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Steam methane reforming (SMR) is the most widely used process in industry for the
production of hydrogen, which is considered as the future gemeration energy carrier.
Having been perceived as an important source of H, there are abundant incentives
for design and development of SMR processes mainly through the consideration of pro-
cess intensification and multiscale modeling; two areas which are considered as the
main focus of the future generation chemical engineering to meet the global energy
challenges. This article presents a comprehensive overview of the process integration
aspects for SMR, especially the potential for multiscale modeling in this area. The
intensification for SMR is achieved by coupling with adsorption and membrane separa-
tion technologies, etc., and using the concept of multifunctional reactors and catalysts
to overcome the mass transfer, heat transfer, and thermodynamic limitations. In this
article, the focus of existing and future research on these emerging areas has been
drawn. © 2009 American Institute of Chemical Engineers AIChE J, 55: 408-422, 2009
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Introduction

Hydrogen is considered as the next generation energy car-
rier that can offer a nonpolluting, inexhaustible, efficient, and
potentially cost effective energy source for the future. The
most important aspect of hydrogen as a fuel is that it reduces
greenhouse gas effect: a problem that is now more pro-
nounced with the recent concern about global warming.'
Hydrogen economy involves producing hydrogen from differ-
ent energy sources (natural gas, coal, etc.), transportation and
storage in an efficient manner, and effective coupling of pro-
duction/storage strategy with the end use applications.
Among these, the most important aspect which has major
potential for energy intensification is the hydrogen produc-
tion. This demands that the existing methods for H, produc-
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tion should be reviewed extensively for energy efficiency,
environmental concerns, and economics.

As far as the existing H, production technologies are con-
cerned, the main pathways are thermal, electrochemical, or
biological (Figure 1). Among these methods, the thermal
method, specifically steam methane reforming (SMR), in
which methane reacts with steam to produce a mixture of
hydrogen, carbon dioxide, and carbon monoxide, is the most
widely used. Today, almost all the hydrogen is produced by
SMR in oil refineries. The majority of this is used for
upgrading fuels and commodities. SMR accounts for over
48% of H, production globally® and the main feedstock is
the natural gas. However, the efficiency of SMR is 65-75%
for the best of the commercial productions’ and any efforts
to increase the efficiency would have significant impact on
the H, economy.

Process intensification (PI) is an effective strategy to
achieve increased energy efficiency. PI aims at reducing the
mass and heat transfer resistances while overcoming thermo-
dynamic limitations through integrated design and operation.
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Figure 1. Methods for H, production.

Recent advances in fuel cell technologies as a compact
energy source coupled with the progress in separation tech-
nologies and catalysis have triggered efforts in intensified
SMR design. This involves integration of various processes
occurring in the reformer as well as coupling with pre- and
postprocesses such as purification, carbon sequestration, com-
bined heat, and power generation (Figure 2). The traditional
process of steam reforming in catalytic tubes surrounded by
huge furnaces has now evolved through modification in three
major areas to address issues of diffusional limitations,“’5
thermodynamic limitations,® and catalyst deactivation due to
coke formation,” etc. This involves changing from fixed bed
to fluidized bed operations, change of heat supply from
external firing to direct heating, and in-situ separation of one
of the products to drive the reaction beyond its thermody-
namic equilibrium.® This is achieved by combining SMR
with adsorption,9 membrane separation,10 etc., to overcome
thermodynamic limitations, mass transfer enhancement
through multifunctional particle design,!' improved heat
transfer through coupled catalytic reactors'? and plasma tech-
nology,"* and novel catalyst design to achieve desirable
kinetics. All these configurations involve coupling one or
more functionalities in the reactor design and give an addi-
tional degree of freedom'*™"” in the optimal design of such
systems. One of the important advancement is achieving
reaction enhancement to enable a lower operational tempera-
ture, which in turn may resolve the problems associated with
catalyst fouling as well as help in realization of a compact
domestic H, source.

Intensification of SMR, thus, involves consideration of
mechanisms at microscale occurring on catalysts, multifunc-
tional particles to macroscale design, and operation of inten-
sified processes, e.g., adsorptive, membrane catalytic reac-
tors. Therefore, multiscale modeling framework integrating
the phenomena at these scales can offer suitable computa-
tional framework for optimal manipulation and control. The
future technology for SMR will see compact, easy to use,
and highly integrated SMRs for power generation, specifi-
cally, for fuel cell applications. In this article, we have
reviewed the existing scenarios for intensifying SMR and
have highlighted future trends. The insights into process
intensification will also require focus into detailed kinetic
modeling for SMR within an integrated framework especially
considering the multiscale issues. The second section in this
article deals with the advances in the kinetic modeling. First
the conventional modeling aspects are briefly highlighted fol-
lowed by discussion on the multiscale modeling framework
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and its role in the design of intensified multifunctional cata-
lysts. The third section describes the novel concepts in inten-
sified SMR reactor design using membrane reactors. The
fourth section highlights the use of adsorptive reactors for
selective removal of CO,. Recent developments in compact
reactors to overcome heat/mass transfer limitations are dis-
cussed in the fifth section. The sixth section presents conclu-
sions and future research directions in these areas.

Modeling of SMR

SMR involves following sets of reactions:

CH4 + H,O <= CO + 3H, AHyg = 206 kJ/IIlOl (a)
CHy4 + 2H,0 « CO,+4H, AHyog = 164.9 kJ/mol (b) (1)
CO + H,0 < CO,+H, AH93 = —41 kJ/mol  (c)

Reactions (a) and (b) are strongly endothermic whereas
reaction (c) is mildly exothermic. The stochiometric balance
indicates that the first two reactions (a) and (b) are favored
by decrease in pressure whereas the reaction (c) remains
unaffected as per Le Chatelier’s principle. Selective removal
of CO, from the reactor is another option that will favor
higher conversion of CHy. In industry, these reactions are
carried out as a two-step process. The first step is reforming
[reactions (a) and (b)] and is carried out at 750-800°C to
produce synthesis gas (mixture of CO and H;). The second
step is the water gas shift (WGS) reaction [reaction (c)],
which involves catalytic reaction of CO with steam to form
H, and CO,. This step essentially involves a high-tempera-
ture shift (HTS) at 350°C followed by a low-temperature
shift (LTS) at 190-210°C. Thus, the two important areas to
achieve energy efficiency are, clearly, separation of CO, to
increase the equilibrium conversion (mass transfer and ther-
modynamic issues) and efficient heat integration (heat trans-
fer issues).

The kinetic modeling aspects play a crucial role in process
integration specially to establish the compatibility with the
coupled processes. A detailed understanding of the SMR
kinetics helps in addressing the potential of process intensifi-
cation and to assess the benefits achieved thereof. This sec-
tion will review the kinetic modeling efforts in SMR. The
research in modeling SMR has been toward the development
of reaction kinetic mechanisms and evaluation of kinetic pa-
rameters. Initial approaches were approximate and involved
assumptions regarding the rate limiting stepslg_zo under the
experimental conditions studied. Kinetic parameters such as
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the rate constants and order of reaction were obtained from
the experimental results. The lack of fundamental molecular
analysis behind these approaches made them unsuitable for
the use in the range outside the experimental range used for
tuning the parameters. However, the increase in computa-
tional power has now enabled detailed molecular phenomena
to be incorporated into the modeling framework to give more
meaningful picture. Figure 3 highlights the evolution of ki-
netic modeling approaches. The molecular dynamic theories
are now being used to predict the parameters associated with
the reaction mechanisms.?'** The important reaction mecha-
nisms are identified to calculate overall kinetics. This infor-
mation, however, cannot be used as such at the macrolevel,
i.e., the scale of industrial operation. It is, therefore, impor-
tant to transfer this information to the higher scale in an effi-
cient manner. This requires identification of various scales
(length and time) of importance, development of models for
these different scales and coupling the information across
these scales in an efficient manner. This is the main objective
of multiscale modeling. Such approach can be used to iden-
tify the rate limiting parameters at the molecular level, estab-
lish their correlation with parameters at macrolevel and then
control the macroscale parameters by manipulation at the
microscale. This approach is capable of addressing issues
ranging from computational catalyst design to overall reactor
design and optimization. In the field of SMR, although there
are some efforts in the area of microkinetic modeling, devel-
opment of a detailed framework for its integration with mes-
oscale and macroscale is still at the primitive stage. In this
section, we first briefly summarize the initial efforts in ki-
netic modeling followed by the recent trends in microkinetic
modeling and potential for multiscale modeling.

Initial efforts in kinetic modeling®® involved SMR using
porous Ni catalyst and Ni foil covering a large temperature
(260-1000°C) and pressure (1-50 atm) range. In most of
these studies, the rate of reaction was established to be de-
pendent on partial pressure of methane, water, and products.
First detailed efforts involved experimental investigations
into the existence of short lived intermediate species and its
incorporation into kinetic modeling by Schnell** who also
established dependency of reaction rates on the structure of
catalysts and suggested that the composition of catalysts
plays a major role on the kinetics of SMR. Various alloys
have been tested as catalysts and the activities of intermedi-
ate species were found to be important parameters affecting
the performance of catalysts.”>*® The main drawback of all
the initial approaches is that these involved empirically based
power law kinetics with the assumptions regarding the pro-
posed reaction mechanism. The evaluation of empirical pa-
rameters was done from the experimental data. Such
approaches result in model inadequacies that lead to many
drawbacks as well as discrepancies. PI involves interaction
of SMR with the other associated processes and such
approach may cause diverse unstable effects on the inte-
grated framework [not illustrated in the following sections].
One of the most interesting contradictions in SMR kinetics
was the prediction of positive4 as well as negative effective
reaction orders'*™'7 with respect to steam. All these draw-
backs were, however, overcome by the model of Xu and
Froment.””*® These workers focussed on detailed reaction
kinetic mechanism to model intrinsic kinetics of SMR reac-
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Figure 3. Evolution of reaction kinetic approaches for
SMR.

tions on Ni/MgAl,O4-spinel catalyst. Their proposed reaction
scheme consisted of 21 sets of rate equations. The rate equa-
tions were expressed in terms of the concentration of the
adsorbed species. The concentrations of the relevant species
were then eliminated by means of Langmuir equilibrium
relation, and the balance on the active sites including the
vacant sites as well as those covered by adsorbed species.
This resulted in a rate expression in terms of gas phase par-
tial pressures and adsorption coefficients. Model discrimina-
tion and parameter estimation using the experimental data on
steam reforming resulted in rejecting five sets out of the 21
sets of rate equations. Thermodynamic consistency was also
taken into account. The intrinsic parameters so derived were
used in the simulation of the commercial reactors. Diffu-
sional limitations were incorporated through the evaluation
of tortuosity factor, effective diffusivities, and the effective-
ness factor. These parameters were used in the steady state
simulation of the industrial steam reformer with satisfactory
results.”® The rate expression developed by Xu and Fro-
ment”’ is more generic and can explain a number of contra-
dictions in the previous works described earlier.***?° This
generic kinetic framework is being widely used in modeling
industrial reformers till today. Later, Elnashaie et al.*® car-
ried out parametric study of this model over a wide range of
parameters and showed a nonmonotonic dependence of the
reaction rate on the steam partial pressure. This gave rise to
an interesting optimization problem with feed partial pressure
of steam as the decision variable. However, steam to feed ra-
tio is kept at 4-6 in industrial operations to avoid coking
problem.

The approaches stated above still have drawbacks because
they involved some assumptions or empiricism at one stage
or the other. A fundamental approach using molecular con-
siderations is the most preferred one, but is very time con-
suming. However, the increase in the computational power
has now prompted detailed investigations into the microki-
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netic modeling of SMR kinetics. This will be the focus of
future kinetic modeling efforts in almost all the areas in
chemical engineering. These approaches involve establishing
the reaction mechanism and evaluation of the kinetic parame-
ters by using detailed theoretical approaches or using semi-
theoretical and experimental approaches. Microkinetic mod-
els utilize parameters, such as sticking coefficients, surface
bond energies, pre-exponential factors, and activation ener-
gies for surface reactions, surface bonding geometries, active
site densities, and ensemble sizes, etc., that are measured in-
dependently or calculated theoretically using tools such as
theories of chemical bonding.zl’22 Such approaches are
generic and allow incorporation of fundamental microscopic
events in the development of the kinetic framework. Such
modeling tools are very important from the catalyst design
point of view. The microkinetic modeling approaches have,
thus, rendered detailed and more meaningful analysis of the
SMR.

Aparicio®! proposed microkinetic modeling of SMR over
Ni catalyst by carrying out transient isotopic studies and the
mechanism involving various surface events occurring on the
Ni catalyst. It was observed that there was no single rate-
determining step in methane reforming with either steam or
CO, for a wide range of operation of SMR, and there was no
simple rate expression valid over this entire range. Under
some conditions, the availability of surface oxygen may play
a key role in determining the rate. Such detailed analysis
helps in effective manipulation of the operating conditions to
obtain optimal behavior in a standalone or an integrated
framework. Other such approacheszl’22 obtained kinetic pa-
rameters by estimating the activation energies and the pre-ex-
ponential factors on the basis of absolute rate theories such
as transition state theory, bond order conversion Morse
potential (BOC-MP), etc. Chen et al.?? also used this
approach for catalyst design. It was observed that lower bind-
ing energy of C—M bond results in a lower conversion, but
at the same time much lower potential for carbon formation.
Using the microkinetic model, a preferred optimal binding

energy window of C—M of 160-169 kcal/mol and H—M of
64-67 kcal/mol was identified and used as a guideline for
the selection of promoters and dopands for Ni catalysts. This
study proves the potential of microkinetic modeling for cata-
lyst design.

Although there were lots of research efforts toward kinetic
model development for SMR, many studies with different
degree of complexities for WGS reactions alone have also
been developed. Various reaction mechanisms (e.g., redox,
formate, associative, and the carbonate mechanisms) for ki-
netic analysis of WGS reaction are characterized based on
the formation of different intermediate species in the SMR.*
The more complex reaction mechanisms involve combination
of one or more of these kinds of mechanisms with some
additional new elementary reaction steps. The most compre-
hensive and practically useful among them are the reaction
mechanisms proposed by Mhadeshwar and Vlachos® and
Callagham.32 The former involved a reduced kinetic model
using principle component analysis and posteriori analysis,
whereas the latter involved a reaction route graph theory
approach to arrive at a reduced reaction rate. An important
emphasis of these proposed mechanisms was to extract
the maximum possible significant information from the
detailed molecular framework and apply it with a more com-
putationally realizable modeling framework for practical
implementation.

The application of the parameters derived from microki-
netic models to the higher level mean-field models involves
assumptions regarding the homogeneity of catalytic surface.
However, there can be significant nonuniformities in catalytic
surfaces and these can significantly affect the overall per-
formance of the catalyst and the SMR. To incorporate these
nonuniformities, we need to use models at the length scale of
catalyst surface. These mesoscale models need to be
accounted in between the micro (microkinetic approach) and
the macro (reactor scale) frameworks thus giving rise to a
multiscale framework (See Figure 4). Much needs to be done
in this area, and this is going to be the focus of research in
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the future not only for SMR but for almost all the existing
chemical processes. The most suitable modeling framework
to incorporate the events on the catalyst surface is the Ki-
netic Monte Carlo (KMC) simulations.>* These involve eval-
uation of surface configuration using a probabilistic frame-
work. The probabilities of various events are derived based
on the kinetic reaction parameters derived from microkinetic
approach and the mole fraction of the gaseous species in the
bulk (macro) phase. The information flow from the micro to
meso (KMC) is one way. There is no feedback from KMC
to the microkinetic modeling approach. However, the cou-
pling between the KMC and the macroscale is bidirectional
through dependence of KMC on the gas phase mole fraction
and dependence of macroscale models on the surface cover-
ages obtained using KMC simulation. The length and time
scale at which KMC simulations are performed are much
smaller than the macroscale and KMC needs to be acceler-
ated using time and length coarse graining techniques.34

The temporal coarse graining for KMC involves concepts
such as partial equilibrium (PE) for very fast processes and
evaluating slower processes stochastically.35 The problem
with this approach, however, is its inefficiency if the separa-
tion of time scales is moderate. Resat et al.*® have proposed
a weighted probability KMC approach in which several
events of fast reactions are simultaneously implemented
while a slow reaction takes place. This is based on the fact
that during slow reactions the transition probabilities of fast
reactions and the concentration of species do not vary signifi-
cantly. However, the problem with this approach is that the
weighted probabilities tend to amplify noise associated with
KMC. A more efficient approach is the net event KMC
approach®” where reversible reactions are treated as one
event (the net rate is taken as the difference between the for-
ward and backward reactions). The better aspect of this strat-
egy is that this is self adjusted and behaves as regular KMC
when there is no separation of scales. The temporal accelera-
tion is achieved as the equilibrium is attained. However, this
strategy causes noise reduction and it is not possible to study
the role of various fluctuations in the KMC framework. An
improved version of the weighted probability KMC approach
is the t-leap method originally proposed by Gillispie®® and
its adaptations.”’40 These approaches are considered very
promising for temporal acceleration. The basic idea in the t-
leap method is the selection of the time increment t which is
larger than the time increment associated with the micro-
scopic event. During this time, multiple faster events are exe-
cuted. The frequency of occurrence of the events is sampled
from Poisson distribution.

As far as spatial acceleration of KMC is concerned, the
basic idea is the coarse graining of the Hamiltonian using
wavelets.*! In this scheme, the coarse cells containing several
microscopic cells are considered. The mean field approaches
are assumed in the coarse cells. The interaction potential and
transition probabilities are coarse grained using wavelets.
The most important aspect for successful implementation of
this strategy is to ensure that both the microscopic as well as
macroscopic scales are correctly captured. Coarse grained
KMC simulations usually tend to show large errors at interfa-
ces and boundaries where large gradients exist. This requires
adaptive coarse graining techniques42 for reducing errors.
Both these spatial and temporal acceleration methods can be
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implemented in a combined framework to accrue the advan-
tages of both.*’ Integration of the t-leap method along with
the coarse grained KMC method has been considered as the
best combination to achieve acceleration in both time and
space.®* As far as application of these strategies for SMR is
concerned, the challenge is in developing detailed reaction
mechanisms and estimating the rate parameters using molec-
ular framework. The combined space and time acceleration
strategies can then be further used to achieve useful insights
into the macroscopic framework of industrial interest.

The role of multiscale modeling is specifically important
in an integrated framework as it can help in assessing various
degrees of freedom in the integrated framework in a more
meaningful way for better process performance. Various
issues in terms of the compatibility of various integrated
processes, limiting conditions, and their enhancement through
manipulation at micro-meso—macro scale can be effectively
addressed. An important application of SMR is in fuel cells
as a compact source of H,. This demands compact reformers
using efficient catalysts and processing conditions. The multi-
scale modeling is an effective approach that can tackle this
challenge in a meaningful way. This approach can identify
key parameters for a better SMR design through better cata-
lysts design and inclusion of multifunctionality in the reac-
tor/catalyst design, in conjunction with the objective of deliv-
ering a stable H, supply from fuel cells under changing load
conditions. This is going to be a major driving force for
future research in design of SMRs.

It must be emphasized that the advantage of multiscale
modeling approach compared with the conventional empirical
approaches is not very significant in terms of better predic-
tion of conversions and/or yield (as the existing empirical
models can be tuned online to arrive at equally good model
predictions), but in its applicability (because of detailed mi-
croscopic aspects) for better molecular insights of the pro-
cess. Such insights are helpful for exploiting additional
degrees of freedom at molecular level such as through cata-
lyst design. As far as existing empirical models are con-
cerned, these are still important from industrial point of view
as they can be used for online optimization and control by
tuning the model parameters using online measurements. The
multiscale modeling framework will not be suitable for such
online applications considering the large computational time
involved. However, insights from multiscale modeling are
always important to develop improved models for online
applications.

Intensified SMR Design Using Membranes

Membranes are finding increasing applications in the
global market as an important separation/filtration alternative
and the market is exponentially growing with new polymeric
membranes being produced. Heterogeneous catalytic gas-
phase reactions with membrane modules usually involve
membrane materials such as Group VIII metals, polymeric,
ceramic, or zeolite membranes for selective separation of one
or more components. Membranes act as permselective mem-
branes or form a part of catalytically active surface. The
combined effect of reaction and membrane separation can
overcome thermodynamic limitations and can get almost
100% methane conversion at lower temperatures.44 Thus,
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SMR membrane modules are considered very significant
from fuel cell application point of view.

The issues related to membrane reactors involve choice of
a suitable membrane for a given product quality and through-
put required. For a given membrane material, it is important
to assess the effect of feed quality and operating condition
on the stability and robustness of membrane. Other important
factors that must be considered are the mass transport charac-
teristics of the membrane material, purity of the hydrogen
required, and the pressure at which it is obtained, factors
affecting membrane fouling, etc. The improvement in the
performance of membrane reactors, specifically for industrial
applications, needs to integrate these aspects within the SMR
reactor framework both from design and operation point of
view. Figure 5 highlights these important aspects of mem-
brane SMRs. In an integrated framework, the bottomline is
the compatibility of the separation of either CO, or H, by
the membrane with the rate of production.

The membranes which are most widely used for H, sepa-
ration are Pd based as this is a highly H, selective permea-
tion material.*> But these membranes are very expensive.
Industrial application requires less expensive and high per-
meance membranes with complete selectivity and good sta-
bility. This can be achieved by using a composite membrane
with a thin Pd-based layer supported on a porous substrate.
Porous glass, alumina, and other metals are often employed
as substrates and are proved to be good.‘m_48 However, there
are concerns like mechanical strength and different thermal
expansion coefficients that create obstacles. Recently, Tong
et al.* used Pd/CeO,/MPSS membrane that overcomes these
drawbacks and achieves 97% methane conversion at 500°C.
Dense ceramic (perovskites) and mixed ceramic—metal mem-
branes are of potential use™ for selective separation of H, at
high temperatures. However, detailed information on struc-
tural performance is required for their efficient use and is
being investigated.5 ' Modified perovskite membranes”> >
have been investigated by many researchers along with Ni
based catalysts. Specifically Ba0,5Sro,5CoO,8FeO,2O3_d52754 and
SrCoy sFeOx™> membranes have shown high throughput
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rates that are close to commercialization targets.’® However,
these membranes are not preferred commercially due to
issues related to decomposition of perovskite into two phases
and the difficulties in achieving methane conversion and CO
selectivities higher than 95%.”” High-temperature porous
membranes, e.g., silica, silicalites, and zeolite,”®%° have the
advantage of lower price and higher permeance than Pd-
based membranes. Among these, microporous silica shows
the highest H, selectivities with the H,/N, selectivities
exceeding 10,000 for some cases.®’ ™ Polymeric meme-
branes that selectively permeate H, over CO, are also impor-
tant candidate for SMR. For a wide range of polymers the
H,/CO, selectivity vary between 0.5 and 2.5.°*° For alu-
mina supported styrene-divinylbenzene membranes even
higher permeabilities (i.e., 500-4000) have been reported for
H,. However, for all these membranes, achieving high H,
permeability with high H,/CO, selectivity is still an impor-
tant challenge and needs to be explored.

Important parameters affecting performance of membrane
reactors are operating pressure, temperature, membrane thick-
ness, membrane reactor length, etc. Among these the mem-
brane thickness is the most important construction parame-
ter.®® Significant efforts in the development of membrane
reactors considering these aspects for SMR were undertaken
by Adris et al.®”® These authors have carried out both ex-
perimental and numerical investigations on the use of hydro-
gen selective membranes to overcome the thermodynamic
equilibrium barrier in bubbling fluidized bed membrane
steam reformer (BFBMSR). An improved circulating fast flu-
idized bed membrane reformer (CFFBMR)69 further over-
comes the limitations of the BFBMSR specifically in terms
of flexibility, fluid dynamic limitations, and ability for con-
tinuous catalyst regeneration. Figure 6 gives the schematic of
CFFMBR. The coupling of the endothermic steam reforming
and exothermic oxidative reforming in CFFBMR gives the
advantages of producing H, with high yield and energy sav-
ings. H, productivity of CFFBMR is about 112 times better
than that in a bubbling fluidized bed membrane reactor. The
sensitivity analysis and optimization of CFFBMR can help
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further improve the H, productivity. The other important
issues of concern are catalyst deactivation and control config-
uration for these kinds of reactor configurations.

Significant developments have been reported in various re-
actor configurations under both kinetic’*’”" and equilibrium
conditions.”*”* These studies were aimed at determining the
effect of various parameters such as reaction temperature and
pressure, steam to methane ratio, sweep gas velocity, and the
operating mode (cocurrent or counter current) on the overall
performance. However, these studies did not discuss the im-
portant issues such as evaluation of membrane area and
energy requirements that ultimately affect the fixed and oper-
ating costs of the plant specifically in an integrated frame-
work with other processes. Recently, Bottino et al.”* pro-
posed a model for nonadiabatic industrial SMR under equi-
librium conditions to study the effect of operating parameters
on these two important aspects. Their investigations revealed
that temperature profile plays a significant role in process
economy and development of thin and permeable membranes
is a key issue for improving the performance of large indus-
trial plants.

Optimization of membrane SMR reactors requires robust
models for better evaluation. There are various one dimen-
sional approaches in the modeling of membrane reactors
which are only good for laboratory scale units.”> However,
for industrial scale units, there are radial temperature and
composition gradients, and these affect the calculation of
tube wall and membrane temperatures, the driving force for
H, flux, etc. Falco et al.” proposed a two-dimensional model
and observed that integration of membrane in reformer
improves the performance through the promotion of reaction
rate by high temperature near the hot wall and by H, re-
moval in the low-temperature central zone. Such detailed
investigations give a meaningful picture to optimize the pro-
cess performance specifically for a multiobjective optimiza-
tion framework.

It is important that simulation studies for membrane reac-
tors for SMR should be carried out in conjunction with the
entire power process to achieve overall productivity. The
input to and feedback from various upstream and down-
stream processes may result in a more robust and meaningful
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picture. Other important issue is the study related to kinetic
compatibility of the hydrogen production and its removal
using a membrane. Such studies help in estimating mem-
brane area using the permeability coefficient and hydrogen
produced. In membrane reactors, sweeping gas is generally
used to gain permeation driving force and there is always a
limiting conversion in a cocurrent or counter-current sweep
gas flow rate. Hara et al.”® have pointed out that the limiting
conversion is always largest in the counter-current mode and
the complete conversion can be obtained at 500°C or more.
At lower temperatures, the complete conversion cannot be
obtained even using a long reactor.

Membrane reactor technology is quite advanced and
widely studied in literature and the recent emphasis is on the
development of better membranes, more efficient reactor con-
figurations, and better modeling approaches for analysis and
optimization. The generic microkinetic modeling approach
for SMR can be used along with the detailed transport equa-
tions for membranes to formulate more robust models. These
models can further be used to optimize the process perform-
ance, specifically with respect to the two most important fac-
tors: the area of the membrane and the energy consumption,
in an integrated framework.

Sorption Enhanced Steam
Methane Reforming

There are substantial advances in the use of membrane for
steam reforming. However, there are many practical issues,
such as pore blockage causing low permeation rates, expen-
sive membrane materials, limited thermal and mechanical
stability, the complex design of reactors, etc., that hinder the
usefulness of the membranes separation strategies. This has
lead to the development of adsorption enhanced process con-
figurations. Process of adsorption offers some distinct advan-
tages in terms of the tolerance of materials to high-tempera-
ture and pressure, wider range of availability of adsorbents
for desired separations, and sorption kinetics of the same
order of magnitude as the reaction kinetics. However, in con-
trast to membrane separation where the desired component
can be distinctively separated (either in pure form or with a
diluent in a sweep gas mode), the adsorption phenomena, by
its inherent nature, requires an additional step for regenera-
tion of the adsorbent. Commonly used regeneration strategies
include temperature77 (TSA) and pressure swingg’78 (PSA)
operations. Recently, Reynolds et al.”’ developed a rigorous
process simulator for high temperature PSA cycle using K-
promoted hydrotalcite as CO, adsorbent at 525 K. Effect of
operating parameters, such as purge-to-feed ratio and cycle
step time, on the process performance was studied in terms
of CO, recovery and enrichment. At 100% recovery, enrich-
ment of 2.6 was obtained and at 87% recovery enrichment of
3.9 was obtained. These results show the potential of high-
temperature PSA cycle for carbon capture. As far as TSA is
concerned, recently, Lee et al. % proposed a strategy that
combines SMR with TSA directly producing fuel cell grade
hydrogen. A K,CO;5; promoted hydrotalcite was used as CO,
chemisorbent. This is periodically regenerated at 590°C by
purge steam. Simulation results indicated the feasibility of
developing a very compact H, production unit with very less
requirement for regeneration steam. As far as TSA and PSA
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technologies for regeneration are considered, the former does
not use rotating machinery (vacuum pump) or part of the
product for pressurization and hence ensures more recovery
of hydrogen. In the future, optimal design of PSA or TSA
cycles in conjunction with SMR holds the key for efficient
SMR operation and its relative usefulness over other similar
intensification strategies.

First application for adsorptive reactors®' dates back to
1868 and a patent82 in 1933 for a continuous process
producing H, at the pressure of 1-50 atm and temperature
300-550°C. Limestone was used as adsorbent. Further inves-
tigations continued in this area with a focus on the use of
different adsorbents under wider temperature and pressure
conditions as well as with an objective of achieving higher
H, purity and efficient adsorbent regeneration. Use of dolo-
mite as sorbent’’* has been investigated under industrially
operated temperature and pressure conditions and H, purity
from the reactor was found in the range of 92-96%. Various
other CO, adsorbents include the following: K-promoted
hydrotalcite, clay minerals like sepiolite and dolomite, modi-
fied double layer hydroxides, spinels with metal oxides, and
mixed metal oxides of Mg, La, Ca, etc. 3488 Yong et al.%
have recently reviewed the role of activated carbon, zeolites,
metal oxides, hydrotalcite compounds, etc. as adsorbents and
concluded that activated carbons and zeolites are superior to
metal oxides and hydrotalcites for ambient temperature appli-
cations. However, metal oxides and hydrotalcites are pre-
ferred over activated carbon and zeolites for high-tempera-
ture applications. As far as compatibility with SMR is con-
cerned, the K-promoted hydrotalcites exhibit a high and
pressure-reversible CO, capacity.go’91 However, this perform-
ance is highly dependent on the synthesis and pretreatment
of these adsorbents and needs more insights into the funda-
mental aspects. Double layer hydroxides are also important
candidates that are potentially useful for high-temperature
PSA processes.79 There are several other works that report
the use of alumina as a high temperature and pressure-revers-
ible CO, adsorbent for use in a PSA cycle.*? Lithium zir-
conate and CaO can also function as high temperature, CO,
selective adsorbents and have temperature reversibility,g‘g’96
with reasonable regeneration rates.”’”® Choice of suitable ad-
sorbent is very important in the overall sorption enhanced
steam methane reforming (SESMR) framework. Specifically
in an integrated framework, the choice of the adsorbent is
very crucial and the capacity of the adsorbent as well as the
rate of adsorption are important aspects that govern the over-
all efficiency of the integrated framework. Future advances
in materials engineering will pave way for development of
more robust and stable catalytic materials and this is a novel
area of research for material scientists.

Various studies have been reported with different degree
of complexities in the reactor modeling for SESMR. These
essentially involve studies related to parametric sensitivity
and optimization for different reactor configurations. Parame-
ters affecting performance of SESMR are temperature,
steam-to-carbon ratio, adsorbent to catalyst ratio, etc. Impor-
tant considerations for SESMR arise from nonlinear adsorp-
tion equilibrium and mass transfer limitations on adsorption
kinetics. These need to be integrated with the kinetic model-
ing framework. Ding and Alpaygg proposed a mathematical
model using linear driving force description for mass transfer
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with incorporation of nonlinear isotherm to describe adsorp-
tion, depressurization, and purge steps under nonisobaric as
well as nonisothermal conditions. This approach was further
extended by Xiu et al.,100 who carried out numerical investi-
gations for a five-step one-bed sorption enhanced SMR con-
figuration’® involving adsorption and regeneration by pres-
sure swing adsorption. This model considered component
and overall mass balance, pressure drop correlation, energy
balance, and adsorption equilibrium isotherm coupled with
three chemical reactions for the sorption enhanced cyclic
process. This was followed by other numerical investiga-
tion'®! for four-step one-bed configuration with three subsec-
tions sorption enhanced process with a focus on the effect of
subsection temperature on the performance of the SMR. It
was established that controlling the subsection temperatures
leads to improved SMR performance. Later, this group'®?
proposed a detailed mathematical model considering intrapar-
ticle diffusion limitations in the modeling framework. This
can be considered as the most comprehensive model for
SESMR. Such models are, however, computationally very
expensive and need model reduction techniques for many
applications. Wang and Rodrigues'® developed a simplified
two-section model to decouple the complexity in process
modeling and tested it for two reactor dimensions: a lab scale
and a pilot scale reactor. Such reduced models are very use-
ful from process control point of view. A dual fluidized bed
reactor is another important configuration that has advantage
in terms of higher residence time for adsorbent and minimi-
zation of attrition of the adsorbent because of low gas veloc-
ities. Johnson et al.'® have carried out numerical investiga-
tions for this reactor configuration using a simple two-phase
bubbling bed model and established that operation at rela-
tively high-solid circulation rates gives higher system effi-
ciency. The other recent studies include experimental and nu-
merical investigations by Lee et al.'” and Ochoa-Fernandez
et al.'"® These models can be used for optimization and
online control to achieve better performance.

One of the important issues in SESMR is the stability of
adsorbent. Unstable adsorbents can lead to lower equilibrium
hydrogen yields.'”” For fluidized bed operations, resistance
to attrition'®® is an important parameter and largely governs
the performance of the adsorbant and the process as a whole.
The mode used for desorption and its assessment in terms of
energy requirement and time of regeneration are also impor-
tant to achieve better design and performance. High energy
requirements for CO, desorption can rule out an adsorbent in
spite of its better performance in sorption enhancement. The
choice of a suitable adsorbent, thus, becomes a trade-off
between its effectiveness, stability, regeneration capability,
and is a complex issue.

One aspect hindering the performance of multifunctional
reactors for SMR is the mass transfer limitations between the
catalyst particle and the adsorbent.'"'® This can be over-
come by integrating the catalytic and adsorptive functional-
ities on a particle level (see Figure 7)."" This further intensi-
fies the SMR reactor design while at the same time giving an
additional degree of freedom in the design of catalyst as well
as reactor. Compatibility of adsorption and reaction rates can
be facilitated by this kind of design. Some initial study in
this regard carried out in our group considering diffusivity
inside the particle and particle level characterization (at dif-

DOI 10.1002/aic 415



7 o\ Adsomption
Catalyst Adsorbent
Diaffusion
Reacti dsorption Additional degree
- of freedom as

‘composition of
catalyst’

Multifunctional Catalyst

Figure 7. Concept of multifunctional catalyst.

ferent fraction of adsorbent in the multifunctional particle)
helps in establishing the operating range for various end use
applications such as fuel cell or power generation, etc.''®
This approach is quite generic and can provide rules for
selection of the optimum structure of multifunctional cata-
lysts.

As far as future scenario for sorption enhanced SMR is
concerned, the major challenge is in the development of
appropriate adsorbents and catalysts and their optimal distri-
bution within multifunctional catalyst particle. The design
will be facilitated by multiscale modeling framework which
will integrate all the events at various scales occurring in
SMR. The actual manufacturing of such multifunctional cata-
lysts will, however, require insights into nanoscale design of
materials and effective strategies for controlling the distribu-
tion of functionalities in the catalyst. This is an emerging
area in materials engineering. Thus, novel material develop-
ments as well as multiscale modeling hold the key for future
progress in SESMR.

Other Efforts in Novel Reactor Design

The main drawback of the SMR reactors is that the
temperature gradients in the packed, fluidized, or simulated

moving bed configurations can adversely affect the perform-
ance resulting in low yield, selectivity, and unsafe operating
conditions. Therefore, it is desirable to have compact reactors
for efficient operations. Rajashree et al.'!! proposed the con-
cept of tubular packed bed microreactors (TPBM) with cata-
lyst dilution by adsorbent (for sorption enhancement) strategy
for SMR. In this configuration, the heat transfer characteris-
tics of the TPBM and the catalyst dilution strategy compli-
ment each other increasing CH, conversion and H, yield.
Other important concept proposed to overcome heat transfer
limitations is a catalytic wall reactor''>'' that consists of a
thin wall coated with the same or different catalysts on the
two sides. A conventional methane steam reformer is quite
large and operates with a contact time of the order of 1 s.''*
Using compact reactors it is possible to get downstream tem-
peratures as low as 200°C, and H,/CO ratio as high as 42/1
with a residence time of 300 ms at steam/methane ratio of 4/
1."5 In catalytic wall reactors, exothermic reactions occur on
one side which supplies heat to endothermic reactions on the
other side. This eliminates heat transfer resistance and
reduces residence time. The important factors that affect per-
formance of such reactors are stability of the catalyst and the
wall material, and heat losses. Various configurations of
compact reactors for SMR include a plate-type reformer cou-
pling catalytic combustion and reforming occurring in alter-
nate channels'?, use of heating medium on one side to supply
heat to endothermic reaction on the other side.''® use of cata-
lyst coating to couple catalytic combustion and SMR,'"? con-
centric tube configuration for efficient heat exchange,'' a
periodically operated two-layer reactor'!’ that can produce
CO-free hydrogen without any synthesis gas intermediate
[very suitable for proton exchange membrane (PEM) fuel
cells], etc. Figure 8 shows the schematic of a parallel plate
compact reformer.

Gavriilidis et al.,''® Zanfir and Gavriilidis,'" and Agar16
have carried out investigations into coupling multiple func-
tionalities in compact reactors. They reviewed various one
and two dimensional approaches to investigate the effect of
composition of catalytic functionalities, support material, re-
actor configuration, and operating conditions on the reactor
performance in a generic framework. A detailed insight was,
however, provided by Yuan et al.,"*® who employed a three

SMR catalyst
[ |
v ' I
Steam + i i
methane .' " A A A " e Energy
Vo ! ! : H H | intensification
i transfe
.! [ ? .'H'aa af} : thfough w':nll : ] ! < through coupled
i i : i i i i |
: . ; . : : heat transfer
Exothermic : |
process reactants i I '\\ I i
\ Exothermic

reaction catalyst

Figure 8. Schematic of a compact plate reformer.
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dimensional approach to simulate and analyze compact SMR
in a composite domain consisting of a porous active layer, a
gas flow duct, and solid plates. It was established that the
operating temperature and catalyst loading are the two most
important variables affecting the transport processes and
reforming reactions, and should be regulated to optimize the
performance. Such detailed investigations for different reac-
tor configurations would lead to a more realistic analysis to
achieve better process performance. Such models can be
used in suitable optimization framework (specifically evolu-
tionary optimization approaches) to arrive at optimum design
and operating conditions.

Fuel cell micropower plants are considered to have high
exergetic efficiency and have potential to replace recharge-
able batteries. As it is difficult to store H, in a microsystem,
there is demand for onboard production of hydrogen by proc-
essing hydrocarbon fuel. This requires investigations into
modeling and process integration of PEM fuel cells and its
fuel processing sections (SMR, WGS, PROX, and post com-
bustion unit) in order to identify the optimal process flow-
sheet and operating conditions. Godat and Marechal'?'
showed that improvement in energy integration and optimiza-
tion of operating parameters can lead to increase in the effi-
ciency from 35% to 49%. Such approaches can be used as a
basis for the optimal structure determination and the ther-
moeconomic optimization. Recently, Seo et al.'?? numeri-
cally investigated the characteristics of a compact steam re-
former with integrated WGS reactor. Their detailed model
was used to study the effects of heat transfer and various
operating parameters on the reactor performance. It was
established that steam/carbon ratio has significant influence
on both CH, conversion and CO reduction and should be
kept at the highest possible value (limited by the cost of
steam generation).

A microchannel plant with equal capacity as that of indus-
trial scale plant has been described in the literature based on
a contact time below 10 ms (against 1 s for the conventional
reactor).''* Microchannel process technology uses small di-
ameter channel to improve both heat and mass transfer
almost by one or two orders of magnitude. These configura-
tions also allow for an increase in the amount of surface per
unit volume thus increasing overall productivity per unit vol-
ume. The two important variables affecting the performance
of microchannel reactors are flow through gap and catalyst
thickness.'™ Wall conduction is also an important parameter
and hydrogen yield is observed to be the highest for no or
very low conductive walls.'” Stutz et al.'** numerically
investigated the effect of catalyst surface site density and re-
actor geometry on the performance of a single-channel
microreactor. An important conclusion derived from their
study was that hydrogen selectivity is dependent on the cata-
lyst loading which is an important degree of freedom to max-
imize H, productivity. Analysis of such complex systems
requires three-dimensional models'*® to accurately address
the issues related to process performance.

Coupling of catalytic partial oxidation and SMR, oxy
steam reforming (OSMR), has also been considered as an al-
ternative route to hydrogen production.®**® The use of steam
facilitates in converting CO to CO,, hot-spot minimization,
avoid explosion range, and mitigate coke formation.®+~%¢
Methane conversion for this combined operation is more
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than the individual process under similar temperature and
pressure conditions. Recent developments in OSMR include
the experimental investigation by Chen et al.'?® under indus-
trial operating conditions that involved the study of the effect
of important operating parameters such as O,: CH, ratio,
H,O: CH,y ratio, and gas hourly specific velocity on OSMR
performance. The important finding was an increase in ther-
mal efficiency from 35.8% to 55.3%. Other important recent
contribution is by Barrio et al."”” who proposed a one-dimen-
sional modeling framework for OSMR and suggested its fea-
sibility for optimization of the process with respect to hot
spot minimization. These studies can act as a precursor to
better industrial scale design and optimization.

SMR by means of plasma technologies is also an emerging
area that provides features such as simplicity, compactness,
and quick response to transients.'>® However, use of plasma
causes overheating of reaction media and energy inefficiency.
Although this renders this process less competitive, a more
detailed analysis into the physical and chemical aspects of
this process will help in exploring its advantages in the near
future."® Rusu and Cormier'® have pioneered in the field of
plasma reactors and have carried out experimental and mod-
eling investigations for SMR in rotating discharge reactor.
Such configurations can accelerate chemical reactions at low
temperatures and with very low energetic costs. Recently,
several workers'?>'? have highlighted the applications of
plasma materials conversion as a promising technique for
energy saving and environmentally safe operation and is
attracting the attention of process system engineering (PSE)
community.

All these novel configurations for SMR reactors discussed
in this article have emerged from the need to achieve energy
efficiency, increase hydrogen productivity, and facilitate
faster and safer operation. This has been achieved essentially
by overcoming the mass and heat transfer and thermody-
namic limitations. The most important issue in all these
designs is the compatibility of the integrated processes. Fig-
ure 9 highlights the strategies for selection of a new inte-
grated process for SMR. A new design has to perform satis-
factorily at all the stages of evaluation to be effective as a
new SMR design. Detailed modeling investigations in such
configurations are required to improve the performance of
the existing SMR and pave way for novel intensified configu-
rations. Recently, Sadhukhan and coworkers'?"'** have pro-
posed a methodology to analyze decarbonized energy sys-
tems that determine the extent of decarbonization required in
energy systems from various objectives such as energy pro-
duction cost, exergy loss, design constraint, and carbon emis-
sion. Such analysis will be of great importance in analyzing
various process intensification scenarios for SMRs.

Development of multifunctional catalysts for SMR involv-
ing both catalytic and adsorptive functionalities is one of the
most promising alternatives to achieve highest level of sys-
tem integration at the microlevel and overall energy effi-
ciency. In this regard, it is important to focus on the develop-
ments in the evolution of catalysts in SMR and various
issues thereof. The current SMR catalysts are generally Ni
based. However, there are issues of coke formation”®' and
sulfur poisoning.®' As the SMR reaction is highly endother-
mic the reaction requires higher temperatures and more
steam to carbon ratio to prevent coking on the catalyst. The
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Figure 9. Strategies for assessing novel SMR reactor configurations.

catalysts with high resistance against coking involve Ni cata-
lysts loaded with noble metals such as Au, Pt, Rh, Ru, Pd,
and Ir. However, Ni is more suitable from practical point of
view because of its low cost, good activity and availability
of the know-how. Ni supported by inexpensive thermally sta-
ble alumina or alumina—magnesia catalyst is generally an
option that is preferred133 and there are advancements by
addition of alkali, alkali earth oxides, and rare earth metal
oxides to the alumina support or by using Ni catalyst sup-
ported on variety of perovskite-type oxides."** Addition of a
new adsorptive/reactive functionality will have a great influ-
ence on the process and needs to be explored. The phenom-
ena at the molecular level will be greatly influenced by the
presence of the adsorptive species and needs to be assessed
for its impact on the overall process.

Among the variety of catalysts available for SMR, the
optimal choice of the catalyst depends upon the downstream
application of the H, produced from the reformer. The
choice of a suitable catalyst from the library of available
materials will involve detailed analysis of the process and is
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a laborious exercise. This may not always give optimal cata-
lyst for a totally new application. Various existing options
include approaches based on combinatorial computational
chemistry,135 CFD,136 artificial neural network,137 computer
aided data extraction and high throughput experimentation,138
Monte Carlo simulations with stochastic optimization algo-
rithm, " etc., to design novel catalysts. Figure 10 highlights
important aspects in catalyst design. These aspects mainly
address two most important configurations, structural and
functional distributions, related to the catalyst design. Suc-
cessful catalyst design will involve knowledge extraction
from available resources to design new catalysts or improve
the performance of the existing catalysts. This is an emerging
area of research.

Summary of Intensification Approaches in
SMR Technologies

Intensification in SMR technology will involve integration
in both modeling as well as process aspects. The key to
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model intensification lies in multiscale modeling approaches
while the key to process intensification lies in innovating
ways for overcoming mass and heat transfer and thermody-
namic limitations. For multiscale modeling, determination of
reaction kinetics for SMR from molecular consideration is,
therefore, important. The kinetic mechanism of the SMR
depends on the type of the catalysts and support used and
the composition of the catalyst. Detailed microkinetic model-
ing of these systems have proved to be helpful to build rigor-
ous models that can be used to optimize the performance of
SMR. This analysis at microscopic scale needs to be inte-
grated with the macroscopic reactor scale through mesoscale
approaches involving catalytic surface events. Feedback
between these three domains is important to achieve overall
system performance by identifying and targeting important
parameters at all the scales. Advances in multiscale modeling
and simulation have been limited till now due to unavailabil-
ity of the better computational resources. This problem will
be less significant in the future as many high-speed computa-
tional frameworks are becoming available now and this will
lead to the development of more generic and robust frame-
work for SMR.

As far as integration of SMR with other processes is con-
cerned, the compatibility between the two processes, suitable
material selection, stability, robustness, maintenance, regener-
ation, and operating modes are important issues. Research in
the area of membrane reactors is required toward the devel-
opment of more thermally and mechanically stable mem-
branes as well as membrane supports. The challenge from
operation point of view is the minimization of energy and
surface area of the membrane modules. CFD assisted detailed
model of the membrane reactors have recently been incorpo-
rated and advances in these will assist in understanding the
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detailed transport and kinetic aspects and will help in better
design. The cost and maintenance of membranes is still a
concern and further developments in materials engineering
will pave way for better membrane designs. For sorption
enhanced processes, development of multifunctional catalysis
is still a primitive area, both computationally as well as
experimentally. The approaches based on microkinetic mod-
eling and Monte Carlo simulations can be used to arrive at
the design of the catalysts. This will involve modeling of cat-
alyst particle as well as reactor considering diffusional limi-
tations and incorporating kinetic mechanism derived from
microkinetic modeling and subsequent optimization of vari-
ous parameters such as size of the catalyst pellet, volume
fraction of the catalyst and adsorbent, and the structural
arrangement within the particle. Other important aspects in
SESMR are development of better adsorptive materials, effi-
cient strategies for regeneration and coupling with various
pre and postprocesses.

Development in compact reactor configuration has been
triggered by possible application of SMR for fuel cell appli-
cation. Efficient process analysis and development of ther-
mally stable materials are important aspects in the develop-
ment of various compact reformers. Future advances will
arise from the use of more detailed transport and kinetic
models for process analysis and subsequent use of these
models for process optimization and control.

To summarize, computational catalyst design and optimi-
zation, development of more detailed and rigorous models
considering multiscale modeling framework, and develop-
ment of novel intensified reactor configurations by exploring
new avenues for overcoming mass and heat transfer, and
thermodynamic limitations are the three important objectives
for the future research. The analysis of SMR keeping in
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mind the future requirements, such as carbon capture and
sequestration and integrated approaches considering the
downstream application such as fuel cells, power plants,
upgrading, etc., is important.
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