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Abstract: Methanol production via carbon dioxide (CO;) hydrogenation is a green chemical process,
which can reduce CO, emission. The operating conditions for minimum methanol production cost
of three configurations were investigated in this work. An artificial neural network with Latin
hypercube sampling technique was applied to construct model-represented methanol production.
Price sensitivity was performed to study the impacts of the raw materials price on methanol production
cost. Price sensitivity results showed that the hydrogen price has a large impact on the methanol
production cost. In mathematical modeling using feedforward artificial neural networks, four different
numbers of nodes were used to train artificial neural networks. The artificial neural network with
eight numbers of nodes showed the most suitable configuration, which yielded the lowest percent
error between the actual and predicted methanol production cost. The optimization results showed
that the recommended process design among the three studied configurations was the process of
methanol production with two reactors in series. The minimum methanol production cost obtained
from this configuration was $888.85 per ton produced methanol, which was the lowest methanol
production cost among all configurations.

Keywords: simulation-based optimization; process design; methanol production via carbon dioxide
hydrogenation; process configurations comparison; artificial neural network

1. Introduction

Many greenhouse gases (GHGs) are naturally present in the atmosphere. Carbon dioxide, which
causes global warming, is one of the most emitted by anthropogenic. Nowadays, carbon dioxide
presents 76% of the total sources of greenhouse gas [1]. An increase in the amount of carbon dioxide
in the air leads to the challenge of carbon dioxide capture and utilization. Carbon dioxide could be
used as a reactant to produce sustainable energy, like methanol and dimethyl ether [2]. Methanol
synthesis is considered as the second largest production from carbon dioxide conversion, after urea
production [3]. Methanol is a very valuable chemical, giving products such as dimethyl ether, methyl
tertiary-butyl ether, formaldehyde, and acetic acid, and has direct use as fuel [4].

Methanol or methyl alcohol is an environmentally-friendly fuel due to its combustion not
producing toxic byproducts like SOy or NOy [5]. The advantages of using methanol as a fuel are
that it has lower risks, lower emissions, and higher performances than gasoline [6]. The methanol
production scale was reported in Market Analytics: Methanol and Derivatives—2018 [7], showing that
the world scale has been constantly increasing. From all of methanol demands, 28% of the demand is
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used in the methanol to olefin (MTO) industry and 23% of the demand is used in the formaldehyde
production process.

Conventionally, methanol was produced by syngas. The first commercial methanol synthesis
plant was established in 1923 by BASF with operating conditions of 300 bar and temperature above
300 °C. Due to the high pressure and temperature of methanol synthesis, copper-based catalyst was
introduced to reduce that limitations. The Cu-ZnO/Al,O3 catalyst was performed in the reaction of
methanol synthesis with operating conditions of 50-100 bar and 200-300 °C. The improvement of
catalysts to higher performances and methanol yield were studied [8-10]: for example, an increase in
methanol production rate by doping Mn to Cu/ZnZr catalyst or coding Pd/ZnO over multi-walled
carbon nanotubes [8]. Furthermore, methanol could be manufactured using carbon dioxide and
hydrogen, called carbon dioxide hydrogenation.

In the past decade, methanol production from pure carbon dioxide and hydrogen (carbon dioxide
hydrogenation) feeds was proposed as a green chemical process that supports carbon dioxide mitigation.
Bowker [4] suggested not only that sustainable methanol synthesis should be produced from green
sources of carbon but also that hydrogen must not be derived from fossil fuels. The cost of methanol
production via carbon dioxide hydrogenation is higher than the cost of methanol production via natural
gas, due to the price of hydrogen used in hydrogenation. The hydrogenation process also consumes
more energy than the methanol production process from syngas. Tidona et al. [11] reported that energy
consumption of the conversion of carbon dioxide and hydrogen is 26% higher than syngas-to-methanol
production. Other researches also reported that carbon dioxide hydrogenation required a 2 to 2.5 times
higher cost than conventional process and consumed more utilities [12,13].

Several processes of modification and optimization were studied to reduce the cost and energy
consumption of the carbon dioxide hydrogenation process, and to achieve mitigation of carbon dioxide
emission to the atmosphere [12,14-17]. Pellegrini et al. [14] modified the methanol production plant
configuration; the gases recycled were used to feed a combined-cycle energy plant. The two stages of
reforming and carbon dioxide hydrogenation of the sustainable carbon dioxide conversion process
were compared to the conventional methanol production plant. The development of these process
could reduce net carbon dioxide emissions, especially in the case of carbon dioxide hydrogenation.
The cost of direct conversion via carbon dioxide hydrogenation is considered to be high due to the
large amount of hydrogen consumption and high hydrogen price [15].

For studies of operating conditions of the reactor for methanol production via carbon dioxide
hydrogenation, the temperature range of 200250 °C [18,19] and the pressure range of 15-55 bar were
studied [19]. Leonzio et al. reported that high operating pressure and low operating temperature can
increase carbon dioxide conversion [19]. The operating conditions of reactor 210 °C and 78 bar resulted
in 94% carbon dioxide conversion [20].

Many researches on process modeling and optimization of methanol production via CO,
hydrogenation were studied to increase methanol production capacity. Leonzio [16] used ANOVA to
perform the methanol reactor model using a central composite design to investigate the significance of
each parameter on the reactor performance. If the temperatureis increased, the carbon dioxide/hydrogen
feed ratio is decreased, and the recycle ratio is increased, higher methanol productivity could be
obtained. After that, methanol production was studied with different three novel reactor configurations:
once-through reactor, equilibrium reactor with recycling, and membrane reactor with separator,
using Aspen Plus. The reactor with recycling showed that a higher methanol product occurs when the
recycle ratio is increased and ensures higher efficiency when compared with other reactor schemes [19].
The study of process modeling and simulation in [17] was performed with different model configurations.
The results indicated that methanol production with two reactors in series have the advantage of
low production cost at maximum capacity. The optimization of temperature before entering the first
reactor of 160 °C with the recycle ratio of 1.197 could help in the minimization of heat integration
and production cost. Borisut and Nuchitprasittichai [21] performed simulation-based optimization to
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minimize the cost of methanol production via CO, hydrogenation. Response surface methodology
(RSM) was used to represent methanol production and optimized the methanol production cost.

In simulation-based optimization, an optimization algorithm uses mathematical functions as
the objective functions and solves the problems via minimization or maximization of a function.
The mathematical functions can be nonlinear regression models or metamodels such as an Artificial
Neural Networks (ANNSs). An artificial neural network works by surrogate modeling, a powerful
tool for many applications, and can fit complex nonlinear function [22]. Artificial neural networks
are widely used in many processes in chemical engineering to model functions, e.g., carbon dioxide
absorption or a ethylene cracking furnace [22-25]. In the case of methanol production, an artificial
neural network was used to model and optimize the process. The modification and optimization of the
carbon dioxide hydrogenation unit to maximize the amount of produced methanol was investigated
using an artificial neural network and verified with industrial plant data [26]. The input of the model
were the inlet pressure and inlet temperature of the reactor. The multilayer perceptron (MLP) network
was determined to select the number of nodes by trial and error. The results indicated that higher
methanol production was produced with an increase of the reactor inlet pressure and decrease in
reactor inlet temperature. Ye [25] used an artificial neural network with three layers to investigate
the influences of decision parameters on methanol concentration and carbon monoxide conversion.
The results showed that a simple artificial neural network has a fair consistence with experimental
results and the data of the outputs indicated that methanol concentration and carbon monoxide
conversion were increased with an increase in pressure from 10 to 30 bar.

However, modelling and optimization of the methanol production process via carbon dioxide
hydrogenation, which compares process configurations and optimizes process parameters for a minimum
production cost, has not been studied. This work studied methanol production with three different
configurations and an applied artificial neural network as an objective function in the optimization
problem. For artificial neural networks training, a different number of nodes was considered. The model
representation with an artificial neural network was solved to obtain the minimum methanol production
cost in a unit per ton of produced methanol and optimal operating conditions. The optimization
problem was solved using an optimizer.

This paper is organized as follows: Section 2 gives detail of process configuration and economic
evaluation. Section 3 gives detail of sampling techniques, artificial neural network, and optimization
formulation. Section 4 discusses the suitable configuration and results of optimization. Section 5 gives
the conclusion.

2. Process Simulation and Economic Evaluation

In this section, three different configurations of the methanol production process—configuration
I: once-through reactor methanol production; configuration II: methanol production with recycling;
and configuration III: two reactors in series—were compared in terms of their methanol production costs.

2.1. Process Simulation

Methanol Production via a carbon dioxide hydrogenation process was simulated using ASPEN
HYSYS V10.1 process simulator with a Peng—Robinson fluid package. Feeds of 1000 kmoles per hour
of carbon dioxide at 40 °C, and 3000 kmoles per hour of hydrogen at 25 °C, were fed to a mixer at a
pressure of 20 bar. After that, the feed stream was compressed to a design reaction pressure and heated
to a design reaction temperature. The methanol production process contains two sections. The first
section is methanol production in which the methanol product was produced from reactants in an
equilibrium reactor. The second section is methanol purification. In the methanol purification process,
liquid methanol product was sent to the first distillation column to separate light components (carbon
dioxide, carbon monoxide, and hydrogen) from a mixture of methanol and water. The bottom stream of
the first distillation, which contains only methanol and water, was sent to the second distillation column
to separate water from the methanol product. The purity of the methanol product is 99.5% by mole.
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For the study of three different process configurations, the compositions, conditions, and flow
rate of hydrogen and carbon dioxide feeds were the same for all configurations. In what follows,
the configuration details of each process are described.

2.1.1. Configuration I: Once-Through Reactor Methanol Production

Feed of reactants (hydrogen and carbon dioxide) were sent to an equilibrium reactor at design
conditions to produce methanol with reactions as shown in Equations (1)—(3) [11]. After the product
stream left the equilibrium reactor, the steam temperature was decreased. The product stream was
sent to the purification process. The process simulation of this configuration is shown in Figure 1a.

CO; + Hy & CO + HyO AH300K = 41.2 k] per mole CO, 1)
CO + 2H; < CH30OH AH300K = -90.4 k] per mole CO, 2)
CO, + 3H; < CH3OH + H,O AH300K = -49.2 k] per mole CO, 3)

2.1.2. Configuration II: Methanol Production with a Recycle

In this configuration, after the product stream left an equilibrium reactor, the methanol product
was separated as liquid by decreasing the temperature. The vapor phase of the separator was fed back
(recycled) to a mixer to combine with the feed stream of reactants. The recycle ratio was adjusted to
separate the vapor phase of the product into two streams (recycle stream and vapor product stream,
which combined with liquid product stream). After that, the product streams were combined and sent
to a purification process. The process simulation of this case is shown in Figure 1b.

2.1.3. Configuration III: Methanol Production with Two Reactors in Series

In this configuration, in the first equilibrium reactor, reactants were partially converted to methanol
product. The temperature of the product stream was decreased to separate the methanol product as a
liquid. The remaining reactants (vapor phase) were fed to the second equilibrium reactor by increasing
the pressure. The second equilibrium reactor was used to produce more methanol product. All of the
liquid methanol products were combined and sent to the purification process. The process simulation

of this case is shown in Figure 1c.
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Figure 1. Process simulation of the methanol production via carbon dioxide hydrogenation:
(a) configuration I; (b) configuration II; and (c) configuration IIL

In the simulation, reactors with equilibrium model used reaction sets following Equations (1)-(3).
Compressors efficiencies were assumed to be adiabatic at 75%. Reflux ratio of column T-100 was
specified at 0.6, and condenser temperature was specified at 25 °C. For specifications of column T-10,
the reflux ratio was specified at 30, and methanol purity was specified at 99.5% by mole. Details
of the parameters of the process simulation for each process configuration can be found in the
Supplementary Materials.

2.2. Economic Evaluation

The analysis of economics for the methanol production cost includes capital and operating costs.
The capital cost was estimated by using data from the capital equipment-costing program [27]. Cost of
piping was not included in the analysis of economics. The value of the Chemical Engineering Plant
Cost Index (CEPCI) in 2017 was used to adjust for inflation from 2001 to 2017. The CEPCI value in
2017 was 541.7 [28]. Assumptions used in the economic analysis were followed [21]. The price of a
pure carbon dioxide feed was $30 per ton, and the price of hydrogen from electrolysis was $3230 per
ton, as obtained from CarbonBrief [29].

Price Sensitivity

The methanol production cost not only depends on its operating conditions but also on the prices
of raw materials. Therefore, this section studies impacts of raw material prices on methanol production
cost. Configuration III: methanol production with two reactors in series was used as a case study.
This is due to this configuration requiring the lowest methanol production cost compared to the other
cases. Sensitivity analysis of prices of carbon dioxide and hydrogen were studied by varying the price
of each one of the reactants within the range of +25 and +50 percent from its base price, and fixing
another price parameter at its base value. In this study, the base price of carbon dioxide was $30 per
ton, and the base price of hydrogen was $3230 per ton.

3. Simulation-Optimization Methodology

The simulation-optimization methodology of this work is shown in Figure 2. There are three
decision variables for configuration I: once-through reactor methanol production; four decision
variables for configuration II: methanol production with a recycle; and five decision variables for
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configuration III: the methanol production with two reactors in series. The list of decision variables
and range of each variable for each process configuration are shown in Table 1la—c.

Figure 2 shows the optimization algorithm which uses ANN as the objective function. In the
algorithm, a suitable ANN configuration was first determined, and then the function was optimized.
The algorithm started with the range of each decision variable. Based on previous researches [18-21],
the range of each decision variable was selected as shown in Table 1. Then, a data set of decision
variables was selected using Latin hypercube sampling (Section 3.1) with an amount of ten times n
sample points, where n is the number of decision variables. The corresponding methanol production
costs were obtained using process simulation and cash flow analysis.

Artificial neural networks (Section 3.2) with four different nodes (8, 9, 10, and 11 nodes) were
constructed. For each number of nodes, the sample points were trained. The mean square error (MSE)
of a test set was used as a criterion to determine the suitable ANN configuration (number of nodes).
The ANN network was trained until MSE values kept decreasing for five consecutive iterations. Then,
ANN parameters (weight and bias) were collected and used as an objective function in the optimization
problem. The objective of the optimization problem was to minimize the methanol production cost

(Section 3.3).
Range of decision
variables

Sample points generated from
LHS

!

Process simulation and
cash flow analysis

l Methanol production cost: y

Construct ANN with 4 different
number of nodes
(8,9,10,11 nodes)

Train the sample points for each
number of nodes
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minimum for 5

consecutive
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The minimum methanol
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Compare % error for
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The minimum %
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Collect data
» Objective function
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Figure 2. Algorithm for Latin hypercube design for artificial neural network training.
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Table 1. (a) Range of the decision variables of configuration I; (b) range of the decision variables of
configuration II; (c) range of the decision variables of configuration III.

(a)
Range
Decision Variables
Upper Lower
Pressure of the equilibrium reactor 69 73
Temperature of the equilibrium reactor 189 193
Temperature of the stream entering a separator 65 75
(b)
Range
Decision Variables
Upper Lower
Pressure of the equilibrium reactor 50 70
Temperature of the equilibrium reactor 190 210
Temperature of the stream entering a separator 60 80
Recycle ratio 0 1
(c)
Range
Decision Variables
Upper Lower
Pressure of the first equilibrium reactor 50 70
Temperature of the first equilibrium reactor 190 210
Temperature of the stream entering a separator 60 80
Pressure of the second equilibrium reactor 100 140
Outlet temperature of the liquid stream cooler 60 80

after the second equilibrium reactor

3.1. Latin Hypercube Sampling (LHS)

Latin hypercube sampling was used in this work for data collection to build the ANNSs. For this
sampling technique, the number of sample points (N) has to be specified in advance. Sample points
from LHS are generated by dividing equally the range of each independent variable into N ranges.
Sample points are then randomly chosen from each range of each variable. An example of five sample
points generated from LHS with two decision variables is represented in Figure 3.

08 ®

0.6

0.4

0.2

X

Figure 3. Experimental design: Latin hypercube sampling.
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3.2. Artificial Neural Networks

An artificial neural network (ANN) is a mathematical expression consisting of interconnected
processing units known as neurons [30]. The parameters of the network contain weight and bias and at
each neuron operate using a transfer function. In this work, the feed-forward neural network with three
layers (input layer, hidden layer, and output layer) was used to train the data sets. The hidden layer
consists of nodes which connect the flow information between input layer and output layer. The number
of nodes is based on a complex relationship between input and output signals. Four different numbers
of nodes in the hidden layer were studied in this work. Figure 4 represents the schematic of the
feed-forward neural network with a single hidden layer used in this work. The training algorithm is
Levenberg-Marquardt, which automatically stops when the generalization stops improving. The data
was separated as 70% of the training set, 15% of the validation set, and 15% of the testing set.

X')—P
Xy _,

Input layer Hidden laye1 Output layer

Figure 4. The schematic of the feed-forward neural network with a single hidden layer.
3.3. Optimization Formulation

The objective functions in this work were obtained by training the data set with an artificial neural
network. The objective function represents the methanol production costs. In this work, the artificial
neural network was used an objective function, as shown in Equations (4) and (5). This ANN’s three
layers design, which consists of input, hidden and output layers, was trained using the function nnstart
in MATLAB. The sigmoid function and linear function were used to represent the data in the hidden
layer and output layer, respectively, with the Levenberg-Marquardt algorithm.

The optimization formation of an artificial neural network follows:

MIN : y = (Z W2, x Llr] +B2 )
r

2

Subject to : L1, = 1+ e-2(, (Wlyxx,)+Bl,) 1 ®)

with x.€ [-1,1]; decision variables corresponding to each configuration. where # is the number of
decision variables,  is the number of neurons in the hidden layer, W1 and W2 are input weights of
the hidden layer and output layer, respectively, and B1 and B2 are biases of the input and output
layer, respectively.

4. Results and Discussion

4.1. Price Sensitivity

Figure 5 shows the impacts of hydrogen and carbon dioxide prices on methanol production
costs. Each methanol production cost shown in Figure 5 was the minimum cost obtained from process



Energies 2020, 13,0 90of 13

optimization. In the case of an impact of hydrogen price, the results showed that hydrogen price has
significant impacted on methanol production costs. An increase of hydrogen price from its base value
by 50 percent resulted in an increase of the minimum methanol production cost of 38 percent. If the
hydrogen price decreases 50 percent from its base price, the minimum methanol production cost (per
ton produced methanol) can be decreased from $890.75 to $585.58.

In the case of the impact of the carbon dioxide price, the minimum methanol production cost
slightly increases as the price increases. Hence, the carbon dioxide price has slightly impacted on the
minimum methanol production cost. This is because the amount of the hydrogen feed was consumed
three times higher than the carbon dioxide feed. The optimization of the operating conditions can
offset an increase of carbon dioxide price, but the optimization problem cannot offset the increase of
hydrogen price. In order to make methanol production via carbon dioxide hydrogenation a sustainable
process, the price of hydrogen has to be considered.

1300
~ —e— impact of CO, price
& 1200 4| —&— impact of H, price
2
=
= 1100
g
e
8 1000 -
&

2 900 -
(]
g
2
51 800 A
s
=
2 700 4
g
£ 600
=

500 T T T T T
—50% —25% 0 25% 50%

percent from base price
Figure 5. The impact of carbon dioxide and hydrogen prices on methanol production cost.
4.2. Comparison of Different Process Configurations

Table 2 shows the optimization results for each number of nodes of each process configuration.
The ANNs were trained with four different numbers of nodes (8,9, 10, 11). From Table 2a: for configuration
I (once-through reactor methanol production), the obtained minimum methanol production cost was
$2353.56 per ton produced methanol. The ANN structure with eight nodes yielded the lowest percent
error, 0.563. From Table 2b: for configuration II (methanol production with a recycle), the obtained
minimum methanol production cost was $928.04 per ton produced methanol. This lowest cost and
percent error were obtained from the model of an ANN structure with eight nodes (percent error, 0.077).
From Table 2c: for configuration III (methanol production with two reactors in series), the obtained
minimum methanol production cost was $888.85 per ton produced methanol. The ANN structure
was the same as for the two other process configurations, the structure with eight nodes (percent
error, 0.104). When comparing these three configurations, the results showed that the configuration
III (methanol production with two reactors in series) process required the lowest methanol production
cost. The ANN with eight nodes was the most suitable configuration to represent the relation between
operating conditions and methanol production cost for this case study (with all percent errors less
than one). The ANN parameters (weight and bias) of each process configuration are included in
Supplementary Materials.
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Table 2. (a) Results of fitting data with artificial neural networks for configuration I: once-through
reactor methanol production; (b) Results of fitting data with artificial neural networks for configuration
II: methanol production with a recycle; (c) Results of fitting data with artificial neural networks for
configuration III: methanol production with two reactors in series.

(a)
Number of nodes (N) 8 9 10 11
R-squared 0.9987 0.9891 0.9717 0.9925
Mean square error (MSE) ~ 1.01x10°  3.63x107% 546x10° 574x1073
Predicted cost ($/ton) 2340.31 2284.50 2291.88 2280.82
Actual cost ($/ton) 2353.56 2330.03 2334.02 2337.94
Error (%) 0.563 1.954 1.805 2.443
(b)
Number of nodes (N) 8 9 10 11
R-squared 0.9981 0.9972 0.9966 0.9983
MSE 142x1073  3.02x10° 138x107% 1.15x1073
Predicted cost ($/ton) 928.76 973.41 770.24 724.95
Actual cost ($/ton) 928.04 964.83 949.68 942.38
Error (%) 0.077 0.889 18.895 23.072
(c)
Number of nodes (N) 8 9 10 11
R-squared 0.9669 0.9910 0.9922 0.9884
MSE 721x107%  3.02x107  201x10% 291x1073
Predicted cost ($/ton) 887.93 886.95 889.81 889.14
Actual cost ($/ton) 888.85 888.70 968.31 968.31
Error (%) 0.104 0.197 8.106 8.177

4.3. The Optimal Solutions

In this section, Table 3 shows the optimal operating conditions and the minimum methanol
production cost of each process configuration. Table 4 shows energy consumption and energy cost for
each equipment for the three process configurations.

Table 3. Optimal operating conditions and minimum methanol production cost of the three configurations.

Optimal Conditions

Decision Variables
ConfigurationI =~ Configuration II  Configuration III

Pressure of the first equilibrium reactor 71.95 70 70
Temperature of the first equilibrium reactor 191.99 192.10 199.04
Temperature of the stream entering a separator - 61.24 80
Temperature of cooler 71.14 - -
Recycle ratio - 1 -
Pressure of the second equilibrium reactor - - 100
Outlet temperature of the liquid stream cooler ) } 80
after the second equilibrium reactor
Predicted cost ($/ton) 2340.31 928.76 887.93
Actual cost ($/ton) 2353.56 928.04 888.85
Error (%) 0.563 0.077 0.104

For configuration I (once-through reactor methanol production), the minimum methanol
production cost was $2353.56 per ton produced methanol. The corresponding optimal operating
conditions were as follows: pressure at the equilibrium reactor of 71.95 bar, temperature at the
equilibrium reactor of 192 °C, and the temperature of the cooler of 71.14 °C. The minimum methanol
production cost of this configuration was considered high because there was only one reactor, and carbon
dioxide conversion was around 50 percent. The total energy consumption of this configuration was
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5847.6 kW. However, the methanol production cost per ton was high due to a low amount of methanol
product (12,358 kg/h).

Table 4. Energy consumption and energy cost for each equipment for three configurations.

Energy Consumption/ Energy Cost

Configuration
Equipment Energy (kW) Cost ($/year)
I K-100 5645.8 6,022,885.6
E-100 201.8 215,234.6
1 K-100 5502.0 5,869,491.4
E-100 6739.8 7,189,968.1
K-100 5502.0 5,869,491.4
I E-100 607.6 648,201.5
K-102 926.6 988,473.4

For process configuration II (methanol production cost with a recycle), the minimum methanol
production cost was $928.04 per ton produced methanol. The optimal operating conditions were
as follows: pressure of an equilibrium reactor of 70 bar, temperature of an equilibrium reactor of
192.10 °C, temperature of the stream entering a separator of 61.24 °C, and recycle ratio of one (full
recycle). The results of this process configuration agreed with the work of Leonzio et al. [19] that a
higher recycle ratio resulted in higher methanol yield. However, the power consumption of a heater
was increased with an increase in the recycle ratio, which results in high methanol production cost for
this process configuration. The power consumption of the heater in this process configuration was ten
times higher than the process configuration without recycle. The total energy consumption of this
configuration was 12,241.8 kW.

For process configuration III: methanol production with two reactors in series, the minimum
methanol production cost per ton produced methanol was $888.85, which is the lowest cost among
the three configurations. The optimal operating conditions were as follows: pressure of the first
equilibrium reactor of 70 bar, temperature of the first equilibrium reactor of 199.04 °C, temperature
of the stream entering a separator of 80 °C, pressure of the second equilibrium reactor of 100 bar,
and outlet temperature of the liquid stream cooler after the second equilibrium reactor of 80 °C.
This configuration resulted in the lowest methanol production cost due to a higher methanol yield
than the other two configurations. The amount of methanol product in the process configuration
was 31,036 kg/h. Moreover, the total energy consumption of this configuration was comparable to
configuration I, being 7036.2 kW.

5. Conclusions

This article compared three different process configurations of methanol production via carbon
dioxide hydrogenation. Latin hypercube sampling was used as a sampling technique to generate
a data set of decision variables. An artificial neural network with four different numbers of nodes
was constructed to represent the relationship between operating conditions and methanol production
cost. Three configurations featured once-through reactor methanol production, methanol production
with a recycle, and methanol production with two reactors in series. Each process configuration was
optimized for the minimum methanol production cost. The minimum methanol production costs were
compared among these process configurations. The results showed that methanol production with
two reactors in series required the lowest methanol production cost. The optimal operating conditions
were as follows: pressure of the first equilibrium reactor of 70 bar, temperature of the first equilibrium
reactor of 199.04 °C, temperature of the stream entering a separator of 80 °C, pressure of the second
equilibrium reactor of 100 bar, and outlet temperature of the liquid stream cooler after the second
equilibrium reactor of 80 °C.
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Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1073/13/24/0/s1, Al:
The detailed simulation of the once-through reactor methanol production, A2: The detailed simulation of the
methanol production with a recycle, A3: The detailed simulation of the methanol production with two reactors
in series, B1: An artificial neural network with eight nodes for the once-through methanol production, B2: An
artificial neural network with eight nodes for the methanol production with a recycle, B3: An artificial neural
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