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Abstract
In this work, the aim is to find the optimal operating conditions of olefin production process. To achieve this, the methanol 
to olefin (MTO) process was investigated and optimized through Aspen-Hysys coupled with statistical approach. The MTO 
process is comprised of three sections, including reaction, conditioning, and separation section. The separation section 
consisted of three distillation columns. Central composite design was used to design of experimental layout and optimiz-
ing the performance of separation section. The statistical analysis was performed to screen the important operative factors. 
The effects of operative factors including column stages (A), reflux ratio (B), and pressure (C) on the distillation columns 
were investigated. Accordingly a statistical model was developed and was used for optimization the performance of separa-
tion section. Optimization was performed for each three units of separation section. Based on optimization procedure, the 
optimum condition of distillation columns were suggested. This may be used to propose the values of effective factors in 
operating the separation section.
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Introduction

Light olefins are widely used in different industries. Ethyl-
ene, propylene, butylene, and butadiene are termed as light 
olefins. Steam cracking of ethane, propane, and naphtha is 
the conventional process of ethylene production. Generally, 
thermal cracking of hydrocarbon is of interest due to conver-
sion of low value raw materials to high value productions. 
This process has some disadvantage such as huge energy 
consumption and dependence on oil supply (Keyvanloo et al. 
2012). Methanol to olefin (MTO) is an innovative method 
for ethylene and propylene production. This new alterna-
tive route provides more flexible ethylene to propylene ratio 
(Taheri Najafabadi et al. 2012). Further, lower operating 
temperature as well as higher light to heavy olefin selectivity 
motivate this method. The feedstock of this route is metha-
nol that could be produced from different carbon sources. 
It is important to note that ethylene and propylene have 
widespread applications in different industries (Bahri Laleh 

et al. 2016). Generally, the outlet of MTO reactor includes 
lighter hydrocarbon fractions in comparison with the outlet 
of conventional thermal cracking process. Further, low price 
of natural gas and coal as raw materials for methanol produc-
tion is a critical point. Huge amount of natural gas resources 
has motivated the methanol production. Ethylene also could 
be produced from ethane. In recent years, using new tech-
nology in shale gas extraction has provided huge amount 
of ethane (Gaffney et al. 2021). Other types of olefins such 
as poly (α-olefins) (PAO) has widely used in production of 
synthetic lubricants (Hanifpour et al. 2022).

In MTO process, selection of appropriate catalyst is a 
crucial point. Small pore silico alumino phosphate molecu-
lar sieve (SAPO-34) is widely used in catalytic dehydroge-
nation of methanol due to its porous structure with small 
pores (Taheri Najafabadi et al. 2012). High conversion rate 
of methanol and selectivity of light olefin are the advantages 
of this catalyst (Sedighi et al. 2014). Dubois et al. investi-
gated the performance of SAPO-34 modified by transient 
metals. They reported that MnSAPO-34 has the longer life-
time in comparison with conventional SAPO-34 (Dubois 
et al. 2003). It is important to note that there are several side 
reactions that lead to formation and deposition of carbo-
naceous material on catalyst particles. This causes catalyst 
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deactivation and subsequent lower performance. The catalyst 
has a porous structure. So, the compound with a large size 
could not go through. This leads to coke formation. Coke 
formation influences the catalyst performance in terms of 
activity and selectivity. Soundararajan et al. simulated MTO 
process in a circulating fluidized bed (CFB). The operative 
temperature and pressure of reactor was 450 °C and 1 atm, 
respectively. The results of their modeling showed that the 
coke deposition on catalyst leads to an increase in selec-
tivity toward ethylene. They reported that this observation 
could be due to cage effect. Further, methanol conversion 
decreased with increase in coke deposition. The optimum 
coke deposit on catalyst was 5 wt% (Soundararajan et al. 
2001). Chen et al. investigated the coke formation on SAPO-
34 as a function of temperature, methanol partial pressure, 
and space velocity during the MTO process. They reported 
that as the temperature increased, the capacity of the cata-
lyst increased while the partial pressure and velocity of the 
methanol space had no effect (Chen et al. 2000).

To develop a robust model, identifying the reaction 
kinetics is necessary. But describing the kinetics of MTO is 
controversial. There are several studies that have developed 
kinetic models to describe the MTO process (Alwahabi and 
Froment 2004). These models aim to advance the production 
performance through finding optimum condition. Park and 
Forment developed kinetic models to describe olefin produc-
tion in MTO over HZSM-5 catalyst with Si/AL ratio of 200 
(Park and Froment 2001). Sedighi et al. developed a kinetic 
model to describe MTO process on SAPO-34. They reported 
that high space time increased the production rate of light 
olefins. Further, by increasing the operative temperature, the 
ethylene yield increased (Sedighi et al. 2014). Zhaung et al. 
investigated olefin production through MTO process in a 
fixed bed plug flow reactor (PFR). They used computational 
fluid dynamics (CFD) code to investigate the flow behaviour 
in reactor. The effects of feed temperature, space velocity, 
and feed composition of reaction were investigated. They 
reported a close relation between methanol conversion and 
deactivation of catalyst due to coke deposition (Zhuang et al. 
2012). Taheri et al. developed a kinetic model based on data 
obtained from a micro catalytic reactor. They optimized the 
parameters using genetic algorithm optimization method. A 
Comparison between experimental and predicted data was 
done that showed a good model fit (Taheri Najafabadi et al. 
2012). Qian et al. investigated the poly-generation systems. 
They reported that poly-generation system of conversion of 
natural gas to electricity and light olefins is more efficient 
than single purpose (Qian et al. 2009). In order to simulate 
and model the ethylene production process by oxidative 
dehydrogenation of ethane Gaffney et al. utilized HYSYS 
simulator (Gaffney et al. 2021).

In the MTO process, the performance of different units 
depends on several factors and interactions with different 

complexities. Accordingly, selection of robust statistical 
approach to identify the importance of each factor is of interest. 
One-factor-at-a-time (OFAT) approach is not able to cover the 
interaction between parameters. Further, the number of experi-
ments in this approach is huge. So, in this study design of 
experiment (DoE) technique was used. Note, less experiments 
number and considering the interactions between parameters 
make the DoE approach a shining alternative option. This 
methodology was used in different fields of engineering for 
design of experimental layout (Gholamzadehdevin and Pakzad 
2019; Mahmoudian et al. 2022; Kazemzadeh et al. 2016; Al-
Dahhan et al. 2017; Aghasadeghi et al. 2017; Moghaddam 
et al. 2016; Zeynali et al. 2016). DoE including a broad range 
of practical statistical techniques. In current work, response 
surface methodology (RSM) is used to make the design layout.

The novelty of this work is to use the DoE method in a 
way that the simulation of the process was done using Aspen-
HYSYS and a model based on statistical approach is devel-
oped. Further, finding the optimum condition was done 
using desirability function. First, the separation process in 
MTO is described and simulated using Aspen-HYSYS V9 
(35.0.0.270). The separation section of MTO process is com-
prised of three distillation columns. Each of these units are 
assessed using RSM to find the important factors and develop 
a robust statistical model. The developed models are used for 
optimization of each unit. DoE and subsequent optimization 
were performed by Design Expert V7. The main goal of this 
optimization is to develop a tool to improve the yield of olefin 
separation in MTO process as an economic and green route. 
By developing the polynomial model, the performance of 
distillation columns will be predicted. According to author’s 
knowledge, researches on modelling and simulation of olefins 
production from methanol are scares. The conceptual design 
of this work is based on the work of Yu and Chien (Yu and 
Chien 2016).

Methodology & procedure

Process mechanism

The mechanism of MTO is not completely determined. Metha-
nol is converted to dimethyl ether (DME) through dehydra-
tion as an intermediate substance. In the next step, DME is 
converted to olefin and water. It is important to note that the 
involved reactions are more complex. Indeed, there is a net-
work of reactions in this process (Abdulwahab 2018). Taheri 
et al. reported 10 elementary reactions to describe MTO pro-
cess as follows (Taheri Najafabadi et al. 2012):

(1)2CH3OH
K1

↔CH3OCH3 + H2O



4789Chemical Papers (2022) 76:4787–4794	

1 3

The order of reactions 1 and 2 is assumed to be 1 and 
the other reactions are elementary. The conversion value of 
this process is assumed to be 95% (Abdulwahab 2018). The 
MTO reaction is exothermic and operates at 350–550 °C 
and 2–3 bar in vapour phase. This is reported that higher 
operative temperature and pressure lead to higher propylene/
ethylene ratio (Yu and Chien 2016).

Process description

The component in this process are methanol, ethylene, dime-
thyl ether, and water. The MTO process is comprised of 
three sections, including reaction, conditioning, and sepa-
ration section. Since the MTO reaction is exothermic, the 
effluent gases from MTO reactor have high temperature and 

(2)2CH3OCH3 →
k2 C2H4 + 2CH3OH

(3)2CH3OH →
k3 C2H4 + 2H2O

(4)C2H4 + CH3OCH3 →
k4 C3H6 + CH3OH

(5)C3H6 + CH3OCH3 →
k5 C4H8 + CH3OH

(6)C4H8 + CH3OCH3 →
k6 C5H10 + CH3OH

(7)CH3OH →
k7 CO + 2H2

(8)CO + H2O →
k8 CO2 + H2

(9)CH3OH + H2 →
k9 CH4 + H2O

(10)C2H4 + H2 →
k10 C2H6

could be used for generating of heat and power. In Fig. 1, 
the block flow diagram of MTO process has been presented. 
Methanol feed after passing through heat exchangers enters 
into the MTO reactor. This reactor is a fluidized bed type. 
This type of reactor is efficient in removal of reaction heat 
(Dimian and Bildea 2018). The outlet from MTO reactor 
is cooled and enters into two quenching columns. In these 
columns raw olefin is separated from unreacted methanol, 
catalyst particles, carboxylic acids, and heavy hydrocarbons 
that are soluble in produced water. After conditioning step, 
the olefin stream enters into two separation sections. In first 
separation section, this stream is divided into three parts. 
The first part (including methane, hydrogen, carbon monox-
ide etc.) could be used as fuel gas. The second part includes 
C4 and C5 (heavy products). And the third part (including 
ethylene, ethane, propylene, and propane) enters into second 
separation section. The second separation section comprises 
of three columns termed C2 stripper, dethanizer, and C3 
stripper. The goal of this section is to produce pure ethylene 
and pure propylene.

Design of experiment

Design of experiment (DoE) is important to perform a 
well-planned investigation of a complicated system. As 
mentioned earlier, without DoE, the analysis of collected 
data is not statistically correct. Indeed DoE helps researchers 
to investigate the effects of important operative parameters 
on the responses of a process to establish a mathematical 
relation between input–output parameters. RSM provides 
better tuning to find optimum condition in comparison with 
other DoE techniques such as factorial and fractional fac-
torial design. So, RSM requires more data than two level 
factorial techniques. There are three type of points termed 
as full or fractional factorial, centre, and star or axial points. 
Centre points and star points provide a robust estimate of 
pure error and quadratic effects, respectively. The number 

Fig. 1   Block flow diagram 
(BFD) of MTO process



4790	 Chemical Papers (2022) 76:4787–4794

1 3

of experiments designed through RSM is determined as 
follows:

where n and C are the numbers of factors and centre points, 
respectively. It is clear that by increasing the number of fac-
tors, the number of experiments rises exponentially. So, the 
cost and time of running the study would increase. To face 
this issue, two-level factorial designs approach could be used 
to explore which parameters are important. And RSM would 
be used to design experimental layout only for important 
factors.

Result and disscussion

In this section, the second separation section of MTO pro-
cess is investigated and simulated by Aspen Hysys coupled 
with DoE method. The properties of stream entered into this 
section is obtained from the work of Yu and Chien (Yu and 
Chien 2016). The separation section included three units: 
C2/C3 separation column, deethanizer, and propylene/pro-
pane separation column. In Fig. 2, the process flow (PFD) 
diagram of this separation section has been shown.

In C2/C3 distillation column, the sum of absolute values 
of condenser and reboiler power as well as the mole fraction 
of C2 (ethylene and ethane) in top stream were selected as 
the index of separation performance. The distillation column 
was simulated using Aspen Hysys. To assess the effects of 
operative variables on separation yield, RSM was selected 

(11)N = 2
n
+ 2 × n + C

for designing the experimental layout. The ranges of the 
operational variables are presented in Table 1.

The analysis of variance (ANOVA) is a method to inves-
tigate the effect of model terms. The modified ANOVA 
for the sum of absolute values of condenser and reboiler 
power is shown in Table 2. Due to p-value less than 0.05, 
it is concluded that the model is significant. According to 
ANOVA table, A, B, C, A2, B2, and BC are significant model 
terms. R2 value is 0.9998. Further, the values of adjusted 
and predicted R2 are 0.9996 and 0.9991, respectively. Simi-
lar assessment was done for the mole fraction of C2 in top 
stream. For this response, R2 value is 0.9259. But adjusted 
and predicted R2 values are less than the R2 values related 
to the other responses.

The 3D plot of the power consumption of C2/C3 distil-
lation column in terms of reflux ratio and pressure while 
the number of stages was held constant at 29 is presented 
in Fig. 3. It is found that the effect of reflux ratio on the 
power consumption in condenser and reboiler is severe than 
column pressure. The effect of column pressure on power 
consumption increases by increasing the reflux ratio. By 
increasing the reflux ratio, the power consumption increases, 
either at low or high pressure.

Fig. 2   Process flow diagram 
(PFD) of the second separation 
section

Table 1   The range of operative variables in C2/C3 separation column

Parameter Code Range

Column stage A 10–48
Reflux ratio B 0.2–2
Column pressure (kPa) C 1000–3000
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In optimization approach of C2/C3 distillation column, 
two different goals have been considered simultaneously:

•	 Ι: Maximizing the C2 fraction in top stream
•	 ΙΙ: Minimizing the sum of absolute values of condenser 

and reboiler power

Due to technical limitation, the lower temperature of top 
stream was set at − 20 °C. Desirability function method was 
used to find the optimum condition. Some conditions have 
been presented in Table 3.

The first row of Table 3 was selected as optimum condi-
tion and the C2/C3 separation was designed according to 
this condition. The composition of top and bottom stream 

Table 2   Reduced ANOVA table 
for C2/C3 separation column

Source Sum of squares df Mean square F value p-value, prob > F

Model 3.077E + 006 6 5.128E + 005 6125.38  < 0.0001
A 537.72 1 537.72 6.42 0.0350
B 2.900E + 006 1 2.900E + 006 34,636.82  < 0.0001
C 1.347E + 005 1 1.347E + 005 1609.34  < 0.0001
BC 38,864.72 1 38,864.72 464.23  < 0.0001
A2 894.57 1 894.57 10.69 0.0114
B2 2863.12 1 2863.12 34.20 0.0004
Residual 669.75 8 83.72
Cor total 3.078E + 006 14

Fig. 3   3D plot of the predicted 
power consumption as a func-
tion of reflux ratio and pressure 
of the distillation column

Table 3   Optimized conditions 
for C2/C3 separation column

Number No. stages Reflux ratio Column pressure Qc + Qr C2 fraction TC Desirability

1 32 1.44 30.00 1555.5 0.986279 − 12.5053 0.740
7 34 1.45 30.00 1562.68 0.987189 − 12.55 0.740
12 36 1.44 30.00 1557.97 0.986487 − 12.5154 0.740
13 27 1.42 30.00 1547.53 0.984922 − 12.4388 0.739
14 39 1.42 30.00 1547.26 0.984799 − 12.4332 0.739
16 46 1.42 30.00 1558.43 0.984966 − 12.441 0.735
17 32 1.22 24.30 1519.62 0.979228 − 19.9994 0.733
18 32 1.22 24.30 1519.47 0.97921 − 19.9992 0.733
19 48 1.22 24.60 1535.89 0.979094 − 19.517 0.726
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of C2/C3 separation column operated in optimum condition 
is presented in Table 4.

Deethanizer column

The top stream of C2/C3 separation column was entered 
into the deethanizer column. Similar to C2/C3 separation 
column, RSM was used to design of experiment, modelling, 
and optimization of deethanizer performance. It should be 
noted that the pressure of deethanizer needs to be equal to or 
less than the C2/C3 separation column. The range of reflux 
ratio and column pressure are similar to C2/C3 separation 
column. But, the range of separation stages is 20–70.

The ANOVA table for the ethylene composition in top 
stream was modified using backward elimination. It is found 
that A, B, C, AB, BC, A2 and B2 are significant model terms. 
R2 value is 0.9956. Further, the values of adjusted and pre-
dicted R2 are 0.9911 and 0.9776, respectively. In Fig. 4, the 
ethylene fraction in top stream of deethanizer is shown in 
terms of reflux ratio and number of stages. As shown, the 
number of separation stages could not change the ethylene 
fraction value in top stream, effectively. But, the amount of 
ethylene would increase with increase in reflux ratio.

Optimization strategy was selected similar to C2/C3 sep-
aration column one. Accordingly, the optimum condition 
was determined. The optimum No. stages, reflux ratio, and 

column pressure are 55, 1.48, and 2516 kpa, respectively. 
So, the deethanizer was designed according to this condi-
tion. The properties of top and bottom stream of deethanizer 
column in optimum design mode is presented in Table 5.

Propane/propylene separation column

The bottom stream of C2 stripper was entered into the pro-
pane/propylene separation column. The fraction of propyl-
ene in top stream, the required power for condenser and 
reboiler, and temperature of top distillate were selected as 
responses. The range of reflux ratio and column pressure 
are similar to C2/C3 separation column. But, the range of 
separation stages is 50–199.

In Fig.  5, the changes of distillate temperature are 
depicted in terms of column pressure and number of sepa-
ration stages. As shown, the response would not change by 
increasing or decreasing the number of separation stages. 
Adversely, an increase in column pressure results in increas-
ing the temperature. For optimization, the aim is to have 
maximum purity of propylene as well as minimum power 
consumption. In contrast with previous units, in propylene/
propane separation column, there is no restriction for tem-
perature. Accordingly the optimum condition is presented 
in Table 6.

Table 4   Outlet composition (% molar) of C2/C3 separation column 
operated in optimum condition

Ethylene Ethane Propane Propylene

Top stream 97.0745 2.6738 0.02480 0.0037
Bottom stream 0.0935 0.1630 92.9674 6.7761

Fig. 4   3D plot of the predicted 
ethylene fraction in top stream 
of deethanizer as a function of 
reflux ratio and No. stages of 
the distillation column

Table 5   Outlet composition (% molar) of deethanizer column oper-
ated in optimum condition

Ethylene Ethane Propane Propylene

Top stream 98.9133 1.0867 0.0000 0.0000
Bottom stream 38.0394 53.5922 8.2047 0.1237
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Conclusion

In this work, methanol to olefin (MTO) process has been 
studied. The second separation section of the process has 
been simulated using Aspen-Hysys coupled with design of 
experiment (DoE) approach. The effect of column stage, 
reflux ratio, and column pressure on the performance of dif-
ferent units of second separation section were assessed. The 
sum of absolute values of condenser and reboiler power, 
component composition in top stream of columns, and tem-
perature of top stream were selected as responses. R2 value 
of statistical model for the sum of absolute values of con-
denser and reboiler power in C2/C3 separation column is 
0.9998. The model developed for the prediction of ethylene 
composition in top stream of deethanizer column has the R2 
value of 0.9956. The R2 value of model developed for the 
temperature of top stream of C3 stripper column was 0.9996.
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