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Abstract - For a natural gas steam reforming, comparative studies of the performance in a conventional
packed-bed reactor and a membrane reactor, a new conceptual reactor consisting of a reactor with series of hy-
drogen separation membranes, have been performed. Based on experimental kinetics reported by Xu and
Froment, a process simulation model was developed with Aspen HYSYSCR;, a commercial process simulator,
and effects of various operating conditions like temperature, H, permeance, and Ar sweep gas flow rate on the
performance in a membrane reactor were investigated in terms of reactant conversion and H, yield enhance-
ment showing improved H; yield and methane conversion in a membrane reactor. In addition, a preliminary
cost estimation focusing on natural gas consumption to supply heat required for the system was carried out and
feasibility of possible cost savings in a membrane reactor was assessed with a cost saving of 10.94% in a mem-
brane reactor.
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|. Introduction industry/refineries, electronic industry, metal/glass

industry, and food industry as shown in Fig. 1 [1],

Due to the high demand for hydrogen in vari- much attention has been paid to a variety of meth-
ous fields such as ammonia production, chemical ods for effective hydrogen production and diverse
methods like methane steam reforming (MSR)

*Corresponding author:hklim@cu.ac.kr [2,3], methane dry reforming (MDR) [4,5], meth-
Copyright © 2016 by The Korean Institute of Gas anol steam reforming [6,7], ethanol steam reform-
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ing [8,9], partial oxidation, water-gas shift reaction
(WGSR), water electrolysis, biomass gasification,
pyrolysis, and plasma reforming [10-13] have been
used for hydrogen production. In particular, a
MSR using natural gas as fuel converts methane
to carbon monoxide and hydrogen, a synthesis gas
(syngas), as shown in Equation (1) and accounts
for about 48% of global hydrogen production [14].

CH, + H,0— CO + 3H, )

A MSR in a conventional packed-bed reactor
(PBR) requires high reaction temperature ranging
from 973 to 1373K and needs an additional hydro-
gen purification unit like pressure swing adsorp-
tion (PSA) [15,16]. To compensate the drawbacks,
a membrane reactor (MR) combining a reactor and
a separator has been proposed as a means to pro-
duce more H; and to reduce an operating temper-
ature simultaneously due to equilibrium shift by
Le Chatelier's principle [17,18].

In this paper, comparative studies for effects of
temperature, H, permeance, and Ar sweep gas
flow rate on the reactant conversion enhancement
and hydrogen yield enhancement in a MR com-
pared with a PBR are performed to assess the ben-
efits of using a MR. In addition, a preliminary cost
estimation focusing on an annual operating cost in
terms of natural gas usage to supply heat required
for the system is carried out based on simulation

® Ammonia production

. Chemical Industry/Refineries

Metal/Glass Industry

Food Industry

Fig. 1. A diagram for distribution of a global hy-
drogen market.
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results obtained from Aspen HYSYS®, a commer-
cial chemical process simulator.

Il. Methods

To simulate proposed processes of interest, com-
mercial process simulators such as Aspen HYSYS®
(AspenTech, USA) [19-21], Aspen Plus® (Aspen-
Tech, USA) [22-24], Unisim Design® Suite (Honey-
well, USA) [25-27], and CHEMCAD (Chemsta-
tions, USA) [28-30] are widely used to obtain the
useful information and an optimized process mod-
el based on material and energy balance. Among
them, Aspen HYSYS® was used in this study to
simulate the process with most well-known MSR
kinetics reported by Xu and Froment [2] and the
Peng-Robinson fluid package as a suitable equa-
tion of state assuming a steady state.

2.1. A packed-bed reactor (PBR)

Fig. 2 presents a process flow diagram (PFD) of
a natural gas steam reforming (NSR) using Aspen
HYSYS® for a conventional PBR equipped with a
boiler to provide enough heat required in the
system. As shown in Fig. 2., multiple compressors
were used to pressurize natural gas from 1 to 27
bar, a pump was employed for water, and a re-
action temperature ranging from 873 to 1023K was
used for the simulation works. The composition of
methane in natural gas was assumed to be 88.1%
in this study [31]. In addition, natural gas usage
for required heat in the proposed process was cal-
culated and preliminary cost estimation was car-
ried out based on the simulation results. The price
of electricity required to operate three compressors
and a pump was calculated based on an electricity
price of $0.07 kWh™ in 2012 and was converted to
a price in 2015 based on chemical engineering
plant cost index (CEPCI) of 547.2 in 2015 [32,33].

2.2. A membrane reactor (MR)

Fig. 3 shows a PFD of NSR in a MR using
Aspen HYSYS®. Since a membrane unit is not in
the model library of Aspen HYSYS®, a membrane
template consisting of a series of reactors and sep-
arators was created to reflect the functionality of
a MR [34,35]. All reaction conditions and geome-
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Fig. 2. Process flow diagram (PFD) of a system with a packed-bed reactor (PBR).

try are the same for both PBR and MR except that
a MR have a hydrogen separation membrane in-
side the reactor.

lll. Results and Discussion

3.1. Effects of H, permeance and Ar sweep gas
in a MR

Fig. 4 demonstrates the effect of H, permeance
(1x10°~1x10° mol m” s” Pa™) on H, enhance-
ment, defined as H» yield increase in a MR com-
pared with a PBR, with an Ar sweep gas as a driv-
ing force in a MR ranging from 1 to 100 kmol h™
at 973K. For all H, permeance and Ar sweep gas
flow studied, better performance in a MR was ob-
served compared with a conventional PBR con-
firming a benefit of using a MR. Cleary, it was
shown that H, permeance and Ar sweep gas flow
rate was favorable for H, yield enhancement.
However, little effect was observed for an Ar
sweep gas flow rate of over 50 kmol h” providing
a useful design guideline for the MR system.

3.2. Effects of H» permeance and operating tem-
perature in a MR

With a selected Ar flow rate of 50 kmol h” ob-
tained from simulation results, the effects of H,
permeance and operating temperature on CHy
conversion (Xcus) enhancement were examined at
873-1023K. As shown in Fig. 5, Xctu enhancement
increased as permeance increased while it decreas-
ed as operating temperature increased and it is be-
lieved that higher methane conversions at higher
temperatures due to an endothermic reaction of a
NSR result in relatively small enhancements in a
MR compared with a PBR. Again, better perform-
ance in a MR was observed for a wide range of
H, permeance and operating temperature.

3.3. Preliminary cost estimation: operating cost

Economic analysis focusing on operating cost
based on natural gas usage required for a boiler
has been performed. From the results obtained
from the process simulation works, a preliminary
cost estimation was carried out for a conventional
PBR and a MR with a fixed Ar sweep gas flow
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Fig. 3. Process flow diagram (PFD) of a system with
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Fig. 4. Effect of permeance on H, yield enhan-
cement with different Ar flow rates at
973K.

rate of 50 kmol h" and H, permeance of 1x10°
mol m” s Pa’. It was found that the same
amount of Hy was obtained at a reaction temper-
ature of 1023K and 936.9K in a PBR and a MR, re-
spectively as shown in Table 1. With higher heat-
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Fig. 5. Effect of permeance on methane conver-

sion (Xcps) enhancement at 873-1023K
with a fixed Ar flow rate of 50 kmol h.

ing value (HHV) of methane (55.6 MJ kg") and the
current price of natural gas in Korea (#11.16 MJ"
from Korea Gas Corporation (KOGAS)), annual
costs for natural gas usage and possible cost sav-
ings in a MR compared with a PBR were calcula-
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Table 1. Preliminary cost estimation based on na-
tural gas (NG) consumption

Packed-bed reactor | Membrane reactor
(1023K) (936.9K)
H, produced
;1«]:101 ' 0982
NG/];”noj E_‘fﬂer 0.2084 0.1856
/ MJ b 186 166
NG cost
| W yr! 18,173,282 16,185,034
cost savings/ % 10.94

ted. From the analysis, a cost saving of 10.94 %
was observed in a MR showing the additional
benefit of using a MR over a conventional PBR.

IV. Conclusions

Process simulation and preliminary economic
analysis for a natural gas steam reforming (NSR)
have been carried out for comparative studies in
a packed-bed reactor (PBR) and a membrane re-
actor (MR) using a commercial process simulator,
Aspen HYSYS®, with the previously reported ki-
netics by Xu and Froment. For all studied con-
ditions, better performance was found in a MR
compared with a PBR in terms of H, yield and
CH; conversion enhancement due to equilibrium
shift by Le chatelier's principle. Further studies
showed that H, permeance was favorable for en-
hancements in a MR while operating temperature
was not. In addition, no further favorable effect of
higher Ar sweep gas flow rate than 50 kmol h™
was found in a MR and a preliminary cost estima-
tion showed a cost saving of 10.94% in a MR con-
firming benefits of employing a MR for NSR.
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