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Gasification is an attractive pathway for valorizing waste and biomass as it can deal with a
wide range of feedstocks yielding gaseous products that be converted further to valuable
biofuels and chemicals. While many previous studies commonly discussed the effects of
gasification operating parameters, such as operating conditions, biomass feedstocks and
gasifying agents, on syngas compositions, fewer studies evaluated the effects of gasification
process parameters on final products derived from syngas. Essentially, performing an
integrated assessment of the biomass-to-product conversion gives a thorough understanding
of the biomass processing and provides one with useful heuristics for the conversion of
biomass to valuable chemicals. This study evaluates the effects of steam-to-biomass ratio
(S/B = 0.3 — 0.7) and gasification temperature (7sr = 900°C — 1,100°C) on the methanol
production by performing simulations in the Aspen Plus v.11 process simulator. The
kinetically controlled reactions model was considered in the methanol synthesis unit to
mimic its actual process condition and to take into account the possibility of the side product
formation. The outcome of this study recommends that the steam-to-biomass ratio gives
more notable effects on the gasification distribution products and the conversion of syngas to
methanol than those given by the gasification temperature. While, the reaction selectivity to
methanol remains high, and it is not sensitive to the change of steam-to-biomass ratios and
gasification temperatures.

INTRODUCTION

The industrial and scientific societies
across the world aim for establishing technologies

and further valorized for the production of high
value-added biochemicals (Vu et al., 2020).

The conversion of biomass to energy and
chemicals may occur via thermochemical,

and methods to produce and utilize sustainable
fuels and chemicals in the way of reducing the
reliance on fossil fuels. Biomass is an attractive raw
material for many bio-based products as it is
considered to be CO: neutral. It is abundantly
available in different regions in the forms of
agricultural and forestry residue, crops, and wastes,
e.g., municipal solid and sewage waste. Biomass
contains significant amounts of polysaccharides
and lignin that can be converted to monomer sugars

biochemical or hybrid processes (Marulanda et al.,
2019). In general, thermochemical processes offer
higher efficiencies over biochemical processes as
they require shorter reaction time and they have
superior ability in decomposing most of organic
compounds, such as lignin (Zhang et al., 2010).
Thermochemical conversion processes of biomass
consist of direct combustion, gasification, pyrolysis
and thermal liquefaction. Among those processes,
gasification yields gases, which are mainly carbon
monoxide, carbon dioxide, hydrogen and methane,
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that be converted further to valuable biofuels and
chemicals via either catalytic conversion or
anaerobic fermentation (Xiong et al., 2017; You et
al., 2018).

Overviews of gasification technology are
widely available in literature (Panwar et al., 2012;
Molino et al., 2018; Marulanda et al., 2019; Mutlu
et al., 2020). Previous studies simulated the
conversion of biomass to syngas by considering
different reactor configurations. For example,
Begum et al. (2014) developed a numerical
approach for optimizing gasification conditions in a
fluidized bed reactor. Gao et al. (2016) established
an intrinsic reaction rate sub-model based on the
Euler-Lagrange method for biomass gasification in
an entrainer flow gasifier. Fajimi et al. (2021)
performed simulation studies using the Aspen Plus
software to assess gasification in fluidized bed, fixed
bed and rotary kiln reactors, which are applicable
for the solid waste and biomass valorization.

Other studies extensively discussed the
effects of varied operating parameters, such as
operating conditions, biomass feedstocks and
gasifying agents, on syngas compositions. For
instance, Ramzan et al. (2011) performed
simulations in Aspen Plus to evaluate the gasifier
performance when different biomass feedstocks
were used. Watson et al. (2018) wrote a review on
the biowaste gasification, in which they highlighted
the advantage of using steam as a gasifying agent
for enabling the production of Ha-rich syngas with
high energy content gas. Cao et al. (2019) modelled
the gasification process to investigate the effects of
temperature, equivalence ratio and oxygen
enrichment on syngas production in an oxygen-
enriched air gasification system. Other discussion
can be found elsewhere (Ahmad et al., 2016; Hoo et
al., 2021).

While many studies widely discussed the
effects of gasification operating parameters on
syngas compositions, to the best of our knowledge,
only fewer studies assessed and linked the effects of
gasification process parameters on final products
derived from syngas (Zhang et al., 2009; Yan et al.,
2017; Haydary et al., 2021). Essentially, performing
such evaluation gives a thorough understanding of
biomass processing and provides one with useful
heuristics for the conversion of biomass to valuable
chemicals. Among those available in literature,
Puig-Gamero et al. (2018) assessed an integrated
process of biomass-to-methanol conversion, which
includes gasification, syngas cleaning and methanol
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synthesis. However, they considered an equilibrium
reactor model for the methanol synthesis and did
not take into account the formation of dimethyl
ether as a side product. In reality, the reaction
performance is sometimes controlled by kinetics,
and consequently, it affects the conversion and
selectivity of the final product.

This study aims to give contribution in
providing recommendations for the design of
biomass-to-methanol  conversion via  steam
gasification, in which the effects of steam-to-
biomass ratio and gasifier temperature on the
methanol production were simulated and assessed
by considering kinetic models in the syngas-to-
methanol reactions. The two parameters are
discussed and assessed in the present paper as they
were reported as very essential gasification process
parameters in affecting the gasification performance
(Puig-Amavat et al., 2010; Shahbaz et al., 2020).
The outcome of this study explicitly highlights the
importance of selecting appropriate operating
parameters in gasification for enhancing the
production of methanol as a valuable chemical
desired from the biomass processing.

RESEARCH METHODOLOGY

Materials

The biomass conversion to methanol via
gasification was simulated in Aspen Plus v11. The
process hierarchy of the conversion process is
shown in Figure 1, in which three steps, i.e.,
gasification, syngas cleaning and methanol
production, were included. In this study, oil palm
empty fruit bunch (OPEFB) was the biomass fed to
the gasification process and its ultimate and
proximate analysis suggested by Mohammed et al.
(2011) is presented in Table 1. OPEFB is one of the
main waste products in the oil palm plantations and
industries that are largely located in Southeast Asia,
in which OPEFB contributes to at least one third of
oil palm biomass (Geng, 2013; Pairon et al., 2022).
The process simulation of the OPEFB gasification
was modified from Puig-Gamero et al. (2018),
while the simulation of the methanol production
was adapted from Nyari et al. (2020).

A dual fluidized bed gasifier for the
conversion of OPEFB to syngas was simulated in
an equilibrium model, in which steam was used as
a gasifying agent. The gasification process with
steam was reported to be cleaner and able to deliver
higher energy content than the processes with other
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Figure 1. The conversion of OPEFB to methanol via steam gasification.

Table 1. Ultimate and proximate analysis of OPEFB (Mohammed et al., 2011).

Ultimate analysis (wt.%)

Proximate analysis (wt.%)

Volatile Fixed

C H N S @) Ash? ad .« Moisture*
matter carbon
46.62 6.45 1.21 0.035 45.66 3.45 82.58 8.79 5.18
d: on dry basis, ad: on air dried basis
Table 2. Reactions in the gasification zone.

Reaction Equation Enthalpy Eq.
water-gas reaction C+H.0O02CO+H:; AH = 131 kJ/mol @)
water-gas shift reaction CO + H.0 2 CO: + H2 AH = -41 kJ/mol 2
steam reforming CHs + H,O 2 CO + 3H; AH = 206 kJ/mol 3)
Boudouard reaction C+CO;22C0 AH = 172 kJ/mol @)

agents (Watson et al., 2018; AlNouss et al., 2020).
A dual fluidized bed reactor has a combustion zone
that is commonly independent of the gasification
zone. The air intake to the process in this study was
necessary for the combustion zone, where the char
combustion provided energy for the rest of the
gasification process. The combustion residual came
out of the process as ash. Some assumptions taken
into account in the gasification process were (1) the
process was steady state, (2) all gases behaved
ideally, (3) char only contained carbon and ash, (4)
ash was considered as an inert, (5) pressure and
temperature were uniform inside the dual fluidized
bed gasifier, (6) no heat losses and pressure drop
occurring in the process.

The gasifier was modelled based on the
Gibbs free energy minimization, with the reactions
occurring in the reactor presented in Table 2. This
study assessed the gasification process with the
steam-to-biomass ratios (S/B) in the range of 0.3 —
0.7 and the gasifier temperatures of 900 — 1,100°C.
Peng et al. (2017) suggested that a higher operating
temperature in a gasifier leads to the reduction of
the tar formed from the process. Moreover, Puig-
Gamero et al. (2018) reported that for S/B of 0.6 the
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tar yields in the gasification process at 800°C and
900°C were 12.36 wt.% and 3-10° wt.%,
respectively. Therefore, the gasifier temperature of
less than 900°C was not considered in this study.
For all varied gasification conditions, the mass flow
rates of biomass and steam were adjusted to achieve
comparable gas superficial flow velocities in the
inlet of the methanol reactor for different scenarios,
i.e., within the range of 1.1 — 1.3 m/s.

The aim of gas cleaning was to remove the
contaminants, i.e., H»S and NH3, produced during
gasification. To separate clean syngas from the
contaminants,  pressure  swing  adsorption
technology was simulated in this work. During the
cleaning process, water was also separated and a
small amount of CO and CO. was removed
together with the contaminants.

After the removal of the contaminants,
clean syngas was fed to a reactor and converted to
methanol. A set of reactor configurations packed
with Cu/Zn/Al/Zr catalyst proposed by Nyari et
al. (2020) was used in this study as they considered
a complete set of main and side reactions. The
reactions involved in this process are listed in Table
3, and the reaction rates expressions and the kinetics
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B (Feo + Feo, + FHz)in — (Fco + Feo, + Fp,)

out 0
- (oo * Foon T Py x 100% Q)
B Fenson ), o (6)
5= (Fco + Feo, + Fuy,. — (Feo + Feo, + Fy) e x 100%

Table 3. Reactions in the syngas conversion process to chemicals (Manenti et al., 2014).
Reaction Equation Enthalpy Eq.
Carbon monoxide CO + 2H; 2 CH3;0H AH®298 = -90.55 kJ/mol @)
hydrogenation
Carbon dioxide CO: + 3H:; 2 CH;0H + HxO AH®98 = -49.43 kJ/mol ®
hydrogenation
Water-gas shift CO:+H; 2 CO + H,0 AH®s = +41.12 kJ/mol )
Methanol dehydration 2CH;30H 2 CH;0CHs; + H20 AH®95 = -23.4 kJ/mol (10)

Table 4. Chemical reaction kinetics of the syngas conversion reactions (Nyari et al., 2020)

Kinetic Expression Eq.
3
5 Jenson
Kco fcofHZ2 - 1—3
[ Kpa
14 =ka e (1)
: Ky,o
(1 + Kcofco + Kcozfcoz) f;fz + i fry0
_ Ky,
fr,of
Keo, |froufi, = 24222
TB = kB -
1 Kn,o0 (12)
(1 + Kcofeo + Kcozfcoz) fHZZ + f fu,0
K;Z
% fensonfuy0
Keo, (feofry ——3
fii Kpc
re = ke = (13)
3 Kh,0
(1+Keofeo + Kcozfcoz) f;z + _12 fry0
Ksz
e ea _ (GnoCons)
ctson |CCryon Ko (14)

T'D = kD 4
(1 + 2/Keuyon Cengon + KipoCuizo)

74, 78, ¥c and 7p are the reaction rates for carbon monoxide hydrogenation, carbon dioxide hydrogenation,
water-gas shift and methanol dehydration, respectively. k4, kg, kc and kp are their corresponding reaction rate

constants for each reaction rate.

parameters are shown in Table 4 and Table 5. In this
study, the amount of CO, Hz and CO: entering the
methanol reactor was dependent on S/B and
gasifier temperatures that were previously varied.
The conversion and selectivity of reactions
occurring in the reactor will be discussed in the next
section. The conversion of the set of reactions is
defined as the difference of total mass flow rates of
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CO, CO; and H; entering the reactor and total mass
flow rates of CO, CO; and H: leaving the reactor
divided by total mass flow rates of CO, CO; and H>
entering the reactor as shown in Eq. (5).

The selectivity of the set of reactions to
methanol is defined as the mass flow rate of CH:OH
leaving the reactor divided by the converted CO,
CO: and H: in the reactor, as shown in Eq. (6).
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Table 5. Kinetics parameters of the syngas conversion reactions (Kiss et al., 2016; Nyari et al., 2020)

Parameter Value Unit Eq.
ky 40638 X 10~ exp (— %) kmol/kge s Pa (15)
kp 9.0421 X 10° exp (— %) kmol/kge s Pad? (16)
ke 1.5188 X 10-% exp (— 2612210) kmol/Kge's Pa a7
kp 8.54 X 10° exp (— 12;;79) kmol/kge s Pa (18)
Keo 8.3965 x 107'* exp (113?0) Pa' (19)
Ko, 1.7214 x 10710 exp (%) 2 20)
Ku,o/KgY 43676 x 1072 exp (112280> Pa®s 1)
Kcnzon 7.9 x 10™* exp (% m?/kmol (22)
Koa 231x 10 B exp () Pa 23)
Ko s 281x 102 exp () - (24)
Kpc 6.5 x 10721 exp (#) Pa? (25)
Kp p 1.06 X 10~ exp (2 ;87,5 8) : (26)
Ao SEP-2
’ E : = MIXER-1
R1 e T R3 18
12
Figure 2. Process flowsheet of oil palm empty fruit bunch gasification
RESULTS AND DISCUSSION its constituent components and ash. The
components leaving the wunit have mass

The process flowsheet of the oil palm
empty fruit bunch gasification obtained from
simulation is presented Figure 2. Before the biomass
stream entered the gasifier (R-3, a Gibbs reactor),
OPEFB initially came into a process unit for
simultaneous drying and pyrolysis (R-1, a yield
reactor), where the biomass was broken down into
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compositions according to the ultimate and
proximate analysis of the biomass. Char was split
by using SEP-1 and it entered a combustion zone
(R-4, a stoichiometric reactor). As the operating
conditions in both combustion and gasification
zones were equal, the amount of char split by using
SEP-1 was computed via a design specification
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Figure 3. Effect of steam-to-biomass ratio on the mol fractions of the gasification products for the operating
temperatures of (a) 900°C, (b) 1,000°C and (c) 1,100°C.

block in order to achieve a uniform targeted
temperature in both zones. The air intake to the
combustion zone was calculated using a design
specification by considering an air excess of 1.2
relative to char being combusted (Puig-Gamero et
al., 2018). The drying and pyrolysis products were
then sent to R-2 (an equilibrium reactor) to fix the
main products as C, Hz, CO;, CO, CHy, HzS and
NHs. The R-2 outlet was fed to SEP-2 to separate
H>S and NH;. Then, other components were
introduced to the gasification zone (R-3, a Gibbs
reactor) with the required energy being supplied
from the combustion section.

The mol fractions of the gasification
products are depicted in Figure 3. For each S/B
ratio and a specified gasification temperature,
produced CH; was very low, i.e., less than 0.1
mol%; therefore, it is not shown in Figure 3. For a
fixed temperature, the higher S/B ratio enabled the
total consumption of carbon in the water-gas
reaction (Eq. (1)), which produced CO and H». The
higher amount of H,O then pushed the water-gas
shift reaction (Eq. (2)) to the products side.
Therefore, one can notice the reduced amount of
CO and the increase production of CO and H for
a higher S/B ratio. The finding of the reduced CO
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and increased H> amounts for a higher S/B ratio is
consistent with that suggested Al-Zareer et al.
(2016), in which they assessed the syngas quality
produced from various types of coal and different
steam flow rates to the gasifier. While, for a fixed
S/B ratio, the rise of the gasification temperature
leads to the slight increase of CO, the small decrease
of CO: and the negligible change of H.. These
trends can be explained by the Le Chatelier’s
principle, in which the equilibrium shifts toward
products when the temperature of an endothermic
reaction is increased; and the reverse effect can be
observed for an exothermic reaction. As the water-
gas reaction (Eq. (1)) is an endothermic reaction,
more CO was produced when the temperature was
higher. While, because the water-gas shift reaction
(Eq. (2)) is an exothermic reaction, less CO: was
obtained with the rise of the gasification
temperature. The negligible change in the Hz, mol
fraction is due to a trade-off between its higher
production in the water-gas reaction (Eq. (1)) and
its lower production in the water-gas shift reaction
(Eq. (2).

Compared to varied S/B ratios, the
modified gasifier temperatures relatively gave
smaller changes to the gases mol fractions. For
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Figure 4. Process flowsheet of syngas cleaning
Table 6. Split fraction in the pressure swing adsorption system (Gutiérrez et al., 2017)
PSA-1 (top) PSA-2 (bottom) PSA-3 (top) PSA-4 (top)
Component - : . .
Ha-rich stream CO-rich stream CHg-rich stream CHag-rich stream
H» 95 - 4.5 -
CcO - 98 1.5 -
CO:; - 1 9 -
CH, - 1 90 100
instance, for S/B = 0.3 and varied gasifier left to the top (stream 29) and CO;, left to the bottom

temperatures, the mol fractions of CO vary from
0.32 to 0.34 (the absolute difference is 0.02). While,
for the gasifier temperature of 900°C and varied S/B
ratios, the mol fractions of CO vary from 0.23 to
0.32 (the absolute difference is 0.09). The same
trends can be observed for other gasification
products. Based on the results, it can be observed
that the gasification products distribution is more
sensitive to the change of the S/B ratio than to the
modification of the gasification temperature.

The raw syngas generated from the
gasification unit was then introduced to the syngas
cleaning wunit, in which the pressure swing
adsorption (PSA) was applied to remove unwanted
compounds, i.e., NH3 H>S, CHs and H2O. The PSA
process was modeled by four separator blocks
operating at 35°C and 30 atm. The mol percentages
of recovered compounds were obtained from
Gutiérrez et al. (2013) and listed in Table 6. The
depressurization process was simulated by using a
valve for each of the PSA off-gas streams. Before
entering the PSA system, initially syngas was
compressed to 30 atm and cooled down to 35°C by
applying a multistage compressor (C-1). Then, the
condensed water was separated from the gas stream
by SEP-4. The use of the first PSA unit (PSA-1) was
aimed to recover H; from the syngas stream. The
top stream of PSA-2 was introduced to the second
PSA unit (PSA-2), where the separation of CO;
occurred. The top outlet of PSA-2 entered the third
PSA unit (PSA-3) for further gases split where CH,4
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(stream 30). The CHs-rich top then entered the

fourth PSA unit (PSA-4) and CHs was separated

(stream 34) from other gases. The H»-rich stream

from the PSA-1 (stream 25) was mixed with the

mixture of CO and CO; coming out from the rest of

PSA’s off-gas streams (stream 41) before further

entering the syngas conversion unit. The mol

fractions of clean syngas sent to the syngas
conversion unit are presented in Table 7. These
different mol fractions were obtained as the
consequence of applying varied S/B ratios and
operating temperatures in the gasification process.

The process flowsheet of syngas cleaning unit can

be seen in Figure 4.

The pure syngas was fed into a methanol synthesis
unit with the reactor configurations proposed by
Nyari et al. (2020). For the reproducibility check

(Table 8), exact reactor inlet conditions and
compositions as those used by Nyari et al. (2020)
were initially applied to the simulation in this
work. Then, syngas with different mol fractions as
shown in Table 7 was fed to the reactor.

Figure 5 demonstrates the process
flowsheet of the syngas conversion to methanol. At
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first, syngas was compressed to 50 bar and heated packed with the commercial Cu/Zn/Al/Zr

up to a temperature of 230°C before being catalysts. The product stream exiting from the

introduced to an isothermal plug-flow reactor reactor was depressurized to 1 atm, cooled down to
Table 7. Mol fractions of gases after syngas cleaning

Mol fraction
S/B Tgasic = 900°C Tgasic = 1,000°C Tgasic = 1,100°C
CO. CcO H> CO; CO H> CO; CcO H>

0.3 0.004 0.364 0.632 0.004 0.374 0.622 0.004 0.380 0.616
0.5 0.006 0.317 0.677 0.006 0.330 0.664 0.005 0.340 0.655
0.7 0.007 0.278 0.714 0.007 0.294 0.699 0.006 0.306 0.688

Table 8. Reproducibility of reactor configurations proposed by Nyari et al. (2020)
Reactor outlet
(simulation result in this

Reactor outlet (Nyari

1 *
Reactor inlet et al. (2020))

work)
Temperature (°C) 230 230 230
Pressure (bar) 50 49.7 49.7
Mass vapor fraction 1 1 1
Total mol flow rate s s s
(kmol/h) 1.64-10 1.51-10 1.50-10
Total mass flow rate
(ka/h) 9.17-10° 9.17-10° 9.17-10°
Mass fraction
H.0O 0.00135 0.130 0.138
CHs;OH 0.0131 0.242 0.257983
H» 0.328 0.285 0.281975
CO: 0.623 0.308 0.290598
CO 0.0295 0.0295 0.02714
02 0.000 0.000 0
N 0.000 0.000 0
CH;0CH:;3 0.0047 0.0048 0.004721

*The reactor inlet simulated in this work for the reproducibility check was set identical to that proposed by
Nyari et al. (2020).

Figure 5. Process flowsheet of syngas conversion to methanol.

30°C and separated into crude methanol and non- instance, at 900°C, the syngas conversions rise from
reacted gases. 60.7% to 71.7%. While, for a constant S/B ratio, the

The syngas conversion (X) and the reaction rise of temperature from 900°C to 1,100°C causes
selectivity to methanol (S) were calculated using the conversion reduction by 3% — 5%. For example,
Eq. (5) and (6), and those numbers are depicted in for S/B = 0.5, the conversion decreases from 67.9%
Figure 6. For a fixed temperature (Figure 6 (a)), the to 64.6%. These changes indicate that the syngas
increase of S/B ratio from 0.3 to 0.7 allows the conversion is more affected by the steam-to-
syngas conversion to jump by 18% — 19%. For biomass ratio than the gasification temperature.
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While the sensitivity of the syngas conversion is

observed, the reaction selectivity to methanol

remains high and unchanged (>99.9%) with the
80

75
X
= X
= 70 <
‘@ 65 A ©0.3
g A0S5
€ 60 -
o ® x0.7
55
50 - T 1
900 1,000 1,100
Gasifier temperature [°C]

(a)

Selectivity (%)

varied S/B ratios and gasifier temperatures, as
shown in Figure 6 (b). This result indicates that the
reaction pathways toward methanol (Eq. (7) and

100 = = ]
95
90 - ®03
A05
85 x 0.7
80 T 1
900 1,000 1,100
Gasifier temperature [°C]
(b)

Figure 6. (a) Syngas conversion and (b) reaction selectivity to methanol at varied S/B ratios and gasifier

temperatures.

(8)) are very much favored than that toward
dimethyl ether as a side product.

CONCLUSION

This study evaluated varied steam-to-
biomass ratios and gasification temperatures for the
biomass-to-methanol  conversion via steam
gasification. A better understanding of their effects
on the methanol production has been gained. The
rise of the steam-to-biomass ratio reduces CO and
increases COz and H: in the gasification distribution
products. While, the increase of the gasification
temperature brings an opposite effect on the CO and
CO; amounts. It is concluded that the distribution
of gasification products is more sensitive to the
change of the S/B ratio than to the modification of
the gasification temperature.

The change of the syngas-to-methanol
conversion was observed when steam-to-biomass
ratios and gasification temperatures were varied.
The increase of the syngas conversion can be
obtained by applying a higher steam-to-biomass
ratio and operating the gasifier at a sufficiently high
temperature, i.e., at 900°C. Note that selecting
lower temperature potentially causes the tar
formation, as suggested by Puig-Gamero et al.
(2018). Similar to the distribution of gasification
products, the syngas conversion was found to be
more sensitive to the change of S/B ratio than to the
varied gasification temperature. While, the reaction
selectivity to methanol remains unaffected when
steam-to-biomass ratios and gasification
temperatures were varied. As the results of the
sensitivity analysis conducted in this study for the
steam-to-biomass ratios (S/B) in the range of 0.3 —
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0.7 and the gasifier temperatures of 900 — 1,100°C,
the optimum process performance was achieved
when S/B and the gasifier temperature are 0.7 and
900°C, respectively.

LIST OF NOTATIONS

G molarity of compound 7

F; mass flow rate of compound 7

fi fugacity of compound 7

ki reaction rate constant for reaction 7

K; adsorption  equilibrium constant for
compound 7

Kp; equilibrium constant of reaction 7

R ideal gas constant

7 reaction rate for compound 7

S selectivity

Twsr  gasification temperature

X conversion
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