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1. Introduction

In the last few years, significant developments in membrane science and the vision of
process intensification by multifunctional reactors have stimulated the academic and
industrial research focused on membrane reactor application to chemical processes (Mendes
et al., 2010, Dittmeyer et al., 2001, Basile et al., 2005a, De Falco et al., 2007). From these
works, the increase of the reactants conversion above the equilibrium values appears to be
possible when a reaction products at least is removed through the membrane. As stated in
the following, the integration of selective membrane in a chemical process can be twofold:

e directly inside the reaction environment (Integrated Membrane Reactor - IMR);

e after the reaction step (Reaction and Membrane Module - RMM).

In this chapter a methane steam reforming (MSR) RMM pre-industrial plant, designed and
tested to investigate at an industrial scale level the plant performance, is presented.

A major benefit of the proposed RMM configuration is the shift of steam reforming reactions
chemical equilibrium by removing the hydrogen produced at high temperature, thanks to
the integration of highly selective Pd-based membranes and enhancing the final product
yield. By this way, the process can operate at a temperature as low as 600-650°C in
comparison to 850-880°C needed in conventional plants, and enable the use of low
temperature heat source as helium heated in a nuclear reactor.

This chapter reports, firstly, membrane reactor concept, selective membrane typologies and
integration strategies; then it discusses the experimental data gathered over 1000 hours of
testing on an industrial pilot unit in terms of feed conversion at different operating
parameters and elaborates such data in order to optimize the overall architecture, defining
the maximum achievable feed conversion under different scenario of heat integration.
Finally, a membrane reactor perspectives analysis, mainly focused on integration with
nuclear reactors for steam reforming reactor heat duty supplying, is reported in order to
understand which technical and economical targets have to be reached in the next future for
a commercial diffusion.

The plant discussed in this chapter, placed in Chieti Scalo (Italy), is characterized by a H»
design capacity of 20 Nm3/h and it operates with three Pd and Pd/Ag based membranes for
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hydrogen separation. It was developed in the framework of the Italian FISR Project “Pure
hydrogen from natural gas reforming up to total conversion obtained by integrating chemical
reaction and membrane separation”, which grouped Italian universities, and the engineering
society Tecnimont KT (TKT), cooperating in the development of each critical point of this
innovative technology, such as membrane manufacture and assembling and -catalyst
optimization, resulting in the plant design and operation finally carried out by TKT. This
installation, the first of this type and size, makes it possible to completely understand the
potential of selective membrane application in industrial high-temperature chemical processes.

2. Membrane reactor concept and benefits

A membrane reactor (MR) is a system coupling reaction and separation of one or more
products, with the separation operation performed by a selective membrane. Although not
yet very used at industrial scale, MRs are attracting the attention of scientists and engineers
in the last two decades and many interesting papers have appeared in the literature on their
performance and possible applications in many fields of chemical and biochemical
industries. An excellent review about these topics has appeared in 2002 by Sanchez Marcano
& Tsotsis (Sanchez Marcano & Tsotsis, 2002). Moreover, the Italian company Tecnimont-KT
has developed and fabricated a membrane reactor methane steam reforming pre-industrial
prototype with a pure hydrogen production capacity of 20 Nm3/h (De Falco et al., 2011a)
and described in paragraph 3.

MR concept is based on the removal of a reaction product in order to avoid the reaction
equilibrium conditions to be achieved and promoting reaction kinetics.

Most of industrial chemical reactions are reversible reactions, thermodynamically limited
since equilibrium conditions cannot be overcome in the reacting mixture. From a
thermodynamic point of view, equilibrium is represented by a constraint, i.e. equilibrium
constant, on mole concentrations, temperature and pressure, derived from the second
principle of thermodynamics. When equilibrium conditions are achieved, no net change in
state variables is observed.

From a kinetics point of view it means that at equilibrium the reaction rate of the direct
reaction is equal to the reaction rate of the inverse reaction. Taking as reference an
elementary reversible reaction:

A—B 1)

the kinetics scheme is characterized by a direct reaction rate (A — B) and an inverse reaction

rate (B — A). Initially, if only component A is fed to the reactor, the direct reaction is

promoted. Then, as the concentration of component B increases, the inverse reaction is

supported as far as the direct reaction and inverse reaction rates assumes a similar value

(equilibrium conditions) and reaction stops.

Integrating a selective membrane into the reaction environment allows to remove the

reaction product (B), avoiding the increase of inverse reaction and promoting the direct

reaction kinetics. By this way, two main benefits are reached:

e removing one or more reaction products as they are generated allows to obtain
conversions higher than equilibrium values;

e if the membrane is very selective with regard to a specific product, it is possible to
support reaction and product separation in one single compact device, obtaining a very
pure compound.

www.intechopen.com



Reformer and Membrane Modules
(RMM) for Methane Conversion Powered by a Nuclear Reactor 469

In this paragraph, the two main MR configurations are described and compared; then
properties of selective membranes, suitable to be integrated in industrial chemical processes,
are reported.

2.1 MR configurations

A selective membrane can be integrated in a chemical process by two different

configurations:

e  when the selective membrane is integrated directly in the reaction environment and the
reaction product is removed as it is produced, the system is called Integrated
Membrane Reactor (IMR);

e if the selective membrane is placed outside the reactor, in a proper unit located
downstream, the system is called Staged Membrane Reactor (SMR) or Reactor and
Membrane Module (RMM).

2.1.1 Integrated membrane reactor

An Integrated Membrane Reactor (IMR) is a compact device in which a selective membrane

is directly assembled inside the reaction environment. The simplest configuration is

composed by two concentric tubes, where catalyst pellets are packed in annular zone (Fig. 1)

or in the inner tube (Fig.2), which is the membrane itself. Therefore, the reactor is composed

by two zones:

e thereaction zone, where the catalyst is packed;

e the permeation zone, where the product permeated through the selective membrane is
collected and carried out by a sweeping gas fed co-currently or counter-currently.

The membrane integration can be made also assembling many smaller tubes, so thus

increasing the specific membrane surface on reactor volume and consequently the global

permeated hydrogen flow.

Reaction zone

Reactant (A)
— ) Product [B} Product (B) Product (B) —

B + Sweeping gas 4——— ¢ ¢ L — Sweeping gas
— / \ '

/ \

Selective membrane
Permeation zone

Fig. 1. IMR with catalyst packed in the annular zone.

2.1.2 Reactor and membrane module
The RMM configuration is composed by steps of reaction followed by steps of products
separation through selective membranes. Fig. 3 shows a two reaction-separation modules
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process layout: taking as reference the reaction (1), the reactant A is fed to the first reaction
step where it is partially converted in the product B; then, the mixture A+B is sent to the
separation module where component B is partially separated and recovered. The A-rich
mixture is then fed to the second reaction step where the direct reaction is further promoted
and the B produced is separated again in the second membrane module.

Reaction zone

B + Sweeping gas

¢ Prodyct (B)\ Pro*ctl:B] Prodyct (B) 4——— Sweeping gas
N 5

Reactant {A) R e
+— / \ 4——— Sweeping gas
B + Sweeping gas / \
Selective membrane
Permeation zone
Fig. 2. IMR with catalyst packed in the inner tube.
Product
‘ (®)
Raadiani Ui} Reaction Unit . i _ Membrana
."' | /ol o o o T -", B ™ S ll
— V) ) . Wodule
-

Reaction Unit
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e
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ule * - g

Product
(B}

Fig. 3 RMM configuration.

2.1.3 MR configurations comparison
Both MR configurations assure crucial benefits in respect to the traditional technology. In

order to compare the traditional technology and the membrane based one, we take as an
example the methane steam reforming, which is the most applied process for industrial
production of hydrogen. The conventional steam methane reforming system is composed of
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a steam reformer, a shift converter and a hydrogen purifier based on the pressure swing
adsorption (PSA).
The reactions that occur during this process are the following (2-4):

CHy + HHO=CO +3H> Methane steam reforming AHO%ggx= +206 kJ /mol (2)
CO +HO=CO; + Hp Water gas shift AH09gx= -41 k] /mol 3)
CH4 + 2H,0O = CO, + 4H, Overall reaction AH0%9gx= +165 k] /mol 4)

Steam reforming process is highly endothermic and equilibrium limited. To sustain global

endothermic reaction and achieve high feed conversion, it is necessary to burn a part of

methane feedstock in furnaces and operate at high temperature (800-850°C). This implies a

reduced process global efficiency, increased greenhouse gas (GHG) emissions and a

stronger dependence of hydrogen cost on the natural gas cost. Thus, on these bases the

integration of a hydrogen selective membrane would allow:

e a strong reduction of the reaction temperature to about 450-650°C, since a high
temperature is not required to reach natural gas conversion to hydrogen > 90%. The
lower operating temperature leads to: a higher efficiency of the heat transfer from the
external source to the reactor; a lower exergy of the heating fluid in comparison with
the high temperature combustion gas used in the furnace, which means a lower heating
cost; the possibility to use different heating fluids, depending on their availability; the
possibility to fabricate tubular reactor by cheaper alloy steels.

e  Process efficiency increase. The global process efficiency increases from the 65-80% of
the traditional technology up to 85% and more for all the plant sizes.

e Combustion fuel saving. Reduction of reaction temperature leads to the reduction of
process heat duty. The heat flux from the external source to the catalytic bed should be
30-40 kW/m? instead of 80 kW/m?2 about of the traditional process (Dybkjaer, 1995).

To make a comparison between IMR and RMM configurations (De Falco et al., 2011b), it is a

worth assessment that:

e at the same operating conditions, IMR leads to better performance, since an integrated
membrane reactor is equivalent to an infinite series of reactor + separator modules.

e On the other hand, in the RMM configuration, reaction and separation operating
conditions can be optimized separately. In some cases it could be a crucial benefit. For
example, in a methane reforming process, dense supported membranes (as Pd-based
membranes on ceramics or Porous Stainless Steel) are assembled to selectively remove
the hydrogen produced by the reactions. These membranes have to respect a stringent
temperature threshold (T < 500°C) in order to guarantee a proper selective layer -
support adherence. But a too low temperature limits the endothermic reaction
thermodynamic conversion and the reaction rates. If an IMR is applied, a compromise
solution has to be found, while in a RMM process the operating conditions of reaction
and separation units can be imposed separately.

At the actual selective membrane state-of-the-art, RMM seems to be the leading architecture

for membrane safety, for the multi-optimization potentiality and for its maintenance

easiness. Surely, a future improvement of membrane performance, mainly for operating
stability, would promote the applications of IMRs.
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2.2 Selective membranes properties

Figure 4 shows a general classification of membranes, based on their nature, separation
regime and geometry.

The classification based on the membrane nature distinguishes them into biological and
synthetic ones, differing completely for functionality and structure.

Biological membranes are easy to be fabricated but they present many drawbacks such as
limited operating temperature (below 100 °C) and pH range, problems related to the clean-
up and susceptibility to microbial attack due to their natural origin (Xia et al., 2003).
Synthetic membranes can be subdivided into organic (polymeric) and inorganic (ceramic,
metallic). Polymeric membranes operate between 100 - 300 °C, inorganic membranes above
200 °C. Surely, for industrial chemical process, the inorganic membranes are the most
interesting,.

Membrane
classification
Geometry
Nature
Synthetic Biological Tubular Hollow Spiral Flat
Separation regime fibre wound sheet
Organic Inorganic
Dense Porous Ton exchange
Ceramic Metallic
Micro- Meso- Macro- Supported Unsupported
porous porous porous

Fig. 4. Scheme of a general classification of the membranes (De Falco, 2011b).

Concerning with separation mechanism, there are three mechanisms depending on specific

properties of the components (Mulder, 1996):

e separation based on molecules/membrane surface interactions (e.g. multi-layer
diffusion) and/or difference between the average pore diameter and the average free
path of fluid molecules (e.g. Knudsen mechanism);

e separation based on the difference of diffusivity and solubility of substances in the
membrane: solution/diffusion mechanism;

e separation due to the difference in charge of the species to be separated: electrochemical
effect.

In the following paragraphs, a pre-industrial application of selective membrane is described:

the membrane applied is a Pd-alloy based supported membrane (dense inorganic

membrane) for the separation of the hydrogen produced in a methane steam reformer. The

Pd-based membranes are characterized by much high hydrogen selectivity and follow a

solution/diffusion mechanism, composed by the following steps (Fig. 5):
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e dissociation of molecular hydrogen at the gas/metal interface;

e adsorption of the atomic hydrogen on membrane surface;

e dissolution of atomic hydrogen into the palladium matrix;

e diffusion of atomic hydrogen through the membrane;

e re-combination of atomic hydrogen to form hydrogen molecules at the gas/metal
interface;

e desorption of hydrogen molecules.

High pressure feed Low pressure
~ 02 gas 4
H2 02 . H2
- A, pu E__ - . H %
M2 H2O . W @
Ay 21 48 H2

Pd based membrane

Fig. 5. Mechanism of permeation of hydrogen through metal membranes: 1) dissociation, 2)
adsorption, 3) ionization, 4) diffusion, 5) recombination, 6) desorption (De Falco, 2011b).

When the pressure is relatively low, the diffusion is assumed to be the rate-limiting step and
the permeation flux is described by Sieverts-Fick’s law (5):

=Pe, /6 (p's ) ©)

Hp,Sieverts-Fick Hp,ret

where 0 is the membrane thickness, p tand P, are the hydrogen partial pressure in
. re ) ,perm .y
the retentate and permeate respectlvel}%, Peyp, is the membrane permeability calculated by

Arrhenius law thus defined (6):
PeH2= PeOH2 exp (-Ea/RT) (6)

where Pel is the pre-exponential factor, E, the apparent activation energy, R the universal
gas constant and T the absolute temperature.

Although a strong effort has been devoted to Pd-based membrane development by research
and industrial institutions during these years, these membranes have not yet reached a
commercial stage due to some technical issues as long term permeance and selectivity
stability, but also to the cost related to their manufacture. In the following paragraphs, the
pre-industrial plant fabricated by Tecnimont-KT in Italy is described and experimental tests
results are reported. Then, the concept of coupling membrane reactors to nuclear reactors is
analyzed from a technical and an economic point of view.
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3. Reformer and membrane modules (RMM) plant

3.1 Plant description

As reported above, a pre-industrial natural gas steam reforming RMM plant has been
developed by Tecnimont-KT in Chieti Scalo. The plant process scheme is reported in Figure
6a together with a bird-eye view (Figure 6b) of the constructed industrial test plant which
covers an area of 1000 m2.

e o [ e

Fig. 6. Process scheme (a) and bird-eye view (b) of the industrial test plant

The plant is composed by two-step reformers and two membrane modules working
respectively in the temperature range 550-650°C and 400-450°C.

Natural gas is supplied from battery limits or from cylinders at 20 barg. A portion of natural
gas is fed through a flow controller to the desulphurisation reactor (DS) for sulphur
compounds removal to content lower than 0.1 ppm. The residual is used as fuel gas,
reduced at 0.3 barg. The desulphurised feed is mixed with steam, produced separately by a
real hot oil boiler, preheated in the convection section and fed to the first reforming stage.
More specifically, each reformer module is composed by two main sections: (i) a radiant
tube, charged with the catalyst and (ii) a convection section, where heat is recovered from
the flue gases, having a temperature higher than 800°C, for preheating and superheating
feed and steam.

The design of the radiant chamber differs from the conventional one for the heated length of
the reformer tube which is around 3 meter, the tube metallurgy and the contained catalyst.
In particular, it must be observed that, owing to the lower operating temperature relevant to
the use of this innovative architecture, a low cost stainless steel instead of exotic and quite
expensive material as HP25/35 chromium/ nickel alloy was employed.

The reformed gas product from the first reformer is cooled down at the temperature chosen
for membrane module operation and enters the first separation module. A retentate,
recycled to the second reformer stage and a mixture of Hy plus sweeping steam, are
produced. The second reformer stage is cooled down from 650°C to the temperature chosen
for membrane operation and routed to the second separation module. H, from both
modules are mixed together and sent to final cooling and condensate separation. Retentate
from the second stage is sent to the flare. The pressure of both shell and permeate sides are
controlled using a back pressure regulators. Both membrane modules are protected using a
pressure relief regulator installed on the income lines. All the vent points are connected to
main vent system and routed to the flare. Heat of reaction in both reforming steps is
provided by two independent hot gas generators in order to set the reforming temperatures
as required by the tests.
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The main parameters such as the temperatures and pressures before and after each reformer
and separation step as well as the pressure drop along the catalytic tube were monitored
respectively with K-type thermocouples and differential pressure sensors. A constant flow
of the exhaust stream is sent through a cold trap maintained at fixed temperature (0°C) to
NDIR analyzers (Uras 14, ABB) for real-time CHy, CO, CO, measurements, while the
concentration of Hy was performed with a thermoconductivity analyser (Caldos 17, ABB).
Three different membrane separators, Pd and Pd/Ag based, able to work at high
temperatures (480°C for ECN and Japanese membranes, 500°C for MRT), were planned for
installation on the prototypal plant. Their main features are summarised in Table 1.

DeveloperSubstrate/support Membraime selective | Thickness selective layer, Geometry
ayer pum
ECN AlLOs Pd 3-9 Tubular
MRT SS Pd/Ag 25 Planar
Japanese Al,O3 Pd/Ag 2-3 Tubular

Table 1. Main characteristics of the employed membranes (De Falco et al., 2011a)

Figure 7 show the installed membrane modules. The relevant permeation surfaces (A) are
also reported.

A= l}.m‘i m?

Fig. 7. ECN (a), MRT (b) and Japanese (c) membranes
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Another innovation of this work is represented by the catalyst employed for the catalytic
activity tests. Typically, methane steam reforming catalysts for industrial production of
hydrogen and synthesis gas are based on pellets shaped nickel/nickel oxide or cobalt
compositions on refractory alumina or supports such as magnesium alumina spinel, often
promoted with alkali or alkali-earth compounds to accelerate carbon removal (Faur
Ghenciu, 2002). However, also noble metals based catalysts are often employed.
Furthermore, the consideration that in the steam reforming process, the kinetics, and
therefore the throughput, is limited by the rate at which the heat generated in external
burners can be transferred to the catalytic bed where the endothermic reforming reactions
take place, led for this plant to the choice of open cells foam structured catalysts, whose
particular irregular network may greatly contribute to an intensification of heat and mass
transfer along the catalytic bed in both axial and, more important, radial directions. In
particular, the catalytic activity tests performed at the University of Salerno in collaboration
with TKT in the framework of the above mentioned FISR project, on a pre-pilot scale
autothermal reforming reactor showed how such structured supports, in particular when
fabricated with high thermal conductivity materials, may contribute to an enhancement of
heat transfer along the catalytic bed resulting in a flattening thermal profile (Palo, 2007;
Ciambelli et al., 2007). More specifically, the catalyst loaded in the industrial steam reformer
in Chieti Scalo was characterized by a commercial formulation Rh-Pt based (SR10, BASF)
deposited on high thermal conductivity SiC open cells foams. Each cylindrical shaped
element was 150 mm long with a diameter of 60 mm and twenty-one elements were loaded
in each reformer.

Fig. 8. Structured steam reforming catalyst

The catalytic activity tests were carried out in the following operating conditions:
3.8<(H20/CHyw <4.8, 550°C<Treformer<680°C, P=10 barg, 4,300 h-1<GHSV<6,900 h-! where
the GHSV value is defined as the ratio between the total gaseous flow rate fed to the reactor
(referred to 0°C and 1 atm) and the total catalytic bed volume. For membrane
characterization in terms of hydrogen flux and permeability, the following syngas
composition was employed (Table 2).

Ho, vol% CH,4, vol% CO», vol% CO, vol% H,0, vol%
24-30 6-9 6-9 1-2 54-59

Table 2. Typical syngas composition used for membranes characterization (De Falco et al.,
2011a)
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3.2 Plant performance
The first preliminary catalytic activity tests without membrane integration were performed
aiming to evaluate the effect of the main parameters, i.e. reformer outlet temperature, steam
to carbon feed ratio and gas hourly space velocity, on CH4 conversion. The obtained results
are reported in Figure 9.

70% 359% 2
GHSV=5150 h! @
=) a a
% @ (H:0/CHy).=4.8 [ 30% 5,
& 60% .S
'@ - 25% =2
> 50% - 20% S
3 £
© -15% ©
< 40% =
© —— CH4 conversion - 10% E
—=_=Residual CH4 =
30% 5% &
550 575 600 625 650 675 700
Temperature, °C
46% 26% o
(b)  GHSV=5150 b 3
e T=620°C 2
g 44% 24% 2
° -
i 32
S 42% 22% S
c -
g 2
° .
- 40% 20% ©
o —— CH4 conversion i
== Residual CH4 =]
38% 18% 'E
3,5 4 4,5 5 2

(H;0/CHy),,

Fig. 9. Effect of reformer outlet temperature (a) and steam to carbon ratio (b) on CH,
conversion and residual CHy

It can be observed a decrease in the residual methane at the reactor outlet and a
corresponding increase in methane conversion at increasing both the reformer outlet
temperature (from 32% at 550°C to 64% at 680°C) and the steam to carbon feed ratio (from
39% at S/C=3.8 to 44.8% at S/C=4.8). A detrimental effect was on the contrary noticed upon
changing the GHSV value in the range 4,300-6,900 h! since a decrease in methane
conversion from 48.7% to 46.5% was observed (De Falco et al., 2011a, De Falco et al., 2011b).
However, in time on stream tests performed over 1000 h, any catalyst deactivation occurred,
as evidenced by stable methane conversion over the entire test period (De Falco et al,,
2011a).

Membrane integration resulted in an enhanced overall plant performance. A comparison of
methane conversion obtained in the absence or in the presence of membranes for hydrogen
separation is reported in Figure 10 as a function of GHSV values. The results are collected
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over 200 h of operation at 10 barg, at a reformer outlet temperature ranging between 610-
620°C and at a steam to carbon ratio of 4.8 (De Falco et al., 2011a).

65%
3 60% 1
S 55% |
o
2 50%
S
O 45% 1 -/-'\-_/.
()
c
S 20% |
- -E-without H2 removal
= 35% | =C~with H2 removal

30% - '

4000 5000 6000 7000

Gas Hourly Space Velocity, h-'

Fig. 10. Effect of hydrogen removal on plant performance at changing the gas hourly space
velocity

All these catalytic activity tests enabled for a membranes permeability characterization. In
particular, by assuming the Arrhenius law for the dependence of permeability from
temperature and the Sievert-Fick’s law for hydrogen flux expression (Ockwig and Nenoff,
2007), the following results were obtained for the tested three membranes (Table 3, De Falco
et al., 2011a):

Membrane Pre-exponential factor, | Activation energy, Permeability at 450°C,
kmol/(m h kPa05) kJ/mol kmol/(m h kPa05)
ECN 1.72 x 101 77.0 4.67 x 107
MRT 5.75 x 104 35.3 1.61 x 10
Japanese 9.31 x 102 80.4 1.44 x 107

Table 3. Permeability membranes characterisation results (De Falco et al., 2011a)

Furthermore, starting from permeability expression above reported, for ECN membrane
several parametric studies were performed, enabling to predict the overall CH4 conversion
with both: (i) a larger membrane surface (De Falco et al., accepted for publication) and (ii) a
higher membrane thickness as parameters. In both cases, the experimental operating
conditions were the following: Pres=10 barg, (H2O/CHy)w =4.8, Pperm=0.4 barg, Tmem=430°C.
The CH4 conversion evaluation was carried out by commercial process flow modeling (PRO
II) integrated with a subroutine to simulate membrane behaviour.

The first case was more specifically developed by assuming in the calculations the same
permeance of 30 Nm3/m? h bar05 obtained at 430°C. The CH4 conversion was found to be
enhanced with an increase in the reforming temperature and membrane area. In particular,
the membrane area can be increased to achieve the same conversion at lower reformer
temperature (methane conversion of 60% can be achieved at 603°C with A=1.2m?, at 623°C
with A=0.4m?2). Methane conversion increases more slowly when the membrane area
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exceeds 0.8m2. By comparing such data with those obtained in the absence of membrane, it
was possible to evaluate the conversion increase with such open architecture. At 620°C such
increase ranges from 11 to 19 point percent respectively, with a membrane surface of 0.4m?
and 0.8m2.

In the second case, the membrane permeance was extrapolated at different selective layer
thicknesses ranging between 2.5 and 100 micron. The results are reported in Figure 11, as
well as those obtained from literature review.

Obviously, the thickness of the separation layer greatly affects the membrane permeance
which resulted lowered from 2.12 x 10+ to 5.3 x 10-¢ at 350°C and from 7.85 x 10 to 1.96 x 10-
4 at 550°C by increasing the thickness of the separation layer from 2.5 to 100 micron. The
obtained results pointed out on the continuous industrial efforts aiming to develop
composite membrane made of a very thin Pd layer. It is worth nothing that reducing the
selective layer thickness allows membrane cost to be decreased (decreasing the Pd thickness
by a factor two reduces the total Pd cost by a factor four) and increasing the hydrogen flux,
which is in inverse proportion with the film thickness. On the other side, a too high decrease
in the selective film thickness may result in an excessive embrittlement of the membrane
which becomes too mechanically fragile for the condition of high temperature catalytic
processes.
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Fig. 11. Effect of membrane thickness on ECN membrane permeance

In terms of CH4 conversion, the influence of the selective layer thickness is reported in
Figure 12, even at lower value than those reported in Figure 11.

At each operating temperature investigated, the decrease of membrane thickness resulted in
higher methane conversion. In particular, at 630°C, a reduction of membrane thickness from
2.5 micron to 0.5 micron may enhance methane conversion of 10% due to the higher
hydrogen removal. It is interesting to note that thickness thinner than 0.5 micron have no
more significant effect on the overall performance. Such a thickness could be considered as
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the technological limit to be overcome. Globally it is possible to reach CHs conversion
higher than 90% with a permeated H> flux of 300 Nm3/m?2 h bar05.

The achievement of this goal shows the industrial feasibility of this option up to now
demonstrated only on a laboratory scale, even if the last gap to be overcome for the
technology commercialization is represented by the optimization of membrane preparation
procedure with enhancement of their stability.
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Fig. 12. Effect of membrane thickness on CH4 conversion with ECN membrane

3.3 Application to nuclear power

In order to sustain the global endothermic steam reforming reaction, a part of the methane
feedstock must be burned in a fired heater. To reduce this consumption, purge gas coming
from PSA unit or retentate from the membrane separation unit have to be burned. The
calorific value of these streams is a function of composition and consequently of the
achieved conversion. A self-balance of heat exits with a fixed external natural gas supply, at
an appropriate level of feed conversion. Therefore, conversion should not exceed the point
closing the heat balance (around 60%).

Furthermore, it must be considered that owing to the high process temperature, the thermal
efficiency of this process is about 65 to 75%. Also, a substantial amount of greenhouse gases
(GHG) is emitted as CO, produced along with hydrogen. Moreover, carbon dioxide is also
emitted during the burning of a part of methane feedstock in order to sustain the global
endothermic balance of the steam reforming reaction. In total, a typical steam reforming
process emits up to 8.5 - 12 kg CO, per 1 kg Ho. To prevent the emitted CO; to be released
into the atmosphere, it needs to be captured. Presently, all commercial CO; capture plants
use processes based on chemical absorption with amine solvents as monoethanolamine
(MEA) or (methyldiethanolamine) MDEA, which is a considerably energy intensive step
and thus is unfavourable to the overall process energy efficiency.

Therefore, a higher methane conversion is required to reduce the carbon dioxide emission
per unit of hydrogen produced. This could be achieved by using heat from an external
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source such as a high temperature nuclear reactor. Replacing the burning of natural gas by
nuclear heat allows avoiding, at least partially, all the CO, production related to fuel
burning (De Falco et al. accepted for publication, laquaniello and Salladini, 2011).

High temperature helium-cooled reactors are the best understood nuclear technology that
can supply high temperature heat for thermal processes for producing hydrogen. Nuclear
reactor designers became interested in high-temperature helium-cooled reactors more than
40 years ago because of the new possibility for heating the helium at the reactor exit up to
1000°C and the enhanced safety of the reactor (Mitenkov et al., 2004).

The synergistic production of hydrogen using fossil fuels and nuclear energy is considered
to be extremely advantageous, especially when performed through a recirculation-type
membrane reformer (Hori et al., 2005).

In particular, even assuming an idealistic case, in which all the heat generated by
combustion of hydrocarbon is used for the heat of endothermic reaction of steam reforming
as well as a portion of the heat released by exothermic water gas shift reaction, the
consumption of methane for the nuclear-heated steam reforming reaction is 17% less of that
of the conventional steam reforming reaction for producing the same amount of hydrogen.
In the actual case of conventional steam reforming as the heat utilization and the reaction
yield are limited, the efficiency of the process will be around 80%, that is 2.7 mol of
hydrogen produced from 1 mol of methane feed. In the case of nuclear-heated recirculation-
type membrane reformer, as no methane is consumed for combustion and the yield of
hydrogen is nearly stoichiometric, the nuclear-heated SMR reaction will produce 4 mol of
hydrogen from 1 mol of methane. Therefore, this process scheme will save about 30%
natural gas consumption, or reduce 30% carbon dioxide emission, comparing with
traditional process (Hori et al., 2005). Furthermore, typical merits of this process are: (i)
nuclear heat supply at medium temperature around 550°C, (ii) compact plant size and
membrane area for hydrogen production, (iii) efficient conversion of a feed fossil fuel, (iv)
appreciable reduction of carbon dioxide emission, (v) high purity hydrogen without any
additional process and (vi) ease of separating carbon dioxide for future sequestration
requirements.

Figure 13 reports a plant configuration of hydrogen and pressurized CO; production
coupled with a nuclear reactor cooled by He.

Natural gas is compressed, heated and mixed with hydrogen recycle before entering the
hydro desulphurizer reactor (HDS). The desulphurised feed is mixed with steam, preheated
in the convective section CC-01 and fed to the first reforming step (R-01). The reformed gas
reaction mixture at 600-650°C is cooled down to a proper temperature for membrane
separation, i.e. 450-470°C, before entering the first separation module. Sweeping steam is
sent to the permeate side of the membrane to reduce the hydrogen partial pressure with a
consequent improvement of hydrogen permeation. The permeate side stream, composed of
hydrogen and sweeping steam, is sent to the cooling and water condensing section. The
retentate from the first membrane module is sent to the second reforming rector (R-02) for
further methane conversion.

A part of the final retentate is recycled to the post combustion chamber. The hydrogen
permeated is separated from water stream by condensation and routed to a compression
section and to a PSA unit where final purification is carried out. A portion of the H2
produced is recycled to the feed where it is needed to keep the catalyst in the first part of the
reformer in an active state.
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Fig. 13. Process scheme of hydrogen and pressurised CO; production coupled with a nuclear
reactor cooled by He

Thermal fluid used to transfer thermal energy from the nuclear cycle to reforming reactors is
CO; circulating within a closed loop. COs is firstly heated up by the heat exchange medium
of a nuclear plant in an intermediate heat exchanger. Its temperature is further increased in
the post-combustion chamber where all the purge gas from the PSA unit together with a
portion of retentate are burned to achieve a correct temperature. Thus, the thermal fluid is a
pressurized mixture of only CO; and H>O due to the use of pure oxygen in post combustion.
After heat recovery, thermal fluid is cooled down to separate water from CO,. The latter is
recycled back to the nuclear reactor while a portion, corresponding to that produced in post
combustion, is removed from the closed loop. Water, produced in post combustion, can be
recycled to the process. This kind of separation is much simpler and less energy intensive
than a traditional physical absorption process with amine solutions. Moreover, providing
the reformer duty through pressurized carbon dioxide instead of, e.g., air allows to achieve
a higher heat transfer coefficient due to the higher heat capacity and gas emissivity.

By applying the proposed scheme, hydrogen and pressurized carbon dioxide are produced
with a nuclear heat source and with a reduced carbon dioxide emission. In this way, the
major portion of the heat required for the steam reforming reaction is not provided by the
combustion of fresh hydrocarbons but is supplied from a separate unit without carbon
dioxide emissions.

The scheme presented in Figure 13 realises a feed conversion of 90% with a carbon dioxide
production equal to 6 kgCO,/kgH> corresponding to 0.55 kgCO,/Nm3H>. From the energy
point of view, using a RMM architecture allows to produce hydrogen with a higher overall
energy efficiency. The reduced reforming temperature achievable only by membrane
application, allows performing the exothermic water gas shift reaction simultaneously with
the endothermic steam reforming reaction reducing in this way the net heat duty. The
proposed scheme achieves a hydrogen production with an overall energy efficiency of more
than 85%. Such a scheme could be also considered a first step in producing ammonia and
urea by reacting ammonia with CO; recovered (Figure 14).
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Fig. 14. Process scheme for urea production coupling a membrane steam reformer with a
nuclear reactor

4. Economic analysis

An economic analysis was performed at first focusing attention on membrane production
costs, further the analysis was extended to the coupled process scheme proposed in the
previous section.

In order to tackle this issue and to be able to forecast a production cost for thin Pd-based
membranes, it is important to introduce the concept of “‘economics of learning” in
understanding the behaviour of all added costs of membranes as cumulative production
volume increased. Such economics of learning or law of the experience may be expressed
more precisely in an algebraic form (7):

Ch = Cina (7)

where c; is the cost of the unit production (square meter of membrane for instance), c, is the
cost of the nth unit of production, n is the cumulative volume of production, and a is the
elasticity of cost with regard to output.

Graphically, the experience curve is characterized by a progressively declining gradient,
which, when translated into logarithms, is linear. The size of experience effect is measured
by the proportion by which costs are reduced with subsequent doublings of aggregate
production.

Constructing an experience curve is a simple matter once the data are available. Of course
for the Pd-based or ceramic membrane such dates are limited to minimal surface (less than 1
m?2), which can, however, be used as starting point of the curve. The other issue associated
with drawing an experience curve is that cost and production data must be related to a
“standard product”, which is not the case due to the fact that in the membrane technology
no standard is yet emerged and there is a lot of discussion on the membrane composition
and preparation method, supporting matrix and other mechanical and construction details.
It is, however, a fact that costs decline systematically with increases in cumulative output.
The assumptions made in the following are that c;=50,000 € and a=0.25, where c; value
derived by Tecnimont-KT recent experience in building a pilot unit, meanwhile the “a”
factor was assumed as average value typically between 20 and 30%.

Using such a data is possible to forecast the cost for m? of membrane module versus the
cumulative value of production, expressed in terms of m2. Table 4 shows such data.
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Cumulated production m?2 € cost per m?
1,000 8,900
10,000 5,000
100,000 2,800
1,000,000 1,600
10,000,000 900

Table 4. Cost per m? of membrane module versus cumulated production

From the drawn experience curve, some implications for the membranes market business
strategy can be extracted. The first and more important question to answer is when a
1,000,000 m?2 of membrane module cumulative production could be reached in order to have
a unit cost around 1.600 € per m?2 of membrane.

In order to answer such a question, further considerations need to be developed, to relate
surface to membrane module to the H2? production and to the introduction of such a new
technology in the market.

On previous published data, laquaniello et al. (2008) were calculating for a open membrane
reactor architecture a surface of 1,000 m?2 for an installed capacity of 10,000 Nm3/h of
hydrogen. The envisaged installed capacity in the hydrogen market is today around 1 MM
Nm3/h of capacity per year, which translated into a production of 100,000 m2? of membrane
year, once the new technology will supersede the conventional one.

To derive the rate of membranes technology introduction in the market a Volterra equation
was considered (8):

x = A/ (1+e®)+ C )

where A, B, C are constants and x is the cumulative production.

Such equation, also called ““S logistic curve” is used to describe a process with a low growth
which accelerate with time to seem an exponential growth. A 10-year period (2012-2022) is
considered to achieve 50% substitution in the conventional market starting from 2012, which
roughly implies that over the next decade half a million of square meters of membranes
modules could be produced. With such cumulative production around year 2020, the
membrane cost per m?2 could reach the target of 1.600 € per m2 and the overall market will
have a size of 1 billion of € per year.

Figure 14 represents the cumulative production coupled to the “S” curve.

The approach used to determine the growth of the membranes market, together with the
cumulative production does not, however, identify the real factors that determine its
dynamics. As matter of fact, the experience curve combines four sources of costs reduction:
learning, economics of scale, process innovation, and improved production design.
Economics of scale, conventionally associated with manufacturing operations, is probably
the most important of these costs drivers and exists wherever as the scale of production
increases unit costs fall. A plant capacity has then an economic sense if a minimum
efficiency plant capacity is reached.

This will imply that to reach the required reduction in the membrane cost, not only a few
specialized technologies must emerge, but the production market will be concentrated in
few highly specialized production plants.

Regarding the proposed process scheme coupling a membrane based steam reformer with a
nuclear reactor, a preliminary investigation was carried out under the basic assumption that
the cost of electric power from nuclear source is 0.03€/kWh (Romanello et al., 2006). Thus, in
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order to produce 1000 kWhe, the total costs amount is 30€. Considering an efficiency equal to
around 34%, so that 3000 kWhyg, (or 2580000 kcal) should be produced to obtain our power
target, this will translate into a cost of 12€/MMkcal against more than 30€ for heat produced
from natural gas. The variable costs of producing H; are then reduced of more than 20%
without considering the beneficial effects of reduced CO; emissions in the atmosphere.
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Fig. 15. Cumulative production coupled to the “S” curve

Compared to the thermochemical processes, hydrogen production by nuclear-heated steam
reforming of natural gas is considered to be much closer to commercialization and is viewed
as an intermediate step to nuclear-driven hydrogen production from water.

Alternatively such process could be modified to produce urea without any additional CO>
emissions.

5. Conclusions and future perspectives

Membrane reforming with recirculation of reaction products in closed loop configuration is
a particularly promising nuclear application, even if one of the last gap to be overcome for
the technology commercialization of membrane reformers is represented by the
optimization of membrane preparation procedure with enhancement of their stability.
Because the nuclear heat is needed at below 600°C, it employs a compact membrane and
reformer, and gives efficient conversion of the hydrocarbon feed and high-purity hydrogen
without additional processing. With all these benefits, the synergistic blending of fossil fuels
and nuclear energy to produce hydrogen, ammonia and urea, can be an effective solution
for the world until large-scale thermochemical water splitting processes, which may benefits
from economy of scale, are available. For both the fossil fuels industry and the nuclear
industry, this approach offers a viable symbiotic strategy with the minimum of impact on
resources, the environment and the economy.
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