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Abstract 

In this work, integrated process design and control of reactive distillation processes is considered 

through a computer-aided framework. First, a set of simple design methods for reactive distillation 

column that are similar in concept to non-reactive distillation design methods are extended to design-

control of reactive distillation columns. These methods are based on the element concept where the 

reacting system of compounds is represented as elements. When only two elements are needed to 

represent the reacting system of more than two compounds, a binary element system is identified. It is 

shown that the same design-control principles that apply to a non-reacting binary system of compounds 

are also valid for a reactive binary system of elements for distillation columns. Application of this 

framework shows that designing the reactive distillation process at the maximum driving force results 

in a feasible and reliable design of the process as well as the controller structure. 
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Introduction 

Process design and process control are usually considered as independent problems. In this context, a 

sequential approach is used where the process is designed first, followed by the design of process 

control. However, as it is well-known, this sequential approach has limitations related to dynamic 

constraint violations, for example, infeasible operating points, process overdesign or under-

performance. Therefore, a robust performance may not always be guaranteed 
1,2

 as process design 

decisions can influence process control and operation. To overcome these limitations, alternatives to 

tackle process design and controllability issues simultaneously, in the early stages of process design 

have been proposed and several reviews
3-6

 on this topic have been published recently. Huusom
3
 

discussed the drivers for an integrated approach and outlines the challenges in formulation of such a 

multi-objective synthesis problem. Sharifzadeh
4
 and Ricardez-Sandoval et al.

5
 extensively  reviewed 

the current state-of-the-art in integration of process design and control, while, Yuan et al.
6
  performed 

the review of the literature with a focus on optimization-based simultaneous design and control of 

chemical processes.  

In control design, operability addresses stability and reliability of the process using a priori operational 

conditions and controllability addresses maintenance of process at desired operating points subject to 

disturbances 
7
. This simultaneous synthesis approach provides optimal/near optimal operation and more 

efficient control of chemical processes 
8
. Most importantly, it is possible to identify and eliminate 

potentially promising design alternatives that may have controllability problems. To date, a number of 

methodologies have been proposed and applied on various problems to address the interactions 

between process design and control, and they range from mathematical programming optimization-

based approaches 
9
 to model-based decomposition methods 

10
.  
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In mathematical optimization approaches, the process design problem is usually formulated as a mixed 

integer non-linear programming (MINLP) optimization problem. The continuous variables are linked 

with design variables (such as, flow rates, heat duties) and process variables (temperatures, pressures, 

compositions), while binary (decision) variables are used to model logical decisions related to choices 

between different process flowsheet alternatives. In the integrated process design-control context, the 

variables considered in the process model represent both steady-state and dynamic behavior of the 

process and in this case the optimization problem is referred to as mixed integer dynamic optimization 

(MIDO)
11

. Meidanshahi and Adams 
12

, addressed integrated process design and control of semi-

continuous processes using a MIDO approach. Their results show that the MIDO approach using  an 

outer approximation (OA) method was able to find similar solutions obtained with particle swarm 

optimization (PSO). Therefore, since the OA method proved to be faster than PSO, they recommended 

using PSO only when an OA method is not available.  

In decomposition-based approach, the main idea is to decompose the original MINLP problem into an 

ordered set of sub-problems. Each sub-problem, except the last one, requires only the solution of a 

subset of the original constraints set. The final sub-problem contains the objective function and the 

remaining constraints. In this way, the solution of the decomposed set of sub-problems is equivalent to 

that of the original optimization problem. The advantage is a more flexible solution approach together 

with relatively easy to solve sub-problems while the disadvantage is that a global optimal solution 

cannot be guaranteed 
10

. Mehta and Ricardez-Sandoval 
13

, recently proposed a new methodology for 

integration of process design and control using power series expansion (PSE) approximations. The 

main idea in this approach is to back-off from the optimal steady-state design that is often found to be 

dynamically inoperable. However, the challenge in their approach is to determine the magnitude of the 
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back-off needed to accommodate the transient and feasible operation of the process in the presence of  

disturbances and parameter uncertainty. Sharifzadeh and Thornhill 
14

,  proposed a new framework that  

utilizes a multi-objective function to explore the trade-off between process and control objectives. They  

applied two parallel solution strategies, dynamic optimization based on sequential integration and full  

discretization.  

Another decomposition-based optimization approach has been proposed to tackle the integration of  

process design and controller design for reactor-separator-recycle processes 
15

. The employed solution  

strategy is based on the targeted reverse design approach and employs thermodynamic-process insights,  

for example, the attainable region 
16

 and the driving force concept 
17

, to decompose the integrated  

design-control problem into four sequential hierarchical sub-problems 
10

. Based on the solution of the  

decomposed set of hierarchical sub-problems, large number of infeasible solutions within the search  

space are identified and eliminated. Hence, it is able to obtain a final sub-problem that is significantly  

smaller in size.   

Reactive distillation column (RDC) is a multifunctional unit operation, which incorporates separation  

and reaction in a single operation, attracting considerable interest in research from academia and  

industry 
18,19

. Reactive distillation provides more sustainability, safer environmental performance as  

well as better energy management 
20

. However, as a result of integration of functions/operations into  

one system the controllability region of reactive distillation processes may become smaller due to the  

loss in degrees of freedom; thereby making the process non-linear with highly interacting dynamics.  

Various studies have addressed the design-control of reactive distillation processes. Al-Arfaj and  

Luyben 
21

 explored six alternative control structures for an ideal two-product reactive distillation  
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column. They illustrated the interaction between design and control by the impact of holdup in the 

reactive zone. Georgiadis et al. 
22

 investigated the design and control of a RDC via two different 

optimization approaches. In the first approach, the steady-state process design and the control system 

are optimized sequentially. They confirmed that operability is strongly influenced by process design. In 

the second approach, the process design and the control system are optimized simultaneously using 

mixed integer dynamic optimization leading to a more economically beneficial and better controlled 

system than that obtained using the sequential approach. Therefore, the objective (or target) for the 

integrated process design and control is to overcome the bottlenecks associated with the sequential 

approach and to obtain optimal/near optimal design of a reactive distillation column which is also the 

easiest to control and operate. Patil et al. 
23

, proposed a methodology that is focused on the 

simultaneous design, scheduling, and control of multiproduct processes. A key feature of their 

methodology is that it explicitly addresses the scheduling, design, and control issues simultaneously 

while taking into account the influence of process disturbances and uncertainty in the parameters in 

order to represent the actual operation of these processes.  

In this work, integrated design and control of reactive distillation processes is considered through a 

systematic hierarchical approach implemented through a computer-aided framework. The framework, 

based on the method proposed by Hamid et al. 
10

, consists of four hierarchical steps by which, (1) the 

objectives and design targets are set, (2) the number of elements in the system is identified, (3) the 

reactive distillation column is designed and the control structure is determined, and (4) the designed 

operation is verified by rigorous dynamic analysis. The paper is organized as follows: First, an 

overview of the concepts used is given. Next, the framework and implemented algorithms are 

presented. Finally, a case study highlighting the application of the framework is presented. 

Mathematical derivation details are given as appendix and as supplementary material. 
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Key concepts 

In this section some of the key concepts that are used in the development of the integrated design-

control method, which is implemented within a computer-aided framework are briefly explained. These 

concepts are used in different algorithms throughout the framework and they facilitate adapting similar 

concepts that were originally developed for non-reactive distillation processes to be used also for 

design and control of binary element reactive distillation processes. 

Element concept 

The element concept is based on the determination of the minimum number of elements that can 

represent the reacting system and satisfying the atomic balance for all compounds (including inert 

compounds). The minimum number of elements is usually the number of compounds (reactants and 

products) involved in the reactions minus the number of reactions plus the number of inert compounds 

24
. For example, in case of two reactants with molecular structure M1 and M2 and one product, it is 

always true (given that there is no stoichiometric constraint in the reaction such as the requirement of 

electrical neutrality in a system of electrolytes) that the product must have the molecular structure 

M1M2. Therefore, the three component system, in principle, can be represented with two elements for 

the specific reacting system. 

Chemical and physical equilibrium (CPE) 

This concept is derived from chemical model theory, where the equations of chemical equilibrium 

together with any appropriate physical model yielding the chemical potentials are embedded into an 

element-based model (called the chemical model)
25

. The solution of the chemical model equations 

together with the condition of equilibrium (equality of the component chemical potentials in all co-

existing phases) provides the element phase compositions for the reactive system. One attractive 
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feature of this concept is its capability to handle the problem of reactive-phase equilibrium in the same 

manner as the case when no reactions are taking place in the system. That is, this approach reduces the 

chemical and physical equilibrium problem to an identical physical equilibrium problem for a mixture 

of elements representing the system. 

Reactive driving force approach 

The reactive driving force is developed by Sanchez-Daza et al. 
24,26

 and adapted from binary 

component separations (non-reactive) driving force 
27,28

. It is defined as the difference in composition 

of a specific element between two co-existing phases. Note however, although the driving-force 

diagram is plotted for a binary pair of elements or compounds, since all separation tasks are performed 

for specific binary pairs of compounds (or elements), this concept can be applied also to multi-

compound mixtures as well. Also,  the separation of a mixture of NC compounds would need NC-1 

separation tasks and therefore, NC-1 binary pairs of driving forces are involved for each separation task 

28
.  Note that the element-based reactive driving-force diagram fully considers the extent of reaction on 

an element basis, and in this work it is applied in the design of reactive distillation columns for 

chemical equilibrium or kinetically controlled reactions
25

.  

This approach provides the basis for the determination of important reactive distillation column design 

variables in terms of two parameters, the location and the size of the maximum driving force, Dx and 

Dy, respectively. The feed stage location (NF) and the minimum reflux ratio, RR (and/or the reboil ratio, 

RB) are determined from these two parameters for a given feed and product specification. A driving 

force diagram together with the distillation design parameters adapted from non-reactive binary 

separations is given in Figure 1. 

Figure 1 should be inserted here. 
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Integrated Process Design and Control 

The integrated process design and control is explained conceptually through the use of a process model 

represented by balance equations (mass, energy and momentum), constitutive equations (phenomena 

models usually as a function of intensive variables) and conditional equations (equilibrium, controller 

and defined relations). In a generic form, the model equations are given by, 

( ), , , , ,D f x y u d tθ=   (1) 

Where D dx dt=  for dynamic model and D = 0 for steady-state model. 

Constitutive equations: 

( )1 , ,g u x yθ =
  

(2) 

Conditional equations: 

( )20 , , , ,g u x y d δ=
 

(3) 

In Eqs. 1-3, y is a vector of Ny  output-controlled variables; d is a vector of Nd feed stream-disturbance 

variables, u is a vector of Nu design-manipulated variables; θ is a vector of constitutive variables; x is a 

vector of Nx process-state variables and δ is vector of Nδ controller parameters (needed for example, in 

closed-loop simulation of the process). 

From a driving force based process design point of view, for specified inputs of design variables (u) 

and disturbances in feed stream variables (d), values for process variables (x)and output variables (y) 

that satisfy a set of design specifications (process design objectives) are determined at the maximum 

driving force. In this case x and y also define some of the operational conditions for the process. That 

is, values of variables d and u should be such that the desired process specifications (targets) of x and y 
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are obtained, giving a feasible design. From multiple sets of values for these variables, the optimal  

design is found.  

From a driving force based controller design point of view, for any changes in d and/or set point values  

in y, values of u that restores the process to its optimal designed condition are determined  

corresponding to the maximum driving force. That is, to maintain x and y at their target values for a  

disturbance in d, u needs to be manipulated; or keeping d fixed for a change in set-point for y, u needs  

to be changed. Therefore, process design and control work with the same set of variables and the issue  

is how to select these variables (controller structure) and their values (design)
29

. It should be noted that  

the solution for x and y is directly influenced by θ (the constitutive variables such as reaction rate,   

equilibrium constant or driving force).  

Consider the case where y, u, and d are vectors of size 2, while θ and x are scalers. The sensitivities of  

the controlled variables with respect to disturbances is given by the following equation,  

1 2

1 1

1 2

2 2

dy dy

dd dddy

dy dydd

dd dd

 
 
 =
 
 
   

(4a) 

Similarly, the sensitivities of the controlled variables with respect to the manipulated variables is given  

by,  

1 2

1 1

1 2

2 2

dy dy

du dudy

dy dydu

du du

 
 
 =
 
 
   

(4b) 
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Note that the constitutive Eq. 2, relates θ to x (and y) and therefore, by integrating design-control of the 

process through the characteristics of θ with respect to θ to x (and y) allows the calculation of the 

sensitivities of the controller sensitivity Eqs. 4a-4b through the following:  

1 21 2

1 11 1

1 2 1 2

2 2 2 2

dy dyd dx d dxdy dy

d dx dd d dx dddd dd

dy dy dy dyd dx d dx

dd dd d dx dd d dx dd

θ θ
θ θ

θ θ
θ θ

           
                        =                                        

(5a) 

1 21 2

1 11 1

1 2 1 2

2 2 2 2

dy dyd dx d dxdy dy

d dx du d dx dudu du

dy dy dy dyd dx d dx

du du d dx du d dx du

θ θ
θ θ

θ θ
θ θ

           
                        =                                        

(5b) 

Note that for the separation of a binary mixture, θ is the driving force (a scaler) and it is a concave 

function with respect to x (liquid composition of one compound of the binary pair and so also a scaler) 

28,29
. A sample derivation of the terms of Eq. 5a corresponding to 

1 1dy dd  is given in Appendix A, for a 

specific version of the process model and its corresponding constitutive model and conditional equation 

involving a binary separation. Note that the derivative of driving force as a function of liquid 

composition is obtained directly from the constitutive model; the derivatives of y with respect to 

driving force and x with respect to disturbance variable are obtained from the process model equations 

(two independent version of the model) – see also Appendix A. 

If dy/du or dx/du is small, the process sensitivity is low and process flexibility is high, while if du/dy or 

du/dx is large, process gain is high. Since values for dθ /dx is readily obtained from Eq. 2, constitutive 

equations, and since du/dθ is usually constant (linear dependence of u on θ – since θ is a function of x 

and y – see Eq. 2), it is possible to gain useful insights related to integrated design and control issues 
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(controller structure) without a rigorous solution of the process model equations. Note however, that 

the measured (control) variable is related to the process variable through y =f (x, θ); the process is 

designed with respect to the driving force; the set-point values for y and u are determined 

corresponding to the maximum driving force obtained from the constitutive equation
15

. Note that Eq. 

(4a-5a) and (4b-5b) are used in algorithm 3.3 of the framework, and their detailed use can be found in 

Appendices B and C. 

It should be noted that at the maximum driving force, the largest difference between vapor phase and 

liquid phase compositions is achieved. As the driving force approaches zero, separation of the 

corresponding key component/element i from the mixture becomes difficult, while, as the driving force 

approaches a maximum, the energy necessary to maintain the two-phase system is a minimum and the 

separation is the easiest. This is because the driving force is inversely proportional to the energy added 

to the system to create and maintain the two-phase (vapor–liquid) system. Thus, the process design 

corresponding to the driving force at the location of its maximum, integrates design and control. 

This concept is illustrated through representation of a dynamic process system in Figure 2. The optimal 

solution for x (states) and y (outputs can be obtained at the maximum point of the reactive driving force 

(see diagram which is based on θ (the constitutive variables), t is the independent variable (usually 

time) and δ is a controller parameter. The steady state model is obtained by setting D = 0 in Eq. 1. 

Otherwise, Equations 1–3 represent a dynamic model with a system of differential algebraic equations 

(DAEs). By using model analysis applied to these equations, the corresponding derivative information 

with respect to x, y, u, d and θ are obtained (to satisfy controller design objectives).  

Figure 2 should be inserted here. 

Page 11 of 100

AIChE Journal

AIChE Journal

This article is protected by copyright. All rights reserved.



12 
 

As stated above, solution of the balance equations for x and y is influenced by θ (the constitutive 

variables such as equilibrium constant or reaction rate). Also, since x and y are intensive variables, they 

may be used to formulate problems related to process synthesis, design and control. The analysis of the 

model equations, classifies the variables in terms of x, y, u, d and θ for integrated design and control 

problems. This helps the selection of controller structure. Therefore, dθ/dx indirectly influences the 

process operation and controller structure selection and/or design. 

Integrated process design and control framework 

In this work, the case where the process flowsheet (reactive distillation process) is known together with 

the feed and process specifications is considered. The objective is to find the design variables, the 

operating conditions (including set-points for controlled variables) and controller structure that 

optimize the steady-state measures (energy consumption) and, simultaneously, a measure of the plant 

controllability, subject to a set of constraints, which ensure the desired dynamic behavior and satisfy 

the process specifications. Therefore, an integrated approach is employed where key variables together 

with their target values that have roles in process-controller design are identified; and, the resulting 

solution to the optimization problem addresses the trade-offs between conflicting design and control 

objectives. 

The integrated process design and control problem is formulated as a generic mathematical 

optimization problem (see Eqs. 6-16) in which a performance objective function in terms of design, 

control and cost is optimized subject to a set of constraints: process (dynamic and steady state), 

constitutive (thermodynamic states) and conditional (process-control specifications) models-equations. 

Equation 6 represents the objective function which includes both the process design and controller 
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design objectives, which can either be maximized or minimized.  Equation 7 and Eq. 8 define a system 

of linear and nonlinear equations, for example, mass and energy balance (algebraic) equations 

representing a steady state and dynamic process model, respectively. Equation 9 and Eq. 10 represent 

the physical constraints and design specifications, respectively; and Eq. 11, because integration of 

functions/operations is also included in the process design problem, represents a set of constraints that 

the reactive distillation process must satisfy. Equations 12 and 13 represent and define the bounds on 

the design variables, x (real) and decision variables M (binary-integer), respectively, while Eq. 14 and 

Equation 15 represent the conditional process control constraints whereas Eq. 16 defines the controller 

structure. 

, j ,

1 1

min

. .

m n

i i j

i j

L w J

s t

= =

= ∑∑
 (6)  

0 ( , , )g x u θ=  (7)  

( , , , , , )
dx

f x y d u t
dt

θ=  (8)  

1 2

l ub Bx B y b≤ + ≤  (9)  

( , )l uh h x y h≤ ≤  (10)  

( , )l uv v x y v≤ ≤  (11)  

( , )l uw u x y w≤ ≤  (12)  

{ }0,1 , 1,2,... , 0j yM j n x∈ = ≥  (13)  
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( )10 , ,h u x y=  (14) 

( )20 , , ,h u x y d≤  (15) 

CS y uY= +  (16) 

In Eqs. 6-16, x and y are regarded as the set of process variables in process design and as the set of state 

and/or controlled variables in controller design; they usually represent temperatures, pressures and 

compositions. u is the set of design variables (for process design) and/or the set of manipulated 

variables (for controller design). d is the set of disturbance variables, θ is the set of constitutive 

variables (physical properties, reaction rates), v is the set of chemical system variables (molecular 

structure, reaction stoichiometry, etc.) and t is the independent variable (usually time). 

The optimization problem given by Eqs. 6–16 represents a MINLP problem. This problem can be 

difficult to solve if the process model consisting of balance, constitutive and process control equations 

is large and non-linear. In order to manage this complexity, a decomposition based solution approach 

where the problem is decomposed into a set of sub-problems that are solved according to pre-defined 

calculation order has been used in this work. This method is referred to as the decomposition based 

solution method 
30

. Most of the sub-problems require bounded solution of a sub-set of equations. The 

final sub-problem is solved as a much reduced NLP or MINLP. The feasible alternatives are then 

evaluated using a set of performance related constraints (Eq. 11). For the remaining process 

alternatives, the objective function (Eq. 6) is calculated and ordered. Thereby, the highest or the lowest 

values of objective function can be easily identified. If the number of feasible alternatives is too large, 

the MINLP problem for a reduced size of the vector y is solved. Alternatively, a set of NLPs for a fixed 

set of y can also be solved. This solution could be regarded as the best for specific problem definitions, 
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the selected performance criteria, constraints, and, availability of data, parameters and models. A global 

optimal solution cannot be guaranteed with this method. In the context of this solution strategy, the 

solution from the decomposition based method may be used as a very good starting point for the 

solution of the MINLP problem for the direct solution strategy (solve all equations simultaneously). 

Figure 3 illustrates work-flow implemented in the computer-aided framework for integrated process 

design and control of binary element reactive distillation processes. Note that Eqs. 1-16 correspond to 

each step of the framework as follows: Eqs. 9, 10, 11, 12, 13 are considered in Step 1; Eqs. 9, 10 are 

considered in Step 2; Eqs. 1, 2, 3, 4, 5, 7, 8, 9, 10, 11, 12, 13 are considered in Step 3; and Eqs. 1, 2, 3, 

6, 7, 8, 14, 15, 16 are considered in Step 4. 

Figure 3 should be inserted here. 

Step 1: Problem formulation/objective function definition 

The data/information on raw materials, products, catalysts, reaction conversions, and feed conditions 

(temperature, pressure, and composition) is collected in this step. Note that, this step starts after a 

decision to use a RDC has been made. Here, design targets and product specifications are given. 

Furthermore, the objective function which is to be maximized or minimized from both design and 

control perspectives is defined in this step. 

Step 2: Identify the number of elements present in the system 

In this step, the number of elements present in the reactive system is identified through algorithm 2.1. 

Algorithm 2.1: Identification of number of elements 

Objective: To identify the number of elements present in the system 
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Step (i): Calculate the number of elements using Eq. (17) where NC is the number of compounds, 

and NR, is the number of reactions: 

NE NC NR= −  (17)  

Step (ii): If the number of elements (NE) is equal to two go to Step (iii), otherwise, stop and return to 

Step (i). More than two elements will require the generation of reactive driving force for all binary 

pairs and selecting one according to developed rules 
31,32

. 

Step (iii): Write the formula matrix (Ae) from the formula coefficients aji with the constituent 

elements (j=1,2,...,NE) as rows and the species (i=1,2,..,NC) as columns 
33

.  

Step 3: Reactive distillation column design 

The objective of this step is to find the design-control option for the reactive distillation column using 

the driving force approach. 

Step 3.1: Generate reactive vapor-liquid equilibrium (VLE) data 

The reactive equilibrium data are obtained either through availability of data or computation of reactive 

bubble points or dew points. If the data is not available, the reactive bubble point algorithm  is used
24

. 

Below the algorithm to construct the reactive phase VLE diagram using the reactive bubble point 

algorithm is given. 

Algorithm 3.1: Construction of reactive phase VLE diagram 

Objective: To calculate the vapor-liquid equilibrium data at given temperature or pressure and 

element feed composition 

Step (i): Give element composition in the feed (Wj
l
 , j = 1, 2) and pressure (P) 
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Step (ii): Assume a temperature (T) – This can be a temperature between bubble point and dew point. 

Step (iii): Solve for component moles ni
l
 in the liquid phase (chemical equilibrium). Note NE=2 in 

this work. 

1 1 1

0
NE NC NC

l l l

ki jij i i
k i i

W n nA A
= = =

− =∑∑ ∑             for j=1,2,..NE (18)  

,
1

0
NC

l

i k i
i

Z µ
=

=∑                                         for k=1,2,..NR (19) 

Step (iv): Compute vapor mole fractions yi at equilibrium implicitly.  

v l

i i i iy xφ φ=                                              for i=1,2,..NC 
(20) 

Step (v): Calculate a correction for temperature using the check equation (∑ �� − 1 = 0�	
�
� ). If not 

converged, return to Step (iii), else, go to Step (vi) 

Step (vi): Compute element mole fractions for the vapor phase using below equation 
33

: 

1

1 1

NC

ji iv i

NE NCj

ki i
k i

yA
W

yA

=

= =

=
∑

∑∑
 (21) 

The element composition in the liquid phase is calculated using the below equation: 

1

1 1

NC

ji i
l i

NE NCj

ki i
k i

xA
W

xA

=

= =

=
∑

∑∑
 (22) 

It should be noted that with the element mole fractions there is not any chance for obtaining negative 

values for composition variables.  

Step (vii): Repeat Steps (i)-(vi) for new values of Wj
l
 to obtain the reactive phase diagram for the 

entire composition domain (0-1). For systems without miscibility gaps, a constant discretization step 

of 0.05 in the x-axis composition is used and recommended.  Note that this phase diagram needs to 

be generated only once and it is not computationally expensive. 
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Step 3.2:  Reactive distillation column design  

In order to obtain the reactive distillation design at the maximum driving force, algorithm 3.2 is 

applied. In this step, the reactive distillation column design at the maximum driving force is obtained. 

The reactive driving-force based on elements is calculated using Eq. 23 as described by Sanchez-Daza 

et al. 
24

: 

( )1 1

l

i ijv l l

i i il

i ij

W
DF W W W

W

α

α
= − = −

+ −
 

 

 (23) 

Algorithm 3.2: Reactive distillation design using driving force approach 

 

Objective: To find the reactive distillation column design (number of stages, reflux ratio, feed 

location) at the maximum driving force using the specified design targets 

Step (i): Retrieve vapor-liquid element data from algorithm 3.1.  

Step (ii): Calculate the corresponding driving force for the entire composition domain using equation 

(23), then plot | DF | versus 
l

iW based on the light key element. 

Step (iii): Identify the area of operation of the driving force diagram, which is feed, distillate and 

bottom compositions based on the light key element using the design targets set in Step 1.  

Step (iv): Determine the reflux ratio and reboil ratio. To do this, determine the slopes of lines ADy 

and BDy (see Figure 1). Determine the corresponding minimum reflux ratio (RRmin) and reboil ratio 

(RBmin). Next, Determine the real reflux ratio (RR) and reboil ratio (RB) from RR = 1.2(RRmin) and 

RB = 1.2(RBmin). 

Step (v): If the number of stages, N, are given go to Step (vi), 

Else, use reactive McCabe-Thiele algorithm to obtain minimum number of stages (see 
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Appendix E, algorithm (I)). 

Step (vi): Identify the feed stage location, NF, from NF = N (1 – Dx). 

Step (vii): Check the design targets in terms of low key and heavy key elements in the feed, distillate 

and bottom as well as the location of maximum driving force on the x-axis (Dx) with the following 

additional conditions. If one or more conditions given in Table 1 apply, use the guidelines to further 

retrofit the design. 

a) If condition 1a is satisfied, then relocate NF between 5% and 10% up in the column.  

 Else, if condition 1b is satisfied, then relocate NF between 5% and 10% 

 down  in the column.  

b) If condition 2a is satisfied then relocate NF 10% down.  

 Else, if condition 2b is satisfied, then relocate NF 5% down. 

 Else, if condition 2c is satisfied, then relocate NF 5% up. 

 Else, if condition 2d is satisfied, then relocate NF 10% up. 

Table 1 must be inserted here. 

Step (viii): Perform steady-state simulation to confirm that the design targets are satisfied. These 

steady-state values are the nominal values for control. 

 

After applying algorithm 3.2 for reactive driving force approach calculations, the optimal reactive 

distillation design option at the maximum driving force is obtained. 

Step 3.3: Optimal design-control structure determination 

The optimal design control structure determination is obtained analytically through the application of 

algorithm 3.3. 
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Algorithm 3.3: Optimal design-control structure determination 

Objective: The best controller structure at the maximum driving force is analytically identified by 

applying this algorithm.  

Step (i): Selection of controlled variables 

In this algorithm, the primary controlled variable is WA
l,max

 (Dx), which is the x-axis value 

corresponding to the maximum driving force (Dy) . The secondary controlled variables are the 

product composition (design targets), which are measurable variables and they are the distillate and 

bottom product purities of the light key element, WA
D
 and WA

B
, respectively. The reason behind this 

selection is that conceptual variables (that is driving force, DF) cannot be measured directly.  

Step (ii): Sensitivity of controlled variables to disturbances 

In order to calculate the sensitivity, apply a chain rule to relate the derivatives of primary controlled 

variable to the derivatives of the secondary controlled variables. In order to apply the chain rule, use 

the following key concepts: 

 

• The desired element product at the top and the bottom is WA
D
 and WA

B
, the distillate and bottom 

composition of light key element (element A), respectively.  

• At the maximum point of the driving force diagram,  WA
D
  and WA

B
 (controlled variables) are the 

least sensitive to the imposed disturbances in the feed. 

• The design variables vector is y = [WA
D
   WA

B
 ], x = WA

l
 and θ = DF  is selected on the y-axis of 

the driving force diagram. 

• The disturbance vector is, d = [Ff   zWAf] (feed flowrate and feed composition of element A). 
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Therefore, the chain rule is expressed as in Eq. (24) using Eq. (4a) and (5a): 

        

        

AfAf

Af

l l

A A A AA A
l l

A f A Wf W

B B
B l B

A A
A A A

l
f

D

W

DD

A f

D dW dDF dW dW dDF dWdW dW

dDF dW dF dDF dW dzdF dzdy

dd dW dW dW dDF dW dW
dF dz dDF dW dF dDF

        
                     = = 

    
            Af

l

A

l

A W

dDF dW

dW dz

 
 
 
 

    
          

  (24) 

The value of Eq. (24) at the maximum driving force is obtained after some mathematical derivations 

are performed (see Appendix B for details). Having the derivatives in Eq. (24) derived analytically. 

The solution to Eq. (24) is expressed by Eq. (25). 

 

( )
1

1

2 3

1

1

Af

Af

l l

A A A

l l

A A

D

A

f

l lB
A AA

A

W

B

A

W

D

f

D

d d a
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W dW d dW d
a a

dW d dW

dW

dF d d
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dW dWdW

dF

dW

dz

dW
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DF DF

DF DF

DF

DF DF

−

−

 
 

      + +    

 
 
 
 
 
 

            + +    

= 
 
 


     

   
 −      


 
 
  
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

 


 
  

 

(25) 

It is noted that the driving force diagram is always concave with a unique maximum for non-

azeotropic systems. It is also noted that the expressions for ( ) ( )l

A A

DdW dDF dDF dW and

( )( )B l

A AdW dDF dDF dW in Eq. (25) are equal to 1 (note Eqs. (A.5) and (A.6) in Appendix B) at the 
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maximum driving force and greater than 1 in any other point. Furthermore, at the maximum value of 

driving force diagram value of dDF/dWA
l
 is equal to zero. Therefore, Eq. (24) at the maximum 

driving force is expressed as: 

( ) ( )

( ) ( )

1 4

3 6

7 8

3 6

1 1 0 0

0

0 0

0 0
0

1 1
Af Af

B

A A

f f

B

A A

W

D

W

DdW dW a a

dF dF a ady

dd dW dW a a

dz dz a a

      
      + +       = ≈ ≈                   + +      

  (26) 

Note that in Eq. (25) and (26), a1,.., a8 are constants. Eq. (26) reveals that the sensitivity of controlled 

variables to disturbances in the feed is minimized at the maximum driving force.  

Step (iii): Selection of the Controller Structure 

The potential manipulated variables vector is u = [L V], which are represented by reflux ratio (RR) 

and reboil ratio (RB). Hence, the sensitivity of the secondary controlled variables to the manipulated 

variables is calculated by Eq. (27) (see Appendix C for derivation details).  

( ) ( )1 1
l l l l

A A A A
A A

l l

A A

B B l l l
A A A A A

l

A

D D dDF dW dW dDF dW dWdW dW DF RR RR
dRR dRR dRB dRBdW dWdy dRR dRB

du dW dW dW dDF dW dW
RB DF

dRR dRB dRR dRR dRBdW

         + + + + +                 = =        − −           

  (27) 

One can see from the driving force diagram that there is a well-defined maximum of DF for a value 

of WA
l
. Since the process is designed at this point and the controller should maintain this set-point, 

thus the derivatives are evaluated at this point of WA
l
. Therefore, the value of 

l

AdDF dW  at the 

maximum driving force is equal to zero. Furthermore, assuming that 0l l

A AdW dRR dW dRB= =   (WA
l
 

at the maximum driving force corresponds to WA
l,max

 which is a number. Thus, the derivative of the 

dependent variable that has a fixed value is zero), Eq. (27) is obtained (this corresponds to a system 
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with no or little cross interactions between y and u since changes in u cannot propagate through 

column). The best controller structure is easily determined by looking at the value of dy/du. It is 

noted from Eq. (28) that since the values of A

DdW dRR and 
B

AdW dRBare bigger,  controlling WA
D
 by 

manipulating RR and controlling WA
B
 by manipulating RB will require less control action. This is 

because only small changes in RR and RB are required to move WA
D
 and WA

B
 in a bigger direction. 

Therefore, for the optimal design obtained at the maximum driving force from algorithm 3.2, the 

control structure is always given by Eq. (28) and it is verified by analytical analysis that it is the 

optimal-design control structure.  

0

0

A A

B B

D D

A A

dW dW

dy dRR dRB

du dW dW

dRR dRB

DF

DF

 
   
 = =  −   
  

  (28) 

 

Step 4: Dynamic analysis and verification    

The objective of this step is to verify the optimal design-control structure determined from Step 3. This  

verification is performed in the forthcoming consecutive steps.   

Step 4.1: Control structure verification  

In this step algorithm 4.1 is applied to verify the control structure obtained from algorithm 3.3.  

Algorithm 4.1: Control structure verification 

Objective: To verify the control structure obtained at the maximum driving force using a rigorous 

dynamic model. 

Step (i): Obtain the linear representation of the optimal design control option at the maximum driving 
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force; that is, the transfer functions from step test between each manipulated (u) and control variable 

(y).  

Step (ii): Construct the steady-state gain matrix (G) from the transfer functions.  

Step (iii): Verify that the gain matrix G has non-zero determinant. 

Step (iv): Calculate the relative gain matrix (RGA) using Eq. (29) as follows 
34

: 

( ) ( )1
T

RGA G G G−= ⊗   (29) 

Step (v):  Verify that pairings such that the rearranged system, with the selected pairings along the 

diagonal, has an RGA matrix element close to unity, and off-diagonal elements close to zero (for a 

2×2 system); therefore, control structure at the maximum driving force has least interactions with 

each other for the pairing given by Eq. (28).  

Step 4.2: Dynamic evaluation of control structure  

In this step, the performance of the control structure corresponding maximum driving force is evaluated  

through closed-loop simulations for disturbances in the feed. To this end, algorithm 4.2 is applied.  

Figure 4, depicts the closed-loop implementation concept in this framework.   

Figure 4 must be inserted here.  
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Algorithm 4.2: Control structure evaluation 

Objective: To evaluate the performance of the control structure at the maximum driving force 

through closed-loop simulation 

Step (i): Select a disturbance scenario in the feed. 

Step (ii): Perform open-loop analysis in the presence of the disturbances (using a specified maximum 

in the disturbance size) to evaluate resulting transient responses. 

Step (iii): Select Proportional-Integral controller as a control algorithm at regulatory level. 

Step (iv): Retrieve nominal steady-state values for the control variables from algorithm 3.2-Step (viii) 

and use them as set-points.  

Step (v): Select an appropriate tuning method (IMC rules 
35

 or SIMC rules 
36

) to obtain tuned 

controller parameters. 

Step (vi): Perform closed-loop simulation and verify that the disturbance is rejected and the system is 

recovered to its original set-points.  

Tools: A process simulator capable of performing dynamic and steady-state simulations is needed to 

perform this algorithm. 

 

Step 4.3: Final design selection 

In this step the value of the performance objective function or controller performance metrics (defined 

in Step 1) is calculated for the design-control option at the maximum driving force. 

Case study: MTBE synthesis 

The objective of this case study is to highlight the application of integrated process design and control 

framework with its associated algorithms and computer-aided tools. The design based on the driving 

Page 25 of 100

AIChE Journal

AIChE Journal

This article is protected by copyright. All rights reserved.



26 
 

force concept and the corresponding controller structure is to be determined and evaluated against two 

other controller structures corresponding to process designs that do not use the largest available driving 

force. The analysis results are also to be confirmed with closed-loop and open-loop simulations.  

The process selected in this study to highlight the application of the integrated process design and 

control framework is the well-known production of Methyl Tert-Butyl Ether (MTBE) by reactive 

distillation. The reactive distillation technology for MTBE production has been studied 
37–39

 and 

advantages of reactive distillation has been well established in the case of MTBE.  

When chemical reactions take place very fast so that equilibrium is reached almost instantaneously, as 

it is the case for MTBE synthesis, the chemical equilibrium condition can be implicitly incorporated in 

element mass balances through the relationship between the phase compositions and the element 

chemical potentials
40

. A dynamic model 
41

 for the reactive distillation column is used in this case study. 

ICAS dynamic simulator is used to perform the simulations 
42

. 

Step 1: Problem formulation/objective function definition 

The reaction of methanol with isobutene that yields MTBE takes place in presence of an acidic catalyst. 

The reaction is reversible and exothermic, with a heat of reaction of -37.2 kJ/mol in the liquid phase at 

25°C 
43

.  

( ) ( ) ( )4 8 4 5 12isobutene C H methanol CH O MTBE C H O+ ↔   (30) 

Note however, it is assumed that there is no inert compound present in the system. The pure component 

properties (critical properties, molecular weights, boiling and melting points) are retrieved from ICAS-
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Database 
44

. The feed conditions for production of MTBE are taken from Sánchez-Daza et al. 
24

 and 

they are summarized in Table 2.  

Table 2 should be inserted here. 

The design-control multi-objective performance function is defined as below: 

( )1 2 3 4min , , ,Objf J J J J=   (31) 

In the above equation, a set of metrics are selected to the evaluate controller performance. They are: J1 

the sensitivity of the controlled variables to disturbances in the feed (dy/dd); J2 the sensitivity of 

manipulated variables with respect to controlled variables (du/dy); J3 measures the performance of the 

controller in terms of the integral of the absolute error (see Eq. 32); and J4 measures the performance of 

the controller in terms of total variation of inputs (see Eq. 33). 

3
0

spJ IAE y y dt
∞

= = −∫  (32) 

4 1

1

i i

i

J TV u u
∞

+
=

= = −∑  (33) 

Step 2: Identify the number of elements present in the system 

In this step, algorithm 2.1 is applied. The number of elements present in the system is two with one 

reaction. The element matrix, choice of elements and element reaction are given in Table 3. 

Table 3 should be inserted here. 
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Step 3: Reactive distillation column design  

Step 3.1: Generate reactive vapor-liquid equilibrium (VLE) data  

The reactive VLE data for the MTBE reactive system is calculated by applying algorithm 3.1 and using  

the Wilson model for liquid phase activity coefficients and SRK equation of state for vapor phase  

fugacity coefficients. The calculated reactive bubble points for entire composition space are given in  

Table 4 and Figure 5 presents the T-
v
AW -

l
AW phase diagram for MTBE reactive system.  

Table 4 should be inserted here.  

Figure 5 should be inserted here.  

Step 3.2: Reactive distillation column design  

In this step, algorithm 3.2 is applied. The VLE data are retrieved from algorithm 3.1 and the reactive  

driving force diagram is constructed (see Figure S1 in supplementary material of this article).  The area  

of operation is identified on the x-axis of the reactive driving force diagram in terms of light key  

element (see Appendix D for details). The point Dx and Dy corresponding to the maximum driving force  

are also identified and consequently slopes of operating lines are calculated which are used to  

determine RR and RB. In this case study, the number of stages (N) is not given; therefore, algorithm (I)  

(reactive McCabe-Thiele method – see Appendix E) is applied. The results of application of algorithm  

(I) are given in Figure S2 in supplementary material of this article.   

Note that from a practical point of view, presence of reaction in reboiler and condenser is infeasible and  

has not been reported in the literature to the best of authors’ knowledge. Therefore, two non-reactive  

stages (i.e. partial reboiler and total condenser) are considered as stages. Thus, the total number of  

stages including reboiler and condenser is seven. Element feed, distillate and bottom compositions are  
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checked against conditions given in Table 1 and it is found that condition 1(a) applies to the design  

specifications considered in this case study; therefore, the optimal feed location for the reactive  

distillation column design is at stage two from the top of the column. The final reactive distillation  

column design configuration at the maximum driving force is presented in Figure 6.  

Figure 6 should be inserted here.  

In order to confirm that the design targets are satisfied, steady-state simulation of the design is  

performed. It is readily observed from steady-state results (see Table 5) that the isobutene composition  

in the distillate is 98 mole% and MTBE composition in the bottom is more than 84 mole% and the  

overall methanol conversion of 83.15% which match the design targets specified in Step 1.   

Table 5 should be inserted here.  

Step 3.3: Optimal design-control structure determination  

The controlled variables (y) are top and bottom compositions, manipulated variables (u) are reflux ratio  

and reboiler duty (see Eq. 27). Moreover, the values of dDF/dW
l
A are calculated and plotted versus W

l
A  

(primary controlled variable) in Figure 7. It can be seen that the design at the maximum driving force  

has the least sensitivity of the controlled variables to the disturbances, and, the highest sensitivity to the  

manipulated variables. Since the reactive distillation column design is at the maximum driving force,  

the controller structure is given by Eq. 28.  

Figure 7 should be inserted here.  
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Step 4: Dynamic analysis and verification 

Step 4.1: Control structure verification 

In this step, algorithm 4.1 is applied. The transfer functions between each manipulated variable and 

controlled variable given by Eq. 28 are obtained by a step test and regressing the transfer function 

parameters 
45

. The transfer functions have the form as Eq. 34: 

( ) ( )( )1 2

1

1 1

z

p p

s
G s K

s s

τ
τ τ

+
=

+ +
  (34) 

The transfer function parameters for the design-control solution are given in Table 6. Note that 

manipulated variables (u) are reflux ratio (RR) and reboiler duty (QR) while control variables (y) are 

MTBE composition in the distillate (
D
MTBEx ) and bottom (

B
MTBEx ). 

Table 6 should be inserted here. 

Figure 8 shows the transfer function prediction of 
B
MTBERR x pair for the optimal design control-solution. 

The steady-state gain matrix G is calculated and its corresponding determinant had a non-zero value.  

Figure 8 should be inserted here. 

The relative gain matrix is constructed using Eq. 29. The RGA values are then calculated given the 

potential control structures as in Eq. 28. The RGA matrix for optimal design-control solution is as 

follows: 

0.93 0.07

0.07 0.93
DC Solution

RGA −

 
=  

 
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It is seen from the calculated RGA matrix, that the design-control solution has values close to unity on 

the diagonal (the control structure at the maximum driving force) and off-diagonal values close to zero. 

This verifies the analytical solution obtained at the maximum driving force for the determined optimal 

control structure.  

Step 4.2: Dynamic evaluation of control structure 

Figure 9 shows the dynamic open-loop response of the control variables to a +15 kmol/h step change in 

the isobutene flowrate (from 70 kmole/h to 85 kmole/h) after 15 samples (each time sample is 5 

seconds). This disturbance results in a change in total feed flowrate and at the same time a change in 

the feed composition.  

Figure 9 should be inserted here. 

A proportional-integral (PI) controller is selected and its tuning parameters were calculated using the 

transfer functions in Table 6 (for selected control structure) and SIMC rules 
36

. The control structure 

implementation on the reactive distillation column is depicted in Figure 10. 

Figure 10 should be inserted here. 

In Figure 10, control configuration in which the purities of both the top and the bottom products are 

measured and controlled is presented. This control structure implementation is in compliance with the 

relative gain array (RGA) analysis by which the composition of the MTBE in distillate is controlled by 

manipulating the reflux flow rate in the top control loop. In the bottom control loop, the composition of 

the MTBE in bottom is controlled by manipulating the heat duty of the reboiler. The levels of the reflux 

drum and the reboiler are controlled by the distillate and bottom-product flow rates, respectively. Note 
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however, in this case study, the level controllers are proportional (P) type and they are included in the 

model equations for dynamic model consistency and stability. Furthermore, it is assumed that there is a 

perfect pressure control on the column and thus, the pressure changes in the column are neglected. 

Figure 11 shows the closed-loop performance of optimal design-control solution under the presence of 

the previously defined disturbance scenario.  

Figure 11 should be inserted here. 

It is verified in Figure 11 that the optimal design-control solution which is operating at the maximum 

driving force is able to reject the disturbance and restoring the control variables to their original set-

points with a relatively small effort in the manipulated variables in both top and bottom loops. It was, 

however, also expected from the RGA matrix since the values close to unity resemble the least 

interactions between the control loops, thereby, an easier disturbance rejection is facilitated.  

Step 4.3: Final design selection 

In the last step of the framework, the values of the controller performance metrics for the design-

control solution are calculated and they are given in Table 7.  

Table 7 should be inserted here. 

As extra analysis and to further verify that the optimal design-control solution has been obtained, two 

candidate design alternatives which are not at the maximum driving force are selected. This selection is 

only to show that by going away from the maximum driving force the control of the reactive distillation 

process becomes more difficult. Therefore, in this comparison only the feed location is altered and the 
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same controller structure and controlled variables as the ones at the maximum driving force are used 

for the consistency of the comparisons.  These design candidates are summarized in Table 8.  

Table 8 should be inserted here. 

The dynamic analysis is performed for the design alternatives (1) and (2) following Steps 4.1 – 4.2 of 

the framework. The candidate design alternatives both satisfied the design target and product 

specifications. Next, algorithm 4.1 was applied. The transfer functions were calculated and the 

corresponding RGA matrices were obtained as follows: 

( )

( )

1

2

9.06 8.06

8.06 9.06

0.28 1.28

1.28 0.28

Alternative

Alternative

RGA

RGA

 −

−


=  

 


=

−

−


 
 

 

Design alternative (1) has a very large RGA element values for the selected pairing (diagonal) which 

means that the design is inherently difficult to control (Large RGA elements; typically, 5 − 10 or 

larger) for control indicate that the plant is fundamentally difficult to control due to strong input-output 

interactions 
46

). In case of Design alternative (2), the values on diagonal are negative in which case the 

pairing is not recommended 
46

. For the other potential structure in Design alternative (2), although the 

values are close to unity, the control structure is infeasible from a practical and physical point of view. 

Next, algorithm 4.2 was applied. Figure 12 shows the closed-loop performance of Design alternative 

(1) to a disturbance in the feed. As it can be seen, the top composition loop is oscillating with a 

diverging trend, whereas for the bottom control loop it may take a significantly long time to reject the 

disturbance. With respect to Design alternative (2), in Figure 13, one can observe how the large change 

in the bottom loop composition will eventually affect the top composition loop which again affects the 
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bottom composition. The simulation results of Design alternative (2) reveal that this system appears to 

be unstable. 

Figure 12 should be inserted here. 

Figure 13 should be inserted here. 

Finally, the values of the performance metrics for the design-control alternatives are calculated and 

compared with the design-control solution at the maximum driving force. These values are given in 

Table 9. It confirms that the reactive distillation design at the maximum driving force has the minimum 

value of the performance metrics.  

Table 9 should be inserted here. 

Conclusions 

In this work, integrated design and control of reactive distillation processes that can be represented by 

two elements, has been considered through an integrated design-control method implemented in a 

computer-aided framework. Process design and controller design issues have been considered 

simultaneously to assure that design decisions give the optimal controllability and economic 

performance. The framework is generic and can be applied to any reactive distillation process that is 

represented as a binary element system. Also, in principle, it should be applicable to any non-reactive 

distillation process separating a binary mixture. The framework utilizes a number of algorithms for 

design and control in different steps. The design methods and tools, which are similar in concept to 

non-reactive distillation design have been derived and implemented in the framework. These methods 

are based on the element concept. The application of the framework has been highlighted through the 
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MTBE reactive distillation process. The optimal design-control solution has been verified and confirms 

the design-control corresponding to the maximum driving force is less sensitive to the disturbances in 

the feed and has the ability to reject disturbances with minimum interaction between the control loops. 

The design-control solution has been compared with alternative designs which are not at the maximum 

driving force. It has been shown that the designs that are not at the maximum driving force are more 

difficult to control. It also highlights in this case that process design can be identified that are easy to 

operate, control and needing low cost. The extension of the framework to handle reactive systems 

involving more than two elements as well as process flowsheets containing more than one unit 

operation have been developed and is reported in a new publication
32

. Also the use of a model 

predictive control algorithm will be highlighted in a future publication 
47

.   

Appendix A: A sample derivation of the terms of controller sensitivity 

Let us consider a feed stream of flowrate F and composition zf entering a binary distillation column 

operating at a fixed pressure P. At the top of the column, a liquid product x
D
 is obtained and at the 

bottom a liquid product x
B
 is obtained. Assuming that we have a binary mixture, zf, x

D
 and x

B 
represent 

the mole fractions of compound 1 (light key compound) in the feed, the top and the bottom product 

streams, respectively. Note that the mole fractions of compound 2 in these streams can be calculated 

using the condition equation (
2

1
i

i

x ====∑∑∑∑ ) and therefore, are not independent variables. x
l
 and y

v
 are the 

liquid and vapor mole fractions leaving an equilibrium stage. 

Derivation of 
l

fdx dF : 

The equation of the rectifying operating line is given by, 
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1

1 1

v D l RR
y x x

RR RR

   = +   + +   
 (A.17) 

Subtracting x
l
 from both sides, gives the following where DF is the driving force: 

1

1 1

v l l

d

RR
DF y x x x

RR RR

   = − = + −   + +   
 (A.18) 

Rearranging the above equation gives Eq. (A.19): 

( )1D lx RR DF x= + +  (A.19) 

Derivation of Ddx dDF : 

 The component mass balance can also be made for the total column, and inserting Eq. (A.19) into it, 

gives (Ff is the feed flowrate of compound 1 – it is a disturbance variable). 

( )1 l B

f fF F z RR DF D D x B x= ⋅ = + ⋅ + ⋅ + ⋅  (A.20) 

Eq. (A.19) can be differentiated with respect to driving force (DF) to give: 

( )1
D ldx dx

RR
dDF dDF

= + +  (A.21) 

Eq. (A.20) can be differentiated with respect to driving force (Ff) to give: 

( )1 1
l B

f f f

dDF dx dx
D RR D B

dF dF dF
= + + +  (A.22) 

Rearranging, gives the following: 
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( )11 l B

l l

f

D RRdx dDF dx dDF D

B dF dx B dDF dx B

  +      = + +               
 (A.23) 

Derivation ldx dDF  :  

Note that Eqs. (A.19) and (A.20) need dx
l
/dDF, which is obtained from the equilibrium relation such  

as,  

( )1 1

l
v

l

x
y

x

α
α

=
+ −

 (A.24) 

Subtracting both sides by x
l
, gives,  

( )1 1

l
v l l

l

x
DF y x x

x

α
α

= − = −
+ −

 (A.25) 

Differentiating Eq. (A.25) with respect to lx , gives dDF/d lx . Given the measured/controlled variable  

vector y = [x
D

,  x
B
], disturbance vector d = [Ff

 
 ,  zf], x = [x

l
] and θ = [DF], one by setting y1  =  x

D
; d1 =  

Ff;  x =  x
l
 and θ = DF, it is possible to use Eqs. (A.21) and (A.22 or A.23) and the derivative of Eq.  

(A.25) to obtain the right hand side of Eq. (4a-5a). Similarly, the right hand side of Eq. (5b) can also be  

obtained. Note that Eqs. (A.19), (A.20) and (A.25) are derived as a function of driving force, DF. The  

detailed derivation for a binary distillation system involving methanol-water is provided as  

supplementary material.  

Appendix B: Mathematical derivations for sensitivity of control variables to disturbances in the  

feed  

The reactive element operating lines are given as follows 
41

:  
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1

1 1

v l

A A A

DRR
W W W

RR RR
= +

+ +
 

(Reactive operating line for the rectifying 

section) 

 (A.1) 

1 1v l B

A A A

RB
W W W

RB RB

+
= −  

(Reactive operating line for the stripping 

section) 

 (A.2) 

Substituting these equations in Eq. (23) for W
v
A gives the top and bottom element product composition  

with respect to the driving force as follows:  

( )1A A

D lW DF RR W= + +  (A.3) 

B l

A AW W DF RB= − ⋅  (A.4) 

Next, equations (A.3) and (A.4) are differentiated with respect to DF (driving force) and result in the  

following expressions:  

( ) ( )
1

1 1
lD

A A

l

A

dW dW dDF
RR RR

dDF dDF W

−
 

= + + = + +  
 

 (A.5) 

1
B l

A A

l

A

dW W dDF
RB RB

dDF dDF dW

−
 

= − = − 
 

  (A.6) 

The total element A mass balance is written as follows:  

Af

B B

f W A

D D

AF z W b W b= +⋅   (A.7) 

Where, b
D
 and b

B
 are element A mass flows in top and bottom of the column, respectively. Substituting  

(A.3) and (A.4), one at the time, into (A.7) for WA
D
  and WA

B
, the total element A mass balance in terms  

of driving force is expressed as:  

( )1
Af

B B

f W A A

D D DF z DF RR b W b W b⋅ = + + +  (A.8) 

or  
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Af

B B

f W A A

D D BF z W b W b b DF RB⋅ ⋅= + − ⋅   (A.9) 

Differentiating equations (A.8) and (A.9) with respect to the Ff and zWAf  (assuming that the changes in  

composition, and, top and bottom element flowrates (b
D
  and b

B
) with respect to the feed flowrate is  

negligible), the expressions for l

A fdW dF , 
Af

l

A WdW dz are obtained. Having these derivatives, the  

solution to (24) is expressed by (25) as described in algorithm 3.3.   

Note that a more detailed derivation for a binary compound system involving the methanol-water non- 

reactive system is given in the supplementary material of this paper.  

Appendix C: Mathematical derivations for control structure determination  

Equation (A.3) is differentiated with respect to RR as follows:  

( )1A A

D ldW dWdDF
DF RR

dRR dRR dRR
= + + +  (A.10) 

The previous equation can be further expressed as a function of 
�
�

���
�  as follows:  

( )1
l l

A A A

l

A

DdW dW dWdDF
DF RR

dRR dW dRR dRR

  
= + + +  

  
 (A.11) 

Differentiating the expression of the top product composition with respect to RB gives:  

( )1A A

D ldW dWdRR dDF
DF RR

dRB dRB dRB dRB
= + + +  (A.12) 

It is assumed that dRR/dRB=0, then equation is simplified and is expressed as a function of 
�
�

���
�    as  

follows:  

( )1
l l

A A A

l

A

DdW dW dWdDF
RR

dRB dW dRB dRB

  
= + +  

  
 (A.13) 
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The expression of the bottom product composition (��
�) in terms of driving force is given by equation 

(A.4). 

Differentiating the above equation with respect to RR gives: 

B l

A AdW dW dDF dRB
RB DF

dRR dRR dRR dRR
= − −  (A.14) 

It is assumed that dRR/dRB=0, then the above equation is simplified and is expressed as a function of 

as 
�
�

���
� 	follows: 

B l l

A A A

l

A

dW dW dWdDF
RB

dRR dRR dW dRR

  
= −  

  
 (A.15) 

Similarly, differentiating the expression of bottom product composition (��
�) with respect to RB gives: 

B l

A AdW dW

dRB dR
D

B
F= −  (A.16) 

Using these derivations, equation (27) is obtained. 

Note that a more detailed derivation for a binary compound system involving the methanol-water non-

reactive system is given in the supplementary material of this paper. 

Appendix D: Identification of area of operation based on elements 

In order to define the operating area to satisfy design objectives, consider the light key element liquid 

mole fraction obtained by Eq. (21). When x1=1 (pure isobutene), and x2=x3=0, then, l
AW = 1 and l

BW = 0; 

and when x2=1 (pure methanol), and x1=x2=0, then, l
AW = 0 and l

BW = 1. Therefore, when x3=1 (pure 

MTBE), and x1=x2=0, then: l
AW = 0.5 and l

BW = 0.5. Having this simple evaluation performed, distillate (

D
AW  ) and bottom ( B

AW ) are selected to be 0.99 and 0.5 on the x-axis of the reactive driving force 
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diagram based on l
AW element composition. This selection is to ensure that the design targets can be 

satisfied. 

Appendix E: Reactive McCabe-Thiele 

Reactive McCabe–Thiele method is to calculate the minimum number of stages to obtain the desired 

product specifications (targets) in top and bottom of a binary element reactive distillation column. The 

method  is based on the method proposed by McCabe and Thiele 
48

 for non-reactive distillation design. 

Daza et al. 
24

 have extended this method to also include reactive binary distillation columns (systems 

which can be represented by two elements, A and B). The design algorithm for binary element reactive 

distillation column is as follows: 

Algorithm (I): Reactive McCabe-Thiele method 

Step (i): Retrieve information form Step 3.1 and draw reactive equilibrium curve (W
v
A-W

l
A diagram – 

for the light element, A) 

Step (ii): Draw the angle bi-sector line (45° line), locate W
l
A,D (composition of element A in distillate), 

W
l
A,B (composition of product AB in the bottom) and W

F
A (composition of element A in the feed) on 

the 45
o
 line.  

Step (iii): Use the reflux ratio and reboil ratio obtained at the maximum driving force (algorithm 3.2) to 

calculate the slopes of the operating lines.  

Step (iv): Draw the rectifying and stripping operating lines from W
l
A,D and W

l
A,B on the 45° line. Find 

the minimum number of stages by drawing the steps. 
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Notation 

Latin symbols 

A chemical element A 

Ae formula matrix from the “natural” elements 

aj,i number of chemical elements j present in species i 

B  chemical element B 

b
d

T total element moles in the distillate 

b
B

T total element moles in the bottom 

b
F

T total element moles 

C chemical element C 

d aet of disturbance variables 

DF driving force 

Dx value on x-axis corresponding to maximum driving force 

Dy value on y-axis corresponding to maximum driving force 

fObj objective function 

f a vector of non-linear equations 

Ff element flowrate in the feed 

h
l
, h

u
  lower bounds and upper bounds of the linear and non-linear equations 

K steady-state gain 

Mj the vector represents 0/1 binary variables 

N number of stages 

NF feed location 

NC number of compounds 

NE number of elements 

NR number of reactions 

P pressure 

RR reflux ratio 

RB reboil ratio 

t independent variable, time 

T temperature 

u set of input variables 

v
l
, v

u
 lower bounds and upper bounds of chemical variables 

Wj
k 

elemental mole fraction of element j in the phase k 

Wi
D
 element mole fraction of i in the distillate 

Wi
B
 element mole fraction of i in the bottom 

WLK,D element mole fraction of light key element in the distillate 

WHK,D element mole fraction of heavy key element in the distillate 

WHK,B element mole fraction of heavy key element in the bottom 

WHK,z element mole fraction of heavy key element in the feed 

xi liquid mole fraction for component i 

x
l
 liquid mole fraction 

yi vapor mole fraction for component i 

y
v
 vapor mole fraction 

Page 42 of 100

AIChE Journal

AIChE Journal

This article is protected by copyright. All rights reserved.



43 
 

y set of output variables 

zWAf element A feed composition 

 

Greek letters 

θ the constitutive variable 

δ controller parameter 

α relative volatility 
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Table 2. Design Targets and Product Specifications for MTBE System 

Component Molar composition 

 Feed Distillate Bottom 

Isobutene (C4H8) 0.7 0.98 – 

Methanol (CH4O) 0.3 – – 

MTBE (C5H12O 0.0 – more than 0.8 

Methanol conversion: more than 80%; Feed flowrate: 100 kmol/h; Feed temperature and pressure: 300K and 

101.3 kPa; degree of vaporization (q): 0.795 
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Table 3. The Element Matrix and Element Reaction for MTBE Reactive System (without Inert) 

 

Isobutene (C4H8) + Methanol (CH3OH) ↔ MTBE (C5H12O) 

Element definition:    A = C4H8      B = CH3OH 

Element reaction:    A + B ↔ C 

Element Matrix 

 C4H8 (1) CH3OH (2) C5H12O 

A 1 0 1 

B 0 1 1 
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Table 4. Reactive Vapor-Liquid Equilibrium Data for MTBE Reactive System at 101.3 kPa 

i-Butene (WA) Temperature (K) Component vapor composition Component liquid composition Element compositions 

  y(1) y(2) y (3) x(1) x(2) x(3) l
AW  l

BW  v
AW  v

BW  

0.01 337.53 4.37E-04 0.99547 0.00408 6.43E-06 0.99899 0.00099 0.001 0.999 0.004 0.995 

0.05 334.11 0.0169 0.81473 0.16836 0.00032 0.94738 0.05229 0.050 0.950 0.159 0.790 

0.1 331.23 0.02759 0.68755 0.28484 0.00067 0.88896 0.11036 0.100 0.900 0.243 0.644 

0.15 329.05 0.03538 0.59459 0.37001 0.00108 0.82372 0.17519 0.150 0.850 0.296 0.536 

0.2 327.37 0.04187 0.52273 0.43539 0.00161 0.7504 0.24798 0.200 0.800 0.332 0.452 

0.25 326.06 0.04803 0.46383 0.48812 0.00230 0.66743 0.33026 0.250 0.750 0.360 0.385 

0.3 325.03 0.05475 0.41189 0.53334 0.00326 0.57282 0.4239 0.300 0.700 0.384 0.328 

0.35 324.21 0.06341 0.36097 0.57561 0.00470 0.46407 0.53122 0.350 0.650 0.406 0.277 

0.4 323.53 0.07759 0.30208 0.62031 0.00716 0.33811 0.65473 0.400 0.600 0.431 0.229 

0.45 322.84 0.11239 0.21477 0.67283 0.01290 0.19238 0.7947 0.450 0.550 0.469 0.182 

0.5 320.83 0.22288 0.09427 0.68284 0.03122 0.06921 0.89955 0.490 0.510 0.538 0.167 

0.55 301.29 0.70051 0.00265 0.29683 0.1845 0.00328 0.81221 0.550 0.450 0.769 0.388 

0.6 289.41 0.85004 0.00037 0.14958 0.33378 0.00067 0.66553 0.600 0.400 0.870 0.511 

0.65 282.52 0.90949 0.00011 0.09039 0.46166 0.00022 0.53811 0.650 0.350 0.917 0.591 

0.7 278.02 0.94019 4.46E-05 0.05976 0.57146 9.63E-05 0.42943 0.700 0.300 0.944 0.657 

0.75 274.82 0.95888 2.16E-05 0.04109 0.66668 4.47E-05 0.33327 0.750 0.250 0.961 0.719 

0.8 272.39 0.97161 1.14E-05 0.02837 0.75001 2.16E-05 0.24997 0.800 0.200 0.972 0.777 

0.85 270.46 0.98103 6.16E-06 0.01895 0.82353 1.03E-05 0.17645 0.850 0.150 0.981 0.834 

0.9 268.86 0.98846 3.13E-06 0.01152 0.88888 4.52E-06 0.1111 0.900 0.100 0.989 0.890 

0.95 267.49 0.99464 1.20E-06 0.00532 0.94736 1.52E-06 0.05262 0.950 0.050 0.995 0.945 

0.99 266.31 0.99989 2.04E-08 0.0001 0.99899 2.08E-08 0.001 0.999 0.001 1.000 0.999 

*(1), (2) and (3) denote to isobutene, methanol and MTBE, respectively. 
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Table 5. Nominal Operating Point of the Optimal Design-control Solution 

Variable Optimal design-control solution 

Feed Temperature (K) 300 

Distillate Temperature (K) 265.62 

Bottom Temperature (K) 319.85 

Feed flowrate (kmol/h) 100 

Distillate flowrate (kmol/h) 45.543 

Bottom flowrate 29.473 

Feed composition (kmol/kmol) 

0.7

0.3

0.0

F
isobutene

F
methanol

F
MTBE

z

z

z

=

=

=

 

Distillate composition (kmol/kmol) 

0.9795

0.0201

0.314 03

D
isobutene

D
methanol

D
MTBE

x

x

x E

=

=

= −

 

Bottom composition (kmol/kmol) 

0.0143

0.1405

0.8451

B
isobutene

B
methanol

B
MTBE

x

x

x

=

=

=

 

Overall methanol conversion 83.15% 

Reboiler duty (MJ/h) 294.935 

Condenser duty (MJ/h) 46.196 

Reflux ratio 2 

Heat addition to Reboiler (kJ/h) 0 

Number of stages 7 

Feed location Stage 2 
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Table 6. Transfer Function Parameters for Design-control Alternatives 

Manipulated variable/ 

Controlled variable 
K 

1p
ττττ  

2p
ττττ  z

ττττ  

( ) ( )B
MTBERR s x s  0.32211 [-] 6.2527  2.324 –1.8092 

( ) ( )D
MTBERR s x s  –4.96E–05 [-] 2.0042  2.004 5.3828 

( ) ( )B
R MTBEQ s x s  –1.23E-06 [kJ/h] 3.6963 3.6821 –0.64004 

( ) ( )D
R MTBEQ s x s  –1.47E–11 [kJ/h] 0.017038 0.017038 –601749 
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Table 7. The Value of Controller Performance Metrics 

Design 
Feed 

location 
J1 J2 

J3,D 

(
D
MTBEx by RR) 

J3,B 

(
B
MTBEx by QR) 

J4,D 

(
D
MTBEx by RR) 

J4,B 

(
B
MTBEx by QR) 

Design-

control 

solution 
Stage 2 0.0 0.00313 0.00037 0.98647 0.00277 1527.51 

*Note that J3 and J4 are calculated for both the controlled loops (controlled and manipulated variables pairings). 

They are the 
D
MTBEx by RR  (controlling the top composition of MTBE by reflux ratio) in the top  control loop and 

B
MTBEx by QR (controlling the bottom MTBE composition by reboiler duty) in the bottom control loop of the reactive 

distillation column (see Figure 10). 
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Table 8. Design Alternatives (Not at Maximum Driving Force) for Verification 

Design alternative Feed location Number of stages Reflux ratio 

1 Stage 3 7 2 

2 Stage 4 7 2 
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Table 9. The Values of the Controller Performance Metrics for the Design-control Solution and 

Alternatives (1) and (2) 

Design J1 J2 

J3,D 

(
D
MTBEx by RR) 

J3,B 

(
B
MTBEx by QR) 

J4,D 

(
D
MTBEx by RR) 

J4,B 

(
B
MTBEx by QR) 

Design-control 

solution 
0.0 0.00313 0.00037 0.98647 0.00277 1527.51 

Design 

alternative (1) 
0.03 0.04375 0.02411 3.79181 0.00025 6562.67 

Design 

alternative (2) 
0.15 1.00000 0.60871 353.784 0.02442 85006.39 

**Note that J3 and J4 are calculated for both the controlled loops (controlled and manipulated variables pairings). 

They are the 
D
MTBEx by RR  (controlling the top composition of MTBE by reflux ratio) in the top  control loop and 

B
MTBEx by QR (controlling the bottom MTBE composition by reboiler duty) in the bottom control loop of the reactive 

distillation column (see Figure 10). 

 

 

 

 

 

 

 

 

Page 59 of 100

AIChE Journal

AIChE Journal

This article is protected by copyright. All rights reserved.



60 
 

 

 

 

 

 

 

List of Figures 

Figure 1. Driving force based design of distillation columns – on the left is the driving force 

diagram and on the right is the corresponding design of the reactive distillation column (adapted 

from Babi and Gani 
49

). 

Figure 2. Dynamic process system representation 

Figure 3. Framework of the integrated process design and control of binary element reactive 

distillation processes. 

Figure 4. Schematic drawing of the communication network in a control system. 

Figure 5. T-
v
AW -

l
AW  phase diagram for MTBE reactive system (P = 101.3 kPa). 

Figure 6. Reactive distillation column design configuration for design-control solution 

Figure 7. Driving force diagram for WA–WB separation (reactive zone only – top figure) and its 

corresponding derivative of DF with respect to WA
l
 (bottom figure). 

Figure 8. Transfer function prediction of 
B
MTBERR x pair for the optimal design-control solution 

(each time sample is 5s). 

Figure 9. Open-loop response of optimal design-control solution to a disturbance in the feed 

(each time sample is 5s). 

Figure 10. Simple schematic of control structure implementation. 

Page 60 of 100

AIChE Journal

AIChE Journal

This article is protected by copyright. All rights reserved.



61 
 

 

Figure 11. Closed-loop performance of optimal design-control solution, operating at the 

maximum driving to a disturbance in the feed (each time sample is 5s). 

Figure 12. Closed-loop performance of Design alternative (1) (each time sample is 5s). 

Figure 13. Closed-loop performance of Design alternative (2) (each time sample is 5s). 
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Figure 1: Driving force based design of distillation columns – on the left is the driving force 

diagram and on the right is the corresponding design of the reactive distillation column (adapted 

from Babi and Gani 
49

). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Dynamic process system representation 
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Figure 3: Framework of the integrated process design and control of binary element reactive distillation processes. 

Integrated Process Design-Control

Step 1: Problem formulation/objective function 

definition

Step 2: Identify the number of elements present in the 

system (Algorithm 2.1)

Step 3: Reactive distillation design
3.1: Generate reactive VLE data (Algorithm 3.1)

3.2: Reactive driving force calculations (Algorithm 3.2)

3.3 Optimal design-control alternatives (Algorithm 3.3)

No

• Reactions present in the system and their extent

• Compounds present in the reacting system including 

any inert compounds

• Feed specifications (flowrate, temperature, pressure 

and composition)

• Product specifications (design targets) 

Input Information

• Formula matirx

• Thermodynamic model and pure component properties

• Operating pressure and feed and product specifications 

based on elements

Step 4: Dyanmic analysis and verification
4.1: Control structure verification (Algorithm 4.1)

4.2: Dynamic evaluation of control structure (Algorithm 4.2)

4.3: Final design selection

• Control structure from Step 3.3

• Reactive distillation dynamic model

End

Number of elemnets = 2

Yes

• Number of reactions (NR)

• Number of compounds including the inert compounds 

(NC) 

The design targets, feed and product specifications as 

well as performance objectives are set

Generated Information

The design targets, feed and product specifications as 

well as performance objectives are set

Number of elements is identifed and the formula matrix is 

constructed

Computaion of the reactive VLE data; Driving force 

diagram and thereby finding minimum number of stages, 

reflux ratio and feed stage location; control structure

Final verified reactive distillation column design-control 

solution at the maximum driving force is obtained
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Figure 4: Schematic drawing of the communication network in a control system. 

 

 

 

 

 

 

 

u(t)

Rigorous Dynamic Model

/Physical Process (Plant)

Control Algorithms

y(t)

u(k)
y(k)

A/DD/A

d(t)

y(k)

Page 66 of 100

AIChE Journal

AIChE Journal

This article is protected by copyright. All rights reserved.



67 
 

 

 

 

 

 

 

Figure 5: T-
v
AW -

l
AW  phase diagram for MTBE reactive system (P = 101.3 kPa). 
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Figure 6: Reactive distillation column design configuration for design-control solution 
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Figure 7: Driving force diagram for WA–WB separation (reactive zone only – top figure) and its 

corresponding derivative of DF with respect to WA
l
 (bottom figure). 
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Figure 8: Transfer function prediction of 
B
MTBERR x pair for the optimal design-control solution 

(each time sample is 5s) 
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Figure 9: Open-loop response of optimal design-control solution to a disturbance in the feed 

(each time sample is 5s). 
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Figure 10: Simple schematic of control structure implementation. 
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Figure 11: Closed-loop performance of optimal design-control solution, operating at the 

maximum driving to a disturbance in the feed (each time sample is 5s). 
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Figure 12: Closed-loop performance of Design alternative (1) (each time sample is 5s). 
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Figure 13: Closed-loop performance of Design alternative (2) (each time sample is 5s). 
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