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Nowadays, increasing demand for sustainable energy sources has led to
a growing interest in using biomass as a renewable feedstock for
producing hydrogen and methanol. The main objectives of this study
involve simulation and economic analysis and evaluation of synthesis
gas, hydrogen, and methanol production processes from various
biomass sources using Aspen HYSYS software. Three lignocellulosic
sources were waste wood biomass (WWB), thin hardwood chips biomass
(THWCB), and almond shells biomass (ASB). In the first part of the
simulation, the unrefined synthesis gas was produced through a multi-
stage biomass gasification process. The outcomes reveal that the yield
and composition of synthesis gas were increased by raising the steam-
to-biomass ratio (SBR). Subsequently, an integrated model for hydrogen
production from various biomass sources was examined through
gasification in the presence of steam and oxygen through a water-gas
shift (WGS) reaction and the separation and purification of the produced
hydrogen using a pressure swing adsorption (PSA) unit. Finally, the
hydrogen produced in the previous step was fed to the methanol
synthesis unit. The results of the simulation of the gasification process
of various lignocellulosic biomasses showed that the use of WWB,
THWCB, and ASB can yield annual hydrogen production of 261,000,
349,344, and 361,656 kg, respectively. Consequently, the economic
analyses indicated that hydrogen and methanol production from
biomass is associated with significant efficiency and profitability.
Furthermore, the comparison of synthesis gases' heating values derived
from three biomasses revealed that the highest heating values were
generated from ASB, THWCB, and WWB, respectively.
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1. Introduction

The increasing demand for sustainable energy
sources has led to a growing interest in using
biomass as a renewable feedstock for hydrogen
production. Biomass can play a significant role
in reducing dependence on fossil fuels,
decreasing greenhouse gas emissions, and
addressing climate and environmental health
concerns. Biomass includes various types of
natural materials such as wood, agricultural
waste, and plant residues, which can be
converted into valuable fuels and chemicals,
making them a suitable alternative to fossil
fuels [1-7]. Various biomass feedstocks have
been explored for hydrogen production
through  diverse  methods, including
thermochemical, biological, and hybrid
processes. Among these, thermochemical
techniques like gasification and steam
reforming stand out due to their high
efficiency, feedstock flexibility, scalability,
compatibility with existing infrastructure, and
potential for carbon capture [8-11].
Gasification efficiently processes both wet and
dry biomass, producing synthesis gas
composed mainly of hydrogen, carbon
monoxide, and carbon dioxide through stages
of drying, pyrolysis, and gasification. Reactor
types like bubbling fluidized bed and fixed bed
are used to optimize the process [5, 6, 9,
11,12].

Paiva et al. reported a successful simulation of
the syngas production process from various
biomasses using the UniSim software [1]. The
composition of synthesis gas depends on
biomass type, gasification temperature, and
gasifying agent (air, steam, or oxygen). On
average, hydrogen yield is 63%, with biomass
containing 6-6.5% hydrogen by weight [3,
13].

In the treatment of synthesis gas, a reformer
removes tar impurities, improving its quality
for future applications. The gas then undergoes
separation and purification, with the Water
Gas Shift (WGS) reaction converting carbon
monoxide into hydrogen and carbon dioxide.
This process increases hydrogen content, with
lower temperatures favoring thermodynamics
and higher temperatures enhancing reaction
Kinetics [14]. The last step, purifying the
hydrogen-rich gas to high purity levels (up to
99.999%), is conducted through the process of
pressure swing adsorption (PSA). The basic
gasification reactions are reported in Table 1
[12]. Ersoz et al. [3] reported a successful
simulation of the hydrogen production process
from the synthesis gas obtained from the
gasification of lignocellulosic  biomass.
Synthesis gas is used specifically in industrial
applications such as the Fischer-Tropsch
method, methanol synthesis, ammonia, and
cyclohexane production.

Table 1.
The basic gasification reactions [12].
Reaction category  No. Reaction Description
. 1 C+ 0, —»CO; Oxidation of carbon
Char Combustion 2 C+1/20;, —»CO Partial oxidation of carbon
3 C+CO; — 2CO Boudouard reaction
4a C+H,O—- CO+H: Primary WGS reaction
Char Gasification 4b C+ 2H,0 — CO2 + 2H; Secondary WGS reaction
C+2H, — CHq Methanation

Oxidation of
Volatile Matter

©O© 00 N ool

CH;+2 0O, —» CO2 + 2H,0
CO + H,O — CO2 + H»
CO+1/20;, — CO;

H, + 1/2 O, — H,0

Oxidation of CH4
WGS reaction
Partial oxidation of CO
Oxidation of H;
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Simulation tools like Aspen HYSYS and
Aspen Plus are widely used to model and
optimize biomass-based hydrogen production,
allowing selection of parameters such as
temperature,  pressure, and  feedstock
composition to enhance efficiency. They also
enable effective analysis of methanol synthesis
integrated  within  hydrogen  production
frameworks [15, 16].

Although  biomass  gasification  holds
significant potential for sustainable hydrogen
production, challenges remain in adapting
simulations  for  practical applications,
particularly regarding feedstock variability
and operational consistency. As a result, this
study focused on simulating three processes:
biomass gasification, hydrogen generation
from synthesis gas, and methanol synthesis
from the generated hydrogen and carbon
dioxide, utilizing Aspen HYSYS software.
The goal of this research is to assess the
efficiency and effectiveness of these processes
and to propose optimization strategies aimed at
enhancing  productivity and  lowering
production expenses by comparing economic
analysis on the process utilizing three
lignocellulosic sources, including waste wood

biomass (WWB), thin hardwood chips
biomass (THWCB), and almond shells
biomass (ASB).

This study's novelty lies in its integrated
simulation of three key biomass-based
processes—aqasification, hydrogen generation
from syngas, and methanol synthesis from
hydrogen and CO. using Aspen HYSYS
software. Unlike previous studies that focused
on individual processes, this research offers a
unified framework, considering the entire
process chain from biomass conversion to the
production of high-purity hydrogen and
methanol. Additionally, the study includes an
economic analysis of three lignocellulosic

feedstocks waste wood biomass (WWB), thin
hardwood chips biomass (THWCB), and
almond shells biomass (ASB) evaluating their
cost effectiveness. The study provides
valuable insights into improving the
efficiency, scalability, and economic viability
of Dbiomass-to-hydrogen and biomass-to-
methanol processes.

2. Methodology

2.1. Simulation I: Synthesis gas production
from various biomass sources

2.1.1. Process description

Three primary steps combustion, gasification,
and drying and decomposition were used to
model the process of synthesis gas production
from various biomass sources. A conversion
reactor, Gibbs reactors, and other tools like
mixers and separators were applied in this
modeling named Simulation 1. Figure 1
displays the process flowsheet of Simulation I.
To decrease the biomass's moisture content,
the feedstock must first be dried and broken
down. Following drying, the material breaks
down into elements including ash, carbon,
hydrogen, oxygen, and nitrogen. During the
gasification and combustion, a Gibbs reactor
was used to calculate the gas composition at
full chemical equilibrium to minimize Gibbs
free energy. Air was added as the gasifying
agent at this point. The generated gas traveled
through a separator to eliminate water after
leaving this reactor. After the biomass
gasification process, the necessary synthesis
gas was thus present in the gas stream that exits
this separator.
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Figure 1. Flowsheet of simulation I: production synthesis gas from biomass.

The following description explains Simulation Before entering the first reactor, which

I in detail in three steps:

Step 1:

At 500°C, the input biomass which is
described by its composition in Table 2 enters
the process. In order to dry the biomass by
eliminating its natural moisture, this stream
was first sent into a component splitter. To
eliminate volatile chemicals, the overhead
stream then was passed through a second
component splitter. Acidic gases were finally
separated from the volatile components in the
third component splitter.

Step 2:

A conversion reactor assisted combustion
reactions 1 and 2 in this stage by running at an
operating temperature of 1000°C.

Step 3:

Two Gibbs Reactors host gasification
processes, which were equilibrium reactions.
Reactions 3, 4, and 5 were carried out in the
first Gibbs Reactor, and Reactions 6 and 7
were finished in the second Gibbs reactor.
After passing through a Component Splitter,
the gas stream from the second Gibbs Reactor
was cleaned of water to produce synthesis gas.
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simulates reduction reactions, all streams that
came before it converges in the "To Gasifier "
stream. The temperature of the "To Gasifier"
stream dropped marginally in comparison to
the stream leaving the combustion apparatus
because of the lower temperatures of the other
arriving streams and the ensuing thermal
equilibrium.

CO and H, were anticipated to make up the
synthesis gas at the end of the process, with
trace amounts of CH,4, H,S, HCI, and N..

2.1.2. Raw materials

ASB and THWCB were chosen as the biomass
sources since they were simulated
hypothetically using the parameters listed in
Table 2. Table 3 lists the air and steam input
numbers as well as the processing parameters.

Table 2.
Molar concentration of various biomasses [1].
ASB THWCB
C 48.227 49.618
O 14.239 14.937
H. 35.328 31.550
N2 0.086 0.065
H.S 0.002 0.006
HCI 0.017 0.001
H-0 2.101 3.823
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Table 3.
Air, steam, and feedstock input process conditions
ASB THWCB
Conditions Air Steam  Feed Air Steam Feed
Temperature (°C) 25 100 500 25 100 500
Mass flow (kg/h) 3.6 2 10 3.6 2 10
Pressure (bar) 1 1 1 1 1 1
Steam-to-Biomass ratio (SBR) 0.2 0.2

2.1.3. Assumptions for simulation |

The procedure was in a steady state.

All pressure losses were disregarded, and
the process took place at atmospheric
pressure.

It was presumed that all of the formed char
was carbon.

The Peng-Robinson equation of state was
selected as the overall thermodynamic
package of the process.

Nitrogen (N;) did not take part in
reactions, because it was regarded as inert
and functioned as a diluent.

Hydrochloric acid (HCI) and hydrogen
sulfide (H,S) were produced from sulfur
(S) and chlorine (CI) respectively.

The temperature of the combustion zone
was kept at 1000°C.

Two Gibbs reactors, connected in series,
were used to model the reduction reaction
zone.

A steam-to-biomass ratio (SBR) of 0.2 was
chosen for both types of the biomass in this
experiment. At 25°C, air enters the
process, and at 100°C, steam enters.

Nitrogen was regarded as an inert gas in the
simulation assumptions section to evaluate its
impact on the dilution of syngas. Because of
the poor reactivity of nitrogen in syngas
chemical processes, this assumption is
frequently accepted in simulations. The purity
of the generated hydrogen, however, can be
lowered by the dilution effect.

2.2. Simulation 11: Production of Hydrogen
from synthesis gas

2.2.1. Process description

The methods for the purification and
separation of hydrogen will be described in
this study, along with how they allow high-
purity hydrogen to be produced from a variety
of biomass sources. To turn biomass into gas,
a gasifying agent was first added to a reactor.
The main input for further simulation
procedures was the output composition of the
gasifier, often known as the "synthesis gas."
The primary components of this gas are H,,
CO, CO,, CH,, H20, N,, and HCI. Synthesis
gas was fed into a reformer unit to transform
the tar components found in the raw synthesis
gas. Then, in a cleaning machine, called
Stream  "Cold  Stream”, undesirable
contaminants were eliminated from the
synthesis gas. After that, a heat exchanger
decreased the reactor's output temperature to
keep the reactor's input temperature constant.
The Water Gas Shift (WGS) reactor utilized
water to transform carbon monoxide into
hydrogen and carbon dioxide. After that, a
pressure swing adsorption (PSA) system
received the compressed gas. Here, the
concentration of hydrogen in the synthesis gas
stream, known as "WGS-in," was raised by an
extra water-gas Shift reaction. Additional
superheated steam (Stream "Hot-H>O") was
added to the synthesis gas from the reformer
for the reaction because the WGS reactor's
input stream was insufficiently water-rich to
convert all of the CO. The operating pressure
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for this process was close to atmospheric. The
final stream, "Cold-HIGH-P", was then fed
into the PSA unit, which refines the hydrogen-
enriched gas and produces a 99.999% pure
hydrogen product.

2.2.2. Method for producing hydrogen
from synthesis gas

1. Synthesis gas entering the Separation Unit:
The gasification process produced synthesis
gas, which was then introduced into the

2.2.3. Raw materials

Table 4 gives the percentage composition of
the feedstock input for synthesis gas, which
comes from a variety of biomass sources.
Additionally, the temperature and pressure
were set according to Table 5.

Table 4.
Molar composition of the Synthesis gas produced
from different biomass sources.

Molar composition of synthesis gas

separation unit. WWB _ THWCB ASB

. ) ) Water 0 0 0.0842
2. Synthesis gas pre-processing: To get rid of Oxygen 0 0 0
unwanted substances and contaminants, the Hydrogen  0.4464 0.4261 0.18304
synthesis gas was pre-processed. CO 0.4171 0.4205 0.14185
3. CO; Separation: The synthesis gas was CO, 00981 01172 0.15284
cleaned of carbon dioxide. CH. 0.0072 0.0035 0.0421

_ . N2 0.031 0.0327 0.39536
4. Hydrogen Separation: The remaining H,S 0 0.0001 0.0004
chemicals were separated from hydrogen. CeHs 0 0 0.00154
Pressure Swing Adsorption (PSA) is a method CeHsCHs 0 0 0.00036
that could be used to complete this step. glOHHS 8 8 g-gggzgg
Iy - - 610 .
5. Hydrogen Purification: To reach a purity of CoHo 0 0 0.000063
more than 99%, the separated hydrogen was CoHs 0 0 0.0000016
sent to a purification facility. CsH:1 0 0 0.0000007
6. Hydrogen Storage: After being cleaned, the CuaH1o 0 0 0.0000021
hydrogen was moved to storage tanks where it g:r;';; 8 8 0-008039
was ready for use in a variety of ways. Hel 0.0002 0 0
Table 5.
Stream process condition.
Streams
Conditions Synthesis gas Water Water-in Water-out
Temperature (°C) 700 25 20 20
Mass flow (kg/h) 932 260 2342 1830
Pressure (bar) 2 1 1 1

2.2.4. Assumptions for Simulation 11
Several presumptions were made in this study
for the process simulation 11 presented in
Figure 2:

« It was expected that things were in a steady
state condition.
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* The reactor units were kept at constant
temperatures and pressures.

* The PSA units were run at about 25 °C and
12 bar.

 Tar formation was taken into account, and
the gasifier transformed all of the sulfur (S) in
the biomass into H2S.
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* The components of Hz, CO, CO2, CHa, N2,
H-0, H2S, and tar made up the product stream
of the gasifier.

» The gas generated by the gasifier had no
carbon. The high operating temperatures and

P
ColdH20
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MIX:100

By
5-‘” - 1H e

[ —

Qo0 T
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the proper reactor design supported the "no
carbon formation™ premise.

* The simulations employed the Peng-
Robinson equation of state as the fluid
property approached.
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Figure 2. Flowsheet of simulation 11: Synthesis gas-based hydrogen production process.

2.3. Simulation 11l: Methanol Synthesis
from the Produced Hydrogen

2.3.1. Process Description

According to Figure 3, the process was started
at 25 °C with the addition of CO at 1 bar
pressure and hydrogen at 30 bar. A sequence
of compressors with internal cooling systems
compressed them to 78 bar. In a single step,
hydrogen was compressed to 78 bar. The
combination was heated to 210 °C and then
injected into the reactor after the two gases had
been combined once more using a recycle
stream. There were two streams of gasses
coming out of the reactor: the first stream,
which made up 60% of the original flow, and
the second stream, which made up 40%. To
reduce the buildup of byproducts in the
reaction loop, 1% of the unreacted gases were

purged. Methanol, water, and any leftover
dissolved gasses made up crude methanol, the
liquid that came out of the separator. The HX5
heat exchanger heated the residual stream to 80
°C before sending it to the distillation column.
Water with 99% methanol and a temperature
of 102 °C emerged from the column's bottom.
Gaseous methanol was extracted from the top
at 64 °C and 1 bar of pressure. After that, the
methanol was crushed and allowed to cool to
40 °C. The methanol product was extracted in
liquid form from the bottom of a separator,
while unreacted gases were left from the top.
Methanol was purified using a distillation
column, which had 44 steps and a reflux ratio
of 1.2, producing 99% pure methanol.
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2.3.2. Method for producing methanol
from the output of simulation 11

o The temperature and pressure according to
Table 5 should be set in these values to
prepare for simulation I11.

e Hydrogen and CO: Intake into the
Hydrogenation Reactor: The
hydrogenation reactor was filled with pure
hydrogen and CO..

o Gas Mixture Preheating: To maintain the
ideal reaction temperature, the hydrogen
and CO2 mixture were pre-heated before
entering the reactor.

e Hydrogenation of CO: Methanol was
created in the reactor when CO2 combined
with hydrogen. The following is the
primary reaction:

CH30H+H205C0O2+3H2

e Methanol and By-Products Exit: The
reactor's by-product, a mixture of
methanol and water, was left.

o Methanol Separation: Methanol was
separated from water and other
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contaminants in the separation unit after
the output mixture had been moved
there.

e Methanol Purification: To reach a purity
of more than 98%, the separated methanol
was moved to a purification unit.

o Methanol Storage: After being purified,
the methanol was sent to storage tanks
where it could be used as fuel and for
industrial purposes.

2.3.3. Raw materials
Table 6 contains details on the feedstock input
for the methanol manufacturing unit.

Table 6.
Specifications of the feedstock entering the
methanol synthesis unit.

Feed specifications

Conditions
H- CO;
Temperature (°C) 25 25
Pressure (bar) 30 1
Mass flow rate (ton/hour) 121 88
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Figure 3. Flowsheet of simulation I11: the methanol synthesis unit.
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3. Results and discussion

3.1. The results of simulation |

The lignocellulosic biomass streams were
applied in simulation | to produce synthesis
gas. The specifications of flow streams in
simulation I are shown in Table 7. At 500 °C,
the input stream "Biomass" had a mass flow

rate of 10 kg/hr with a high C, O, and H>
composition. The output of the apparatus used
to simulate oxidation reactions is known as the
"flue gas" stream. The stream was seen to leave
the apparatus at a consistent temperature of
1000 °C.

Table 7.
Simulation data for flows containing thde biomass from THWCB and ASB.
THWCB Flue gas Product Synthesis gas
Temperature(C) 500 1000 773.5 700
Pressure(bar) 1 1 1 1
Mass flow(kg/h) 10 12.66 15.6 14.24
C 0.4962 0 0 0
Ho 0.3155 0.3919 0.3876 0.4261
N 0.0006 0.0372 0.0297 0.0327
H2S 0.0001 0 0.0001 0.0001
HCL 0 0 0 0
H20 0.0382 0 0.0902 0
O 0.1494 0.0002 0.0002 0
CO; 0 0.074 0.1066 0.1172
(6{0) 0 0.4967 0.3826 0.4205
CHa4 0 0 0.0032 0.0035
ASB Flue gas Product Synthesis gas
Temperature(C) 500 1000 758.1 700
Pressure(bar) 1 1 1 1
Mass flow(kg/s) 10 12.78 15.6 14.40
C 0.4823 0 0 0
H: 0.3533 0.4318 0.4124 0.4464
[\ 0.0008 0.035 0.0287 0.031
H.S 0 0 0 0
HCL 0.0002 0 0.0002 0.0002
H20 0.021 0 0.0762 0
02 0.1424 0 0 0
CO: 0 0.0707 0.0906 0.0981
(6{0) 0 0.4625 0.3853 0.4171
CHs4 0 0 0.0066 0.0072

All of the earlier streams were joined in the
"To Gasifier" stream to enter the first reactor,
which simulates reduction reactions. Due to
the other streams having low temperatures and
achieving thermal equilibrium, the
temperature in the "To Gasifier" stream
somewhat dropped in comparison to the
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stream leaving the combustion apparatus.
Nearly 80% of the output stream "Synthesis
gas" was made up of CO and H», whereas the
remaining components (H2S, HCI, CH4, and
N2) are less abundant. Only CO: exhibits
marginally greater levels.
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3.1.1. Validation of simulation results

To evaluate the accuracy of the simulation
results, the composition of the syngas
produced from different biomass sources in
this study was compared with data from
similar studies. For instance, data published by

Table 8.

Paivaetal. [1], Han et al. [17], and Nouh. A.H,
[18], were used as references. The Table 8
compares the compositions of H,, CO, and
CO,, of this study with those of the references
data:

Comparison of the syngas composition with reference data.

. Modeling Han et al., model This Modeling Nouh
. This study . .
Composition model by unisim [17] study by unisim model
[1] *N2-free basis. model [1] [18]
Type of THWCB  THWCB THWCB ASB ASB ASB
biomass
C 0 0 0 0 0 0
02 0 0 0 0 0 0
Ho 0.4261 0.44449 0.3558 0.4464 0.46301 0.2318
N2 0.0327 0.02334 0 0.0310 0.02402 0.0829
H.S 0.0001 0.00006 0 0 0.00002 0
HCL 0 0.00001 0 0.0002 0.00017 0
H.0 0 0 0 0 0 0
CO; 0.1172 0.07819 0.2248 0.0981 0.06284 0.0001
CO 0.4205 0.44943 0.4154 0.4171 0.44606 0.596
CH,4 0.0035 0.0044 0.0039 0.0072 0.00387 0.0612

The results showed that the simulation of the
synthesis gas composition are in good
agreement with experimental data from related
studies.

3.1.2. Sensitivity analysis of temperature
and pressure in gibbs reactors

Sensitivity  studies were conducted to
investigate the influence of temperature and
pressure on the synthesis gas composition in
Gibbs reactors. Figure 4 illustrates the impact
of temperature on the mole fraction of key
synthesis gas components. As temperature
increases, the mole fractions of hydrogen and
carbon monoxide rise, indicating the enhanced
production of these species at elevated
temperatures. This trend is consistent with the
endothermic nature of the reactions such as
methane reforming and the shift of equilibrium
towards the formation of CO and H, at higher
temperatures. Conversely, lower temperatures

favor the Water-Gas Shift (WGS) reaction,
resulting in the increased CO, formation and
reduced CO production.

Figure 5 highlights the effect of pressure on the
mole fraction of the components of synthesis
gas. Unlike temperature, changes in pressure
exhibit minimal influence on the gas
composition. This behavior suggests that the
reactions involved in the gasification process
are not significantly affected by pressure
within the studied range. The relatively
constant mole fractions of hydrogen, carbon
monoxide, and carbon dioxide by varying
pressure indicate the dominance of
temperature-dependent equilibrium dynamics.
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Figure 5. Impact of the input pressure to the
gasifier on the composition of the synthesis mole
fraction.

Ultimately, these observations underline the
importance of temperature as a critical
operating parameter in gasification processes,
while pressure plays a comparatively minor
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role. The assumptions made in these sensitivity
studies aim to simplify the model; however, for
more accurate simulations, particularly in
cases where predicting pollutant or carbon
formation is critical, further refinement of
these assumptions may be necessary.

3.1.3. Effect of Impurities of Syngas on

Quality and Equipment

The presence of impurities such as H.S and

HCI in the produced syngas can have the

following impacts:

e H2S: This impurity causes severe corrosion
of equipment, particularly in PSA units.
Additionally, the complete removal of H,S
is essential to achieve high-purity
hydrogen (99.999%).

e« HCI: This compound can form solid
deposits, reducing the efficiency of heat
exchangers and other equipment.

In the current simulation, these impurities were

managed through separation units and pre-

treatment operations.

3.2. The results of simulation 11

The flow stream data for the flowsheet, in
Figure 2, is shown in Table 9. High levels of
CO and H2 are present in the input synthesis
gas stream that was produced from biomass at
700 °C and a mass flow rate of 38 kg/hr. In the
end, stream "Hydrogen™ was created with a
hydrogen purity of 99.99% after the gas had
been cleaned, the content of CO had been
decreased, and hydrogen had been purified.
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Table 9.
Simulation results for flows using the synthesis gas produced from different biomasses.
THWCB Synthesisgas Hotstream  WGS-out-c  Hydrogen Ect
Temperature (°C) 700 800 444 .4 18.45 18.45
Pressure (bar) 2 2 1.1 12 1.511
Mass flow (kg/h) 713.2 713.2 973.1 48.52 823.1
Molar flow (kgmole/h) 38 37.41 51.84 24.07 22.14
H-0 0 0.0533 0.1151 0 0.0152
O 0 0 0 0 0
H: 0.4261 0.3638 0.4643 1 0
CO 0.4205 0.4646 0.1335 0 0.3126
CO; 0.1172 0.0737 0.2549 0 0.5968
CHa4 0.0035 0.0114 0.0083 0 0.0193
[\\P 0.0327 0.0332 0.024 0 0.0561
H.S 0.0001 0.0001 0 0 0
ASB Synthesisgas Hotstream  WGS-out-c  Hydrogen Ect
Temperature (°C) 700 800 440.2 18.45 18.45
Pressure (bar) 2 2 1.1 12 1.448
Mass flow (kg/h) 679.9 679.9 939.6 50.23 789.6
Molar flow (kgmole/h) 38 37.39 51.82 24.92 21.36
H20 0 0.0476 0.1133 0 0.0157
O 0 0 0 0 0
H: 0.4464 0.3898 0.4808 1 0
CO 0.4171 0.4552 0.129 0 0.3128
CO: 0.0981 0.0602 0.243 0 0.5893
CHa4 0.0072 0.0154 0.0111 0 0.027
N2 0.031 0.0315 0.0227 0 0.0551
HCI 0.0002 0.0002 0 0 0
WWB Synthesisgas  Hotstream  WGS-out-c  Hydrogen Ect
Temperature (°C) 700 800 421.7 18.45 18.45
Pressure (bar) 2 2 1.1 12 2.003
Mass flow (kg/h) 932 932 1191 36.25 982.1
Molar flow (kgmaol/h) 38 41.96 56.37 17.98 28.79
H20 0.0783 0.0783 0.1764 0 0.0118
O 0 0 0 0 0
Ho 0.2432 0.2432 0.3190 1 0
CO 0.2365 0.2365 0.038 0 0.0745
CO: 0.0825 0.0825 0.1993 0 0.3903
CHa4 0.0012 0.0012 0.0009 0 0.0017
N2 0.3579 0.3579 02664 0 0.5217
HCI 0.0004 0.0004 0 0 0
3.3. The Results of Simulation 111 resources.  Furthermore, methanol
There are several benefits of converting frequently be transformed into existing

hydrogen streams to methanol in terms of
sustainability, energy efficiency, and financial
feasibility. Methanol is a vital component of
the shift to an economy without greenhouse
gases because it is a flexible energy carrier that
can be made from a variety of renewable

distribution and transportation infrastructure,
like pipelines and facilities for storage, which
could accelerate the switch to renewable
energy sources [19-21].

Based on simulation II, the stream rich in
hydrogen produced from a synthesis gas

79



Khodamoradi and Bashipour / Iranian Journal of Chemical Engineering, Vol. 22, No. 1, 67-86, (2025)

stream derived from lignocellulosic biomass
(simulation 1) was utilized as feedstock
streams in simulation 111 to generate methanol.

According to Table 10, the results show
methanol was produced by purity of 99.51%.

Table 10.
Specifications of the methanol production unit stream.
CO: Hot Reactor 'Ot ~ Ovhd- Bottom
H: lig- vap- liquid Outlet  Methanol
MIX2 out
out2 outlet outlet
Temperature (°C) 25 25 210 280 80 64.27 102.3 40 40
Pressure (bar) 30 1 75.7 75.1 1.1 1 1.1 1 1
Mass flow (ton/h) 121 88 305.3 305.3 98.7 63.31 35.39  5.17e-02 63.25
Methanol 0 0 0.0024  0.0922 0.4991  0.9946 0 0.3572 0.9951
H>0 0 0 0.0005 0.0699 0.5004  0.0045 1 0.0006 0.0045
o)} 0 0 0 0 0 0 0 0 0
H> 1 0 0.7678 0.6370 0 0 0 0.0498 0
CO, 0 1 0.2293 0.1809 0.0004 0.0008 0 0.5924 0.0004
CO 0 0 0 0 0 0 0 0 0

3.4. Sensitivity analysis

The sensitivity analyses were performed on
various independent variables like the inlet
temperature of feed streams, inlet pressure of
feed streams, SBR, etc. to determine and
optimize the best operating conditions for
producing the high quality and flow rate of
synthesis gas streams. The results show that
SBR among them has a substantial impact on
the composition and yield of synthesis gas,
influencing the generation of hydrogen and
carbon monoxide, which are essential for
biofuel synthesis, according to Figures 6 and 7.
Figure 6 indicates that increasing SBR caused
the enhancement of the mass flow rate of
synthesis gas. Bandara et al. [22] reported the
same results related to investigating the effect
of SBR on the flow rate of synthesis gas in
their research.

Low SRB operational conditions encounter a
shortfall of the steam necessary to facilitate the
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WGS reaction. The influence of SBR becomes
increasingly evident at elevated biomass flow
rates. This phenomenon is evidenced by the
more pronounced gradients of the curves at
greater MFRB values. According to Figure 7,
in addition to the influence of SRB on the mass
flow rate of synthesis gas, the concentration of
hydrogen undergoes an important change,
which can lead to higher quality and heating
value of synthesis gas. Figures 6 and 7
highlight the importance of optimizing SBR
within the framework of the production of the
efficient synthesis gas. Higher values of SBR
could yield enhanced synthesis gas outputs;
however, an excessive steam presence may
result in gas dilution, subsequently lowering its
energy content. Thus, identifying the optimal
SBR for a specific biomass flow rate is of
paramount importance.
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Figure 6. Impact of SBR at the various mass flow rates of biomass (MFRB) on the Mass flow rate of
synthesis gas.
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Figure 7. Impact of SBR at the various mass flow rates of biomass (MFRB) on the molar
flow of Hydrogen in synthesis gas.

3.5. Economic analysis

The  feasibility and  economics  of
manufacturing hydrogen and methanol from
different  biomass sources—which are
regarded as renewable and appropriate
substitutes for fossil fuels—were examined in
the economic component of this study. Based
on the procedure introduced in Ref. [23], the
economic  analyses  were  performed.
According to Modeling results, the hydrogen
and methanol producing from biomass such as
WWB, THWCB, and ASB reduce costs and
increase profitability significantly. The annual
outputs of hydrogen from three biomass

sources, WWB, THWCB, and ASB, were
261,000, 349,344, and 361,656 kglyr
respectively. The anticipated net profit for
these sources was 1,110,060, 1,993,500, and
2,116,620 $/yr respectively. At economic
calculations one year was considered equal to
300 working days.

The projected total product cost for converting
hydrogen and carbon dioxide into methanol is
$228,629,667. With an annual production of
455,400 tons of pure methanol, this process is
expected to generate a net profit of
$135,690,667 annually. According to this
economic research, investment in biomass-
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based processes not only is profitable but also
contributes to the reduction of greenhouse gas
emissions and increases the sustainability of
the energy sector by offering a renewable
source.

These results highlight how the production of
hydrogen and methanol may be made more
cost-effective and process-efficient through

the application of sophisticated separation
technologies and optimization of thd
operational condition.

The Table 11 provides a summary of the
annual production and net profits for the three
biomass types and the analyzed methanol:

Tablell.
Summary of the annual production and net profits.
Products Annual production Revenue Net Profit
(Kglyear) ($/yr) ($/yr)
Methanol 455,400,000 364,320,000 136,000,000
ASB 361,656 3,616,560 2,116,620
Hydrogen THWCB 349,344 3,493,440 1,993,500
WWwB 261,000 2,610,000 1,110,060

3.5.1. Economic Sensitivity Analysis:

The Table 12 presents the results of a
sensitivity analysis for revenue and net profit
across three biomass types (ASB, THWCB,
and WWB) under varying hydrogen selling

prices. It highlights the economic implications
of changes in the market price of hydrogen,
with a base price of $10/kg, a 10% increase,
and a 10% decrease.

Tablel2.
Sensitivity analysis of revenue and net profit for different biomass types under varying hydrogen selling
prices
Biomass type Revenue($/yr) Net profit($/yr)
ABS Base case 3,616,560 2,116,620
+10% hydrogen price 3,978,216 2,478,276
-10% hydrogen price 3,262,944 1,763,004
THWCB Base case 3,493,440 1,993,500
+10% hydrogen price 3,842,784 2,342,844
-10% hydrogen price 3,144,096 1,644,156
WWB Base case 2,610,000 1,110,060
+10% hydrogen price 2,871,000 1,371,060
-10% hydrogen price 2,349,000 849,060

ASB demonstrates the highest profitability due
to its superior hydrogen production capacity
(361,656 kgl/year). At the base price, ASB
achieves a net profit of $2,116,620 annually,
which increases to $2,478,276 (+$361,656)
with a 10% increase. Conversely, a 10%
decrease reduces the profit to $1,763,004 (-
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$361,656). This sensitivity highlights the
economic robustness and efficiency of ASB.

THWCB ranks second in profitability, with a
base net profit of $1,993,500/year. A 10%
increase in the price of hydrogen boosts its
profit to $2,342,844 (+$349,344), while a 10%
decrease lowers it to $1,644,156 (-$349,344).
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This moderate response to price changes
underscores the relatively stable performance
of THWCB.

WWB, with the least production of hydrogen
(261,000 kg/year), yields the smallest profits.
Its base profit is $1,110,060/year, rising to
$1,371,060 (+$261,000) with a price increase
and falling to $849,060 (-$261,000) with a
price decrease. The lower profitability of
WWB suggests that it is less competitive
economically compared to ASB and THWCB.
Overall, the results underscore the significant
influence of the market prices of hydrogen on
economic outcomes. They also highlight the
superior performance of ASB, making it the
most economically viable option among the
three biomass types for hydrogen production.
This analysis emphasizes the need for price
stability in hydrogen markets to ensure the
profitability of biomass-to-hydrogen
processes.

3.6. Comparison of heating values for
various produced synthesis gases

The High Heating Value (HHV) and low
Heating Value (LHV) thermal values of three
distinct synthesis gas compositions derived
from ASB, THWCB, and WWB were
biomasses computed and the findings were
examined in this investigation. The results are
shown in Table 13. According to the
comparison of the obtained values, due to their
larger hydrogen percentage, the compositions
of ASB and THWCB had higher values of
HHV and LHV than the WWB composition.
This can be directly linked to the compounds'
increased hydrogen content, which causes
more water to be produced during combustion

and, as a result, raises the latent heat of
vaporization.

However, because WWB contains a higher
proportion of carbon dioxide and nitrogen, its
composition has lower calorific values. These
elements have a negligible heating value, and
their presence significantly lowers the HHV
and LHV. In particular, nitrogen contributes to
the volume of the gas and lowers its energy
content, but it does not take part in burning.
Overall, the findings of this study's suggest
that the synthesis gas compositions with a
higher concentration of hydrogen have more
potential for energy production; however, the
right kind of synthesis gas should be chosen
depending on the demands of a given
application and the combustion properties of
the composition. Thus, WWB may be a better
choice for applications requiring less energy
because of its lower energy content, but ASB
and THWCB may be good choices for
applications requiring more energy. This
analysis can aid in the selection of appropriate
biomass resources for the efficient and
sustainable energy production, optimization of
gasification processes, and advancement of the
biomass-to-energy conversion technology.

According to Figure 8, The higher hydrogen
energy content during combustion is the cause
of this increase in the calorific value; that is,
the more hydrogen present, the more energy is
generated per kilogram-mole. Therefore, the
composition and proportion of hydrogen
present will be crucial factors in energy
efficiency when choosing the type of biomass
for energy production.
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Table 13.
Comparison of the HHV and LHV of synthesis gas obtained from three biomass sources.
HHV (kJ/kgmole)  LHV (kJ/kgmole)  H: (%)
ASB synthesis gas 250695 231800 44.6
THWCB synthesis gas 242667 224907 42.6
WWB synthesis gas 141836 127151 18.3
280000 greater hydrogen content. Simulation results
——HHV indicated the annual production of 261,000 kg,
el Y 349,344 kg, and 361,656 kg of hydrogen for
é 260000 WWB, THWCB, and ASB respectively. The
2 economic analysis further revealed annual net
2 250000 A profits of $1,110,060, $1,993,500, and
2 $2,116,620, demonstrating the superior yield
3 2400001 and profitability of ASB. The sensitivity
T 230000 / analysis highlighted the influence of hydrogen
market prices on profitability, with a 10%
220000 increase in selling price boosting net profit by

0.05 0.1 0.15 0.2
Hydrogen composition

Figure 8. Effect of the hydrogen composition
on the HHV and LHV of synthesis gas

4. Conclusions

This study demonstrated that utilizing biomass
as a feedstock in gasification operations to
produce methanol and hydrogen can
significantly reduce greenhouse gas emissions
and reliance on fossil fuels. By analyzing the
processes of the production of synthesis gas,
extraction of hydrogen, and synthesis of
methanol, the research highlights a
comprehensive framework for optimizing
renewable energy production. Compared to
previous studies, this work stands out by
integrating economic analysis with process
simulation, providing actionable insights into
cost efficiency and sustainability.

One of the key findings is the significant
impact of the Steam-to-Biomass Ratio (SBR)
on the synthesis gas yield, hydrogen content,
and heating value. The results showed that
ASB and THWCB compositions had higher
HHV and LHV values than WWB due to their

84

up to $361,656 for ASB, while a 10% decrease
resulted in a similar reduction. This
underscores the importance of market stability
and competitive pricing in ensuring the
economic feasibility of the production of
hydrogen.

Moreover, the process of the synthesis of
methanol from hydrogen and CO. was
analyzed, revealing a total production cost of
$228,629,667. With an annual production of
455,400 tons of methanol and a selling price of
$0.8 per kilogram, the process shows
promising economic potential but requires
further optimization to enhance profitability.
This study presents a unique approach by
utilizing the Aspen HYSYS software for an
integrated simulation of gasification, hydrogen
production, and synthesis of methanol, which
extends beyond individual process studies.
The inclusion of an economic analysis for
three lignocellulosic  feedstocks (WWB,
THWCB, and ASB) adds a new dimension to
evaluating the  cost-effectiveness  and
scalability of biomass-based energy solutions.
Despite these promising outcomes, the study’s
limitations must be acknowledged. The
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reliance on simulation assumptions, such as
treating nitrogen as inert and neglecting carbon
formation, may not fully align with practical
conditions. Future research should incorporate
experimental validation to confirm the
accuracy of simulation results and explore
additional operational scenarios. Furthermore,
addressing the effects of impurities like H2S
and HCI on the performance of equipment and
gas quality will be critical for the real-world
implementation.

In conclusion, this study highlights the
viability of biomass as a sustainable and
economically advantageous feedstock for the
production of hydrogen and methanol. By
optimizing process parameters and leveraging
advanced separation technologies, the
transition to renewable energy sources can be
significantly accelerated. However,
experimental validation and further process
refinement are necessary to maximize the
environmental and economic benefits of this
approach. Notably, this research introduces
innovative methods, such as the integrated use
of the Aspen HYSY'S software for the process
simulation and inclusion of the economic
analysis, and marking a novel contribution to
the field of biomass-based renewable energy
production.

Nomenclatures

LHV Low heating value

HHV High heating value

THWCB Thin hardwood chips biomass
ASB Almond shell biomass

WWB Waste wood biomass

SBR Steam to biomass ratio

PSA Pressure swing adsorption
WGS Water gas shift

MFRB Mass flow rate of biomass
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