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Methanol Synthesis 
 

Objective: To Evaluate Predictions of Alternative Models 
In this example, we propose and evaluate Mass Action and Langmuir Hinshelwood (LHHW) models 

for methanol synthesis from CO/CO2/H2 gas mixtures over Copper/Zinc-Oxide/Chromia catalyst in a 

fixed bed  reactor. For each model, the kinetic parameters are estimated by reconciling experimental 

data from [1]. You may download the zip file containing the experimental data and the rex files. 

 

 

Features Illustrated 
● Modelling with Equilibrated Reactions 

● Using Derived Quantities to calculate and report Auxiliary Variables. 

● Building Mass Action and LHHW Models 

● Basics of Reaction Traffic charting capabilities 

● Use of Compare Projects tool to quantify the difference between projects 

 

 

Starting Point: Reaction Network and Experimental Data 

The principal reactions that occurs in the synthesis of methanol from CO/CO2/H2 mixtures are the 

following: 

 

CO-to-Methanol:                        CO + 2H2    ⇄   CH3OH 

CO2-to-Methanol:                      CO2 + 3H2   ⇄   CH3OH  +  H2O 

Water Gas Shift Reaction:         H2O + CO    ⇄   H2  +  CO2  

 

Of those reactions, water gas shift can be assumed to be equilibrated. Formation of higher alcohols is 

not considered. 

 

Available experimental data from [1] are shown in columns A to L of the Methanol-Synthesis.xlsx file 

contained in the zipped file. The specifications of the experiments are summarized below : 

→  Total Molar Flow in Feed: From 0.9 to 3.4 mol/h 

→  Feed Molar Fractions:  

H2 from 22 to 58% 

CO from 16 to 66% 

CO2 from 0 to 33% 

Ar from 2.7 to 14% 

Methanol from 0% in most sets, up to 5.3% 

→  Pressure: from 50 to 100 atm 

→  Outlet Molar Fractions:  

  Methanol 

  Higher Alcohols 

→  Temperature: 285C for all sets 

→  Catalyst Mass: basically constant, from 1.56 to 1.57 gr  
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Strategic Solutions through Optimization Science 

 

Feed molar fractions are converted to inflow moles in columns O to S of the excel file in accordance 

with REX format requirements. Methanol production is given as a molar fraction of the outflow.  

 

 

 

Enforcing Equilibrium for Water Gas Shift (WGS) Reaction 

After defining the compounds and  reactions, we specify the WGS reaction to be at equilibrium: 

 

 
 

 

By selecting as equilibrated, the model assumes that forward and reverse rates are instantaneous 

and: 

 

 
 

We explain below how the equilibrium constant is enforced in the model. 

 

For this example, we define in the Units Configurations node that Partial Pressure is to be used as 

the unit for Concentration. Also, we set compound orders for both directions of the WGS reaction to 

be same as stoichiometric molecularities. Thus, the previous constraint can be rewritten as: 

 

     
 

Rearranging, the equilibrium constant is obtained: 

 

 
 

Now we enforce relationship between equilibrium constant and kinetic parameters such as Pre-

exponential and Activation Energy for both directions of WGS reaction. From the Van’t Hoff equation, 

we can express the equilibrium constant as a function of Temperature by:  
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Strategic Solutions through Optimization Science 

 

 
 

where ΔH represents the heat of reaction, K0 is the equilibrium constant at temperature T0 , and Kp is 

the equilibrium constant at Temperature T. Knowing the equilibrium constant K0 at T0 , we can 

rearrange the previous to: 

 

 
 

Where K
*
 is a value that can be calculated from known values of equilibrium constant K0 at some 

temperature T0. 

For example, we can obtain the equilibrium constant at T0=298.15K by using the standard Gibbs 

energy change of reaction: 

 
 

Given that ΔGo = -28.6 kJ/mol, then K0 = 1.024E+5. 

Using the standard heat of reaction ΔHo = -41.2kJ/mol, we obtain K
*
 = 0.0062. 

 

Replacing the numerical values into the equilibrium constant, we have: 

 

 
 

Substituting the Pre-exponentials and Activation Energies in the rate constant, we have: 

 

 
 

From here, we get relationships for the Pre-exponentials and Activation Energies: 
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Strategic Solutions through Optimization Science 

 

 
 

 

These relationships are held in REX by fixing the following parameters to these values: 

 

AWGS,Forw = 0.0062 

AWGS,Rev = 1 

EWGS,Forw = 0 

EWGS,Rev = 41.2 

 

Please note that the pair of values entered for Pre-exponentials and Activation Energy are not 

unique. Any set of values that satisfy the constraints will give the same results in REX, provided that 

the reaction is set as equilibrated. We fix these parameter values by turning off the Estimation flag for 

the WGS reaction in the Estimation node: 

 

  

 
 

 

 

 

Setting up the REX Project 
Having defined the equilibrated reaction, we now set the reaction orders for the methanol producing 

reactions. 

For CO + 2H2 ⇄ CH3OH reaction, we set order 1 for CO and H2 in the forward direction, reverse 

direction is order 1 for CH3OH. Similarly for CO2 + 3H2 ⇄ CH3OH + H2O, we set order 1 for CO2 and 

H2 for the forward direction, and the reverse direction order is 1 for both CH3OH and H2O. These 

orders are fixed by keeping their bounds closed in the Estimation→Parameters node: 
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Strategic Solutions through Optimization Science 

 

 
 

 

Since the experimental data are all at constant temperature, the Activation Energies are kept fixed at 

zero. Only the pre-exponentials factors for the two reactions that produce methanol will be estimated. 

 

 

Another issue is that the methanol measurement in the reactor effluent is provided as a molar 

fraction. To reconcile this measurement, we need to first define an auxiliary variables in the 

Reactor→Derived Quantities node. First, we add a linear variable that adds all compounds moles: 

 

 

 

 
 

 

 

 

 

Then the methanol fraction is defined as a nonlinear derived quantity: 
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Strategic Solutions through Optimization Science 

 

 
 

 

In the reactor node, a PFR reactor is selected with Pressure as Interpolated from Data and Flow as 

Float for Pressure control. Thus, the gas flow will be automatically calculated to keep the pressure 

fixed to the experimental values entered for the PFR entry. 

 

In the Experiments→Measurements node, the auxiliary variable for methanol fraction is selected as 

measured  so that these values can be entered in the Measurements→Sets nodes. Finally, in the 

Weights node, we select the methanol fraction as the only variable to reconcile, and their weights are 

generated with the Hybrid assumption. 

 

 

 

Mass Action Model  
We start by estimating the Pre-Exponentials for the Mass Action Model, as shown in the 

Methanol_MassAction-1.rex file. For this model, the Weighted Least Square Error is 0.14228 as 

shown in Results node; the pre-exponential values are provided in Results→Parameters node: 
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Strategic Solutions through Optimization Science 

 

The green arrow indicates that the pre-exponential solution value is at its lower bound and in general, 

relaxing the bound should improve the model prediction. However, we would first like to check 

whether the reverse direction of CO2-to-Methanol reaction is significant and if it were negligibly small, 

we could eliminate it from the model. 

We do that by looking at the carbon traffic in Reaction Traffic node. In order to see the Carbon traffic 

we need to fill the carbon atom count for every compound in Chemistry→Compounds→Formula 

node. Then in Reaction Traffic→ Options node we choose Carbon traffic for both directions: 

 

 
 

The carbon traffic is then shown as below: 
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In that chart, the arrow width represents the total carbon moles that reacts (averaged among sets) for 

every reaction and direction. Please note that the reverse of CO2-to-Methanol is very thin compared 

to other reactions. Thus, we may eliminate that direction by unincluding it in the Chemistry→Kinetics 

node and rerun the parameter estimation. This is done in file Methanol_MassAction-2.rex. The 

solution has the same weighted LSQ of 0.14228 obtained before, thus confirming that the removal of 

that direction does not affect the model predictions. 

 

The parity plots for the experimental methanol fractions is shown below: 

 

 

 

 
 

 

 

LHHW Model 
Now we would like to see if further improvements can be obtained by using Langmuir-Hinshelwood- 

Hougen-Watson (LHHW) model. A list of candidate LHHW models for methanol synthesis is reported 

in [2]. Here, we use a simple site formulation accounting for potential surface inhibition by reactants 

or products: 

 

 
 

In Chemistry→Kinetics→Parameters node, we define the LHHW site and their terms: 
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The site is assigned to all LHHW reactions: 
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Strategic Solutions through Optimization Science 

 

In the Estimation→Parameters node, we allow  the  pre-exponentials for Site terms to vary between 

10-7 and 106. After running the project (Methanol_LH-1.rex), we find that some inhibition terms are 

very small: 

 

 

 

 
 

 

 

 

We can compare the magnitude of the site terms by generating the Excel report for the Chemistry 

Information: 
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The average value for the site and for each terms are reported, confirming that the contribution of the 

H2 and CH3OH inhibition terms to total site is negligible. Also we see that Term1 for water has the 

most impact on site inhibition followed by CO2, and a smaller CO inhibition: 

 

 
 

Next, we delete the last two terms and rerun the model. The weighted LSQ error from the new model 

in Methanol_LH-2.rex file is the same, confirming that the removed terms have no effect on the model 

predictions. 

 

 

Comparing Mass Action vs LHHW Model 
In this example we have only one measurement that is reconciled: Methanol molar fraction.  

Its weighted LSQ decreased roughly by half from 0.142 for Mass Action model to 0.068 when 

considering H2O, CO2 and CO inhibition. We can compare their parity charts: 

 

 

 

                       
Mass Action Model       LHHW Model 

 

 

Further comparison can be done in Compare Projects tool. In the navigation bar, Project Explorer is 

selected by default: 
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You may switch to Compare Projects, and then choose the projects to be compared in the grid on the 

right hand side.  

To compare Estimation results the proper box must be checked. After pressing the Apply button, the 

tree on the left hand grid shows all nodes where differences between the project have been found, 

followed by the Estimation Results node where LSQ is compared: 
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Selecting the Estimation Results node, there are several options for values comparison: 

 → Weighted or Unweighted Least Square Errors ( LSQ ) 

 → Numerical columns for the LSQ, with an optional display of column bars 

 → LSQ comparison between the projects for total LSQ, or discriminated between Sets and/or 

Measurements 

 

By clicking in any column header, the rows are sorted automatically. For example if you wish to see 

the sets in which the predictions have improved the most by the LHHW model, you can go to the By 

Sets tab and click the header of the first (numeric) Absolute Difference column: 

 

 
 

 

The bars with green color represent the Sets whose LSQ have a improved from the first to the 

second project selected. Red bars indicate a worsening of prediction in the second project and can 

be seen by scrolling down the list. 
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