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Abstract

The separation of a multicomponent mixture using distillation is usually possible in a large number of different sequences, which will provide the same products but have different energy demand. In this contribution, we provide a systematic method to find the optimal column sequence based on exergy demand. The screening of design alternatives is done within a superstructure framework, which allows for the decomposition of the separation sequences into unique separation tasks. The use of the task concept significantly reduces the computational work. The individual separation tasks are evaluated using shortcut methods. For the application to azeotropic mixtures, the mixture topology is determined and feasibility checks are performed for every split. In this context, azeotropes are treated as pseudo-components.
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1. Introduction
In distillation network synthesis, the separation of multicomponent mixtures is possible in a large number of different column sequences, where the sequences, although they result in the same products, have different energy demand. A non-optimal choice of the separation sequence can lead to significant additional cost during the operation. Several approaches for column sequencing can be found in the literature. Hendry and Hughes [1] introduced the separation task concept, where the distillation network is decomposed into the individual separation tasks, which are evaluated using the ideal thermodynamic based Underwood-Fenske-Gilliland method. This idea was extended to complex distillation systems by Shah and Kokossis [2]. The idea of a superstructure for distillation column networks was introduced with the state task network by Sargent and Gaminibandara [3]. Thong and Jobson [4] suggested a sequential approach for the column sequencing for azeotropic mixtures.
The major problem with column sequencing is the large number of possible sequences, which grows exponential by the number of products. This contribution presents a stepwise procedure to identify the optimal sequence. 

In the first step, the design alternatives are automatically generated using a superstructure. In the second step, the design alternatives are evaluated using the rectification body method (RBM) [5], a nonideal thermodynamic based shortcut method. Unlike simulation studies or MINLP optimization, shortcut methods allow fast evaluation of the single separation task without detailed specification of the distillation column.
2. Methodology
2.1. Zeotropic mixtures
Assuming a four component mixture and simple two product splits, Fig. 1 shows all possible separation sequences into the pure components under the assumption of sharp splits. If the number of components is increased, an exponential growth of the number of sequences is observed (Fig. 2, sequences). This behaviour is well known [6] and can be described by 
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where n is the number of products and N is the number of sequences.
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Figure 1: Sequence alternatives for the separation of a four component mixture
The same separation steps (same feed and product compositions) can occur in different sequences. This can be seen in Fig. 1, where the first and the second sequence have the first separation in common. This property is used in a superstructure to reduce the complexity of the multicomponent systems. The state task network [3] is applied. In this superstructure, every possible composition, which can be attained, is called a state. The states represent the feed, possible intermediate products and products of the separation sequence.
A task is defined as an operation connecting three different states, the feed state and the two product states [1]. The tasks can be automatically generated by performing all possible separations of every state composition into the intermediate products or products. Every separation sequence can be seen as a valid combination of tasks. A combination of tasks is valid if it starts with the feed state and ends at the product states.

The application of the state task network requires the specification of linearly independent products. If products are linearly dependent, which in this case means that they could be attained by mixing other products, the state task network formulation is not applicable. This is due to the fact that the tasks would not be independent from the sequence. The main advantage of superstructure is that the number of tasks only grows with the third power of the number of products, compared to the exponential growth of the number of sequences (Fig.1) [2]. 
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Figure 2: Growth of the number of tasks and sequences
2.2. Azeotropic mixtures

The application of the superstructure for the separation of azeotropic mixtures requires some modifications. Separation is limited by azeotropes and the corresponding distillation boundaries, which form distillation regions [7]. For a feasible separation, top and bottom product composition have to be in the same distillation region. Boundary crossing (where the feed and the two product compositions are located in different distillation regions) is possible in the presence of curved distillation boundaries, but is not considered in this work. 
The required information about the distillation boundary is obtained from the pinch distillation boundary (PDB) feasibility test [8]. The information is stored in the reachability matrix, as introduced by Rooks et al. [9], which represents the topology of the residue curve map of the mixture. A feasible set of linear independent products has to be selected, where products can be pure components, azeotropes or a chosen product composition. This set is feasible if all products are part of the same distillation region. The singular points of a distillation region usually provide a good set of possible product compositions. The azeotropes are treated as pseudo-components.

2.3. Shortcut calculations

The evaluation of a separation sequences requires information about the feasibility and the cost of the individual separation tasks. Determining the minimum energy demand of a separation has been found to be a good way of estimating the cost of a distillation system, because operation cost are dominated by the energy demand and investment cost are closely related to the vapor flow rate in the column [10]. The minimum energy demand can be calculated using the RBM shortcut. The feasibility of the individual separation tasks can be checked with the application of PDB feasibility test.
The sequence evaluation is performed sequentially. At first, the superstructure including states and tasks is generated automatically. For every task, the PDB feasibility test is performed. If the split is feasible, the RBM calculates the minimum energy demand for the separation of the feed into the top and the bottom product. Once the minimum energy demand (QB) has been calculated, the exergy demand (EB) can be determined. The exergy of the energy represents the part of the energy that can be converted into mechanical energy using the ideal Carnot cycle. The required information about the reboiler temperature (TB) is provided by the RBM calculations. The evaluation based on the exergy demand accounts for the different temperature levels of the energy requirement.
Once all task energy and exergy requirements have been calculated, the sequence energy and exergy demand is determined. The feasible sequences are automatically generated for the given number of products. Information about the active tasks for every single sequence is provided by the algorithm. The separation of the mixture into n products requires n-1 tasks. The sequences are found by combinatorial search with all identified tasks, where invalid branches of the combinatorial tree are cut to significantly reduce the computational demand. The sequence evaluation is done by the summation of the energy or the exergy demands of the active task of the sequence, which is computationally inexpensive. This summation is done for every sequence. After all sequence exergy demands have been calculated, the sequence with the lowest exergy demand is selected to be the optimal one.
3. Case studies

In a first case study, the zeotropic mixture of pentane, hexane, heptane and octane is supposed to be separated into the pure components. Five different sequences are possible (Fig. 1), which have ten individual separation tasks. They are referenced as sequence one to five according to the labeling in the figure. Assuming a pressure of 1.013 bar, an equimolar feed and a total flowrate of 10 mol/s, the energy and exergy demands are calculated for the ten tasks using the RBM shortcut. Sequence five, which corresponds to the direct sequence, is found to be optimal. Obviously, the optimal sequence depends on the feed composition. The sequence exergy requirement is calculated to be    157 kW, where the energy requirement is 637 kW. In a second case study, a zeotropic mixture is separated into ten products. The mixture contains the ten n-alkanes from propane to dodecane. 4862 Sequences, with 165 shortcut calculations for the tasks, are evaluated in less than ten minutes (Windows 2003 Intel Xeon Dual 3.06 GHz 3840 MB RAM).
In a third case study, the mixture of acetone, chloroform, benzene and toluene is investigated. Acetone and chloroform are known to form a high boiling azeotrope. The composition space is separated into two distillation regions. The superstructure is used to identify optimal sequences in both distillation regions. In this case, the feed is set to be of equimolar composition at a flowrate of 10 mol/s and a pressure of 1.013 bar. The separation takes place in the convex region of the composition space, which can be identified from the information in the reachability matrix. For the given feed composition all five separation sequences are feasible. Table 1 displays the task exergy (EB) and energy (QB) requirements for the separation using the RBM, the labeling corresponds to Fig.1.
Table 1. Task energy and exergy requirements
	task #
	feed
	top
	bottom
	QB [kW]
	EB [kW]

	1
	ABCD
	ABC
	D
	366
	91

	2
	ABCD
	AB
	CD
	602
	127

	3
	ABCD
	A
	BCD
	242
	42

	4
	ABC
	AB
	C
	595
	110

	5
	ABC
	A
	BC
	257
	40

	6
	AB
	A
	B
	311
	46

	7
	BCD
	BC
	D
	329
	82

	8
	BCD
	B
	CD
	465
	98

	9
	BC
	B
	C
	476
	88

	10
	CD
	C
	D
	193
	48


Table 2. Sequence energy and exergy requirements
	sequence #
	active tasks
	QB [kW]
	EB [kW]

	1
	1
	4
	6
	1272
	247

	2
	1
	5
	9
	1100
	219

	3
	2
	6
	10
	1107
	222

	4
	3
	7
	9
	1047
	211

	5
	3
	8
	10
	900
	188


The reachable products are the pure components/pseudo-components of the convex distillation region, which are acetone (A), acetone/chloroform (B), benzene (C) and toluene (D). The information about the single task energy and exergy requirements provides a good insight in the behaviour of the system. The energy and exergy demand of a sequence can now easily be calculated by the summation of the energy and exergy demand of the present tasks of every sequence, the information is provided in Table 2. It can be seen, that in this case, sequence five, which consists of three direct splits, gives the optimal solution with the lowest exergy requirement.

4. Summary and conclusion

This contribution aims to identify the optimal sequence for a distillation column network. The method for column sequencing presented here is based on ideas from previous contributions presented in the introduction. The application of a superstructure allows for the decomposition of the sequences into individual separation tasks, which significantly reduces the computational work. The use of the nonideal thermodynamic based RBM shortcut method has significant benefits over the use of the Underwood-Fenske-Gilliland method, since it allows the extension to azeotropic mixtures. The automatic generation of the superstructure and the fast evaluation with the shortcut allows the application on large systems up to 10 products (zeotropic system), which is significantly larger than other examples in the literature. 
Telling from the zeotropic and azeotropic case studies presented in this contribution, it can be seen that this superstructure generation and evaluation is a useful tool in distillation network design, because it allows for rapid evaluation of design alternatives. It provides a small selection of promising design alternatives, which can then be investigated in more detail. The method can be applied within the process syntheses framework [11] for process variant generation and evaluation.
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