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The synthesis of methanol is a key industrial process, but its
performance is constrained by equilibrium conversion, heat dissipation,
and energy inefficiencies. This study simulated the multi-bed adiabatic
reactor of the Methanol and Derivatives Complex (CP1Z) located in
Arzew, Algeria by Aspen HYSYS. Two reactor models were evaluated:
the Equilibrium Reactor (ER), based on Gibbs free energy minimization,
and the Plug Flow Reactor (PFR), which incorporates detailed kinetics.
Both models were validated against industrial plant data to assess
predictive accuracy. The ER model demonstrated better agreement with
industrial data, particularly for the concentration of methanol (0.36%
deviation), and was therefore selected for process improvement studies.
Two modifications were introduced. First, recycling unreacted syngas
increased the production of methanol from 613 kmol/h to 1800 kmol/h,
a 193% improvement. Second, replacing air coolers with a heat
exchanger—steam turbine system enabled the recovery of 1100 kW of
electricity without reducing the methanol vyield. When both
modifications were applied simultaneously, the methanol output rose to
1917 kmol/h (+213%), and electricity generation increased to 1763 kW.
The integration of the recycling of syngas and waste heat recovery
substantially enhances the conversion efficiency, energy utilization, and
sustainability of the production of methanol. Since these modifications
require no major hardware changes, they offer a practical and scalable
strategy for improving the technical, economic, and environmental
performance of existing industrial methanol plants.
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1. Introduction

Methanol (CH5;OH) is widely recognized as a
key building block in the chemical and energy
industries, playing a crucial role in the
production of various industrial intermediates
such as formaldehyde, acetic acid, methyl tert-
butyl ether (MTBE), resins, and blended fuels
[1-3]. Moreover, methanol is emerging as a
promising candidate for future clean fuels,
hydrogen storage, and carbon dioxide capture
and recycling [4-7]. In recent years, the
concept of the "Methanol Economy"” has
gained increasing attention as a potential
pathway for decarbonizing industrial and
transportation sectors [8,9].

The conventional synthesis of methanol is
carried out from synthesis gas (a mixture of
CO, CO,, and H,) over Cu/zZnO/Al,O3
catalysts at moderate temperatures (210—
270°C) and high pressures (50-100 bar)
[10,11]. One of the most widely adopted
industrial designs is the multibed adiabatic
process developed by Imperial Chemical
Industries (ICI), which employs the quench
gas injection between catalyst beds to provide
effective thermal control [12,13]. This inter-
stage cooling approach not only prevents
localized overheating but also prolongs the
lifetime of the catalyst by mitigating sintering
and deactivation phenomena [14].

Despite the advancements in the catalyst
technology and reactor design, challenges such
as thermodynamic limitations on reactant
conversion, waste heat dissipation, and low
energy efficiency persist [15,16]. Numerous
studies have focused on energy recovery and
thermodynamic optimization, where exergy
analysis and energy integration play a pivotal
role [17]. Putri et al. (2025) improved the
synthesis of Methanol with heat exchangers,
distillation, and recycling, raising the yield to
99% and cutting energy use by 58.5% [18].

The use of the advanced process simulation
software, such as Aspen HYSYS, enables
comprehensive modeling at both equilibrium
and Kinetic levels, making it an effective tool
for evaluating process improvement scenarios
[19]. For example, Safari (2022) simulated the
methanol production process in Aspen
HYSYS and examined the impact of
operational variables on conversion rates and
energy consumption, offering optimization
pathways [20]. Andreasen and van Baten
(2025) optimized the production of gray and
green methanol, showing green methanol is
much costlier due to the high production cost
of hydrogen, with the process variables
critically affecting efficiency and cost [21].
Similarly, Liu and Karimi (2018) modeled the
performance of a real-world methanol plant
and, using optimization algorithms, identified
the optimal operating conditions for enhancing
energy efficiency and minimizing losses [22].
Additionally, Fossen et al. (2022) simulated
the synthesis of methanol, based on biomass-
derived syngas, using Aspen HYSYS and
demonstrated that the H,/CO ratio and recycle
conditions  significantly  affected  the
production yield [23].
Wolday et al. (2023) developed a multi-
objective optimization model for a methanol
synthesis unit, considering goals such as
energy efficiency, emission reduction, and
waste recovery. Using the NSGA-I1 algorithm,
they achieved up to ~45% reduction in energy
use and ~32% in CO, emissions [24]. Jiamin
et al. (2023) used Aspen Plus to model the
production and purification of methanol, and
achieved a simulated purity of 99.74%,
confirming the model’s validity. The
sensitivity analysis showed that the feed flow
and reactor temperature significantly affected
the methanol yield and purity, guiding process
optimization and equipment safety [25].
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Furthermore, Budhraja et al. (2023) modeled
the methanol-water reforming process in
Aspen HYSYS and applied the response
surface methodology to identify optimal
conditions (328 °C, 2.6 atm, the molar ratio of
1.34), achieving high hydrogen selectivity
(~84.8%) and feed conversion (~95.7%) [26].
Wang et al. (2025) developed an entropy-
based stochastic optimization for multi-energy
allocation in gas-to-methanol processes,
accounting for modeling uncertainties in the
major equipment.
Results show that considering uncertainties
improves executability and reduces gas/steam
losses and operating costs compared to
standard deterministic optimization [27].
Within this context, the present study focuses
on enhancing both the production of methanol
and energy efficiency in a multibed adiabatic
methanol reactor. The novelty of this work lies
in the implementation of two specific process
improvements: recycling unreacted synthesis
gas back to the reactor inlet, and replacing
conventional air coolers with a combined heat
exchanger—steam turbine system for energy
recovery. These modifications not only aim at
increasing the overall methanol yield but also
optimize energy utilization, surpassing the
performance of conventional industrial
designs. The process model is based on the
actual operational data from the Methanol and
Derivatives Complex (CP1Z) in Arzew,
Algeria, and has been rigorously benchmarked
and validated against experimental data [28].

2. Methodology

2.1. Description of the base-case using two
scenarios: the er module and the plug flow
reactor module

In the base-case scenario, methanol is
synthesized via the catalytic hydrogenation of
synthesis gas (a mixture of CO, CO,, and H;)
in a multi-bed adiabatic reactor. The process
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represents a  conventional industrial
configuration, simulated based on the CP1Z
methanol synthesis complex located in Arzew,
Algeria [28]. Four equilibrium-based adiabatic
reactors are arranged in series, each followed
by an air cooler to manage the heat released
from the exothermic reactions. The
composition of the outlet stream from the final
reactor under actual operating conditions is
available and comparable with simulation
data, as reported by Sidi-Yacoub et al. [28].
The synthesis gas feed enters the system at the
molar flow rate of 1.44 x 10™* kmolls,
temperature of 70°C, and pressure of 52 bar.
The molar composition of both the feed and
product streams in the CP1Z methanol
synthesis complex under real operating
conditions is presented in Table 1 [28].

Table 1.

Molar composition of the synthesis gas feed and
reactor outlet stream under actual operating
conditions [28].

Composition ~ Composition
Composition  of synthesis of
gas (%) product (%)
H, 73.70 65. 90
CO 7.50 6.80
CO, 6.00 5.74
CH, 9.36 11.20
N, 3.26 3.90
H,O 0.13 1.40
CH5OH 0.00 3.40

The reactor configuration consists of four
fixed-bed adiabatic reactors, modeled using
the ER unit in Aspen HYSY'S, with the quench
gas injection between each stage for
temperature control.

Each reactor bed is followed by a cooling unit,
implemented either as an air cooler or a heat
exchanger. The inlet and outlet temperatures of
the reactors, along with the quench gas flow
rates, are presented in Table 2 [28].
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All necessary data used for simulating the base
case configuration were extracted from and
based on the Ref. study [28].

Table 2.

Reactor temperatures and quench gas flow rates

reactor temperature (°C)  quench gas flow
stage inlet outlet rate (kmol/h)
Reactor 1 217.00 263.30 1706
Reactor 2 231.30 255.60 1991
Reactor 3 225.50 249.90 1991
Reactor 4 224.70 245.90 —

In the reference study [28], the methanol
reactor was simulated using a Plug Flow
Reactor (PFR) module in Aspen HYSYS. Each
catalytic bed was modeled as an individual
PFR block, representing a fixed-bed tubular
reactor operating under adiabatic conditions.
According to Froment’s classification [29], a
pseudo-homogeneous model was employed,
assuming ideal plug flow with no axial
dispersion, in order to accurately describe the
mass and heat transfer behavior within each
stage. Furthermore, to simulate a single
catalytic layer in each reactor, the number of
sub-volumes in the PFR module was reduced
to one. The following three reversible
reactions were modeled based on equilibrium
assumptions.

CO + 2H, = CH5OH (1)
CO, + 3H, = CH;OH + H,0 ()
CO +H,0 = CO, + H, (3)

The enthalpy changes (AH) of the first, second
and third reactions are -90.64, -49.67, and 41.0
kJ/mol respectively. The kinetic rate equations
and equilibrium constants used in this study
are based on the formulations by Van-Dal and
Bouallou (2013) [30], incorporating parameter
adjustments introduced by Mignard and
Pritchard (2008) [31]. These are represented in
Equations (4) and (5), where pressure is given

in bar and temperature in kelvin. In the
following equations, ri and Pi are the rate of
the reaction in relation to component i and the
partial pressure of component i respectively.
The methanol synthesis reaction is given as
follows:

TcH;0H
-2
k1Pco,Pu, — kePr,0Pcr onPu,

= _ 3
(1+ kaPy 0Py, " + k3Pu,”® + k4Pi0)

[ kmol ]
kgcae-s

(4)
The following equation represents the reverse
water gas shift reaction:

. _ ksPco,—k7PH,0PcoPH, " [ kmol ]
RWGS —

1+k2PH20PH2_1+k3PH20'5+k4,PH20 kgcat-s

®)

The kinetic constants follow the Arrhenius
law. All parameters of equation 6 are shown in
table 3 [30]. In the following equation, Ai, B;
and ki are kinetic model constants.

Ink; = A; + 2 (6)
Table 3.
Kinetic Model Parameters [30]
ky AL -29.870
B 4811.200
Ko Az 8.147
B2 0.000
ks As -6.452
Bs 2068.400
k4 As -34.950
B4 14928.900
ks As 4,804
Bs -11797.500
ks As 17.550
Bs -2249.800
ks Ay 0.131
B -7023.500
In the first base-case senario, Kinetic

parameters were initially not applied, and the
reactors were assumed to operate under
equilibrium conditions. Given the inherently
equilibrium-driven  nature of methanol

synthesis reactions, the ER module was
21
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employed for simulating the methanol

synthesis reactor.

The ER module in Aspen HYSYS calculates
the product composition at a given temperature
and pressure based on the principle of Gibbs
free energy minimization. In essence, it
assumes that the reactions proceed to
thermodynamic  equilibrium, where the
resulting product composition corresponds to
the minimum Gibbs free energy of the system.
This thermodynamic modeling approach is
fully justified, it provides a reasonable
approximation of the reactor behavior at
equilibrium and can be effectively used for
overall process evaluation, particularly from a
thermodynamic perspective, and for assessing
proposed improvements.

Reaction equilibrium constants from the
Graaf’s equation [32] are as follows:

3066
log1o(K;?) = —— — 10592 (7

—2029 (8)

In equations 7 and 8, k7 and T are the
thermodynamic equilibrium constant and
temperature respectively.

The process flow includes four reactors (R-101
to R-104), along with mixers, separators, and
heat exchangers. The inter-stage cooling is
explicitly modeled, and product separation is
achieved through multi-stage condensation
using flash drums at 130°C, 50°C, and 35°C.
In the second simulation scenario of the base-
case, the reactors were modeled as plug flow
reactors (PFRs). The PFR model assumes the
piston-like flow (i.e., no axial mixing) along
the reactor length, where the concentration of
species at any cross-section depends solely on
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the reactor’s axial position. PFRs are
particularly suitable for modeling systems
where reaction Kkinetics play a dominant role.
Unlike equilibrium reactors, plug flow reactors
require both thermodynamic data and detailed
Kinetic information such as rate constants and
activation energies. The kinetic specifications
were adopted from the work of Van-Dal et al.
[30].

2.2. Aspen HYSYS configuration

The methanol production process in both
scenarios was modeled using Aspen HYSYS
version 14. The Peng—Robinson equation of
state was selected due to its high accuracy in
describing the behavior of non-ideal gases
under high-pressure conditions and was
applied to all streams and units.

In this study, simulations were conducted
using two scenarios: The ER module and the
PFR module. The simulations were validated
by the actual experimental data reported In Ref
[28].

The simulation assumptions included the
steady-state operation, the ideal gas behavior
for vapor-phase reactions, no pressure drop
across units (unless otherwise specified), and
no explicit catalyst behavior modeling in the
base-case.

The base-case simulation was carried out
based on the actual operational data from the
Methanol and Derivatives Complex (CP1Z)
located in Arzew, using two different
scenarios: the ER module and PFR module.
The process flow diagram is shown in Figure
1.

All recycle loops, energy streams, and process
units were converged using the Sequential
Modular solver.



Tavalatifi et al. / Iranian Journal of Chemical Engineering, Vol. 22, No. 3, 18-33, (2025)

a betd out

Synthe is
935 PFR-100 _

I vmg _gas 1 _o
| [feed
AC-100 E-100 Feed

TEE- 100 Quenc

PFR 101 PFR 102

bet

M -101

935 TEE- MIX-100
é I AC-101

AC- 103

Synthe IS

B —
AC-102 unreacted %react s
-‘_\‘gq_'?ooled V-100 101
E 101 gas
—_

—
MEOH

gas
[ vmg _gas
feed
AC-100 o

E1()O

betS out
ERV-102
ERV-103
[i inlet = Mk
-

zero4

AC- 103 AC- 102

E 101

unreacted unreacted

V-100 2/-101

MEOH

VLV 100

Figure 1. Flow sheet of the methanol production process simulated in Aspen HYSYS v14: (a) PFR
configuration, (b) ER configuration.

2.3. Process improvements

2.3.1. Improvement 1: recycling of the
unreacted synthesis gas

Although the ER is an idealized model that
does not explicitly consider reaction Kinetics,
it provides a reasonable approximation of the
reactor behavior at equilibrium and can be
effectively used for the overall process
evaluation, particularly from a thermodynamic
perspective, and for assessing proposed
improvements. In the base-case, a significant
amount of hydrogen and carbon oxides exit the
reactor unconverted due to thermodynamic
limitations. To enhance the methanol yield, a
recycle loop was designed to return the

unreacted gas to the reactor inlet after
separation.

Based on the base case simulation results, and
considering the improved agreement of ER
simulations with actual process data and data
simulated [28], ERs were selected for
implementing the improvements.

At the outlet of the cooling section (at 35°C), a
flash separator was added to separate raw
methanol from the vapor-phase synthesis gas.
The resulting vapor stream was then
compressed to 52 bar and mixed with fresh
feed. To prevent the accumulation of inert
gases (such as N, and CH,), a purge stream
was incorporated. Approximately 96.5% of the
unreacted gas was recycled, while 3.5% of it
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was purged. The process flow diagram
incorporating the first improvement is
illustrated in Figure 2.

Feed gas -
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refycle
Recycle Stream
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Heat Exchangy

betd_out
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1

Methanol and Water Drum (V100-101)
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Figure 2. Flow sheet of the methanol production process with the implementation of the first
improvement (with the recycle of unreacted synthesis gas).

2.3.2. Improvement 2: heat recovery and
power generation

In the initial design, the heat generated from
the exothermic reactions was dissipated to the
environment via air coolers. In this
improvement, the four air coolers used for the
inter-stage cooling in the base process are
replaced by a heat exchanger and a steam
turbine.

In the heat exchanger, water is employed as the
cooling fluid. After absorbing the heat from the

24

methanol synthesis reactions, the water is
converted into high-pressure, superheated
steam. This superheated steam is then directed
to a steam turbine where it is utilized to
generate electricity.

This smart improvement results in power
generation, which can be used to supply part of
the electrical energy required for other process
units, such as pumps and compressors. The
process flow sheet for this improvement is
illustrated in Figure 3.
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Figure 3. Flow sheet of the Methanol production plant incorporating the second improvement (steam
generation and waste heat utilization)

2.3.3. Simultaneous implementation of both
improvements

Considering the impact of each improvement
on the production of methanol and heat
recovery, it was decided to investigate the
combined effect of applying both
improvements simultaneously and compare
the results with those of the individual cases.

The simultaneous implementation of both
improvements not only increases the
production of methanol but also enables power
generation. The process flow sheet of the
methanol unit with the concurrent application
of both improvements is presented in Figure 4.
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Figure 4. Flow sheet of the methanol production plant with the simultaneous implementation of both
improvements (steam generation and waste heat recovery

3. Results and Discussion

3.1. Simulation Results of the Base-Case
Process Using ER and PFR modules
As described in the simulation setup section,

two different modeling approaches were
investigated: the first approach uses an ER
configuration and the second employs a PFR
configuration (Figure 1).

By comparing the simulation results with those
from the available experimental data of the
outlet stream composition under operating
conditions, a better understanding of each
reactor type’s behavior can be obtained,
facilitating the selection of the most
appropriate reactor module based on validation
results.

As shown in Table 4, the output composition
values predicted by the ER module are closer
to the actual values compared to those
predicted by the PFR module. The mean
absolute percentage error (MAPE) for the ER
module was calculated to be 10.44%, while for

the PFR module it was significantly higher at
26

30.34%, indicating that the ER model provided
a better agreement with the experimental data
under the base-case conditions.

Table 4.

Comparing the composition of the product stream
from the methanol production unit under operating
conditions, the ER module and PFR module.

Actual ER PER
data
Component [28] module module
(%) (%) (%)
CH, 11.20 10.07 9.89
CO 6.80 5.46 7.93
CO, 5.74 5.30 3.52
N, 3.90 3.51 3.45
H, 65. 90 70.61 69.43
H,O 1.40 1.29 2.96
CH3;0OH 3.40 3.76 2.82

Specifically, the ER module more accurately
predicts the final methanol and CO,
compositios, with results that are in closer
agreement with the actual data.

ERV-103
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The PFR module exhibits greater deviations
from actual data in predicting CO and H,O
compositions. Overall, the ER module is a
suitable choice for equilibrium analyses due to
its acceptable accuracy and simplicity in input
requirements.

The outlet temperatures of the catalyst beds in
all four reactors are presented in Table 5. The
results indicate that, unlike its good
performance in predicting outlet composition,
the ER module is less successful in predicting
temperatures compared to the plug flow
reactor. Simulations using the PFR module

demonstrate higher accuracy in predicting
temperatures across all four catalytic beds.

The average relative error of the predicted
outlet temperature for each of the four beds
was calculated and compared between the two
reactor modules. The absolute percentage error
for temperature measurements at the outlet of
each bed, for both the PFR and ER modules,
are presented in the 5th and 6th columns of
Table 5 respectively. the absolute percentage
error of the prediction of temperature at the
outlet of the first bed was 2.5% for the PFR
module, while it was 11% for the ER module
when compared to the reference study data

Table 5.
Predicted reactor outlet temperatures and percentage errors for the ER and PFR modules.
Reactor bed Ref. [22] PFR ER PFR ER Error
Temperature Temperature  Temperature  Error (%) (%)
Q) (°C) (°C)
Bed 1 263.0 270.0 293.7 2.5 11.0
Bed 2 255.0 255.0 287.5 0.2 12.7
Bed 3 249.0 242.0 282.0 2.8 13.2
Bed 4 245.0 232.0 276.0 5.3 13.8

Table 6 presents the methanol production flow
rate predicted by the process simulation
alongside the reference study data.

Table 6.
Molar flow rate of the product (kmol/h) in the
methanol unit simulation.

Methanol unit Flow rate of product

simulation (kmol/h)
Reference Study [28] 13,330
Simulation with PFR 13,460
Module
Simulation with ER 13,230
Module

As observed, the outlet product flow rate
predicted by the Plug Flow Reactor module
has an accuracy of approximately 0.98%,
while the ER module predicts with an accuracy
of about 0.75%. For the prediction of the
product outlet composition (Table 4), Mean
Absolute Percentage Error (MAPE) can also
be calculated for both reactor modules based
on the reference study.

Figure 5 presents a comparative analysis of the
MAPE of the temperature measurements, the
composition percentage of the product stream
and the molar flow rate of products for both
modules (ER and PFR).

27



Tavalatifi et al. / Iranian Journal of Chemical Engineering, Vol. 22, No. 3, 18-33, (2025)

W ER module & PFR molule

12.00

2.70

MAPE of the temperature

MAPE of the product

30.34

0.75 0.98

MAPE of the product flow rate

composition

Figure 5. Comparison of MAPE in predicting the outlet temperature, product stream composition and flow

This chart visually illustrates the difference in
performance between the modules in terms of
accuracy for key parameters, including the
temperature, composition and flow rate of the
product.

Therefore, both modules are very close to each
other and accurately predict the molar flow
rate of the product. It can be concluded that the
ER module performs slightly better.

. The Plug Flow Reactor (PFR) module
demonstrated  superior  performance in
predicting temperature across all catalytic
beds, exhibiting lower relative errors in this
parameter.

. Conversely, the ER module more
accurately predicted the final product
composition, particularly for the
concentrations of CO, and methanol, which
are critical for analyzing the chemical reaction
performance. Additionally, this model showed
higher accuracy in predicting the molar flow
rate of the product stream.

The obtained results are in good agreement
with the reference data published by Sidi-
Yacoub et al. (2023) [28], confirming the
reliability of the simulations.

28

This comparison indicates that the selection of
an appropriate model should be guided by the
primary objective of the simulation—if the
focus is on the process temperature, the PFR
module is preferred; however, for more precise
prediction of product composition, the ER
module is favored.

These findings suggest that while the PFR
module, by accounting for kinetic details,
provides a better representation of the
temperature profile, the ER module achieves
higher accuracy in predicting equilibrium-
limited product compositions and requires
simpler input parameters. Based on these
results, the ER module was selected for
implementing the improvements, and the
proposed improvements were applied
accordingly. The subsequent section presents
the results obtained.

3.2. Results of implemented improvements
As described in Section 2.3.1, Improvement 1
(Figure 2) involved designing a recycle loop
that returns the unreacted synthesis gas to the
reactor feed after separation to enhance
methanol yield. This improvement increased
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the production of methanol from 613 kmol/h in
the base case to 1800 kmol/h.

Although energy consumption increased by
about 50 kilowatts due to compression, the
improvement in efficiency significantly
enhanced the overall process performance.
Implementing the recycle stream markedly
improved the methanol production efficiency
without requiring changes to the reactor
volume or pressure, indicating the optimized
raw material usage and reduced environmental
impacts.

Improvement 2 (Figure 3) replaced
conventional air-cooled heat exchangers with
shell-and-tube heat exchangers connected to a
steam turbine system. Simulation results
indicated that approximately 1100 kW of
thermal energy could be recovered. This
represents a substantial recovery of waste heat
energy. The improvement improved the
energy efficiency and process sustainability
while reducing the plant’s reliance on the
external electricity. Furthermore, it aligns with
green process design principles. The
integration of this system within the HYSYS
environment was feasible and consistent with
practical energy recovery strategies.

This waste heat recovery approach is
especially beneficial in remote locations or
integrated energy systems where the on-site
power generation is essential.  This
enhancement demonstrates the value of energy
recovery systems in overcoming
thermodynamic limitations without

Table 7.

necessitating hardware modifications to the
reactor.

These findings corroborate the effectiveness
of both improvements in improving production
and energy efficiency in industrial methanol
units. Given the positive outcomes of both
improvements, the feasibility and
effectiveness of simple yet efficient design
upgrades in existing methanol production units
have been confirmed.

The simultaneous application of both
improvements 1 and 2 (Figure 4) and the
evaluation of their combined effect on
production and energy recovery also yielded
favorable results. Returning the reactor
effluent increased the feed flow rate and
conversion percentage, thereby enhancing the
production of methanol.

Applying Improvement 2 cooled the reactor
due to the endothermic nature of the cooling
process, further increasing production.
Simultaneously, the cooling water converted
to steam, which then generated electricity in a
steam turbine. The increased power output in
the combined improvements is attributed to the
higher reactor effluent flow from Improvement
1, necessitating more cooling water and thus
producing more steam and electricity.

A comparison of the production of methanol
and the power output from the individual and
combined improvements against the base ER
simulation from the reference article is
summarized in Table 7.

Methanol production rate and power generation with different improvements.

ER ER module with 1" ER module with 2t ER module with 1" and 2t
Parameter . - .
module improvement improvement improvement
Methanol production 613 1800 613 1917
(kmole/h)
Power generation
(kw) 0 0 1100 1763
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According to Table 7, the methanol production
rates in the simulated process using the ER
module, simulation with the recycle of
unreacted synthesis gas (Improvement 1),
simulation with energy recovery
(Improvement 2), and simulation combining
both improvements are 613, 1800, 613, and
1917 kmol/h respectively.

The power generation in the base simulation
and the simulation applying Improvement 1 is
zero. However, the power outputs in the
simulation applying Improvement 2 and the
combined improvements are 1100 kW and
1763 kW respectively.

These results indicate that the integration of
these two process improvements
simultaneously enhances both conversion
efficiency and energy utilization. This presents
a practical approach to increasing efficiency
and reducing environmental impacts through
relatively simple and implementable upgrades.
These findings offer a scalable and extendable
strategy to improve the performance of
methanol production units in response to
increasing sustainability and energy efficiency
requirements. Simulation results suggest that
simultaneous heat recovery and unreacted gas
recycling can theoretically increase the
production of methanol from 613 to 1917
kmol/h and raise the recovered power to 1763
KW. Assuming 8,000 hours of annual
operation, this corresponds to =334,000
tons/year of methanol, with an estimated gross
revenue of 100-167 million USD/year
(assuming 300-500 USD/ton). The in-house
electricity generation (~14.1 GWh/year) may
reduce grid consumption and lower CO,
emissions by =7,050-ton CO,/year. These
figures are preliminary estimates, and detailed
TEA/LCA studies are required for precise
economic and environmental evaluations.
Although this study focuses on steady-state
simulations, the implemented
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improvements—the recycle of the unreacted
gas recycle and the heat recovery—steam
turbine system—have important implications
for the dynamic behavior and process control.
The recycle loop may introduce interactions
between flow, pressure, and composition,
while heat recovery affects thermal and
pressure profiles. In industrial operations,
appropriate control strategies, including flow,
pressure, and temperature regulations, would
be essential to ensure the safe and efficient
performance, highlighting the practical
relevance of these improvements.

4. Conclusion

In this study, the methanol synthesis process in
an adiabatic multi-bed reactor was simulated
and optimized using the Aspen HYSYS
software. Two different modules, namely the
ER and the Plug Flow Reactors (PFR), were
evaluated. The results showed that the ER
module provided higher accuracy in predicting
the product composition, while the PFR
module performed better in predicting the
temperature profile. Given the simulation
objectives and the better agreement of the ER
module with experimental data, it was selected
for implementing process improvements. Two
process improvements were applied in this
work: (1) the recycling of the unreacted
synthesis gas, and (2) the replacement of air
coolers with a shell-and-tube heat exchanger
coupled to a steam turbine for heat recovery
and power generation. The simulation results
demonstrated that:

- In the ER base-case module, the production of
methanol was 613 kmol/h.

- Applying Improvement 1 increased the
production of methanol from 613 kmol/h to 1800
kmol/h, representing a 193.6% increase over the
base case.

- Improvement 2 enabled the recovery of 1100 kW
of power from waste heat while maintaining the



Tavalatifi et al. / Iranian Journal of Chemical Engineering, Vol. 22, No. 3, 18-33, (2025)

same methanol production level as in the base-case
(613 kmol/h).

- By combining both improvements, the production
of methanol further increased to 1917 kmol/h (a
212.8% increase over the base-case), and power
generation reached 1763 kW, which is an
additional increase of 60.3% compared to
Improvement 2 alone.

These findings indicate that the applied
improvements can significantly improve the
conversion efficiency, energy recovery, and
overall process performance without major
hardware modifications to the reactors. From
an industrial perspective, these modifications
provide practical and scalable solutions for
enhancing energy efficiency, reducing
feedstock consumption, and improving the
environmental sustainability of methanol
production units. For future work, extending
this module to incorporate CO,-rich feeds and
integration with renewable energy sources
could be an effective step towards the green
methanol production and achieving carbon-
neutral goals in the chemical industry.
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