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Abstract. The sustainability of distillation operations could be maximized by implementation of four-product dividing 

wall columns (DWC), where appropriate, but this is hampered by the lack of related know-how and concerns about 

the controllability of a demanding separation process occurring within a complex internal configuration including up 

to three liquid and three vapor splits. Due to its unique design featuring two separate overhead condensers, the so-

called 2-3-3 DWC configuration offers extra degrees of freedom compared to other feasible configurations of a four-

product DWC, which, in theory, gives a possibility of manipulating directly one of the vapor splits. Present study is 

concerned with dynamic properties of a 2-3-3 DWC, and was carried out using established modelling methods and 

mathematical tools for the control system synthesis, but at the same time taking practical limitations and feasibility 

into consideration. Therefore, a realistic multicomponent feed composition was used, as well as simple, established 

means of control. Closed-loop performance was evaluated using a series of controlled disturbances. Although the 

operation could be successfully stabilized, using simple temperature control without active vapor split manipulation 

could prove insufficient in maintaining the desired product composition in certain scenarios. 

Keywords Distillation, Dividing wall column, Column control, Dynamic simulation 

1. Introduction  
Increasing the energy efficiency of distillation, the most widely used industrial separation method, remains one of the 

key goals in making the chemical process industry sustainable. Dividing wall columns (DWC) stand as one of 

significant examples of still unconventional technologies that could provide a step forward in the right direction. 

Already implemented, three-product DWCs have proven the feasibility and increased efficiency of this technology in 

various real-life applications. However, their Petlyuk sequence based four-product counterpart, enabling even larger 

reductions in costs and energy requirement as well as carbon dioxide emissions (Halvorsen et al, 2013), has not yet 

been widely accepted. This can be contributed to the use of three active vapor splits – a feature difficult to achieve in 

practice, so a search for both simpler column structures and control structures for certain classes of feed properties is 

needed to take the development of four-product DWCs towards industrial implementation. Some simplifications that 

proved to be feasible both as a new and as a retrofit design together with the design procedure and resulting design 

variables were presented previously (Dejanović et al, 2011, Halvorsen et. al 2013). Explored configurations and their 

proposed nomenclatures are shown in Figure 1.  

 
Fig. 1. Four product DWC configurations and their nomenclature 
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Table 1. Feed composition 

One of the first studies that examined the dynamic behavior of a DWC based on fully extended Petlyuk sequence (2-

3-4 in Fig. 1), was reported by Dwivedi et al (2013). The study demonstrated that it is feasible to maintain product 

compositions as well as minimum energy operation in a 2-3-4 configuration using conventional control. This general 

control structure becomes complex when all possible feed changes are to be considered and may require active 

manipulation of both liquid- and vapor-splits. Qian et al (2020), in their controllability study of the same DWC 

configuration, took a different approach, taking into account practical implementation aspects. Much more practical 

and dynamically faster single-point temperature control proved to be inadequate to control product compositions for a 

multicomponent feed, since the composition could not be precisely inferred by the controlled temperature. As a 

solution, they proposed using a temperature differential where possible, as well as pressure compensation to account 

for pressure variations at the temperature sensor location. 

More recently, the work has been reported on the somewhat simpler, yet for the separation task equally energy efficient 

2-2-4 configuration (Lukač et al, 2019, Preißinger et al, 2021). Note that the 2-2-4 configuration can have the same 

energy efficiency as the 2-3-4 for classes of feed where the heaviest separation dominates the vapor rate requirement. 

Results indicated that its simpler internal arrangement with fewer vapor splits proved to be a significant advantage 

over the 2-3-4 variant. Its dynamic behavior proved to be much more manageable and allowed achieving an efficient 

control despite using a simple temperature control strategy and taking into account practical considerations and 

limitations.  

The main goal of the present research effort was to make the first step towards understanding the closed-loop dynamic 

behavior of a four-product DWC with the so-called 2-3-3 internal configuration (Dejanović et al, 2014). To achieve 

this, a simulation study was carried out using the Aspen HYSYS V10 process simulator. Performances of two control 

structures based on the simple temperature control were determined, compared and discussed. As previous publications 

using similar approach have shown, it is crucial to maintain proper temperature profile throughout the column in order 

to achieve specified product compositions. This study aims at providing an answer to the question whether this is 

possible using available degrees of freedom and simple decentralized PID controllers in the 2-3-3 configuration. 

Despite significant progress in finding possible solutions for the active manipulation of a vapor split (Harvianto, 2019), 

none of the three vapor splits was used as a manipulated variable, making the goal of maintaining a proper temperature 

profile certainly more challenging.  

2. Simulation and methods 

2.1 Separation case and column design 

The separation case is based on the data from a real process plant for the reformate 

separation, consisting of a sequence of several conventional distillation, described in 

greater detail elsewhere (Dejanović et al. 2011). Feed composition expressed in mole 

fractions is shown in Table 1. Key requirements regarding the product compositions on 

weight basis are: max. 1.5 % of benzene in the light distillate (D1), 65 – 70 % of benzene 

in the heavy distillate (D2), min. 98 % of toluene in the side product (S), and max. 0.1 

% of toluene in the bottoms (B). The internal arrangement of the DWC considered in 

the present study is shown schematically in greater detail in Figure 2a, including the 

prefractionator column (sections 1.1 and 1.2), the middle fractionator (sections 2.1 to 

2.4) and the main fractionator (sections 3.1 to 3.4). Stage requirements corresponding 

to an operating pressure of 2.5 bar are given in Table 2, together with positions of the 

feed and products delivery stages. The configuration was simulated using a 

thermodynamically equivalent sequence of eight columns, shown in Figure 2b. The 

most important feature of such setup is the fact that every liquid and vapor split is 

represented using a divider instead of being treated as a side product of a column model, 

allowing for easier quantification and manipulation. 

2.2 Control structure synthesis and testing 

Both control structures (CS-1 and CS-2) considered in this study were based on simple single-point temperature PI 

controllers. Temperature control is used to indirectly control composition. Compared to the direct composition control 

(online analyzers), the temperature control has the advantage of significantly better and faster dynamic properties. It 

also has a major drawback – relation between temperature at a stage and a product composition at top or bottom of a 

section is not always sufficiently sensitive. All degrees of freedom except those used to control the pressure (condenser 

Component 
Mole 

fraction 

n-Butane 0.030 

i-Pentane 0.082 

n-Pentane 0.058 

2-Methylpentane 0.086 

n-Hexane 0.046 

Benzene 0.102 

3-Methylhexane 0.019 

Toluene 0.249 

Ethylbenzene 0.031 

p-Xylene 0.037 

m-Xylene 0.107 

o-Xylene 0.048 

1,4- Ethylbenzene 0.033 

1,3,5-MBenzene 0.060 

1-Methyl-3-

ethylbenzene 

0.013 
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heat duty) and inventory (the feed flow rate, two distillates' flow rates and the bottom product flow rate) were used to 

control temperature at selected stages in the column. These are: Two reflux flow rates, the side product flow rate and 

two liquid splits. Vapor splits were kept constant at designed values as in common industrial practice. The selection of 

these split values must be done with care to avoid that some feed changes may push the operation point outside the 

optimality region (Halvorsen, 2013).  

Table 2. Stage requirement per section, feed and product delivery stages and operating pressures at the top on 

two sides of the partition wall 
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    a)    b) 

Fig. 2 Schematic view of the internal arrangement of the 2-3-3 DWC (a), a sequence of eight columns used for simulation (b). 

Numbers in parentheses in Figure 1a denote the number of the column in Figure 1b used for simulating this particular section. 

 

To determine sensitive stages, the steady state sensitivity analysis was conducted, and steady state gains determined. 

The pairing of variables was, however, not done purely on the basis of the sensitivity analysis results, but rather 

combining them with following practical rules of thumb which proved to be very beneficial in avoiding, or significantly 

reducing, possible interactions between control loops and generally increasing the performance of the control scheme: 
 

- Avoid uneven distribution of controlled temperatures across the column – every sub-column must have at least 

one controlled temperature to avoid composition drift (Strandberg, 2006). 

- Avoid controlling the temperature at a point placed more than two sections away from the manipulated variable. 

- Avoid using stages at the very bottom, or very top of the section (Skogestad, 2007). 

- Avoid controlling the temperature in the immediate proximity of the product draw-off stage. 

- Avoid crossing over locations of variables of two or more control loops. 
 

To estimate interactions between loops, the steady state Relative Gain Array (RGA) analysis was used. All controllers 

were tuned using the HYSYS Auto-tuner tool based on the Tyreus-Luyben closed loop tuning method (Tyreus, 1992). 

Each control structure was tested in a closed-loop environment using controlled disturbances in the feed composition. 

Disturbances were introduced after five minutes of the simulation time and the process response was recorded 

 Prefractionator Middle fractionator Main fractionator 

Section designation 1.1 1.2 2.1 2.2 2.3 2.4 3.1 3.2 3.3 3.4 

Number of stages 11 11 40 16 11 17 30 18 18 33 

Product draw stages - - 1 (D1) - - - 1 (D2) 18 (S) - 33 (B) 

Feed inlet stage - 1 - - - - - - - - 

Top pressures (bar) - - 2,5 - - - 2,5 - - - 
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Fig. 3 Graphical representation of steady-state gains 

of the 2-3-3 column 

 

Table 3. Paired manipulated variables and controlled 

temperatures  

continuously for a total of 250 minutes. Results were evaluated both qualitatively and quantitatively using the ability 

to maintain compositions within specifications, the settling time, and the integral absolute error as criteria. 

3. Results and discussion 
3.1 Variable pairing 

Steady state gain was calculated as the quotient between the relative temperature change and the relative change of a 

manipulated variable, which was 0.1% in all cases. Results of the study are shown on Figure 3.  

Generally, results show quite unfavorable conditions for variable pairing. In almost all cases, gain values are increasing 

in the same locations within the column. Additionally, differences between them are large, making successful control 

more difficult. Also, possibilities of interactions are very large. If any controlled variable is chosen within one of the 

areas with the increased gain, there will always be one or more of other manipulated variables that will also be affected, 

making its successful control almost impossible. Therefore, using rules of thumbs described in the previous chapter is 

a necessity. Results of such a variable pairing approach are shown in Table 3 for both control structures, with 

temperature sensor locations denoted with a column section as in Fig. 2a and the corresponding stage number. The one 

difference between two structures is reflected in the pairing of the lower liquid split, which, according to results of the 

sensitivity study, can be used to control the temperature profile in either the main or the middle fractionator. In the CS-

2 it was used to control the temperature in the middle fractionator. This also reduced the distance between S1 as a 

manipulated variable and the temperature control point in the section 3.4, which is moved several stages upward in the 

CS-2. Proposed control structures were compared based on closed-loop results. 
 

 

 

Manipulated variable 

Paired temperature 

location 

CS-1 CS-2 

Reflux 1 flow rate (R1) 2.1-5 2.1-5 

Reflux 2 flow rate (R2) 3.1-5 3.1-5 

Side product flow rate (S) 3.4-18 3.4-7 

Upper liquid split (LS-1) 1.1-5 1.1-5 

Lower liquid split (LS-2) 3.2-10 2.3-7 

 

As expected from sensitivity study results, steady-state 

RGA results confirmed strong interactions between 

chosen control loops, even after applying proven rules-

of-thumb for variables pairing. 
 

3.2 Closed-loop results 

Figures 4 - 7 show time responses of the system to the feed composition disturbances. Since toluene and benzene are 

two of most important and abundant components in this separation case, a change of their composition (± 10% in this 

case) have large impact on the operation. That makes their composition change an excellent indicator of the control 

system capability. The CS-1 exhibits rather good performance. In the steady state, the control structure performs 

inadequately only when the content of benzene in the feed is decreased. Dynamically, the performance can be evaluated 

as satisfactory. The column operation is stabilized in every scenario. There are some oscillations present during the 

transient phase of the response, but they diminish quickly. 

A temperature profile analysis was carried out to determine what possible changes to the CS-1 that could be done to 

further improve the steady state performance. As shown in Figure 8, in the case of reduced fraction of benzene in the 

feed, a rather large deviation from the starting temperature profile was detected in the middle fractionator (sections 2.3 

and 2.4). Although this is not in the vicinity of the product draw-off stage, it can cause a change in the relation between 

the temperature and the composition. To mitigate this problem, the controlled temperature location for the lower liquid 

split was moved into the section 2.3. However, performances of the CS-2 did not reflect changes that were believed to 

be positive. Settling times and IAE values for all tested disturbances are shown in Table 4.  

While the dynamic performance has improved slightly by reducing oscillations in starting phases of the response, the 

steady state performance, while producing better results in certain scenarios, generally produced more cases of out-of-

spec products, including a scenario where the CS-1 failed to maintain product specifications. Figure 8 shows 

Fig. 3 Graphical representation of steady-state gains of the 

2-3-3 column 
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temperature profiles of the base case and both control structures for the case of reduced benzene composition in the 

feed. The already mentioned large deviation from the temperature profile in the middle fractionator in the case of  

CS-1 is successfully mitigated by moving the controlled temperature to this section. However, this comes at the price 

of a loss in controllability of the temperature profile in the vicinity of the side product draw-off, which has led to a 

deterioration in the product quality. Results indicate the need to manipulate a vapor split since there are no more 

degrees of freedom available to control the temperature profile. 

 

 
Fig. 4 The dynamic response of the CS-1 (solid line) and the CS-2 (dashed line) to the increased fraction of toluene in the feed 

stream 

 
Fig. 5 The dynamic response of the CS-1 (solid line) and the CS-2 (dashed line) to the decreased fraction of toluene in the feed 

stream 

 
Fig. 6 The dynamic response of the CS-1 (solid line) and the CS-2 (dashed line) to the increased fraction of benzene in feed 

stream 

 
Fig. 7 The dynamic response of the CS-1 (solid line) and the CS-2 (dashed line) to the decreased fraction of benzene in the feed 

stream 
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Table 4. Numerical results for two control 

structures  

Fig. 8 Temperature profiles in the base case (solid line), the CS-1 

(dashed line) and the CS-2 (dotted line) 

3. Conclusion 
A 2-3-3 DWC proved to be a challenge to control using simplest means. Its internal arrangement is complex, and 

although it has two overhead condensers, offering an extra degree of freedom and somewhat better pressure control, 

results indicate that using a purely temperature-driven control system may not be adequate in all cases, leading to off-

spec products without using an active vapor-split manipulation. Based on this separation case, it appears that such a 

complex internal arrangement also contributes to interactions between control loops and concentrates sensitivity of all 

manipulated variables to relatively narrow areas within the column, making the selection of controlled variables 

difficult. Therefore, the sensitivity analysis proved to be of limited use and the use of additional variable pairing rules 

was required. Some of control problems may be related to the choice of vapor splits in the design phase, which may 

be on limits of the optimality region, causing an inadequate performance in some directions of the feed composition 

changes. It remains to be seen whether control properties of this configuration could be improved by using the 

temperature difference control where appropriate, as well as condenser pressures as manipulated variables.  
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Disturbance CS-1 

 
Settling time 

(min) 
IAE 

+ 10% T 83 4,822 

- 10% T 108 6,390 

+ 10% B 75 5,339 

- 10% B 150 5,815 

 CS-2 

+ 10% T 210 9,082 

- 10% T 155 13,201 

+ 10% B 200 4,503 

- 10% B 153 5,676 


