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Abstract

Methanol is one of the major candidates to take over the
petroleum based liquid transportation fuel. Methanol
synthesis from syngas is proposed in this paper. The
Aspen Plus simulation software was used to simulate the
conversion process from syngas into methanol. A CSTR
reactor with defined reaction Kinetics was taken at 40
bar and 270°C to simulate the methanol synthesis.
Hydrogen recycles gave an increase of 50.4% in the
production of methanol as compared to the results
without a H: recycle stream. The conversion of CO, CO:
and H: are 50.4%, 99.8% and 100% respectively for the
case with the H. recycle. Considering an operation of
8600 hr/year, the annual mass production of methanol is
equal to 96492 tonnes for a feed rate of 154972 t/year.
A distillation column is used to separate the methanol
from water. Simulations were performed to calculate the
minimum number of stages for the different recovery
ratios of methanol in distillate and the required molar
reflux ratio versus the purity of methanol in the
distillate. The column temperature and the composition
profile were analyzed for the column. The model
provides the insights of the methanol synthesis plants for
a specific quality and the quantity of methanol
production.

Keywords:  methanol synthesis, Aspen Plus, process
simulation, CO. mitigation, Distillation.

Abbreviations: CSTR - Continuous Stirred Tank
Reactor, GHG - Green House Gas, STM - Syngas to
Methanol, TPC - Thermo-Photo Catalyst,

1 Introduction

The increasing environmental problems due to the
excessive use of fossil fuels have led to implementing
laws and agreements to limit global Green House Gas
(GHG) emissions. Several countries agreed to the
objective of the Paris Climate Change Conference

(COP21), i.e. to limit the rise of global temperature less
than 2°C by 2035 as compared to the preindustrial era
(Dessens et al., 2016). Thus, biomass is one of the
promising alternatives for the replacement of fossil fuels
based liquid transportation fuels in the near future. As
compared to the other renewable energy sources,
biomass can be converted into added-value products
similar to that of fossil fuels and power (Puig-Gamero
etal., 2018).

Lignocellulosic biomass and biomass waste can be
converted into value-added chemicals and biofuels via
thermochemical or biochemical conversion. The
biochemical route is complex and more expensive than
thermochemical conversion (Sikarwar et al., 2017).
Among the different thermochemical conversion
technologies, gasification is considered the cost-
effective and efficient technology for lignocellulosic
biomass (Sikarwar et al., 2017). The lower emission of
GHGs is due to the low-oxidation environment and
lower amount of sulfur and nitrogen present in the
biomass (Kumari & Mohanty, 2020; Pauls et al., 2016).
Gasification of biomass gives a product gas mainly
consisting of syngas (CO, Hz). However, the gas also
contains CHa, CO2, H20, N2 and impurities such as tars,
NH;, HS.

After gas cleaning and conditioning, the syngas
obtained from biomass gasification can be used to
produce biofuels and chemicals such as methanol.

Methanol is one of the important industrial chemicals
that can be used directly as a fuel or can be blended into
conventional fuels. Methanol is an important ingredient
for the production of formaldehyde, acetic acid, methyl
tertiary butyl ether, and gasoline.

China is the leading producer of methanol,
approximately 50% of the global production and a total
of 43 million tons was produced in 2016 (Yang et al.,
2018). However, methanol production is mainly based
on natural gas and coal. Olah et al. (Olah, 2005)
proposed a ‘methanol economy’ as a realistic technique
compared to the widely mentioned ‘hydrogen economy’
due to the suitability of the existing liquid fuel
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infrastructure (with a little modification) and higher
safety compared to a hydrogen vehicle.

The current study gives insights into a methanol
synthesis plant, its production scale. A study of the
distillation column was done in greater detail. The
column temperature and composition profile are
presented. The relation between the minimum number
of stages for the different recovery ratios of methanol in
distillate and the required molar reflux ratio versus the
purity of methanol in the distillate are presented in the
paper.

2 Methanol synthesis from syngas
and carbon dioxide

As the synthesis gas stream usually contains some
amounts of CO., methanol can be produced via direct
hydrogenation of CO and CO.. Table 1 shows the
reactions concerning the methanol synthesis and their
reaction heats. Reaction (c) is the reverse water gas shift
reaction which is mildly endothermic as opposed to
reactions (a) and (b). Therefore, a significant amount of
cooling duty is required for these types of reactors. The
thermodynamics of the conversion limits the overall
conversion and thus recycling of the unreacted gas is
required to achieve higher conversion. Therefore,
cooling duty and recycling capacity determines the
successful operation of such reactors.
The mixture of CO and H: can also react to produce
other hydrocarbons such as methane, ethanol, or higher
hydrocarbons. Therefore, the selectivity and efficiency
of the catalyst play an important role in the conversion
efficiency of these types of reactors.

The methanol synthesis reactor requires a specific
ratio of CO/CO2:Hz, and it is hard to obtain the desired
ratio directly from a gasifier. The ratio needs to be

shifted to a higher hydrogen content and is usually done
via a water gas shift reaction. Two moles of H: are
needed to react with CO and three moles of H: are
needed to react with CO: for methanol formation
according to the reaction stoichiometric given in Table
1.

Table 1. Reaction formulas for methanol synthesis

Reaction heat
(kJ/mol)
(a) CO + 2H, = CH;OH -90.64

Reactions

(b) CO:2 + 3H2 & CH30H +H-0 -49.67

(c) CO: +H: = CO + H:0 141

2.1 Previous works

Different literature studies on methanol production are
based on different feedstock such as natural gas (Al-
Sobhi & Elkamel, 2015; Kralj & Glavic, 2009),
synthesis gas (Lange, 2001), CO- hydrogenation (Van-
Dal & Bouallou, 2013) and coal (Li et al., 2018).

Methanol synthesis has been a wide research topic
over the years. Methanol synthesis from syngas was first
suggested by Paul Sabatier in 1905 and the first
industrial scale plant came into operation in 1923 by
Badische  Anilin-und-Soda-Fabrik  (BASF). The
technology has been studied extensively during the
1970’s Arab Oil Embargo, as an alternative to fossil-
based petroleum (Wu-Hsun 1994).

Inlet temperature, reactor pressure and temperature,
reactor types, catalysts system and process
configurations have been the most investigated
parameters. Hoseiny et al. (Hoseiny et al., 2016) and
Manenti et al. (Manenti et al., 2011) have investigated

CO, Sep Comp2
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i CO, Distillation column
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' e Methanol
— .,
w NS quuld Fdistil
Sep Water

Figure 1. Schematic diagram for Aspen Plus model. Comp: Compressor, Sep: Separator, CO,: Carbon oxides
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the influence of feed temperature and reactor pressure in
the methanol synthesis.

Cui and Ker (Cui & Ker, 2020) have studied the
three different types of reactors i.e., adiabatic, water-
cooled and gas-cooled reactor to investigate the
traditional syngas to methanol (STM) process. The
water-cooled reactor showed efficient heat removal, low
hot-spot temperature and a relatively wide range of inlet
temperature for control. The adiabatic reactor and the
gas-cooled reactor demonstrated a relatively low and
medium performance and low to medium capital costs
(Cui & Keer, 2020).

Wu et al (Wu et al., 2019) have developed a novel
thermo-photo catalyst (TPC) for methanol production
from syngas over Cu/Zn/Al catalyst. The authors
demonstrated that the yield of methanol from TPC was
2.8 times higher than that from the thermal catalyst. TPC
proved to be superior as compared to the thermal
catalyst for the STM process.

Luyben (Luyben, 2010) has developed an
economically feasible design for methanol production
with three gas recycle streams to produce high quality
methanol from syngas. Luyben showed a tradeoff
between reactor pressure and feed compressor energy,
reactor size and recycle flow rate, venting rate and
reactant losses and flash pressure and flash compression
energy (Luyben, 2010).

3 Materials and methods

Aspen Plus V11 was used to simulate the conversion of
syngas into methanol. The process model developed in
Aspen Plus is presented in Figure 1. The ‘RK-Aspen’
physical properties model was used for all the unit
operations except the distillation column. Van Laar
equations were used in the distillation column for the
calculation of liquid activity coefficients. Different
components as present in Table 4 were also defined in
the physical property’s environment. Table 4 also gives
the mass flow rate for the different gases present in the
feedstock and the molar ratio of CO:CO2:H. is 1:3:10. A
total of 11 moles is required to react completely with 1
mole of CO and 3 moles of CO-, however, 10 moles of
Ha were taken due to the presence of the Hz recycle path.

The following assumptions were considered for the
simulation process.
1. All gases were ideal.
2. Pressure and temperature were uniform inside the
reactor.
3. The process was steady and isothermal.

4. The synthesis gas is pure and is supplied at a

specified molar flow rate.

The standard operating condition for the methanol
synthesis reactor are in pressure and temperature in the
range of 50-100 atm and 220-280°C respectively (Ortiz
et al., 2013). The blocks used to simulate the methanol
synthesis are summarized in Table 2.

Table 2. Block description used for methanol synthesis

Name Type, description

Compressor: Both  compressors
Comp .

compress the gases into 40 bars.

RCSTR: Rigorous continuous stirred
Reactor tank reactor with rate-controlled

reactions based on known Kinetics.
Sep Separator: Separates liquids and gases.
COx Sep Separator: Separates COy from H..
Distillation | RadFrac: Rigorous 2 or 3- phase
column fractionation for single columns.

The pure syngas feed was compressed and heated up
to the reactor operating pressure and temperature.
Exothermic gas phase reactions were defined in the
reactor for the synthesis of the methanol. The defined
reactions in the reactor are presented in Table 1 and the
reaction kinetics were taken from the study of Luyben
(Luyben, 2010). The product from the reactor is
depressurized to separate the non-converted gases from
the liquid. The liquid enters into the distillation column
to give methanol in the distillate and water in the
bottom.

Table 3. The thermodynamic state of different units/flows

Thermodynamic state

Temperature(°C) \ Pressure (bar)
Feed 50 1
Compl - 40
Reactor 270 40
Valvel - 10
Sep 60 10
Comp?2 - 40
COx Sep 270 40
Valve2 - 15
Fdistil 60 1.5

The conversion of hydrogen at this stage (without a
recycle stream) is only about 50%, therefore a recycle
stream is chosen to increase the hydrogen conversion.
The separated gas is compressed to separate COx in
another separator. H: separated from the COyx Separator
enters the mixer before the reactor as a recycle feed. The
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overview of the temperature and pressure in the different
blocks and streams is presented in Table 3.

The methanol-water separation is fairly easy and is
performed at 1.4 bar condenser pressure and 1.7 bar
reboiler pressure. Txy diagram at 1.5 bar pressure is
given in Figure 2. The plot gives the temperature range
at which the distillation column should operate to give
higher purity of methanol in the distillate. In the
simulated case, the distillation column operates in the
temperature range of 74.9 to 100.15°C.
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Figure 2. Txy diagram for methanol/water

A total condenser is selected for this simulation as
sufficient cooling is available as the feed consists of 32.5
mass% of water at 60°C. This water is sufficient to
condensate all the condensable vapor generated at the
column overhead.

4 Results and discussion

Table 4 shows the mass balance for the simulated case.
The table shows the yield of 2.33 tonnes of methanol per
tonne of syngas (CO+H.) supplied [calculated as
methanol_out/(CO_in + H_in)]. Considering an
operation of 8600 hr/year, the annual mass production
of methanol is equal to 96492 tonnes. The conversion
of CO, CO: and H: are 50.4%, 99.8% and 100%
respectively and the results are similar to the study of
Luyben (Luyben, 2010).

Table 4. Mass balance for the simulated case

Compound In (t/hr) Out (t/hr)
CO 2.8 1.39

CO: 13.2 0.01

H: 2.02 0
Methanol 0 11.22
H:0 0 5.40
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Several studies by different researchers show that
methanol  mainly originates from the CO:
hydrogenation, and hardly from the CO hydrogenation
(Kagan et al., 1975; Nestler et al., 2018). Therefore, CO
conversion to methanol principally occurs via water gas
shift reaction with subsequent CO. hydrogenation.

Simulations were performed to know the minimum
number of stages for the desired recovery of methanol
in distillate and the required molar reflux ratio for the
desired purity of methanol in the distillate.

Figure 3 shows the minimum number of stages
required to achieve the methanol recovery from 0.9 to 1.
The number of minimum stages required increases
linearly for up to around 98% methanol purity and
increases exponentially after 98%. As most of the
industrial scale, methanol synthesis plant operates at
around 95% purity of methanol, which is relatively
straightforward and doesn’t overburden the column
cost.

Minimum no of stages

0.9 0.92 0.94 0.96 0.98

Recovery of Methanol in distillate

Figure 3. Minimum number of column stages required for
corresponding methanol recovery

Figure 4 shows the purity of methanol for different
molar reflux ratios. The purity of methanol increases
with an increase in the molar reflux ratio, however the
reboiler duty and cost increase linearly with an increase
in reflux ratio. The purity of methanol synthesis
increases steadily initially and exponentially for the
higher methanol purity. Therefore, a tradeoff is required
for the reflux ratio and the desired methanol purity in the
column distillate.
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Molar reflux ratio
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Purity of CH3OH in distillate

Figure 4. Molar reflux ratio vs methanol purity in distillate

As the total number of stages increases, energy costs
and heat exchanger capital costs decrease, however, the
total capital costs of the plant will increase. Therefore, a
rigorous single distillation column with 7 stages was
chosen to separate water from methanol. The selected
number of stages gave the desired purity of methanol
(95 mass percentage) in the distillate. The temperature
profile across the stages is presented in Figure 5 and the
liquid molar composition across the stages is presented
in Figure 6. Stage 1 is the top of the column and stage 7
is the bottom of the distillation column.
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Figure 5. Column temperature profile
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Figure 6. Column composition profile

The figure illustrates a gradual decrease in
temperature from the bottom of the tower to the top of

the distillation tower. The change of composition of
methanol increases steadily from the bottom (stage 7) to
the top (stage 1) and the mole fraction of water decreases
steadily from the bottom to the top of the distillation
tower.

The higher the system pressure, the smaller the
reactor for a given recycle flow rate, which reduces the
reactor and catalyst capital investment. However, for a
given reactor size, the higher the pressure, the smaller
the recycle flow rate, which reduces the recycle
compressor  capital investments and  recycle
compression energy.

Therefore, the design specification for a methanol
synthesis plant depends upon the different parameters
such as system pressure, temperature, reactor size,
recycle flow rate, compressor energy, reflux ratio in the
distillation column and the purity of methanol in the
distillate.

Sensitivity analysis for the CSTR reactor showed
relatively low sensitivity towards the change of
temperature and pressure inside the reactor in the range
of 220-280°C and 40-100 bar. The change in reactor
pressure from 40 bar to 100 bar gave an increase of 1.7%
in methanol production. Temperature variation from
220-280°C gave a 0.02% reduction in methanol
synthesis.

5 Conclusion

A steady-state Aspen Plus™ model was developed to
study the conversion of syngas into methanol.
Simulations were performed to analyze the conversion
process. The model was used to study the different
integral parts of a methanol synthesis reactor such as
compressor, heater, reactor, separator, and distillation
column. The desired purity of methanol in the distillate
was 95%. In order to achieve this for the given mass
flow rate, a 7-stage rigorous two-phase single column
was used.

The following results were obtained from the
distillation column for the specified thermodynamic

conditions.
CH3O0H in distillate
« ——— .19
CH3OH in feed 87.1%

o Distillate to feed ratio: 0.5
o Reflux ratio (molar): 1.2
e Purity of methanol in distillate: 96.4%
o Methanol production: 96492 tonnes/year
A cooling duty of 23.62 GJ/hr was required for the
given flowrate specifications and a reactor size of 5 ma.
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The model can further be improved by adding a
suitable catalyst in the reactor, selecting/optimizing the
reaction kinetics as well as performing the sensitivity
analysis for the synthesis reactor. The distillation
column can be optimized further based on the required
specification for the methanol plant.
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