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Abstract

Unlike the past work, this work focuses on optimal design and operation of multivessel batch distillation column with fixed product demand and strict product specifications. Both the vapour load and number of stages in each column section are optimised to maximise a profit function. For a ternary mixture, the performance of the multivessel column is also evaluated against that of a conventional batch distillation column. Although the profitability and the annual capitalised cost (investment) of the multivessel column is within 2-3% compared to those of conventional column, the operating cost (an indirect measure of the energy cost and environmental impact) is more than 30% lower for multivessel column. Thus, for a given separation task, multivessel column is more environment friendly.
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1. Introduction
Batch distillation is an important unit operation used in many chemical industries, and in particular in the manufacture of fine and specialty chemicals. While conventional batch distillation had received much attention, the research in multi-vessel batch distillation (MultiVBD) is handful (Furlonge et al., 1999; Low and Sorenson, 2003, 2005).
Furlonge et al. (1999) considered the optimal operation problem for a fixed number of stages (total and in between the vessels). The objective was to minimise the mean rate of energy consumption required for producing products of specified purity while optimizing instantaneous heat input to the reboiler subject to product specifications (amount and purity). Various operating polices such as fixed vessel holdup, variable vessel holdup, etc. have been considered. Optimising the initial distribution of the feed among the vessels reduces the energy consumption by almost 15%. 
Low and Sorenson (2003) presented the optimal design and operation of MultiVBD column. A profit function based on revenue, capital cost and operating cost was maximized while optimising the number of stages in different column sections, reflux ratio, etc. They compared the performance of MultiVBD with that of conventional batch distillation column for a number of different mixtures and claimed that MultiVBD operation is more profitable. However, for all cases considered in their work, the products specifications and amounts were not matched exactly and therefore the conclusion is somewhat misleading. Also, reduced batch time in MultiVBD column was leading to additional production of products compared to that produced by the conventional column. Therefore, the additional profit can only be realised if there is a market demand i.e. if all the products which are produced are saleable. 

Low and Sorenson (2005) considered the optimal configuration, design and operation of batch distillation column based on overall profitability for a given separation duty. Using rigorous model, the mixed integer dynamic optimisation problem was solved using genetic algorithm. Again for a multicomponent separation case, MultiVBD configuration was chosen as optimum from among the conventional and inverted batch distillation columns. However, strict product specification was not maintained and the vapour load hit the upper bound to minimise the batch time and to maximize the profit. This work also led to unlimited production of products which was not sustainable and the profitability calculations were based on the assumption that all products produced are saleable. 

Contrary to these works, this research is focused on optimal design and operation of a MultiVBD column producing two desired products from a ternary mixture with fixed yearly product demand and strict product specifications. A profit function is maximised while optimising the number of stages in column sections of a MultiVBD and vapour load to the column. The results (profit, design and operation) are compared with those obtained using a conventional column. Simple process models are developed in gPROMS for both configurations and the optimisation problems are solved using the built in facilities within gPROMS.
2. Process Model

Figure 1 shows the schematic of a MultiVBD Column. A dynamic model based on constant relative volatility, constant molar liquid holdup on the stages, total condenser and constant pressure is considered here and are shown in Figure 2. Note, the simple model for the conventional column is taken from Mujtaba (2004) and therefore is not presented here.
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Fig.1 Multivessel Batch Distillation Column with Connection of Trays and Vessels
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Fig.2 Model Equations of Multivessel Batch Distillation System
3. Product Demands and Specifications

A total of  2555 kmol/yr of Product A with 95% purity (molefraction) and 1214 kmol/yr of Product B with 95% purity (molefraction) are to be produced from 9790 kmol/yr of a ternary mixture (A, B, C) with composition <0.30, 0.20, 0.50> molefraction and relative volatility α =<8.0, 4.0, 1.0>. Due to high purity demand of Product B, an intermediate off-cut is needed to be produced with no more than 60% purity in component A. Component C is not a valuable product.
The maximum capacity of the MultiVBD column is 10 kmol and has 4 vessels including the reboiler and condenser holdup tank (3 column sections). Both conventional and the MultiVBD columns are available for a period of 8000 hrs/yr. The set up time for each batch of operation is 30 minutes. The total number of batches will therefore be 979 per year and the individual batch time would be 7.67 hr.
For a batch with 10 kmol feed mixture (B0), the product profiles are calculated using steady state mass balance (Miladi and Mujtaba, 2006) as: Product A = 2.61 kmol/batch (D1); Product B = 1.24 kmol/batch (D2); Intermediate Off-Cut = 0.83 kmol/batch (R1) and Bottom Residue (in the reboiler) = 5.32 kmol/batch (Bf). 
In MultiVBD column, the products will be produced simultaneously while in the conventional column these will be produced sequentially as shown by State Task Network (STN) in Figure 3. Note, there is an extra middle vessel to produce an off-cut between D1 and D2.
4. Objective Function and Optimisation Problem Formulation

The objective function (to maximise) is the profit per year and is defined (Mujtaba, 2004) as follows:
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Fig.3 STN for Multivessel and Conventional Column

Profit ($/yr) = 
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Where, 
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(2)
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with, K1 = 1,500; K2 = 9,500; K3 = 180; A = 8,000
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(4)
tb = Batch time (hr); ts = Set-up time = 0.5 hr; H = Production horizon = 8000 h/year 
C1 = C2 = 20, C3, = C4, = 0 and C5 = 1 are the prices ($/kmol) of the desired products, bottom residue, off-cut, and raw material respectively (taken from Mujtaba, 2004; Mujtaba and Macchietto, 1993).
The optimisation problem can be defined as:
Given:
The column configuration (MultiVBD or Conventional), fixed product demands with strict product specifications (purity), fixed batch time (tb)
Optimise:
Number of stages (NS in different column sections for MultiVBD or N in Conventional column), the vapour load (V). In addition, the cut times (ti) and reflux ratio (ri) in each cut of conventional column
Maximise:
The total profit (P)
Subject to:
Any constraints (model equations, bounds on the variables, etc.)
Mathematically, the problem can be written as:
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Subject to:
Process Model Equations (Fig. 2) (Equality)

Fixed product demands (Equality)

Product specifications (Equality)

Bounds on 
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Fixed batch time (Equality)
Note, although Furlonge et al. (1999) reported that variable hold-ups in the vessels of MultiVBD reduces energy consumption, in this work, we distributed the feed in different vessels according to the product profiles calculated a priori. Also, for conventional column piecewise constant reflux ratio with two intervals were used for each cut. The above optimisation problem is solved using gPROMS software. Note, for CBD column, two reflux intervals were considered for each cut and the reflux ratio in each interval was assumed to be piecewise constant (Mujtaba, 2004).
5. Results and Discussions
The results in terms of optimum number of stages, vapour load, reflux ratio, cut time, etc. are summarised in Table 1 for both columns. The results also show the operating cost per batch, annualised capital cost, profit per batch and per year. For MultiVBD column the total number of stages required is 40% more than that required for the conventional column (CBD). However, the vapour load for the MultiVBD column is about 25% lower compared to CBD and the operating cost (a measure of energy cost) is 30% lower. Finally, the overall profit realised by MultiVBD column is about 3% more that that by CBD column. The product demand and qualities (purities) of each main-cut and off-cut are achieved to the given specifications. Figure 4 shows the product quality at the end of the batch for MultiVBD column in each vessel.
	Configuration
	V

Kmol
	Nt
	OCb 

$/b
	ACC

$/yr
	P

$/b
	P

$/yr

	CBD
	3.0
	10
	0.55
	35795
	29.90
	29270.8

	MultiVBD
	2.3
	4, 6, 4
	0.42
	35111
	30.72
	30080.1

	Reflux Ratio Profile for CBD:

	
	Main-Cut 1 ( D1)
	Off-Cut ( R1)
	Main-Cut 2 ( D2)

	Reflux ratio
	0.712
	0.819
	0.841
	0.942
	0.660
	0.781

	Switching Time (hr)
	0.0-2.10
	2.10-3.56
	3.56-4.78
	4.78-6.21
	6.21-6.99
	6.99-7.67


Table 1. Summary of the results
6. Conclusions

Unlike previous work in MultiVBD column, in this work, the optimal design and operation of MultiVBD column is considered under fixed product demand and strict product quality specifications. Overall product demands, product quality and feed specifications allow calculation of product profiles (amount of each product) of each batch a priori using steady state mass balance calculations.
For the given separation task, the MultiVBD column was found to be more profitable than the CBD column. Also the operating cost (an indirect measure of the energy cost and environmental impact) for MultiVBD column was more than 30% lower compared to that by CBD. In all cases, product demand and quality are met on specifications.
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Fig.4 Composition Profiles of Each Vessel of MultiVBD Column
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Internal plates, j=2 to (N-1); i = 1 to nc
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Vapour Liquid Equilibrium:		� EMBED Equation.3  ���
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The vapour liquid equilibrium relationship is same as in internal plates with j=N
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