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Abstract 

Semicontinuous distillation is a process intensification technique for purification of 

ternary mixtures to desired specifications. Where conventional continuous process re-

quires two distillation columns for ternary separation, a semicontinuous process utilizes 

only one distillation column and integrates it with a simple storage tank (called middle 

vessel) to perform the same task. Therefore, with a lower total direct cost, a semicontinu-

ous system has a lower total annualized cost (TAC) for low to intermediate production 

rates compared to the continuous configuration. However, the operating cost of the semi-

continuous system is higher than the continuous counterpart. 

The objective of this thesis is to improve the economics of semicontinuous distillation 

by reducing the operating cost and the TAC of the process. This study investigates poten-

tial enhancements of the process by modifying the design, optimizing the design parame-

ters and implementing more efficient control strategies on the process. 

In this work, a novel intensification technique for purification of ternary mixtures is 

proposed. The process can purify three components to desired purities in a single distilla-

tion column without the necessity of a middle vessel and is called semicontinuous without 

middle vessel (SwoMV). The proposed configuration reduces the side stream recycling 

and consequently lowers the operational and the direct costs of a semicontinuous process.  

Subsequently, the integration of design and control of semicontinuous processes is 

studied. A methodology is presented to simultaneously obtain locally-optimal structural 

and operational parameters of the system to minimize the TAC of the process. A mixed 

integer dynamic optimization (MIDO) problem is formulated and the outer approximation 

(OA) and the particle swarm optimization (PSO) methods are used to solve the problem.   

Finally, for the first time, the implementation of model predictive control (MPC) on 

the semicontinuous process is studied. The subspace identification method is adopted to 

identify a linear state-space model. Subsequently, a shrinking horizon MPC is imple-

mented on the system to reduce the operating cost of the process while maintaining the 

desired product purities by the end of the cycle.  
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Research contributions and highlights 

 A novel semicontinuous without middle vessel (SwoMV) configuration is pro-

posed in this work.  

 By changing the operational policy of the semicontinuous system, the SwoMV 

configuration can reduce the operating cost and the TAC of the process up to 45% 

and 43%, respectively. 

 The proposed SwoMV configuration can facilitate the retrofit of available distilla-

tion columns for purification of ternary mixtures. 

 A methodology is presented to simultaneously design the operational and the 

structural parameters of the semicontinuous process using a mixed integer dynam-

ic optimization (MIDO). 

 Integration of design and control of semicontinuous process has resulted up to 

33% and 35% reduction in the operating cost and the TAC of the process. 

 A deterministic outer approximation (OA) and a heuristic particle swarm optimi-

zation (PSO) methods are compared in solving the resulting MIDO problem. 

 For the first time, the process is simulated in the equation oriented gPROMS soft-

ware and a detailed design procedure is presented. 

 The advantages and the disadvantages of simulating the semicontinuous process in 

Aspen Plus Dynamics and gPROMS software packages are discussed. 

 The implementation of advanced model predictive control (MPC) on the semicon-

tinuous process is studied, for the first time.  

 The subspace model identification technique is used to identify a linear state-

space model for a highly nonlinear distillation process, for the first time. 

 The MPC implementation has resulted in about 11% reduction in the operational 

cost of the semicontinuous process and has increased the production rate by about 

10%. 
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M
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M
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ET
B
  Eliminated trays on bottom 

F   Flow rate (kg/s) 

fmin   Minimum gas load (Pa
0.5
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2
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SQMPC  Subspace quality model predictive control 
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Introduction 
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 What is a semicontinuous process? 1.1

Conventionally for purification of ternary mixtures via distillation, two columns are 

required. In a direct sequence separation, the light boiling point component is removed 

from the mixture in the distillate stream of the first column. The remaining mixture is fed 

to the second column where the intermediate and heavy boiling point components are 

removed in the distillate and bottom streams of the second distillation column, respec-

tively (Figure 1) [1]. 

 

Figure 1- Conventional continuous system for purification of an arbitrary ternary mixture of 

ABC. 

  

However, distillation columns are expensive pieces of equipment and their operation-

al costs constitute the major fraction of a chemical plant’s operating cost [2]. Therefore, 

process intensification techniques have been developed in this area aiming to reduce the 

total annualized cost (TAC) of distillation processes [3]. One successful process intensifi-

cation technique in this field is the semicontinuous distillation process which was pro-

posed by Phimister and Seider in 2000 [4].  
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In a semicontinuous process one expensive distillation column is omitted from the 

process and is replaced with a much cheaper storage tank which is called a middle vessel 

(Figure 2).  The semicontinuous process purifies the ternary mixture in a dynamic, cyclic 

manner. Initially the middle vessel is charged with fresh feed. The middle vessel’s charg-

ing and discharging valves are then closed and the middle vessel feeds the column. The 

light and the heavy boiling point components are continuously removed from the system 

in the distillate and bottom streams of the column, respectively. The purities of these 

streams are kept at or close to the desired specifications for the products by utilizing 

composition controllers such that the integral square error (ISE) of the purities from their 

setpoints are minimized during the cycle.  

 

Figure 2- Semicontinuous process for purification of an arbitrary ternary mixture of ABC. 

 

As the system depletes from the light and heavy boiling point components, the con-

centration of the intermediate component in the middle vessel reaches the desired specifi-

cation for this product. Subsequently, the middle vessel’s discharge valve is opened and 
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the product is collected. Then the discharge valve is closed and the charging valve is 

opened and the middle vessel is recharged with fresh feed and a new cycle begins. The 

middle vessel never gets emptied completely. Therefore, it keeps feeding the column dur-

ing the discharging mode. Therefore, the column does not go through any shut-downs or 

start-ups.   

 Although all material streams entering and exiting the column are always flowing, 

the flow rates themselves vary throughout the cycle. Also, the middle vessel is periodical-

ly being charged and discharged. Therefore, the process is somehow in between the clas-

sification of batch and continuous processes and for that reason it is called the semicon-

tinuous process.   

The process is control-driven and the control structure determines the operational pol-

icy of the system. In all previous studies on the process, only multi-PI control loops have 

been employed. Pascall and Adams have investigated eight different PI control configura-

tions for the process and have evaluated the performance of each control configuration in 

terms of disturbance rejection, operating cost and maintaining the product purities [5]. 

The control structure shown in Figure 2 was found to be the best structure that satisfies 

all criteria. 

In this control structure, the purities of the distillate and bottom streams are controlled 

by manipulating their respective flow rates. The reflux drum and sump levels are con-

trolled by the feed flow rate to the column and the reboiler heat duty, respectively. The 

column pressure is controlled by the condenser heat duty and finally the ideal side draw 

control is used to determine the flow rate of the side stream. The ideal side draw control 
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is based on mass balance and manipulates the side stream flow rate to be equal to the 

flow rate of the intermediate component in the feed stream [6].  

 

 Applications of semicontinuous process 1.2

By eliminating one distillation column, semicontinuous separation can significantly 

reduce the total direct cost of a process. On the other hand, the operating cost of the pro-

cess becomes higher than the corresponding conventional continuous system. However, 

the reduction in the total direct cost is significant enough to compensate for the increase 

in the operating cost of the process at lower production rates and shorter payback periods. 

Thus, the TAC of the semicontinuous process is lower than the conventional continuous 

system for low to intermediate production rates. As the production rate of the process in-

creases, a column with a larger diameter is required for the separation. This adds to the 

capital costs of the process and consequently, diminishes the superiority of the semicon-

tinuous system over the conventional continuous system. Therefore, there is a certain 

range of production where the semicontinuous process is more economical than the con-

ventional continuous system.  

Over the last 16 years, since the introduction of the process, different studies have ex-

plored the applicability of the semicontinuous system for purification of different mix-

tures [7]. A detailed literature review is provided in the introduction section of Chapter 2. 

All studies in the open literature to date have confirmed that the semicontinuous process 

is more economical than the conventional continuous system at low to intermediate pro-
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duction rates. It has also been shown that where flexible separation in terms of purities is 

required, semicontinuous separation is a suitable choice [8]. Therefore, this separation 

technique can be used effectively for the production of bio-fuels and pharmaceuticals 

where the production rates are usually lower [9]. Several studies have shown that con-

structing multiple distributed, smaller bio-refineries instead of one large, centralized plant 

can reduce the transportation costs of biomass, which can reap significant benefits [10]. 

As such, it is probable that semicontinuous processes would be more suitable for these 

smaller, distributed plants and possibly even shift the optimum sizes down even more. 

 

 Challenges and solutions  1.3

While promising, semicontinuous systems have limitations such as the scales at 

which they are economical and also having higher operating costs than the conventional 

continuous systems. This study tries to tackle these issues by enhancing the semicontinu-

ous system from a number of different aspects:  

1- Reducing the operating cost of the process by improving the operational policy of 

the system. The process is inherently wasteful by constantly recycling the purified 

side stream back to the un-purified middle vessel. In this work, a novel configura-

tion is proposed that reduces the recycling in the semicontinuous process and con-

sequently lowers the energy consumption.  

2- Reducing the TAC of the process by optimizing the design and the operational pa-

rameters of the system such as number of stages, feed and side stream locations, 
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middle vessel hold up and the tuning parameters of the PI controllers. Due to the 

complexities of the process, the optimization of the process was not studied well 

in the literature. Previous attempts to optimize the process were limited to a subset 

of design parameters [5, 11]. Thus, in this work an efficient optimization method-

ology is presented to design the structural and the operational parameters of the 

process simultaneously.  

3- Reducing the operating cost and increasing the production rate of the process by 

implementing advanced control strategies. The control configuration of the semi-

continuous separation is the fundamental driver of the process and enhancing it 

will improve the operation of the system.  

The successful implementation of these methods will result in considerable cost sav-

ings, a wider applicability of the semicontinuous process for purifying mixtures and ulti-

mately bringing down the costs of bio-fuels and pharmaceutical products which are set to 

gain the most benefit from using the semicontinuous separation. 

 

 Chapters and publication summaries 1.4

Chapter 2 contains the first peer-reviewed publication resulting from this thesis. In 

this chapter a detailed literature review on the semicontinuous process and its applica-

tions is presented. Followed by that, the procedure to design and simulate a semicontinu-

ous process in Aspen Plus Dynamics is discussed. The rest of the chapter introduces a 

novel semicontinuous configuration.  
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The scope of this chapter is to reduce the operating cost of a semicontinuous process 

from the design aspect. It is noticed that one reason for higher operational cost of the 

semicontinuous process is the constant recycling of the side stream back to the middle 

vessel. Therefore, if this inefficiency can be lessened by minimizing the recycling of the 

side stream, higher efficiencies can be obtained.  

The new proposed process intensification technique is called semicontinuous without 

middle vessel (SwoMV). The configuration is capable of performing the same separation 

as a semicontinuous system process in just one distillation column but without the inte-

gration to a middle vessel. The purification is achieved by changing the operational poli-

cy of the column in two different operational modes which are producing and non-

producing modes. 

The advantages of the proposed configuration are: 

1- Elimination of the middle vessel and the consequently the charging–discharging 

modes of operation. 

2- Lowering the TAC of the process compared to the semicontinuous system. 

3- The SwoMV process can facilitate the retrofit of available distillation columns for 

purification of new products.         

The full paper citation is as follows: 

Meidanshahi, V., Adams II, T.A., 2015. A new process for ternary separa-

tions: Semicontinuous distillation without a middle vessel. Chemical engi-

neering research and design. 93: 100–112. 
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Chapter 3 contains the second peer-reviewed publication resulting from this thesis. 

This chapter addresses the main challenge of the semicontinuous process, which was de-

signing the operational and the structural parameters of the system such that the process 

has the lowest TAC. There are heuristic design procedures available in literature that pro-

vide guidelines to design a semicontinuous process [12-13]. These heuristic methods 

suggest a sequential design approach in which first the structural parameters of the sys-

tem are determined and then the control structure and its tuning parameters are designed. 

Subsequently, in a trial-and-error procedure, the design parameters are changed to obtain 

a better design with a lower TAC. Therefore, the design procedure can be quite time con-

suming. On the other hand, selecting the tuning parameters of the PI controllers that have 

high interactions can be quite tedious.  

In this work, for the first time a simultaneous approach is suggested for designing the 

semicontinuous system in which the structural and operational parameters of the system 

are determined simultaneously in a mixed integer dynamic optimization problem. The 

benefit of the proposed method is lowering the computational time required to design a 

semicontinuous process for an arbitrary mixture.  

Another advantage of integration of design and control of a semicontinuous process is 

consideration of the interactions of structural and operational parameters of this dynamic 

process in the design stage. 

The full paper citation is as follows: 
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Meidanshahi, V., Adams II, T.A., 2016. Integrated design and control of semicon-

tinuous distillation systems utilizing mixed integer dynamic optimization. Com-

puters and Chemical Engineering. 89, 172–183.  

Chapter 4 contains the third full paper of this thesis. This chapter addresses the con-

trol challenges of the semicontinuous process. The semicontinuous distillation is highly 

nonlinear with high variable interactions. The process has operational constraints which 

should be satisfied to ensure safe and stable operation. Although PI control configurations 

are shown effective to control the process but advanced control strategies such as model 

predictive control (MPC) can potentially enhance the economics of the process by 

providing a better control.  

In this work, implementation of the MPC on the semicontinuous process is studied for 

the first time. This chapter describes the identification method adopted to find a linear 

data-driven model for the MPC. Two MPC configurations for the semicontinuous process 

are studied. Finally, the economic benefits of the MPC are explored in two case studies in 

this chapter.   

The full paper is submitted to the following journal: 

Meidanshahi, V., Corbett, B., Adams II, T.A., Mhaskar, P., 2016. Subspace Model 

Identification and Model Predictive Control of Semicontinuous Distillation Process. 

Computers and Chemical Engineering (Submitted). 

In Chapter 5 the final remarks, suggestions for future works and the conclusions are 

presented. 
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  Author’s contributions to papers 1.5

As the author of this thesis, I can confirm that I was the primary investigator, devel-

oper of any and all methods, presented in chapter 2 and 3. As for chapter 4, the identifica-

tion and SQMPC Matlab codes of Corbett and Mhaskar were adopted for control studies. 

However, I was solely responsible for the implementation of the methods on the semicon-

tinuous process and the obtained results.  
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Abstract 

Semicontinuous distillation is a process intensification technique for purification of 

multicomponent mixtures. The process dynamically separates a multicomponent mixture 

to desired purities using only one distillation column, which is integrated with one or sev-

eral storage tanks. The system works in stable cycles, each consisting of charging the 

tanks, processing the mixture and discharging the tanks. The system is control-driven and 

thus the control structure and its tuning parameters have crucial importance in the opera-

tion and the economics of the process. So far, in all previous studies of the system, only 

multi-loop proportional integral (PI) controllers have been used for this highly nonlinear, 

multivariable, constrained process with high variable interactions. In this study, for the 
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first time, the implementation of model predictive control (MPC) on a semicontinuous 

process is studied. As such, the ability of this more advanced control strategy to improve 

the operability and economics of a semicontinuous case study is examined. A cascade 

configuration of MPC and PI controllers is designed in which the setpoints of the PI con-

trollers are determined via a shrinking-horizon MPC. The objective is to reduce the oper-

ating cost of a cycle while simultaneously maintaining the required product qualities by 

the end of the cycle. A subspace identification method is adopted to identify a linear, time 

invariant, state-space model to be used in the MPC. The first-principals model of the pro-

cess under the proposed control scheme is then simulated in gPROMS. Simulation results 

demonstrate that the MPC has reduced the operational cost of the semicontinuous process 

by about 11% by changing the operational policy of the process to achieve the separation 

in a shorter cycle time. 

 

 

Keywords: 

Semicontinuous distillation; Model predictive control (MPC); Cascade MPC with PI; 

Subspace identification; Dynamic distillation; gPROMS 
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 Introduction 4.1

Distillation columns are usually major sources of capital and operating costs in chem-

ical processes [1]. Unsurprisingly, reducing these costs has been the driving force for in-

tensive research on process intensification techniques aimed at the mitigation of these ma-

jor costs. Among such studies are those that consider heat integration configurations 

aimed at reducing the operating costs of the process [2] and those that consider dividing 

wall columns that can potentially reduce the capital and operating costs of multicompo-

nent separation [3]. Semicontinuous distillation is another intensification technique that 

has been shown effective in reducing the total annualized cost (TAC) of processes with 

low to intermediate throughputs [4]. The semicontinuous process was first proposed by 

Phimister and Seider [5] for ternary mixtures and was extended for n-component mixtures 

by Wijesekera and Adams [6]-[7].  

The essential idea in semicontinuous distillation is to lower the capital costs by puri-

fying n-component mixtures in only one distillation column that is coupled with storage 

tanks (called middle vessels). Conventionally, n-1 distillation columns are required to 

separate an n-component mixture in a steady-state approach (Figure 1a). Alternatively, the 

same purification can be achieved dynamically with semicontinuous system. In this con-

figuration, n-2 middle vessels are integrated with a single distillation column (Figure 1b).  

A typical semicontinuous cycle proceeds as follows: Initially, the middle vessels are 

charged with fresh feed. Each middle vessel feeds the column and a side stream of the 

column is recycled back to it. During the processing mode, the lightest and the heaviest 
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components, in terms of boiling points, are removed from the distillate and bottom 

streams of the distillation column, respectively. Each intermediate component is concen-

trated in a middle vessel based on its relative volatility. The most volatile intermediate 

component is concentrated in a middle vessel that receives the side stream from a tray 

closer to the column’s condenser, and the heaviest intermediate component is accumulat-

ed in a middle vessel that receives the recycle from a tray closer to the reboiler of the col-

umn. When the desired purities of all intermediate components are achieved in each of the 

middle vessels, the processing mode terminates and the vessels are discharged. The prod-

ucts are collected before the middle vessels are refilled with fresh feed, marking the end 

of one cycle.    

By omitting n-2 distillation columns, the semicontinuous system lowers the capital 

cost of a given separation process and consequently the TAC of the process. Being a 

compact and less expensive configuration, semicontinuous distillation is thus a desirable 

candidate for low-throughput processes such as biofuel or pharmaceutical processing [8].         

Since the dynamic variability of semicontinuous processes is very high, its perfor-

mance is heavily dependent on its control system. Proper control can shorten the cycle 

time, increase the production rate and reduce the operating costs of the process, while im-

proper control can disrupt the cycle and even result in instability of the column, leading to 

safety concerns and economic losses. Despite the obvious importance of semicontinuous 

control system design, very few studies have examined the use of advanced control tech-

niques to improve the process’ performance. So far, only proportional integral (PI) control 

structures have been implemented on this configuration.  
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Figure 1- (a) conventional continuous distillation train for purification of n-component mixture, 

(b) the corresponding semicontinuous configuration. 

 

Pascall and Adams explored eight PI configurations for the semicontinuous system 

[9]. They compared the configurations and evaluated their performances in terms of main-
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taining product purities and rejecting disturbances in the feed composition. They showed 

PI control can satisfactorily operate the system. However, the challenge with multi-PI 

controllers for semicontinuous distillation lies in tuning the controllers’ parameters. High 

interactions between control loops are the main reason. Moreover, regular tuning methods 

such as Cohen-Coon, Ziegler-Nichols, Tyreus-Luyben and auto-tune rely on the assump-

tion that the process is operating at steady-state. Since the semicontinuous system oper-

ates in a purely transient fashion and thus does not have any steady states, these methods 

cannot be used and a tedious trial-and-error procedure must be utilized.  

To address this issue, Meidanshahi and Adams proposed an integrated design and con-

trol approach to simultaneously design the structural and operational parameters of the 

system [10]. In their proposed method, the tuning parameters of the controllers are deter-

mined simultaneously with structural parameters (such as feed stream location, number of 

trays, etc.) in a mixed-integer dynamic optimization problem. Although this method pro-

vides a suitable methodology for tuning PI controllers, advanced control strategies such 

as model predictive control (MPC) can likely provide more desirable control for a semi-

continuous system. MPC utilizes a model of the process, which allows it to optimize the 

inputs to the system to achieve a pre-defined objective (whether it is economic or opera-

tional) while considering for process constraints and dynamics. However, in large plants, 

MPC is not a replacement of proportional integral derivative (PID) controllers, but is ra-

ther an addition to it. While PID controllers have been shown to handle single-

input/single-output systems effectively and have the benefit of not requiring process mod-
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els, multi-input/multi-output processes and over-arching control objectives are better suit-

ed to being controlled via an MPC method. 

There are several literature studies that feature the implementation of MPC on distilla-

tion columns. These studies have also investigated the specific way in which MPC is ap-

plied, such as whether it should be directly implemented on the column or used in combi-

nation with PI control loops.  

For instance, Huang and Riggs studied the MPC control of a binary steady-state distil-

lation column [11]. They compared three control configurations for the system: In the first 

configuration, the MPC controller manipulated the reflux flow rate and the bottoms flow 

rate to maintain the purities of distillate and bottom streams, respectively, and PI control-

lers were used for regulatory control of liquid levels of reflux drum and sump by manipu-

lating the distillate and boil up flow rates, respectively. In the second configuration, the 

MPC controller directly controlled all four degrees of freedom which were the distillate, 

reflux, boilup and bottom flow rates. In the third configuration, a cascade design was 

studied in which the MPC was directly manipulating the reflux and bottom flow rates to 

control the product purities and indirectly controlling the liquid levels by manipulating 

the setpoints of the PI level controllers. The authors concluded that both the direct and 

cascade (the second and the third) configurations had desirable performance. In these 

scenarios, the MPC method could coordinate the input moves for all manipulated varia-

bles, whereas in the first configuration the MPC and PI controllers had conflicting input 

actions to the system, leading to decreased performance. With respect to the performance 
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of the MPC itself, the authors also discussed the advantages and disadvantages of direct 

versus cascade control configurations.  

In the direct configuration, the MPC performed more reliably due to its independence 

of the PI regulatory level controllers. However, a significant disadvantage of this configu-

ration was that the system could become unstable during step-tests for MPC model identi-

fication without the PI regulatory controls in place. The cascade configuration could 

compensate this shortcoming. High-fidelity models could be obtained with the cascade 

configuration while the MPC still had the leverage to manipulate the liquid levels by in-

fluencing the control input actions to the process via the PI set points.  

The distillate and bottom composition loops in a distillation column usually have high 

levels of interaction with each other. Barolo and Papini suggested that the presence of a 

middle vessel can reduce this interaction and improve the performance of the column 

[12]. They proposed a novel configuration called middle vessel continuous distillation 

column (MVCC) for binary mixtures. In this configuration, the feed stream was fed to the 

middle vessel, which had a level controller to adjust the feed flow rate to the column. The 

side stream of the column was recycled back to the middle vessel. The authors showed 

that the presence of a middle vessel could hydraulically decouple the interaction of the 

top and bottom composition loops and improve the composition control of the system. In 

this configuration, the choice of the middle vessel holdup volume and the level controller 

gain were the main design parameters of the system.  

Subsequently, Bezzo et al. studied two MPC configurations of the MVCC [13]. In the 

first, MPC was directly manipulating the five inputs to the system (distillate, reflux, bot-
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tom, boilup and feed flow rates). In the second configuration, the MPC controller manipu-

lated the setpoints of three PI level controllers (controlling the reflux drum, sump and 

middle vessel liquid levels) while also directly controlling the reflux and boilup ratios. 

The authors used step tests to find a linear model of the process and implemented the 

MPC employing the MPC Toolbox of MATLAB. The authors concluded that by using 

MPC they could use a smaller middle vessel. However, it was also found that the MPC 

strategy had the same control performances as a properly tuned PI control structure and a 

proper middle vessel hold up. 

On the other hand, Rewagad and Kiss observed outstanding performance of MPC on 

dividing wall columns compared to PID control [14]. They also addressed the issue of 

direct or coupled MPC implementation. In the direct configuration, all inputs were com-

puted by the MPC. In the other configuration, two PID controllers were used to control 

the liquid levels and the MPC was directly manipulating the other inputs to the system. A 

linearized model of the dividing wall column was used for calculations in the MPC. The 

authors observed that both MPC configurations showed similar performance and they 

could successfully lower the integral absolute error (IAE) of overshoots when compared 

to PID control.  

In this study, the implementation of MPC on a semicontinuous system is studied for 

the first time. Although the total direct cost of the semicontinuous system is lower than a 

conventional continuous system, its higher operating costs motivate the need for more 

effective cycle control. The higher operating costs are due to the fact that the side stream 

is continuously being recycled back to the middle vessel, resulting in losing energy by 
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mixing the purified side stream with the non-purified hold up in the middle vessel. The 

objective of this work is to investigate if a semicontinuous process can be operated more 

efficiently and hence with lower operating costs, while still meeting the required product 

purities. In order to accomplish this objective, a subspace identification technique for 

batch processes [15] is adopted to identify a linear model of the semicontinuous distilla-

tion process and it is used in a shrinking-horizon MPC.  

 

 

 Simulation environment 4.2

The separation of an equimolar ternary mixture of benzene, toluene and o-xylene 

(BTX) is chosen as a case study for this work. The semicontinuous purification of this 

mixture requires one middle vessel as shown in Figure 2. In this configuration, the distil-

late and bottom stream purities are controlled by their respective flow rates. The reflux 

drum and sump levels are controlled by the feed flow rate to the column and the reboiler 

heat duty, respectively. Column pressure is maintained by manipulating the condenser 

heat duty. The flow rate of the side stream is adjusted by a flow rate controller. This con-

trol structure was shown to be the most effective multi-PI control loop for semicontinuous 

system in terms of disturbance rejection and maintaining product purities [9]. Therefore, 

this control structure was used in the present study for comparison against the proposed 

MPC alternative.  
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To simulate the process, gPROMS’ process model library (PML) is used. PML pro-

vides first-principle models of commonly used process equipment and facilitates the sim-

ulation of process flowsheets. For details on simulating the BTX semicontinuous distilla-

tion in gPROMS, refer to Meidanshahi and Adams [10]. In the present work, the charging 

and discharging modes of the semicontinuous cycle are added to the simulation. The se-

quence of the operational modes is added to the SCHEDULE section of gPROMS. The 

differential algebraic equations (DAEs) of the system are integrated until the desired puri-

ty in the middle vessel is reached. Subsequently, the middle vessel discharge valve is 

opened to empty the tank until the liquid level reaches about 6% of the tank height. Fol-

lowing that, that valve is closed and the feed stream valve to the tank is opened. The mid-

dle vessel is charged with fresh feed up to 80% of its height, thus beginning a new cycle.       

 

Figure 2- Semicontinuous distillation of BTX, simulated in gPROMS’ PML. 
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 Implementation of MPC on semicontinuous system 4.3

MPC can be implemented on a semicontinuous system either directly or cascaded 

with PI control loops. The direct MPC implementation methodology is shown in Figure 3. 

In this configuration, the column pressure and the sump levels are left to be controlled by 

PI controllers to ensure the stability of the process. However, the distillate, bottom, side 

stream and feed flow rates are directly manipulated by the MPC. The advantages of this 

configuration are the elimination of PI controllers and their dynamics from the control 

system. Moreover, this configuration eliminates the need for tedious trial-and-error tuning 

of the PI controllers. However, the disadvantage of this configuration is that the system is 

open-loop during the model identification step required for the MPC.  

As the pseudo-random binary sequence (PRBS) signals are added to the nominal input 

trajectories (flow rates in this case), the outputs (composition of the products and con-

straint variables) deviated away from the closed-loop trajectories. Even with small PRBS 

amplitudes, the deviation was found to be significant which resulted in poor model identi-

fication. Without the ability to identify a high-fidelity predictive model, the direct MPC 

implementation configuration was ruled out for this study.  

With the direct MPC methodology ruled out, the cascade MPC configuration becomes 

the next best option for the proposed semicontinuous system (Figure 4). In this configura-

tion, PI controllers ensure stability of the process. Also, during the model identification 

tests, the system remains in closed-loop. In this cascade configuration, the MPC adjusts 
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the setpoints of the distillate and bottoms composition, side stream flow, reflux drum lev-

el, and sump level controllers.  

  

Figure 3- Direct MPC implementation on a semicontinuous system. 

 

  

Figure 4- Cascaded MPC with multi-PI loops. 
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The column pressure controller setpoint is not considered as an input determined by 

the MPC since the column is designed to operate at the lowest possible pressure such that 

inexpensive cooling water could be used as the utility in the condenser. Further reducing 

the pressure would require the use of refrigerants, which are significantly more expensive.  

The methodology presented by Corbett and Mhaskar for controlling batch processes is 

adopted here [15]. They presented a subspace quality model predictive control (SQMPC) 

to obtain the desired product qualities by batch termination. The subspace identification 

method was used to identify a data-driven linear model of the process. Then they built a 

quality model which related the states and the inputs of the system to the quality varia-

bles. Quality variables were defined as process variables that are required to meet a de-

sired specification by the end of the cycle or the batch. 

Having the process linear model and the quality model, the objective of the proposed 

shrinking horizon SQMPC was to reject disturbances in the batch initial condition and to 

track setpoint changes such that by the end of the batch product specifications were met. 

The main thrust of SQMPC is described next. 

Consider a general dynamic process of the form:   

𝒙̇ = 𝑓(𝒙, 𝒖) (1) 

𝒚 = 𝑔(𝒙, 𝒖) (2) 

𝒒 = ℎ(𝒙, 𝒖) (3) 

 

where x is the state variable, u is the input, y is the output and q is a vector of quality 

variables. The nonlinear functions describing the dynamics of the system are denoted by f, 
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g and h and are nonlinear functions relating the outputs and the quality variables, respec-

tively, to the states and the inputs. Quality variables are defined as a subset of outputs that 

are required to meet a desired specification by the end of the cycle. They can be measured 

or unmeasured outputs of the process. In the work of Corbett and Mhaskar, the quality 

variables were unmeasured and a data driven model was developed to predict them during 

the batch [15]. 

A full cycle of a semicontinuous process consists of charging, processing and dis-

charging modes of operation. To simplify the control problem and avoid considering the 

charging and discharging phases in the MPC, a model is identified only for the processing 

mode of the system and the MPC is implemented only during that mode of operation. 

During the charging and discharging of the middle vessel, the MPC is turned off and the 

setpoints of all controllers are reset to their nominal values during the transitions. After 

recharging the middle vessel for the following cycle, the MPC is turned on again.  

To design the MPC for semicontinuous system, it should be noted that the control sys-

tem of the process should satisfy the following objectives: 

1) The time-averaged purities of the distillate and bottom streams should meet 

the required specifications for these streams by the end of the processing 

mode. 

2) The desired purity of the intermediate component in the middle vessel must be 

achieved by the end of the processing mode.  
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3) The purification is performed in the shortest possible cycle time which results 

in increasing the total production rate and also reducing the operating cost of 

the process. 

4) The column pressure and liquid levels in the reflux drum and the sump, re-

spectively, are maintained at or close to their nominal values during the cycle 

to ensure stable operation.   

5) Weeping and flooding should be avoided in the column during the cycle. 

Therefore, the quality variables of the semicontinuous system are chosen to be the 

middle vessel purity (q1), the average purities of distillate (q2) and bottom (q3) streams, 

and the operating cost (q4). The product purities are set by design specifications and are 

required to be obtained by the end of the processing mode of the semicontinuous cycle. 

The time-averaged purities of distillate and bottom streams are computed via the follow-

ing equations: 

𝑞2 =  
∫ 𝐹𝑑𝑖𝑠 × 𝑥𝐵

𝑑𝑖𝑠𝑡𝑓

0

∫ 𝐹𝑑𝑖𝑠𝑡𝑓

0

 (4) 

𝑞3 =  
∫ 𝐹𝑏𝑜𝑡 × 𝑥𝑋

𝑏𝑜𝑡𝑡𝑓

0

∫ 𝐹𝑏𝑜𝑡𝑡𝑓

0

 (5) 

where F is the flow rate of distillate and bottom streams and x is the composition of 

the main component in those streams. The average purities are integrated from the begin-

ning of the processing mode until the end of it (tf). The operating cost is also chosen as a 

quality variable since it is desired that the system operates with minimum energy con-

sumption by the end of cycle. The operational cost is the cost of utilities in the condenser 
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and the reboiler and is computed via Eq. 6. The costs of utilities (v1 and v2) are computed 

based on the method available in Towler and Sinnott [16].  

𝑞4 =  𝑣1 ∫ 𝑄𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑒𝑟

𝑡𝑓

0

+ 𝑣2 ∫ 𝑄𝑟𝑒𝑏𝑜𝑖𝑙𝑒𝑟

𝑡𝑓

0

 (6) 

The output measurements (y) of the semicontinuous system considered in the MPC 

are the reflux drum and sump liquid levels and the vapour velocities at top and bottom of 

the column (tray numbers 5 and 20, respectively). These measurements are needed to set 

operational constraints on the process to be considered in the MPC calculations to guaran-

tee safe operation and avoid weeping and flooding of the column during the cycles. Fur-

thermore, in this work, it is assumed that the measurements of the quality and output vari-

ables are available free of measurement noise during the cycle. The inputs to the system 

(u) are the setpoints of controllers as shown in Figure 4. The f, g and h functions are the 

first-principle DAEs of the process which are simulated in gPROMS. 

The next step is to identify a discrete, time invariant, linear, state-space model. This 

model is employed in the suggested shrinking-horizon MPC, to predict the quality and the 

output variables during the cycle. In the following section, the procedure for identifying 

the model is discussed. 
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 Subspace model identification 4.4

MPC computes future input moves to the process based on the provided model of the 

process. Therefore, the model should be both descriptive of the process dynamics and 

simple enough to allow for reasonable computation times of the optimization problem. 

Step-test identification methods cannot be used for a semicontinuous system due to the 

lack of any steady-state conditions of the process, which are required to identify process 

gains and time delays. Linearizing the nonlinear distillation column model is another op-

tion. In this method, multiple linear models are constructed along the process trajectory. 

These models are then combined into one global model to describe the whole cycle, uti-

lizing proper weighting factors [17].  

However, the subspace identification method is an alternative approach which can 

identify one linear model for the whole cycle and eliminate the need of weighting factors 

[18]. This method is chosen to identify the linear model in this work. This data-driven 

method is based on gathering the input-output trajectories of the process and constructing 

a linear model [19]. Corbett and Mhaskar expanded the method to apply to batch process-

es with varying batch length [15].  

To adopt the Corbett and Mhaskar technique for the semicontinuous system, PRBS 

signals are added to the five inputs of the system (distillate and bottom composition con-

troller setpoints, side stream flow rate setpoint, reflux drum and sump liquid level control-

ler setpoints). The magnitudes of the PRBS signals are chosen to be significant enough to 
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be able to identify the correlation between the inputs and the outputs. However, larger 

magnitudes result in poorly identified models.  

Given the input and output trajectories of the process, the subspace identification 

method determines the A, B, C and D matrices of the state space model: 

𝒙̃(𝑘 + 1) = 𝑨 𝒙̃(𝑘) + 𝑩 𝒖(𝑘) (7) 

𝑦(𝑘) = 𝑪 𝒙(𝑘) + 𝑫 𝒖(𝑘) (8) 

in which 𝒙 is the vector of subspace states which are different from the true states of 

the system. Therefore, a Luenberger observer should be deigned to obtain the true value 

of the states during the cycle. It was found that forcing the matrix D to zero for the pre-

sent application resulted in a better model. Sampling time (k) is considered to be one mi-

nute in this work which is in the order of process time scale. The identified model cap-

tures the dynamics of the PI controllers. However, it should be noted that the PI control-

lers should be tuned to have fast responses toward setpoint changes. This remark will be 

discussed more in section 6.2.  

 

 

 SQMPC  4.5

Once the linear model is obtained, the values of quality and output variables can be 

computed during the cycle and their terminal values can be predicted by the end of cycle. 

To do so, the values of the true process states at each sampling time and the future input 
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trajectories to the process should be known. To obtain the true values of the states, a Lu-

enberger observer is initialized at the beginning of the cycle. As the process measure-

ments become available, the observer is updated until the output predictions converge to 

the measured outputs. After the observer convergence, the model predictions are initial-

ized. The quality variables are computed at the end of the processing mode via the follow-

ing equations: 

𝒙̃(𝑘𝑓) = 𝑨𝑘𝑓−𝑘𝑥̃(𝑘) + [𝑨𝑘𝑓−𝑘−1𝑩     𝑨𝑘𝑓−𝑘−2𝑩  …      𝑩]𝒗(𝑘) (9) 

𝒗(𝑘) = [𝒖(𝑘),   𝒖(𝑘 + 1),   …  ,   𝒖(𝑘𝑓 − 1)]′ (10) 

where k is the current sampling time and the kf is the final sampling instance. v is the 

candidate input trajectory to the process. Subsequently, the quality variables can be readi-

ly computed as: 

𝒒(𝑘𝑓) = 𝑪 𝒙̃(𝑘𝑓) (11) 

Therefore, by having the predictions of the quality variables at the end of the cycle, 

the following MPC objective function can be computed and the future input trajectories to 

the process is optimized at each sampling time via a quadratic optimization problem: 

min
𝒖

   (𝒒(𝑘𝑓) − 𝒒𝑑)
′
𝑴(𝒒(𝑘𝑓) − 𝒒𝑑) +  ∆𝒗(𝑘)′ 𝑷 ∆𝒗(𝑘) (12) 

Subject to:  

𝒒 = 𝑪 (𝑨𝑘𝑓−𝑘𝑥̃(𝑘) + [𝑨𝑘𝑓−𝑘−1𝑩     𝑨𝑘𝑓−𝑘−2𝑩  …      𝑩]𝒗(𝑘)) (13) 
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∆𝒗(𝑘) = [𝒖(𝑘),   𝒖(𝑘 + 1),   …  ,   𝒖(𝑘𝑓 − 1)]′

− [𝒖(𝑘 − 1),   𝒖(𝑘),   …  ,   𝒖(𝑘𝑓 − 2)]′ 
(14) 

𝒗𝑚𝑖𝑛(𝑘) ≤ 𝒗(𝑘) ≤ 𝒗𝑚𝑎𝑥(𝑘) (15) 

0.1 ≤ 𝑅𝑒𝑓𝑙𝑢𝑥 𝑑𝑟𝑢𝑚 𝑎𝑛𝑑 𝑠𝑢𝑚𝑝 𝑙𝑖𝑞𝑢𝑖𝑑 𝑙𝑒𝑣𝑒𝑙 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝑠 ≤ 0.9 (16) 

𝑉𝑚𝑖𝑛
𝑖 ≤ 𝑉𝑖  ≤ 𝑉𝑚𝑎𝑥

𝑖   ,            𝑖 = 𝑡𝑟𝑎𝑦 𝑛𝑢𝑚𝑏𝑒𝑟 5 𝑎𝑛𝑑 20 (17) 

where qd is the desired values of quality variables at the end of the processing mode. 

The diagonal matrix M penalizes any deviation from the desired qualities and the diago-

nal matrix P penalizes the magnitude of input moves. There are hard constraints on the 

inputs of the process and also on the outputs. The last constraint (Eq. 17) is intended to 

prevent weeping and flooding during the cycle. V is the vapour velocity and the maxi-

mum allowable vapour velocity in the column to prevent flooding and the minimum va-

pour velocity to prevent weeping of liquid are computed based on equations provided in 

Mersmann et al. [20].  

The gPROMS rigorous first principle model is considered as the process model. The 

shrinking horizon MPC code is implemented in MATLAB. Therefore, the gO:MATLAB 

feature of gPROMS is used to link these two software platforms. The inputs to the pro-

cess are computed in MATLAB and then they are passed into gPROMS, where the out-

puts of the process are computed and are sent back to MATLAB.      
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 Results and discussion 4.6

The structural parameters of the BTX semicontinuous separation used in this work are 

listed in Table 1, which are adopted from Meidanshahi and Adams [10]. In that work, the 

authors optimized the process and found the optimum structural and operational parame-

ters for the system. However, they only considered the processing mode of operation in 

the optimization problem and did not include the charging and discharging modes. The 

reported gains for the side stream flow and liquid level controllers are small. When MPC 

is cascaded with these sluggish underlying PI controllers, it does not respond quickly 

enough to the setpoint changes instructed by the MPCs, and therefore the MPC changes 

the operation of the system by only a small amount. As a result, the improvement in the 

operational cost of the process is small (~1-2% reduction in cost).  

Table 1– Semicontinuous design parameters for BTX separation. 

Number of 

trays 

Feed tray Side tray Condenser pressure 

(bar) 

Middle vessel 

height (m) 

Column diameter 

(ft.) 

26 16 13 0.37 5 4 

 

Another issue is that in this study the MPC is only on during the processing mode of 

the process and all controllers’ setpoints are set back to their nominal values during the 

discharging and charging modes. Therefore, if the PI controllers are not fast enough to 

bring the process variables back to the their nominal values, the column will face material 

imbalance which results in liquid accumulation in the column or dry the column trays and 

eventually disrupts the operation of the process.  
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Therefore, the PI tuning parameters are changed to the values reported in Table 2 to 

avoid the aforementioned issues. Subsequently, the performances of the multi-PI loops 

and the cascaded MPC with PI controllers are compared. Furthermore, the charging and 

discharging rates of the middle vessel are designed at lower rates to give the process 

enough time for transition to the nominal conditions at the beginning of the subsequent 

cycle. 

 

Table 2– PI controllers tuning parameters. 
Distillate Purity 

controller 

Bottom Puri-

ty controller 

Reflux drum 

level controller 

Sump level 

controller 

Side draw con-

troller 

Column pres-

sure controller 

k τ k τ k τ k τ k τ k τ 

5 40200 5 50251 3 1000 3 1000 3 1000 0.5 1000 

k is the gain and τ is the reset time (sec.). 

 

In the following subsections, first the results of model identification are discussed. 

Subsequently, performance of the MPC strategy on the semicontinuous system is exam-

ined in two case studies. The first case study explores the economic benefits of the MPC 

implementation on the process. The main focus in this case is to reduce the operating cost 

of a semicontinuous cycle. The second case study examines the capability of the MPC in 

maintaining product purities in the face of changes in the feed stock composition.  

 



Ph.D. Thesis – Vida Meidanshahi          McMaster University – Chemical Engineering 

66 

 

4.6.1 Subspace model 

As it is mentioned earlier, the linear model is identified only for the processing mode 

of the operation. A database of input-output trajectories of the process is generated to 

build the model. The database contains the nominal PI trajectories as well as the data 

gathered from exciting the process by adding PRBS signals to the setpoints of PI control-

lers. No open-loop data is collected in the database since it adversely affected the accura-

cy of the identified model.  

Twenty percent of the database is used in model validation and the rest in training the 

model. The main parameters of the subspace identification method that should be deter-

mined are the number of states and the number of Hankel matrix rows. These parameters 

are chosen such that the sum square of errors of model predictions and process output 

measurements are minimized. These values for the identified model are 12 states and 14 

Hankel rows.  

Figure 5 illustrates the prediction capabilities of the identified linear model. In this 

Figure the model predictions of the quality variables are compared to the corresponding 

process measurements. For the first fifty sampling instances, the Luenberger observer is 

in closed-loop and is updated with process measurements until the observer converges 

and the true values of states are obtained. Subsequently, the observer is turned off and 

model predictions are started with the obtained states from the observer. The inputs to the 

process are fed to the identified model and the quality variables are computed. Figure 5 

shows that the identified model can predict the quality variables with decent precision.  
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Figure 5- Comparison of the process quality variables measurements with the corresponding 

model predictions. 

 

4.6.2 Case 1: Cost improvement 

The emphasis of this case study is to explore the possibility of improving semicontin-

uous economics by implementing the MPC on the process. The goal here is to reduce the 

operating costs of the system while maintaining all product purities. To apply the MPC to 

the process, first the desired values of the quality variables that are required to be 

achieved by the end of the processing mode should be set.  

It should be noted that it takes a couple of cycles before the semicontinuous process 

converges to stabilized cycles. Therefore, in this work, the first ten cycles of the process 

with PI control are discarded and the nominal PI trajectories are considered from the 
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eleventh cycle. The time-average purities of the distillate and bottom streams by the end 

of the processing mode of the eleventh cycle are 98.6 and 98.8 mass%, respectively. 

These are selected as the desired final quality variable values. The other quality variable 

is the middle vessel purity and its desired final value is set to be 98 mass%. Finally, the 

last quality variable is the operating cost of the process. The terminal value of this varia-

ble is not known beforehand and it is desired to be minimized. Therefore, any small value 

can be selected for it. In this work, it is set to be 80% of the operating cost of the process 

with PI control configuration.  

The tuning parameters of the MPC, namely the M and P matrices, are tuned manually 

to obtain the best performance of the process. The chosen values for the diagonal ele-

ments of the M matrix are presented in Table 3. The values in this Table are the weights 

on the purity of the middle vessel (m1), the average purities of the distillate (m2) and bot-

tom (m3) streams and the operating cost (m4). In regards with the P matrix, the penalty 

values of 100 are considered for the distillate and bottom setpoints moves and 10 for the 

rest of the input moves.  

Table 3–Tuning parameters of the MPC for case 1. 
m1 m2 m3 m4 

50 50 50 1000 

 

Figure 6 shows the PI controllers’ setpoints during five full cycles of the semicontinu-

ous system with PI-only and cascaded MPC control. During the discharge and recharge of 

the middle vessel the inputs are set back to the nominal values. Subsequently, the nominal 
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inputs are implemented to the system until the observer converges (about 20 sampling 

times). After the convergence of the observer, the model predictions are started and the 

MPC is turned on. 

 

Figure 6- The PI controllers’ setpoints in the PI-only and cascaded MPC control over the course 

of five cycles. 

 

The quality variables are shown in Figure 7. For the closed-loop system under the PI 

controller alone, higher product purities (than the setpoints) are observed during the cy-

cles (Figure 7a and 7b) which result in unnecessarily higher operating costs. This is a re-

sult of the underlying PI composition controllers being unable to regulate to the setpoint 

(see Figure 11b and 12b), which in turn results in taking more cycles before stable cycles 

are established. The cycles will eventually stabilize if no disturbances are considered to 
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the system. Figure 7 shows the cycles from the 11
th

 until the 15
th

 cycles. The MPC is im-

plemented starting in cycle 11, which is time zero in this work. 

Figure 7a, 7b and 7c show the average purities of the distillate and bottom streams 

and middle vessel purity, respectively. The MPC has obtained the desired product purities 

for these quality variables by the end of the processing modes. It has also stabilized the 

cycles and has cancelled the effect of the PI controllers that tend to increase the purities in 

each cycle. This is promising that the MPC can compensate the deficiencies of the imper-

fect tuning parameters of the PI controllers to some extent.  

 

 

Figure 7- Variation of quality variables during five cycles. 
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Figure 8- Liquid level in the middle vessel during semicontinuous cycles.  

 

Figure 7c shows the middle vessel purity and it illustrates that the MPC cycles are 

10% shorter than the multi-PI control configuration. The liquid level profile in the middle 

vessel during the cycles is shown in Figure 8. Finally, the operating cost of the process is 

shown in Figure 7d. The MPC has reduced the cost by 11.7% per cycle. This cost im-

provement is slightly due to avoiding the over purification of the products in each cycle 

and mainly due to a better operational policy that the MPC has computed for the semicon-

tinuous process. Figure 7d shows that the operating cost is essentially a linear function of 

time. Therefore, the MPC has reduced the cost by changing the operation of the process 

such that the separation can be achieved in a shorter cycle time. 

The major improvement in the operation of the system achieved by the MPC is by 

changing the side stream flow rate profile during the processing mode of the system. Two 
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main policies for controlling the side stream flow rate have been utilized in previous stud-

ies for semicontinuous processes. The first policy is to maintain a constant side stream 

flow rate by having a flow controller on the stream with a fixed setpoint. This was found 

to be the most economic for the system and therefore used in this study. The second poli-

cy is the ideal side draw control strategy [21]. In ideal side draw control the flow rate set 

point of the side stream is adjusted by a cascade control which continually updates the set 

point to be equal to the amount of intermediate component entering the column via the 

middle vessel. With this control policy the side stream flow rate usually increases during 

the processing mode and hits a plateau by the end of that mode. 

However, the MPC has found a better policy for side stream control which shortens 

the process’ cycle time. To explain the new policy, Figure 9 zooms in to the first full cycle 

of the semicontinuous process. The nominal PI and the MPC trajectories are shown to il-

lustrate how the MPC has changed the operation of the system. The cycle starts from the 

processing mode and the vertical lines show the beginning of the charging and the dis-

charging modes of the process for the MPC trajectories. Since the MPC cycles are 10% 

shorter than the PI control configuration, the charging and discharging times are not at the 

same times for these two control configurations.  

As shown in Figure 9a, at the beginning of the processing mode, the purity of the in-

termediate component (toluene) in the side stream is lower than its specification (98 mass 

%). During this period the MPC reduces the flow controller setpoint (Figure 9b) to with-

draw less liquid from the column (Figure 9c). As this purity reaches the desired specifica-

tion (around minute 90), the setpoint of the side stream flow controller is increased sharp-
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ly and put on its upper bound (Figure 9b). Consequently, the side stream flow rate is in-

creased rapidly to its maximum flow rate (Figure 9c).  

  

Figure 9- (a) Side stream purity, (b) controller setpoint,  and (c) flow rate. The vertical lines 

corespond to the beginning of the discharging (Dis.) and charging (Ch.) modes of the process in 

the MPC configuration only. 
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Recycling the side stream which is pure to the desired purity back to the middle vessel 

at the highest rate and feeding the tanks hold up at a higher rate back to the column has 

resulted in shortening the cycle time. Figure 9a shows that after the side stream purity has 

reached the desired specification, the profile has a higher slope with the MPC control than 

with PI control. 

At the beginning of the discharging mode the setpoint is brought back to the nominal 

value (Figure 9b). Figure 9c shows that the PI flow controller is fast enough to bring back 

the side flow rate to the nominal value without any oscillation by the end of the cycle. 

This is why faster PI controllers are more desirable in the MPC implementation. Another 

advantage of the MPC control policy is that by the end of the cycle, the purity of the side 

stream is higher than its corresponding value in the PI control system which results in a 

shorter subsequent cycle time.  

It is interesting to mention that the side stream flow rate profile that the MPC has 

computed is similar to the semicontinuous without middle vessel (SwoMV) configuration 

suggested by Meidanshahi and Adams [22]. The authors suggested that the semicontinu-

ous process can achieve the same separation without the necessity of the middle vessel 

with lower operational and direct costs. In the SwoMV configuration, there is no side 

stream withdrawal until the purity of the stream reaches above the desired specification. 

The MPC results show similar trend for the side stream flow rate.   

Figure 10 shows the setpoint, the measurement and the manipulated variable of the re-

flux drum liquid level controller. In PI control configuration, the setpoint is set at 50% to 

keep the reflux drum level half full during the cycle. As the distillate flow rate decreases 
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during the cycle (Figure 11c), the liquid level goes up in the reflux drum (Figure 10b). 

Therefore, the PI controller reduces the feed flow rate to the column (10c). Consequently 

the column is not working at its maximum capacity by the end of the cycle. However, 

MPC has fixed this drawback. In the MPC configuration, the reflux drum level setpoint is 

decreased and is set it to the lower bound during the processing mode (Figure 10a).  

Initially, the reflux level jumps up since the distillate flow rate is increasing in that pe-

riod (Figure 11c) which results in a dip in the feed flow rate to the column at about mi-

nute 20 (Figure 10c). However, as the distillate flow rate decreases during the cycle, the 

level goes down to the specified setpoint and therefore by the end of cycle the MPC can 

increase the feed flow rate to the column (Figure 10c). This increase in the feed flow rate 

occurs at about the same time as the MPC has increased the side stream flow rate to the 

column. These two synchronized effects result in shorter cycle time and lower operating 

cost.   

Due to the decrease in the feed flow rate to the column at the beginning of the MPC 

cycle, the distillate stream purity has increased slightly (Figure 11b) and therefore the dis-

tillate flow rate is increased slightly during the processing mode (figure 11c). However, 

although loose tuning parameters are chosen for the distillate composition controller, 

changes in the setpoint resulted in distillate flow rate oscillations. Especially, just before 

the beginning of the discharge mode, there is a short pick in distillate flow rate which is 

just at the same time that the feed flow rate to the column is at its maximum flow rate. 

This resulted in significant drop in the purity of the distillate stream during the discharg-

ing mode in the MPC configuration (Figure 11b), noting though that the distillate flow 
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rate during this time is nearly zero and so the net effect on cumulative product quality is 

small. The MPC has tried to slightly increase the distillate composition controller setpoint 

to compensate for the purity drop in the discharging mode. The same behaviour is also 

observed in the bottoms composition controller as shown in Figure 12.  

 

Figure 10- (a) Reflux drum’s level controller setpoint, (b) level measurement, and (c) the manipu-

lated variable (feed flow rate to the column).  
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Figure 11- (a) Distillate composition controller’s setpoint, (b) measurement and (c) manipulated 

variable.  
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Figure 12- (a) Bottoms composition controller’s setpoint, (b) measurement and (c) manipulated 

variable.  

 

The changes in the sump’s level are shown in Figure 13. The setpoint is decreased to 

the lower bound. It is interesting to notice that this PI controller has a rather quick re-
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sponse to setpoint changes and the process variable follows the setpoint tightly. However, 

this fast response has resulted in a sharp increase in the reboiler heat duty at the beginning 

of the discharging mode as the liquid level is brought back very fast to its nominal value.  

 

Figure 13- (a) Sump liquid level controller’s setpoint, (b) measurement and (c) manipulated vari-

able.  
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It is important to note that the distillation model assumes that the reboiler system 

hardware is actually capable of delivering a rapid but brief spike of this magnitude. If this 

were not obtainable in reality, the system would take longer for the sump liquid level to 

return to 50% full but the general trends would be the same. 

The manipulated variables of the PI controllers which are the distillate, bottoms, feed 

and side stream flow rates are plotted in Figure 14 during the five cycles of the semicon-

tinuous system under the two control strategy studied in this work. Figure 14a and 14b 

show that has the MPC has stabilized the cycles faster. Where in the PI control configura-

tion the distillate and bottoms flow rates are gradually shrinking, these profiles look more 

stable with the MPC control.  

Finally, in order to ensure that the process is safe and stable, operational constraints 

are considered in the MPC. These constraints are shown in Figure 15. Figure 15a and 15b 

shows the liquid levels in the reflux drum and sump, respectively. These figures show that 

the levels are kept in the desired ranges (10-90% of the vessel heights) during the cycles. 

Figure 15c and 15d show the vapour velocities at top (tray number 5) and bottom (tray 

number 20) of the column, respectively. The vapour velocities are kept in between the 

limits to avoid weeping and flooding of the column throughout the cycles. The spikes at 

the end of the processing modes in the vapour velocity profiles are due to the sharp in-

crease in the reboiler heat duties and consequently increased vapour flow rate in the col-

umn. However, the vapour velocities are still slightly below the maximum allowable ve-

locity.    
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Figure 14- Manipulated variables of the PI controllers during the five cycles of multi-PI and cas-

caded MPC with PI control configurations. 

 

Figure 15- Operational constraints on the process. 
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For the last remark, it should be noted that MPC calculation time at each sampling in-

stant is fairly shorter than the sampling time of the process. This ensures the applicability 

of the method to the process. One advantage of the SQMPC method is its fast computa-

tional time at each sampling instance. The optimization problem is formulated as a con-

vex, quadratic programming problem which can be solved fast while guaranteeing opti-

mality of the solutions. The SQMPC computational time at each sampling instance took 

on average 0.6549 seconds in this study (with minimum calculation time of 0.0296 sec-

onds and maximum 11.34 seconds, on a 3.4 GHz, Intel, Core i7, 64-bit machine). This 

computational time is smaller than the sampling time of the process which was 60 sec-

onds and ensures applicability of the method on the process.   

 

4.6.3 Case 2: Change in the initial feed composition 

In this case the performance of the MPC with change in the initial feed composition is 

studied. The linear model and all parameters are kept constant except the M matrix. In 

this case heavier penalties are considered for the average distillate and bottoms purities as 

shown in Table 4. In this case, from the second cycle of the semicontinuous process, the 

mass fraction of the intermediate component is increased by 10%. The responses of the PI 

and the cascaded MPC control configurations are examined. 

Table 4– Tuning parameters of the MPC for case 2. 
m1 m2 m3 m4 

50 5000 5000 1000 
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Figure 16- Quality variables profiles for twenty cycles with the feed disturbance condition. 

 

The quality variable profiles are shown in Figure 16. The behaviour of the MPC in 

handling the change is similar to the PI control. However, the MPC has brought all the 

product purities close to the desired specifications while having a shorter cycle times and 

consequently 8.17% lower operational cost per cycle compared to the PI configuration. 

The corresponding inputs to the system are shown in Figure 17. The MPC input profiles 

follow the same trend as the previous case study. The importance of this case study is to 
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show that the MPC can handle step changes in the feed stock conditions of the process 

even without an updated model.  

 

Figure 17- PI setpoints for the studied control configurations with 10% change in the feed stock 

composition implemented to the process from the second cycle. 
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 Conclusion 4.7

In this study the implementation of the MPC on a semicontinuous system is studied 

for the first time. The objective of the MPC is to reduce the operational costs of the pro-

cess while maintaining all product purities. Direct and cascaded MPC configurations are 

studied and it is concluded that the cascaded MPC with PI control loops is a better con-

figuration for the semicontinuous process. Subsequently, the subspace identification 

method is adopted to identify a linear, state-space model of the process. It is shown that 

the model can predict the dynamics of the process sufficiently well for control purposes. 

Finally, a shrinking horizon SQMPC method is devised to compute the inputs to the pro-

cess which are the setpoints of the PI controllers. The MPC results show up to 11.7% re-

duction in the operational cost of the process per cycle. This improvement is the result of 

10% reduction in the cycle time of the semicontinuous process with the MPC strategy. 

Higher cost improvements could potentially be obtained with optimum tuning parameters 

of the MPC. 

In multi-PI control configuration, the distillate and bottoms flow rates decrease during 

the cycle as the concentrations of light and heavy boiling point components decrease in 

the middle vessel. Subsequently, the feed flow rate to the column is decreased. Mean-

while, the side stream flow rate is either kept constant or is increased or decreased (de-

pending on the design of the system) during the cycle until the flow rate hits the plateau 

by the end of the cycle. However, the MPC has changed this operational policy and found 

a shorter path to purify the mixture.  
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In the cascaded MPC with multi-PI configuration, the feed and the side stream flow 

rates are decreased at the beginning of the processing mode. This will reduce recycling at 

the beginning of the processing mode and will lessen the mixing of the purified side 

stream with the un-purified middle vessel holdup. Subsequently, as the purity of the side 

stream reaches the desired specification, the feed flow rate to the column and the side 

stream flow rate are increased to accelerate the separation. This operational policy com-

puted with the MPC agrees well with the SwoMV configuration which was already 

shown more economical than the semicontinuous system for a range of operations.  

Furthermore, it was observed that the MPC can dampen the effect of the PI tuning pa-

rameters and stabilize the process faster. However, the effect of the PI tuning parameters 

on the performance of the MPC is the focus of future work. Also, it is suggested that the 

tuning parameters of the PI controllers are included as inputs in the MPC algorithm so 

they can be adjusted as the cycle proceeds.  

Finally, the performance of the MPC is examined for a case with changes in the feed 

stock composition. It is observed that MPC can maintain its superior performance com-

pared to the PI control configuration in this case as well.  

The inclusion of the charging and discharging modes of operation in the MPC is also 

the subject of ongoing research. This will probably result in better control and economics 

for the system because the MPC will not have to reset at the start of each cycle, forcing 

the inputs to return to their nominal values each cycle and requiring the observer to re-

converge each cycle. Instead, the information from previous cycles will be carried for-

ward to better inform future cycles. 
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 Nomenclature  4.8

F   Flow rate, (kg/s) 

M   Penalty matrix on quality variables 

P   Penalty matrix on input moves 

q   Quality variable 

Qcondenser  Condenser heat duty, (kJ/s) 

Qreboiler  Reboiler heat duty, (kJ/s) 

tf   Final time, (s) 

u   Input variables 

v   Candidate input trajectory 

V   Vapour velocity, (m/s) 

v1    Cost of condenser heat duty, ($/kJ) 

v2    Cost of reboiler heat duty, ($/kJ) 

x   State variables 

𝒙̃   Subspace states 

𝑥𝐵
𝑑𝑖𝑠       Purity of benzene in the distillate stream, (mass %) 

𝑥𝑋
𝑏𝑜𝑡       Purity of o-xylene in the bottom stream, (mass %) 

y   Output variables 

 

Abbreviations 

DAE  Differential algebraic equation 

MPC  Model predictive control 

MVCC  Middle vessel continuous distillation column 

PI   Proportional integral 

PID  Proportional integral derivative 

PML  Process model library 

PRBS  Pseudo-random binary sequence 

SQMPC  Subspace quality model predictive control 
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Conclusions and recommendations 
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Semicontinuous separation is a relatively new process intensification technique for 

performing ternary separations in one distillation column. Previous studies have shown 

the applicability of the semicontinuous processes for separation of several chemical mix-

tures. In this thesis project, the economic improvement of the semicontinuous process is 

targeted by proposing better design, optimum design parameters and more efficient con-

trol system for the process. The obtained results can be summarized as follows. 

 Design 5.1

In the first part of this thesis project the performance of semicontinuous systems has 

improved by proposing a novel process intensification technique called semicontinuous 

without middle vessel (SwoMV). The SwoMV configuration does not require a middle 

vessel, and it also does not have any charging and discharging modes of operation. There-

fore, the proposed process can save on capital and instalment costs. Consequently, the 

SwoMV configuration reduces the total direct costs of the system and also it facilitates 

the retrofit of available distillation columns for ternary separations.  

Furthermore, the proposed configuration reduces the operating cost of the conven-

tional semicontinuous process for a range of feed compositions and extends the economi-

cally optimal range of production. The separation of BTX is selected as a case study to 

examine capabilities of the SwoMV configuration. However, the SwoMV concept can be 

extended for any non-azeotropic ternary mixture with sufficiently different relative vola-

tilities. In this work, a semicontinuous system is designed for the BTX mixture and the 

column structure and the proper controller system are designed. An economic analysis is 
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performed and SwoMV process is compared to conventional continuous, conventional 

semicontinuous and single side stream column systems for three cases of feed composi-

tions applied to a wide range of process scales.  

For the range of production rates studied, the results illustrates that the total annual-

ized cost of SwoMV process is generally lower than the other studied configurations. For 

instance, for purification of intermediate rich feed mixture, the SwoMV has lowered the 

total direct cost up to 42% and has reduced the operating cost up to 45% which has re-

sulted in up to 43% less total annualized cost relative to the conventional semicontinuous 

configuration and also has expanded the economical production range of conventional 

semicontinuous system by 44.5%.  

The obtained results show that proposed SwoMV configuration can expand the range 

of semicontinuous application. Furthermore, the performance of SwoMV is compared 

with a single side stream distillation column. It is shown that for all studied feed composi-

tions SwoMV has a lower operating and direct costs compared to the side stream column.  

Consequently, the novel SwoMV configuration is a suitable ternary separation tech-

nique for production of specialty chemicals, where production rates are low. Future stud-

ies should focus on application of SwoMV configuration to other processes to demon-

strate its performance relative to conventional continuous and semicontinuous systems. 

Also the MIDO optimization framework and the MPC control system that have been de-

veloped in the following chapters should be implemented on the SwoMV configuration to 

further improve the economics of the process.   
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 Optimization 5.2

In the second part of this thesis project, integration of design and control of semicon-

tinuous processes is studied and a methodology is proposed to design a semicontinuous 

distillation system for an arbitrary ternary mixture. The proposed methodology is based 

on a simultaneous design approach which considers the dynamics of the process in the 

design stage. This is generally more desirable than the previously known sequential de-

sign approaches for the semicontinuous process. The proposed method also significantly 

reduces the required time for designing a close to optimal semicontinuous system.  

The mixed integer dynamic optimization (MIDO) is adopted to obtain locally opti-

mum structural and operational parameters of the process. The resulting MIDO problem 

is then solved by using both the gradient-based outer approximation (OA) method and the 

gradient-free particle swarm optimization (PSO) methods. It is shown that OA method 

finds similar solutions to PSO method. The OA method was considerably faster when 

good initial guesses were provided, but very sensitive to the initial guesses. Many initial 

guesses resulted in failure of the OA algorithm, and finding good initial guesses a priori 

for semicontinuous systems in general is very difficult. On the other hand, PSO has high-

er computational times but it is not that sensitive to initial condition.  

Subsequently, the methodology is generalized to a superstructure where no a priori in-

formation is available for designing the semicontinuous process. The method uses an ex-

cessively large distillation column as an initial guess with possible side draw locations 

both above and below the feed. It was found that both the PSO and OA methods found 
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very similar solutions using this approach, and those solutions could then be used as the 

initial guess for a more rigorous optimization approach with either PSO or OA. However, 

because the OA approach is much faster at both of these stages, it is recommended for use 

whenever possible. Nevertheless, since both OA and PSO always found similar solutions 

and neither one consistently found better design than the other, the PSO is recommended 

for use where OA methods are not available, as is sometimes the case in other commercial 

simulation software. 

For future work, it is suggested that the charging and the discharging modes of opera-

tion be included in the simulation and the optimization of the system. The key parameters 

of those modes are the rates at which the tank is charged or discharged. Generally, faster 

is better in terms of cycle time, but the costs of this have not previously been considered, 

so there is some optimal policy which is currently unknown. 

 

 Control 5.3

Finally, in the last part of the thesis implementation of the MPC on a semicontinuous 

system is studied for the first time. The objective of the MPC is to reduce the operational 

costs of the process while maintaining all product purities. Two configurations are stud-

ied. The direct and cascaded MPC configurations are it is shown that the cascaded MPC 

with PI control loops is a more favourable configuration for the semicontinuous process. 

The subspace identification method is adopted to identify a linear, state-space model of 

the process to be used in the MPC. It is shown that the model can predict the dynamics of 



Ph.D. Thesis – Vida Meidanshahi          McMaster University – Chemical Engineering 

95 

 

the process with decent precision. Finally, a shrinking horizon SQMPC method is imple-

mented on the process and the inputs to the process which are the setpoints of the PI con-

trollers are computed. The MPC results show up to 11.7% reduction in the operational 

cost of the process per cycle. This improvement is the result of 10% reduction in the cycle 

time of the semicontinuous process with the MPC strategy. Higher cost improvements 

could potentially be obtained with optimum tuning parameters of the MPC. 

The improvement in the economics is due to alteration of the operational policy of the 

semicontinuous system by the MPC. In the cascaded MPC with multi-PI configuration, 

the recycling at the beginning of the processing mode is reduced which will result in less-

ening the mixing of the purified side stream with the un-purified middle vessel holdup. 

Subsequently, as the purity of the side stream increases and reaches the desired specifica-

tion, the feed flow rate to the column and the side stream flow rate are increased to accel-

erate the separation. This operational policy computed with the MPC agrees well with the 

SwoMV configuration which was already shown more economical than the semicontinu-

ous system for a range of operations.  

Furthermore, it was observed that the MPC can stabilize the process faster. However, 

the effect of the PI tuning parameters on the performance of the MPC is the focus of fu-

ture work. It is suggested to include tuning parameters of PI controllers as inputs in the 

MPC algorithm so they can be adjusted as the cycle proceeds.  

Finally, feed stock composition change is also studied and performance of the MPC is 

evaluated for this case as well. It is observed that the MPC can maintain its superior per-

formance compared to the PI control configuration in this case as well.  
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The inclusion of the charging and discharging modes of operation in the model identi-

fication and the MPC is the subject of ongoing research. This will probably result in bet-

ter control and economics for the semicontinuous process since the MPC will not have to 

reset at the start of each cycle, forcing the inputs to return to their nominal values each 

cycle and requiring the observer to re-converge each cycle. Instead, the information from 

previous cycles will be carried forward to better inform future cycles. 

 

 Final remarks 5.4

The contributions of this thesis project and its advancements on the semicontinuous 

distillation process are summarized in Figure 3. In this figure, the TAC per production 

rate of a conventional continuous system is shown. A semicontinuous distillation is de-

signed for the same process based on available sequential heuristic design rules in litera-

ture. The obtained design parameters are then manually tweaked to get the best design 

with the lowest TAC. The resulting semicontinuous process has a 14.8% higher TAC per 

production rate (for an illustrative example) compared to the conventional continuous 

process as shown in Figure 3 (second bar from the left). The obtained design is then opti-

mized using the proposed MIDO framework in this work. The resulting locally optimum 

design has 11.5% lower TAC per production rate compared to the conventional continu-

ous process. Finally, the MPC is implemented on the locally optimum semicontinuous 

process and the cost of the process has reduced by 34.2% compared to the conventional 

continuous process. 
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Therefore, this figure shows the effectiveness of the methods developed for and im-

plemented on the semicontinuous process in this thesis. Lower operating cost and conse-

quently TAC are obtained for the semicontinuous distillation process which was the main 

objectives in this thesis project.   

 

Figure 3- Summery of the contributions of this thesis project on the semicontinuous distillation 

process. 
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The End. 


