figs. 4 and 5).

As expected, much higher H2/CO ratios are obtained for

higher steam-to-carbon ratio (Fig. 7b), as the WGS reaction

extent is enhanced by excess steam. Note that very low CO

concentrations are produced below 770 K. The decrease in H2/

CO ratio is observed with increasing operating temperatures,

as it is expected from the exothermic nature of the WGS re-

action. Comparing Fig. 7a and b shows that there is a tradeoff

between high H2 recovery and high H2/CO ratio. Notably,

T ~ 770 K provides an optimal value to obtain both a relatively

high H2 recovery (Fig. 7a) and an enhanced H2/CO ratio

(Fig. 7b). While high H2 recovery is desirable for H2 generation,

low CO concentrations are preferable to prevent coking.
e membrane interior (left panel) and the reformer reaction

K, S/C ¼ 1 and GHSV ¼ 6000 h¡1, P ¼ 10 bar and PM ¼ 1 bar.

http://dx.doi.org/10.1016/j.ijhydene.2015.01.024
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Fig. 6 e Fractional CH4 conversion (Eq. (12)) vs. temperature

for different S/C ratios (steam-to-methane fed, S/M) at

GHSV ¼ 6000 h¡1, P ¼ 10 bar and PM ¼ 1 bar.

Fig. 7 e (a) H2 recovery (Eq. (12)) and (b) H2/CO ratio as a

function of temperature for different S/C ratios (steam-to-

methane fed, SM); GHSV ¼ 6000 h¡1, P ¼ 10 bar and

PM ¼ 1 bar.

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 en e r g y 4 0 ( 2 0 1 5 ) 3 1 5 8e3 1 6 9 3165
Effect of space velocity

Fig. 8 shows the impact of space velocity (GHSV) on CH4 con-

version, comparing the performance of the membrane and

non-membrane reformers. GHSV is defined as the ratio of the

CH4 volumetric feed flow rate (calculated at standard condi-

tions, i.e. STP) to the reactor volume, Eq. (13). The reformer

was simulated for GHSVs ranging from 6000 h�1 to 15,000 h�1,

with S/C of 1 and 3, and operating temperatures of 773 K.

Similarly to the results for a fixed GHSV shown before in Fig. 6,

it is evident that a substantial increase in the CH4 conversion

is achieved by the membrane reactor for high GHSVs. Evalu-

ating the performance of membrane reformers in a range of

space velocities applicable to industrial conditions is of great

importance to assess their potential for large-scale imple-

mentation. Importantly, although increasing GHSV leads to

shorter contact times and lower CH4 conversions, CH4 con-

version of ca. 50% is still achievable by the membrane

reformer for GHSV¼ 15,000 h�1 and S/C¼ 3. It should be noted

at this point that complete CH4 conversions are not necessary

required for applications that involve power generation using

gas turbines using natural gas “upgraded” by solar energy. For

such applications 50% conversion would be a very reasonable

upgrade of the CH4 heating value saving of ca. 10% of natural

gas (as it can be easily calculated from heating values of cor-

responding gases) [39].

To determine the asymptotic limits of the reformer per-

formance, we carried out numerical simulations in a wide

range of space velocities, for GHSVs ranging from 500 h�1 to

100,000 h�1 (Fig. 9). We used low steam-to-carbon ratios (S/

C ¼ 1, 2), which are of particular importance for solar thermal

reforming applications, wherein maximizing the reformer

throughput is required to compensate for high capital cost

investment. Generation of excess steam will consume a lot of

solar energy, which can be otherwise converted into chemical

energy. Simulations were run for temperatures of 673 K, 773 K

and 848 K, signifying the temperature range obtainable by

solar parabolic troughs.

As shown in Fig. 9, the equilibrium is approached as the

GHSV tends to zero (infinite residence time). Membrane
reactor equilibrium dictates nearly complete conversions for

T > 770e820 K (depending on the S/C ratio) [22]. Another (ki-

netic) asymptote is approached as the GHSV tends to infinity

(zero residence time). There is a sharp decrease in CH4 con-

version for GHSV >20,000 h�1, while further increase in GHSV

results in only minor further decrease of conversion, eventu-

ally attaining a plateau. In this regime, the reactor perfor-

mance can be limited either kinetically (Ni catalyst activity) or

by H2 separation (membrane permeability and available

membrane area), or both. For the reformer geometry analyzed

in the present study, operation at GHSV <10,000 h�1 would be

recommended; in order to further increase the operating

GHSV either a more active catalyst, a more permeable mem-

brane or a larger membrane area would be required [22].

Fig. 10 shows the variation of CH4 conversion, H2 recovery

and H2/CO ratio as a function of GHSV steam-to-carbon ratio

of S/C ¼ 1, 2 and 3, at T ¼ 848 K. As it is dictated by the SMR-

WGS equilibrium, higher CH4 conversions are obtained for

higher S/C ratios, due to the presence of excess steam in the

reaction system. While steam-to-carbon ratios lower than S/

C ¼ 2 are not recommended due to catalyst coking deactiva-

tion issues (at least for Ni-based catalysts), excessively high S/

C ratios demand more steam production, increasing the cost

of the entire process unit. Thus, a tradeoff between the cost of

the system and the catalyst activity and stability must be

carefully evaluated depending upon the final application of

the process.
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Fig. 8 e Comparison of performance of the membrane and

non-membrane reformer in terms of CH4 conversion (Eq.

(10)) as a function of GHSV (Eq. (13)) for S/C ¼ 1 and 3,

T ¼ 773 K, P ¼ 10 bar and PM ¼ 1 bar.

Fig. 9 e CH4 conversion (Eq. (12)) as a function of GHSV (Eq.

(13)) at various operating temperatures for S/C ¼ 1 (a) and

S/C ¼ 2 (b).
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Interestingly, although there is a significant drop in CH4

conversion (Fig. 10a), the H2 recovery values for S/C ¼ 2 and 3

are still considerably high even for GHSV >20,000 h�1

(Fig. 10b). This observation demonstrates one of the important

advantages of membrane reactors over conventional, non-

membrane reformers: despite the drop of CH4 conversion, H2

separation by the membrane shifts the equilibrium of the

WGS reaction towards production of more H2 by converting

CO to CO2. Excess of steam that results from the low SMR

conversion at high GHSV is in fact favorable for WGS. This is

evident from the significant increase in the H2/CO ratio at

elevated space velocities (Fig. 10c). As a result, H2 recovery of

higher than 2 is achievable even at GHSV ¼ 100,000 h�1 for S/

C > 2. Therefore, though the introduction of the H2 selective

membrane requires a significant capital cost investment,

membrane reformers could allow to operate within the re-

gimes wherein the performance of a conventional reformer

would be very poor.

Reformer performance limits

To generalize our findings, we provide herein a brief discus-

sion on the performance limits of Pd membrane reformers in

low temperature SMR. As it was shown in Section 3.4, H2 re-

covery can be limited by multiple factors (Fig. 7a). It is evident

that operation at T < 500 �C is disadvantageous because of the

low activity (high activation energy) of the Ni catalyst. To es-

timate kinetic limits, it is useful to calculate Damk€ohler

number for steam reforming reaction [22] (k1 is from Eq. (9a)

[37], Wc ¼ rc(1�ε)V, FCH4 ;f ¼ rmQ
STP
CH4 ;f

and rm stands for molar

density of ideal gas):

DaSMR ¼ k1

FCH4 ;f

�
Wc

≡
A1 exp

�� E1

�
RgT

	
rcð1� εÞ

rmGHSV=3600
(16)

Substitution of relevant values into Eq. (16) shows that

DaSMR≪1 for T < 500 �C for the space velocity used in Fig. 7

(GHSV ¼ 6000 h�1), implying that the process is severely

limited by the reaction kinetics. Typically, DaSMR> 10 is

required for good performance. As it can be seen from Eq. (16),

this limitation will be even more severe at higher space
velocities. The obvious way to improve the performance is to

increase the temperature but, given that the upper limit is

600 �C (for the application considered here), more active cat-

alysts would be eventually required to further increase the

reformer throughput. Progress towards the development of

alternative catalysts for low temperature SMR was outlined in

a recent review [8].

Specifically for the membrane reformer, there is another

useful dimensionless parameter, the membrane P�eclet num-

ber (the ratio of the feed flow rate to themembrane separation

rate) [22]:

PeM¼ FCH4 ;f

SMAH2

ffiffiffiffiffiffiffi
PSR

p
exp

��EH2

�
RgT

	≡ rmGHSV=3600

ðSM=VÞAH2

ffiffiffiffiffiffiffi
PSR

p
exp

��EH2

�
RgT

	
(17)

For the parameters of Fig. 7, PeM¼ 1.6e2 depending on

temperature, implying that themembrane reformer is slightly

limited by H2 separation (PeM< 1 is required for efficient H2

recovery [22]). As the reformer throughput is increased (Figs. 9

and 10), PeM increases too, achieving PeMz 5e7 for

GHSV ¼ 20,000 h�1 and PeMz 26e34 for GHSV ¼ 100,000 h�1.

Thus, a more permeable membrane (higher AH2
and/or

smaller EH2
in Eq. (17)) or a larger membrane area-to-reformer

volume ratio (SM/V in Eq. (17)) would be required to improve

the reformer performance, i.e. to obtain PeM< 1.

Below we provide a general guidance for the design of a

membrane reformer. Calculating the dimensionless numbers

mentioned above (DaSMR and PeM) should be one of the very

first steps. Following the selection of the required reformer

throughput (a range of GHSV), the choice of catalyst should

http://dx.doi.org/10.1016/j.ijhydene.2015.01.024
http://dx.doi.org/10.1016/j.ijhydene.2015.01.024


Fig. 10 e Variation of (a) CH4 conversion (Eq. (10)), (b) H2

recovery (Eq. (14)) and (c) H2/CO ratio as a function of GHSV

(Eq. 13) for different S/C ratios (steam-to-CH4 fed, SM ¼ 1, 2

and 3) at T ¼ 848 K, P ¼ 10 bar and PM ¼ 1 bar.
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rely on its activity (A1 and E1 in Eq. (16)), to insure that

DaSMR[1 in this range and for the particular temperature

range selected. The selection ofmembrane should be based on

its permeability (AH2 and/or smaller EH2 in Eq. (17)), while

enough membrane area should be provided to keep PeM≪1.
Concluding remarks

Low temperature methane reforming in a palladium mem-

brane reactor was analyzed numerically using computational

fluid dynamics, in a specific temperature range relevant to

solar thermal reforming applications using parabolic trough

solar collectors. The simulation results show a significant

buildup of radial gradients of hydrogen concentration and
concentration polarization, justifying the use of the two-

dimensional formulation. Effects of temperature, steam-to-

carbon ratio and space velocity on conversion, hydrogen re-

covery and carbon monoxide selectivity were specifically

investigated.

Our results show that, depending on the operating condi-

tions, the membrane reformer performance can be kinetically

limited, due to the low activity of the Ni-based catalyst, or

limited by transport, due to hydrogen separation. Transport

limitations can be intrinsic and global, due to limitations by

membrane permeability to hydrogen or insufficient mem-

brane area, or local, due to concentration polarization. These

finding emphasize the importance of development of more

active catalysts and more permeable membranes for low

temperature methane reforming applications.

A significantly high hydrogen recovery is achievable in the

membrane reformer at elevated, industrially relevant space

velocities, even when moderate to low methane conversions

are obtained. This effect was attributed to the enhancement of

the water gas shift reaction by hydrogen separation. Impor-

tantly, the water gas shift enhancement also reduces the

concentration of carbon monoxide, the main source of coke

formation at low temperatures. Further work in underway, to

study thermal effects in more detail and specifically to

analyze the efficiency of the solar heat supply by amolten salt

flow.
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Nomenclature

Aj pre-exponential factor of the rate coefficient of

reaction j, units of kj
AH2 membrane permeability to hydrogen, mol/

(m2 s bar0.5)

AM membrane area, m2

Bj pre-exponential factor of the adsorption coefficient

of species i, units of Kj

Cp heat capacity, kJ/(kg K)

dp catalytic pellet diameter, m

Di,e effective diffusion coefficient of species i, m2/s

EH2 membrane activation energy for hydrogen

permeability, kJ/mol

Ej activation energy of reaction j, kJ/mol

f methane conversion

Fi molar flow of species i, mol/s

g! gravitational acceleration, m/s2

GHSV methane gas hourly space velocity, h�1

hi specific enthalpy of species i, kJ/kg

DHi adsorption enthalpy change of species i, kJ/mol

JH2 hydrogen flux through the membrane, mol/(m2 s)

ke effective thermal conductivity, kJ/(m s K)

kj rate constant of reaction j, units of Eq. (7)

http://dx.doi.org/10.1016/j.ijhydene.2015.01.024
http://dx.doi.org/10.1016/j.ijhydene.2015.01.024


i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 0 ( 2 0 1 5 ) 3 1 5 8e3 1 6 93168
Ki adsorption constant of species i, units of Eq. (7)

Kj,eq equilibrium constant of reaction j, units of Eq. (7)

L reformer length, m

mi mass fraction of species i

Mi molecular weight of species i, kg/mol

p reactive mixture pressure, N/m2

pi partial pressure of species i, bar

pH2 ;M pressure at the permeate side, bar

P pressure at the outlet of the reaction zone, bar

PM pressure at the outlet of the permeate zone, bar

QSTP
CH4 ;f

volumetric feed flow rate of methane (STP), Nm3/h

R reformer tube radius, m

RM membrane tube radius, m

Rj rate of reaction j, mol/(kg s)

Rg gas constant, kJ/(mol K)

RH2 hydrogen recovery

Si source term, kg/(m3 s)

S/C steam-to-carbon molar feed ratio

T temperature, K

u! fluid velocity, m/s

V reformer volume, m3

Wc catalyst bed weight, kg

Greek letters

aij stoichiometric coefficient of species i in reaction j

ε catalyst bed porosity

mf fluid viscosity, (N s)/m2

rc catalyst bed density, kg/m3

rf fluid density, kg/m3

rm ideal gas density, mol/m3

t viscous stress tensor, N/m2
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