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Gasification is one of the most effective and studied methods for producing energy and
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fuels from biomass as different biomass feedstock can be handled, with the generation of
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syngas consisting of H2, CO, and CH4, which can be used for several applications. In this
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study, the gasification of hazelnut shells (biomass) within a circulating bubbling fluidized
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bed gasifier was analyzed for the first time through a quasi-equilibrium approach devel-
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oped in the Aspen Plus environment and used to validate and improve an existing bubbling
fluidized bed gasifier model. The gasification unit was integrated with a water-gas shift

Keywords:

(WGS) reactor to increase the hydrogen content in the outlet stream and with a pressure

Biomass gasification

swing adsorption (PSA) unit for hydrogen separation. The amount of dry H2 obtained out of

Fluidized bed

the gasifier was 31.3 mol%, and this value increased to 47.5 mol% after the WGS reaction.

PSA

The simulation results were compared and validated against experimental data reported in

Hydrogen production

the literature. The process model was then modified by replacing the PSA unit with a

Quasi-equilibrium temperature

palladium membrane separation module. The final results of the present work allowed

Palladium membrane

comparison of the effects of the two conditioning systems, PSA and palladium membrane,
indicating a comparative increase in the hydrogen recovery ratio of 28.9% with the palladium membrane relative to the PSA configuration.
© 2019 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction
The global energy demand continues to increase daily, and
continued use of fossil fuels has already led to irreversible
climate change [1,2]. Therefore, it is necessary unearth more

sustainable energy supplies. For this purpose, the use of
biomass instead of fossil fuels has proved to be a valid solution
for mitigating climate change and for achieving energy security [3e6]. Biomass is the world's third largest energy source
after coal and oil [7] and has many advantages: it is

* Corresponding author.
E-mail address: mauro.villarini@unitus.it (M. Villarini).
https://doi.org/10.1016/j.ijhydene.2019.02.121
0360-3199/© 2019 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n e n e r g y 4 4 ( 2 0 1 9 ) 1 0 3 5 0 e1 0 3 6 0

inexhaustible, it can be easily stored, and its CO2 emissions
are considered climate-neutral, i.e., the CO2 released by
combustion of biofuel is approximately equal to the amount of
CO2 absorbed by biomass during its lifetime [8,9].
It is possible to convert biomass to energy (syngas, biogas,
and liquid biofuels) through biological or thermochemical
processes [10,11]. Combustion, pyrolysis, and gasification are
the three main types of thermochemical conversion [12].
Gasification is considered the most viable alternative for the
conversion of biomass into energy for achieving sustainable
development as it provides energy savings and environmental
protection and is becoming one of the best solutions for the
valorization of solid waste [13e15]. A biomass gasification
system, coupled with a gas fuelled Combined Heat and Power,
can produce electricity and heat [16], and coupled with a gas
cleaning and purification process, can produce pure hydrogen
[17,18]. H2 in fact represents a promising energy resource for
the future: it can be used in various applications such as the
production of methanol, production of ammonia, in conventional internal combustion engines, or in a more productive
way, in fuel cells [19e26].
Over the last years, many studies have been carried out to
predict the optimal operating conditions and system performance based on different gasification agents such as air [27],
pure steam [28e30], oxygen and steam [31e33], air and steam
[34e36], and in some cases, enriched air-steam mixtures [37].
Air gasification provides poor quality gas in terms of the
higher heating value (HHV), compared to the case when steam
is used as the gasification agent, where the latter generates
fuel gas with less N2 and more H2 [23]. Gasification with pure
oxygen gives higher quality gas, but has an additional cost for
oxygen production. Indirectly heated gasification generates
gas with quality similar to the case with pure oxygen/steam,
as reported by Hofbauer et al. [38] for a dual fluidized-bed.
Further studies have demonstrated that the fluidized-bed
reactor ensures high performance of the gasification process, providing high reaction rates and conversion efficiencies
due to the very good mixing and gas-solid contact [13,39e42].
One of the best ways to simulate the performance of
fluidized-bed biomass gasification is the quasi-equilibrium
approach [43e48], which provides a more accurate description of the syngas composition. This approach was introduced
for the first time by Gumz [49]. He suggested the use of the
quasi-equilibrium temperature (QET), at which the specific
chemical reaction is assumed to reach equilibrium [13,50],
instead of the actual operating temperature of the gasifier.
The QET value can be obtained by fitting the experimental
data. This approach is a compromise between equilibrium
thermodynamic models and experimental models, and does
not require information on the dimensions, capacity, and
structure of the reactor.
Doherty et al. based the quasi-equilibrium approach on
minimization the Gibb's free energy using the restricted
equilibrium method for calibration of the model data against
experimental data, specifying a temperature approach for the
gasification reactions [51].
Following this approach, in this study, we validate a model
for chemical processes analysis by improving an existing
models and predicting an ad hoc QET. The case under investigation is the circulating bubbling fluidized bed gasifier
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developed by the European Collaborative Project: UNIQUE
gasifier for Hydrogen production “UNIfHY” [52], which has
been evaluated in earlier studies [8,23,53].
The first aim of this study is to validate the classic UNIfHY
model [52] (considering the realized UNIfHY plant of 1 MWth),
with water-gas shift (WGS) and pressure swing adsorption
(PSA), through a quasi-equilibrium approach based on minimization of the Gibb's free energy.
Thereafter, the original process scheme reported previously by the authors [8,23,53] is modified by replacing PSA
with a separation module consisting of palladium membranes
in order to evaluate the possible variation in the overall efficiency, taking into account the optimized PSA parameters that
are currently utilized in industry. The WGS process requires
separation of the products to obtain hydrogen with high purity. The theory and implementation of palladium membranes
for hydrogen separation have long been covered by the early
work of Gryaznov [54] and in a number of reviews [55e57],
demonstrating the outstanding selectivity of these membranes towards hydrogen, where up to 99.99% hydrogen purity can be achieved in the permeate stream [58,59]. Pd-based
membranes have been considered for use in systems for the
production of hydrogen from biomass-derived processes via
gasification [60] and hydrothermal gasification [61]. Furthermore, these membranes can be applied to the separation of
hydrogen from hydrocarbons [62,63], methane [64] and biogas
[65] reforming, and the CO2 capture process [66,67]. For these
reasons, we investigate the advantages of replacing the PSA
with this kind of membrane. The results obtained by implementing this replacement are compared with the results from
the classical UNIfHY system and the related model. The
thermodynamic parameters of the plant are analyzed by using
the process simulator Aspen Plus. The article is organized as
follows: Section Simulation methods describes the main
components of the simulation model, Section Results and
discussion presents and discusses the main results of the
work after validation of the model, and Section Conclusion
presents the conclusions.

Simulation model
Assumptions
The following assumptions were considered in modeling the
gasification process shown in Fig. 1:
 The process is in steady-state and isothermal [68].
 Drying and pyrolysis take place instantaneously and the
volatile products mainly consist of H2 ; CO; CO2 ; CH4 ; and
H2 O [25,69].
 The char is 100% carbon [70].
 All gases behave ideally

Process scheme
The process scheme under investigation is shown in Fig. 1.
Hazelnut shells were used as the biomass feedstock. This is
a sustainable choice because this kind of biomass is not in
competition with food production, and moreover, allows the
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Fig. 1 e Schematic of the biomass gasification hydrogen production process.
use of waste from the agri-food industry [71]. The characteristics of hazelnut shells are presented in Table 1. The drying
and pyrolysis stage simulates the first part of the gasification
process and produces H2, CH4, H2O, CO, CO2, and char. The
separation unit block was first studied with the PSA unit and
then with the palladium membrane module.

ASPEN plus flowsheet
The flowsheet developed with ASPEN Plus is shown in Fig. 2
and each unit is described in Table 2.
The BIOMASS stream, composed of hazelnut shells, with a
constant flow rate set to 180 kg h1 (1 MWth input size,
considering HHV), enters the DECOMP block, which is a RYELD
reactor, used to simulate the decomposition of the unconventional feed into its conventional components (carbon,
hydrogen, oxygen, sulfur, nitrogen and ash) by specifying the
yield distribution according to the biomass ultimate analysis
in Table 1.
Because DECOMP generates N and S as elemental components that are well known to produce mainly NH3 and H2S,
and the results of the experimental fractional conversion
model are more similar to the experimental data than that of
the restricted chemical equilibrium, the off product from

Table 1 e Physical and chemical properties of hazelnut
shells [72].
Bulk density (kg=m3 )

Moisture content (wt%)

319.14

12.45

DECOMP is moved to the RSTOIC block to simulate the production of NH3 and H2 S through the following reactions:
0:5 N2 þ 1:5 H2 / NH3

(1)

H2 þ S / H2 S

(2)

where the fractional conversion of H2 S is equal to 1 and that
for NH3 is equal to 0.5 [73].
The resulting stream S2 moves into the separator SEP,
which divides the stream into three sub-streams: the volatile
part VOLATILE, char part CHAR, and a stream composed of
NH3 and H2 S, termed H2 SNH3 . The VOLATILE stream, after
mixing with the oxidizing fluid, enters the gasifier GASIF.
The CHAR stream is split in two sub-streams: S3, which
represents the unreacted char, and S4 which represents the
char reacted in the gasifier.
The stream GASRAW out of the gasifier is mixed with the
H2 SNH3 stream. This is done because the contaminants do not
follow a temperature approach equilibrium.
Stream S6 from the gasifier undergoes the water-gas shift
reaction:
CO þ H2 O 4CO2 þ H2

(3)

which occurs in two reactors: high temperature shift (HTS)
and low temperature shift (LTS) [53]. The gas from the HTS
and LTS is mainly composed of H2 ; CO2 , residual steam, and
traces of CH4 and CO; thus, in order to produce pure
hydrogen, these gases must be separated. Therefore, the
flow after the WGS is fed into the PSA system to obtain pure
hydrogen.

Gasifier

Proximate analysis (%wt wet basis)
Ash

Volatile matter

Fixed carbon

0.77

62.70

24.08

Ultimate analysis (%wt , dry basis)
C
46.76

H

N

O

Cl

S

5.76

0.22

45.83

0.76

0.67

Heating values (MJ=kgdry )
HHV

LHV

20.20

18.85

The reactions considered in the gasification process are listed
in Table 3.
The Boudouard reaction is not considered in this simulation as it does not achieve kinetic equilibrium and causes
destabilization of the reactor performance [30].
To simulate the gasification process in Aspen Plus, we
used the Gibb's reactor with a quasi-equilibrium approach,
which allows more accurate description of the syngas
composition than equilibrium models, as explained in the
Introduction.
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In order to conduct the reactions in Table 3 at their QET
instead of at the actual temperature of the gasifier, a Data Fit
of the experimental data was executed in ASPEN Plus. The
Data Fit was conducted with the data reported in Table 4,
where the experimental gasification data for almond shells
obtained from 1 MWth input [74,75] and 10 MWth plants [76]
are quoted.
The operation conditions of the gasifier were 800  C and
1 bar. The oxidizing fluid is composed of 50 kg h1 of oxygen
and 70 kg h1 of steam at 150  C and 1 bar. The composition
of the stream off the gasifier, called GASRAW in the flowsheet in Fig. 2, is reported in Table 5, Section Results and
discussion.

Water-gas shift
The water-gas shift reaction (3) is moderately exothermic, and
based on Le Chatelier's principle, tends to shift to the left side
at high temperature. For this reason, the reaction was simulated with two WGS reactors, one at higher temperature (HTS)
and the other at lower temperature (LTS). In the HTS reactor,
there is a first low conversion of CO with quick kinetics, but it
is not possible to go beyond the equilibrium curve, thus the
LTS reactor was used [77].
In the LTS reactor, by reducing the operation temperature,
it was possible to obtain higher conversion.
Moneti et al. [53] simulated the HTS (at 400  C) and the LTS
(at 200  C) with Gibb's reactors. In the present study, we
simulate the HTS and the LTS at the same temperature used
by Moneti et al., but two Requil reactors (equilibrium reactors
for which the chemical and phase equilibrium are determined
by stoichiometric calculations) were selected in order to
specify the WGS reaction as favorable in Aspen Plus, rather
that the methanation reaction that would otherwise be
spontaneously favored in the simulation. The gas off composition from the HTS reactor is reported in Table 6 and the gas
off composition from the LTS reactor is reported in Table 7,
Section Results and discussion.

Separation unit
A PSA unit is required to gain high hydrogen purity [78,79]. The
pressure and efficiency for the PSA used in the simulation
were determined from the optimized values found in the
literature for these membranes: 70% separation efficiency for
hydrogen [80e83]; gas pressure: 7 bar [23]. Pressurization was
achieved with a compressor, COMPR in Fig. 2, before the PSA.
The PSA outlet stream, denoted as HYDROGEN in Fig. 2, flows
at a rate of 3.76 kmol h1 of hydrogen. As mentioned, the
second option investigated in this study is the use of a palladium membrane module for separating the pure hydrogen
stream. Hydrogen permeation through the membrane is
described by the following equation [56]:
JH2 ¼
Fig. 2 e Flowsheet of the plant evaluated in this study (the
hatched streams are heat streams, representing thermal
recovery; the continuous streams are material streams).


b n
P  Pnl
d h

where
JH2 is The hydrogen flux, expressed in

kmol
m2 h
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Table 2 e Description of ASPEN Plus flowsheet unit operation presented in Fig. 2.
ASPEN Plus name

Block ID

Description

RYIELD

DECOMP

RSTOIC
SEP

RSTOIC
SEP

MIXER

PSA
MIX

FSPLIT
RGIBBS

MIX2
SPLIT
GASIF

Yield reactor  converts the non-conventional stream “BIOMASS” into its
conventional components
Rstoic reactor e simulates the production of NH3 and H2 S
Separator e separates the biomass into three streams: volatile, char, and a
stream of NH3 and H2 S
Separator e extracts pure hydrogen with 70% efficiency
Mixer e mixes oxidizing fluid with VOLATILE stream, which represents
combustible fluid
Mixer e mixes the gas from gasifier with NH3 and H2 S
Splitter e splits unreacted char (S3) from combustible char (S4)
Gibb's free energy reactor e simulates drying, pyrolysis, partial oxidation,
and gasification and restricts chemical equilibrium of the specified
reactions to set the syngas composition by specifying a temperature
approach for individual reactions
Requil reactor e simulates the water gas shift reaction at high temperature
Requil reactor e simulates the water gas shift reaction at low temperature
Heater e lowers the temperature between HTS and LTS
Compressor e raises gas pressure upstream of PSA

REQUIL

HTS
LTS
HEATER
COMPR

HEATER
COMPR

b is the hydrogen permeability and is calculated by
applying Shu's experimental equation [84,85] and set to
4:58$107 m kmol
h Pa0;5
d is the thickness of the membrane, set to 20 mm [85].
n is the pressure exponent, and according to Sievert's law,
was set to 0.5 [86,87].
Pnh and Pnl are the partial pressure of hydrogen on the high
pressure side and the low pressure side, respectively
Pnl is set to 7,104 Pa

Table 3 e Gasification reactions.
Reaction
Heterogeneous reaction
C þ 0:5 O2 /CO
C þ H2 O 4CO þ H2
Homogeneous reactions
H2 þ 0:5 O2 / H2 O
CO þ H2 O 4CO2 þ H2
CH4 þ H2 O / CO þ 3H2

Reaction name

Reaction
number

Char partial combustion
Water-gas

(4)
(5)

H2 partial combustion
CO shift
Steam-methane reforming

(6)
(7)
(8)

The area of one membrane module was fixed to
0:1 m2 and 8 modules were applied for a total membrane area
of 0:8 m2 [88].
Assuming a hydrogen separation efficiency of 90%, Pnh ¼
2:7$105 Pa.
As predicted by Sievert's law, by increasing the difference
ðPnh  Pnl Þ, the permeate hydrogen increased.
Chen et al. [89] demonstrated that the minimum difference
ðPnh  Pnl Þ to ensure hydrogen transport against the membrane
resistance has to be 30 kPa: in the present study, the driving
force ðPnh  Pnl Þ ¼ 200 kPa was imposed.
The temperature of the membrane was set to 420  C [90,91];
this is the optimum temperature because a lower temperature
could cause hydrogen embrittlement of the membrane and a
higher temperature could cause thermal stress and loss of
selectivity.

Results and discussion
Gas composition
The Data Fit conducted with the data reported in Table 4
allowed determination of the minimum of the objective

Table 4 e Data for Data Fit analysis.
Test
Operational conditions
Biomass flow rate (kg/h)
Air flow rate (kg/h)
Oxygen flow rate (kg/h)
Steam flow rate (kg/h)
Gasifier temperature ( C)
Main variable for analysis
SB (steam to biomass ratio)
Gas composition and yield (mole
CO (%dry )
H2 (%dry )
CO2 (%dry )
CH4 (%dry )

1 [74]
122
0
44
48.8
850
0.4
fraction)
0.217
0.289
0.318
0.095

2 [74]

3 [74]

4 [74]

5 [75]

6 [75]

140
0
46
56
850

150
0
58
75
850

0.4
0.2420
0.2975
0.31875
0.09725

7 [76]

8 [76]

9 [76]

170
0
61
85
850

137
0
40
55
825

177
0
51
70
870

1400
87
0
0
785

1400
174
0
0
785

1400
348
0
0
785

0.5

0.5

0.4

0.4

0

0

0

0.2545
0.306
0.3195
0.095

0.267
0.323
0.321
0.104

0.30
0.31
0.25
0.11

0.31
0.25
0.26
0.13

0.14
0.1323
0.1337
0.0182

0.1511
0.1547
0.1415
0.0149

0.1706
0.1668
0.1322
0.0140
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Table 5 e Composition of stream GASRAW out of the
gasifier and model validation.
Simulation
results

Literature
data [92]

Discrepancy

31.3
20.6
14.7
19.1
9.7

44.0
28.0
18.0
16.0
10.0

28%
26%
18%
19%
3%

H2 (%dry mole fraction )
CO (%dry mole fraction )
CO2 (%dry mole fraction )
H2 O (%dry mole fraction )
CH4 (%dry mole fraction )

As shown in Table 5, the model provided more conservative values, maybe this is due to the fitting of our gasifier
model with experimental air and low steam to biomass ratio
gasification data.
However, the under or over-prediction of CH4 is a common
problem in this kind of modeling as the tar is not considered in
the equilibrium models [93].

Effect of gasification temperature

function, and thus the QET at which each reaction occurs. In
this way, it was possible to determine the composition of the
gas stream out of each unit, as reported in the Tables below.

Model validation
In Table 5, the simulation results for the gasifier outlet stream
are compared with the results reported in Ref. [92], achieved
with a steam biomass gasifier.
In Ref. [92] the biomass considered was almond shell, and
given the almost identical features of hazelnut shells, the
comparison can be considered valid. The characteristics of the
almond shells are reported in Table 8. The data in this table
show that based on the almost identical composition from
ultimate analysis (regarding the main elemental components), the comparison is valid.

Table 6 e Composition of stream S8 out of the HTS reactor
(at 400  C).
H2 (%dry mole fraction )
CO (%dry mole fraction )
CO2 (%dry mole fraction )
H2 O (%dry mole fraction )
CH4 (%dry mole fraction )
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41.1
10.6
24.0
10.0
9.6

The model was used to perform sensitivity analysis for the
gasifier temperature in the range of 700e1000  C. Fig. 3 shows
the variation of the syngas composition as a function of the
temperature.
The H2 and CO concentration increased remarkably as the
temperature increased. The increase in the H2 concentration
is due to endothermic reactions (5) and (8), while reaction (5) at
higher temperature is responsible for the increase in CO. The
endothermic reaction (8) can generate CO2, but reaction (5) is
favored and increases the CO and decreases CO2. The endothermic reaction (8) results in a decrease in CH4.

Effect of increased steam
Like the temperature, the steam rate has a marked influence
on the composition of the product gas. Fig. 4 presents the results of the sensitivity analysis with variation of the steam
flow while keeping the biomass flow and the oxygen flow
constant.
The molar fraction of CO decreases with increasing steam.
The molar fraction of CO2 increases with an increase in the
steam rate, and after a maximum, shows a decrease with
increasing steam. Initially, the amount of H2 increases due to
the interaction between CO and H2O, but after a maximum,
decreases. The increase in the amount of H2 with increasing
steam rate indicates that the gas-shift reaction has a strong
effect on steam gasification [94].

Analysis of separation process
Table 7 e Composition of stream S11 out of the LTS
reactor (at 200  C).
H2 (%dry mole fraction )
CO (%dry mole fraction )
CO2 (%dry mole fraction )
H2 O (%dry mole fraction )
CH4 (%dry mole fraction )

47.5
4.2
30.0
3.6
9.6

Table 8 e Physical and chemical properties of almond
shells [72].
Bulk density (kg=m3 )

Moisture content (wt%)

450

12

Proximate analysis (%wt , dry basis)
Ash

Volatile matter

Fixed carbon

80.6

18.2

components1.2

Ultimate analysis (%wt , dry basis)
C

H

N

O

Cl

S

47.9

6.3

0.32

44.27

0.012

0.015

Table 9 shows the operating and process conditions of the
PSA unit and the palladium membrane module. The classic
configuration of the UNIfHY scheme ensures a hydrogen
yield of 3.76 kmol h1, i.e. recovery ratio (produced
hydrogen/input biomass) equal to HB2 ¼ 38%. After replacement with the palladium membrane, the hydrogen yield
reached 4.83 kmol h1 and the recovery ratio was equal to
H2
B ¼ 49%.
This result is due to the greater hydrogen permeability and
high selectivity of the palladium membrane. For industrial
applications, the hydrogen purification level is based on both
economic and technical considerations as the amount of
hydrogen recovered increases the economic impact on largescale applications. For this reason, palladium membranes
are more suitable for use in small to medium applications,
while PSA is best suited to large-scale applications.
Moreover, with membranes, it is possible to achieve a
higher level of recovery, but it should be noted that greater
recovery means a larger membrane area and therefore higher
investment and operating costs. However, the high costs of
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Fig. 3 e Effect of gasification temperature on syngas composition out of gasifier.

Fig. 4 e Effect of steam variation on syngas composition out of gasifier.

palladium membranes can be offset by combining palladium
or replacing it with less pure metals [95,96].
If the costs and reliability of membrane processes are
improved in the future, an effective replacement of the PSA
unit can be achieved. Considering that the energy consumption of PSA is much higher than that of membranes, the
replacement (if economically viable from the point of view of
installation and maintenance costs) would lead to lower energy consumption for the plant.
Given the current cost of membrane installation and the
good results provided by the simulation for the use of the

Table 9 e PSA vs. Palladium membrane.
PSA

Palladium membrane

Inlet temperature [ C]
Pressure [bar]

610
7 (inlet)

H2 separation efficiency [%]
Hydrogen yield [kmol/h]
Hydrogen recovery ratio [%]

70
3.76
38

420
2.7 (low-pressure side)
9 (high-pressure side)
90
4.83
49

palladium membrane, a possible solution could be the combined use of PSA and palladium membranes, with a lower
number of modules and therefore lower costs, in order to increase product recovery during hydrogen production.

Conclusion
Simulation and validation of a bubbling fluidized bed gasifier
with WGS reactors and a PSA unit were performed using
ASPEN Plus. The simulation was carried out with the quasiequilibrium model by the creation of a Data Fit from the
experimental results. To date, no other study has been conducted on the gasification of hazelnut shells using the quasiequilibrium approach, and the results out of the gasifier are
in good agreement with the experimental data, confirming the
validity of the quasi-equilibrium model. The final and interesting outcomes of the present study are: the hydrogen recovery ratio of the process, expressed as the ratio of hydrogen
produced to the input biomass, was 38%; after replacement of
the PSA unit with the palladium membrane, the hydrogen
recovery of the process increased to 49%; finally a comparative
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increase of 28.9% was achieved relative to that with the classic
PSA configuration. However, the economic impact of the
membrane should be taken into account. At present, PSA is
more economically viable. Obviously, the model is valid
within the range of the data used for fitting, i.e., SB from 0.4 to
0.5 and temperature from 785 to 870  C. Future studies will
focus on extension of the validation range, improvement of
the simulation results, increasing the dataset for fitting, and
consideration of the bed material.
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modeling of gasification: a free energy minimization
approach and its application to a circulating fluidized bed

[44]

[45]

[46]

[47]

[48]

[49]
[50]

[51]

[52]
[53]

[54]
[55]

[56]

[57]

[58]

[59]

[60]

[61]

coal gasifier. Fuel 2001;80:195e207. https://doi.org/10.1016/
S0016-2361(00)00074-0.
Baruah D, Baruah DC. Modeling of biomass gasification: a
review. Renew Sustain Energy Rev 2014;39:806e15. https://
doi.org/10.1016/j.rser.2014.07.129.
Loha C, Chatterjee PK, Chattopadhyay H. Performance of
fluidized bed steam gasification of biomass - modeling and
experiment. Energy Convers Manag 2011;52:1583e8. https://
doi.org/10.1016/j.enconman.2010.11.003.
Xie J, Zhong W, Jin B, Shao Y, Liu H. Simulation on
gasification of forestry residues in fluidized beds by EulerianLagrangian approach. Bioresour Technol 2012;121:36e46.
https://doi.org/10.1016/j.biortech.2012.06.080.
Nguyen TDB, Seo MW, Lim Y Il, Song BH, Kim SD. CFD
simulation with experiments in a dual circulating fluidized
bed gasifier. Comput Chem Eng 2012;36:48e56. https://
doi.org/10.1016/j.compchemeng.2011.07.005.
Gungor A. Modeling the effects of the operational parameters
on H2 composition in a biomass fluidized bed gasifier. Int J
Hydrogen Energy 2011;36:6592e600. https://doi.org/10.1016/
j.ijhydene.2011.02.096.
Gumz W. Gas producers and blast furnaces. 1950.
Barba D, Capocelli M, Cornacchia G, Matera DA. Theoretical
and experimental procedure for scaling-up RDF gasifiers: the
Gibbs Gradient Method. Fuel 2016;179:60e70. https://doi.org/
10.1016/j.fuel.2016.03.014.
Doherty W, Reynolds A, Kennedy D. The effect of air
preheating in a biomass CFB gasifier using ASPEN Plus
simulation. Biomass Bioenergy 2009;33:1158e67. https://
doi.org/10.1016/j.biombioe.2009.05.004.
https://cordis.europa.eu/project/rcn/104612_it.html.
Moneti M, Di Carlo A, Bocci E, Foscolo PU, Villarini M,
Carlini M. Influence of the main gasifier parameters on a real
system for hydrogen production from biomass. Int J
Hydrogen Energy 2016;41:11965e73. https://doi.org/10.1016/
j.ijhydene.2016.05.171.
Gryaznov V. Membrane catalysis. Catal Today 1999;51:391e5.
https://doi.org/10.1016/S0920-5861(99)00028-0.
Rahimpour MR, Samimi F, Babapoor A, Tohidian T, Mohebi S.
Palladium membranes applications in reaction systems for
hydrogen separation and purification: a review. Chem Eng
Process Process Intensif 2017;121:24e49. https://doi.org/
10.1016/j.cep.2017.07.021.
Yun S, Ted Oyama S. Correlations in palladium membranes
for hydrogen separation: a review. J Membr Sci
2011;375:28e45. https://doi.org/10.1016/j.memsci.2011.03.057.
Paglieri SN, Way JD. Innovations in palladium membrane
research. Separ Purif Methods 2002;31:1e169. https://doi.org/
10.1081/SPM-120006115.
Mahecha-Botero A, Boyd T, Gulamhusein A, Comyn N,
Lim CJ, Grace JR, et al. Pure hydrogen generation in a
fluidized-bed membrane reactor: experimental findings.
Chem Eng Sci 2008;63:2752e62. https://doi.org/10.1016/
J.CES.2008.02.032.
Sato T, Suzuki T, Aketa M, Ishiyama Y, Mimura K, Itoh N.
Steam reforming of biogas mixtures with a palladium
membrane reactor system. Chem Eng Sci 2010;65:451e7.
https://doi.org/10.1016/j.ces.2009.04.013.
Salam MA, Ahmed K, Akter N, Hossain T, Abdullah B. A
review of hydrogen production via biomass gasification and
its prospect in Bangladesh. Int J Hydrogen Energy
2018;43:14944e73. https://doi.org/10.1016/
J.IJHYDENE.2018.06.043.
Shalygin MG, Abramov SM, Netrusov AI, Teplyakov VV.
Membrane recovery of hydrogen from gaseous mixtures of
biogenic and technogenic origin. Int J Hydrogen Energy
2015;40:3438e51. https://doi.org/10.1016/
J.IJHYDENE.2014.12.078.

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n e n e r g y 4 4 ( 2 0 1 9 ) 1 0 3 5 0 e1 0 3 6 0

[62] Lu N, Xie D. Novel membrane reactor concepts for
hydrogen production from hydrocarbons: a review. Int J
Chem React Eng 2016;14:1e31. https://doi.org/10.1515/
ijcre-2015-0050.
[63] Savuto E, Di Carlo a, Bocci E, D'Orazio a, Villarini M, Carlini M,
et al. Development of a CFD model for the simulation of tar
and methane steam reforming through a ceramic catalytic
filter. Int J Hydrogen Energy 2015;40:7991e8004. https://
doi.org/10.1016/j.ijhydene.2015.04.044.
[64] Kim C-H, Han J-Y, Kim S, Lee B, Lim H, Lee K-Y, et al.
Hydrogen production by steam methane reforming in a
membrane reactor equipped with a Pd composite membrane
deposited on a porous stainless steel. Int J Hydrogen Energy
2018;43:7684e92. https://doi.org/10.1016/
J.IJHYDENE.2017.11.176.
 squez Castillo JM, Sato T, Itoh N. Effect of temperature and
[65] Va
pressure on hydrogen production from steam reforming of
biogas with PdeAg membrane reactor. Int J Hydrogen Energy
2015;40:3582e91. https://doi.org/10.1016/
J.IJHYDENE.2014.11.053.
[66] Jansen D, Dijkstra JW, van den Brink RW, Peters TA,
Stange M, Bredesen R, et al. Hydrogen membrane reactors for
CO2 capture. Energy Procedia 2009;1:253e60. https://doi.org/
10.1016/J.EGYPRO.2009.01.036.
[67] Boon J, Spallina V, van Delft Y, van Sint Annaland M.
Comparison of the efficiency of carbon dioxide capture by
sorption-enhanced wateregas shift and palladium-based
membranes for power and hydrogen production. Int J Greenh
Gas Control 2016;50:121e34. https://doi.org/10.1016/
J.IJGGC.2016.04.033.
[68] Ye G, Xie D, Qiao W, Grace JR, Lim CJ. Modeling of fluidized
bed membrane reactors for hydrogen production from steam
methane reforming with Aspen Plus. Int J Hydrogen Energy
2009;34:4755e62. https://doi.org/10.1016/
J.IJHYDENE.2009.03.047.
[69] Sadaka SS, Ghaly AE, Sabbah MA. Two phase biomass airsteam gasification model for fluidized bed reactors: Part
Idmodel development. Biomass Bioenergy 2002;22:439e62.
https://doi.org/10.1016/S0961-9534(02)00023-5.
[70] Demirbas‚ A. Carbonization ranking of selected biomass for
charcoal, liquid and gaseous products. Energy Convers
Manag 2001;42:1229e38. https://doi.org/10.1016/S01968904(00)00110-2.
€
[71] Chen X, Onal
H. Renewable energy policies and competition
for biomass: implications for land use, food prices, and
processing industry. Energy Policy 2016;92:270e8. https://
doi.org/10.1016/j.enpol.2016.02.022.
[72] Jang DH, Kim HT, Lee C, Kim SH, Doherty W, Reynolds A,
et al. Gasification of hazelnut shells in a downdraft gasifier.
Energy 2002;27:415e27. https://doi.org/10.1016/
j.energy.2010.04.051.
[73] Torres W, Pansare SS, Goodwin JG. Hot gas removal of tars,
ammonia, and hydrogen sulfide from biomass gasification
gas. Catal Rev 2007;49:407e56. https://doi.org/10.1080/
01614940701375134.
[74] Barisano, Donatella; Canneto, Giuseppe; Rep M. Deliverable
5.2: UNIfHY 1000 long term tests and further hardware
modifications n.d.
[75] Canneto, G; Nanna, F; Alvino, E; Pinto, G; Villone, A;
Carnevale, M; Valerio, V; Battafarano, A; Corrado, M;
Barisano D. Deliverable 5.1: test campaign with the 1
MWth prototype gasifier Operation of the gasifier in the
basic configuration and conversion into the advanced one
n.d.
 lez JF, Gan
~a
 n J, Ramiro A, Gonza
 lez-Garcı́a CM,
[76] Gonza
Encinar JM, Sabio E, et al. Almond residues gasification plant
for generation of electric power. Preliminary study. Fuel

[77]

[78]

[79]

[80]

[81]

[82]
[83]
[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

10359

Process Technol 2006;87:149e55. https://doi.org/10.1016/
J.FUPROC.2005.08.010.
Preciado JE, Ortiz-Martinez JJ, Gonzalez-Rivera JC, SierraRamirez R, Gordillo G. Simulation of synthesis gas
production from steam oxygen gasification of colombian
coal using aspen plus®. Energies 2012;5:4924e40. https://
doi.org/10.3390/en5124924.
Sjardin M, Damen KJ, Faaij APC. Techno-economic prospects
of small-scale membrane reactors in a future hydrogenfuelled transportation sector. Energy 2006;31:2523e55.
https://doi.org/10.1016/J.ENERGY.2005.12.004.
Li A, Liang W, Hughes R. The effect of carbon monoxide and
steam on the hydrogen permeability of a Pd/stainless steel
membrane. J Membr Sci 2000;165:135e41. https://doi.org/
10.1016/S0376-7388(99)00223-9.
Carrara A, Perdichizzi A, Barigozzi G. Simulation of an
hydrogen production steam reforming industrial plant for
energetic performance prediction. Int J Hydrogen Energy
2010;35:3499e508. https://doi.org/10.1016/
j.ijhydene.2009.12.156.
Honeywell UOP. 50 Years of PSA technology for H 2
purification. 2016. p. 1e5. https://doi.org/10.1109/
CCDC.2017.7979194.
Linde AG. Hydrogen recovery by pressure swing adsorption.
Engineering 2010;4e8.
Pressure swing adsorption (PSA) - hydrogen purification j Air
Liquide n.d.
Shu J, Grandjean BPA, Kaliaguine S. Morphological study of
hydrogen permeable Pd membranes. Thin Solid Films
1994;252:26e31. https://doi.org/10.1016/0040-6090(94)90820-6.
Shu J, Grandjean BPA, Neste A Van, Kaliaguine1 S. Catalytic
palladium-based membrane reactors: a review. Can J Chem
Eng 1991;69:1036e60. https://doi.org/10.1002/
cjce.5450690503.
Hurlbert RC, Konecny JO. Diffusion of hydrogen through
palladium. J Chem Phys 1961;34:655e8. https://doi.org/
10.1063/1.1701003.
Caravella A, Barbieri G, Drioli E. Modelling and simulation
of hydrogen permeation through supported Pd-alloy
membranes with a multicomponent approach. Chem Eng
Sci 2008;63:2149e60. https://doi.org/10.1016/
J.CES.2008.01.009.
De Falco M, Barba D, Cosenza S, Iaquaniello G, Farace A,
Giacobbe FG. Reformer and membrane modules plant to
optimize natural gas conversion to hydrogen. Asia Pac J
Chem Eng 2009;4:259e69. https://doi.org/10.1002/apj.241.
Chen W-H, Hsu P-C, Lin B-J. Hydrogen permeation
dynamics across a palladium membrane in a varying
pressure environment. Int J Hydrogen Energy
2010;35:5410e8. https://doi.org/10.1016/
J.IJHYDENE.2010.03.055.
Bredesen R. Thin Pde23w%Ag membranes for hydrogen
separation. CASTOR/CACHET/DYNAMIS/ENCAP Work Lyon;
2008. p. 22e4.
Jimenez G, Dillon E, Dahlmeyer J, Garrison T, Garrison T,
Darkey S, et al. A comparative assessment of hydrogen
embrittlement: palladium and palladium-silver (25 weight%
silver) subjected to hydrogen absorption/desorption cycling.
Adv Chem Eng Sci 2016;06:246e61. https://doi.org/10.4236/
aces.2016.63025.
Rajabi Hamedani S, Villarini M, Colantoni A, Moretti M,
Bocci E. Life cycle performance of hydrogen production via
agro-industrial residue gasificationda small scale power
plant study. Energies 2018;11:675. https://doi.org/10.3390/
en11030675.
Prins MJ, Ptasinski KJ, Janssen FJJG. From coal to biomass
gasification: comparison of thermodynamic efficiency.

10360

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n e n e r g y 4 4 ( 2 0 1 9 ) 1 0 3 5 0 e1 0 3 6 0

Energy 2007;32:1248e59. https://doi.org/10.1016/
J.ENERGY.2006.07.017.
[94] Lim MT, Alimuddin Z. Bubbling fluidized bed biomass
gasificationdperformance, process findings and energy
analysis. Renew Energy 2008;33:2339e43. https://doi.org/
10.1016/j.renene.2008.01.014.
[95] David E, Kopac J. Development of palladium/ceramic
membranes for hydrogen separation. Int J Hydrogen Energy

2011;36:4498e506. https://doi.org/10.1016/
J.IJHYDENE.2010.12.032.
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