ECAI 98 W7 Binding Environmental Sciences and AI King, Ba ñ ares-Alc á ntara , and Manan

Minimising environmental impact using CBR: An azeotropic distillation case s tudy

Josh M.P. King, Ren é Ba ñ ares-Al c á ntara and Zainuddin A. Manan

Department of Chemical Engineering,

Universit yof Edinburgh,

Edinburgh, EH9 3J L, Scotland, (UK) josh@chemeng.ed.ac.uk , rene@chemeng.ed.ac.uk

Abstract: T his paper describes a Case Based Reasoning (CBR) system which aid s the design o f process sequences aimed at the separation of ter nar ymixtures containing azeotropes. CBR is an appropriate technique for design since it is rare that a co mpletely new problemis enco untered and thus solutions for previous problems maybe adapted to suit the current situation. T he systemis able to store, categorise and retrieve appropriate design cases for this class of problem. Also, the system stores indexed design cases within a librar y. T hese are organised according to an existing classificatio n system for azeotropic mixtures which enables appropriate cases to be retrieved rapidlyand efficiently. Additionally, it is possible for the system to produce an abstract description of the RCM and separation process, so that the designer maymore easily apply the librar ycase to the problem in hand. T his description is also the first step to wards the auto mation of the case adaptation step. Finallycase stud yis presented which illustrates the use of the system.

Keywords: Case Based Reasoning, Azeotropic Distillation, Chemical Process Design.

1. INTRODUCTION

In this paper we describe a Case Based Reasoning (C BR) s ystem to aid the desi gn of process sequences for the separation of ternar ymixtures containing azeotropes (mixtures which cannot be separat ed b ya single distillation column due to molecular interactions leading to non-ideal behaviour). The aim is to separate one of these mixtures byadding a third component (entrainer) and using a network of distillation columns. Design of such flowsheets has been previousl ydescribed and investi gated, e.g. [Dohert y, 85].

While the addition of the entrainer is a requirem ent for the desired separation to take place, it also increases the amount of potential pollutants and, therefore, environmental damage.

Work has been carried out at Edinburgh to develop methods for the determination of the process flowsheets which minimise the amount of entrainer used [Manan, 1998].

CBR [Slade, 1991][Kolodner, 1991] is a technique developed to solve problems using information from previous decisions and is an alternative solution to rule-based s ystems. It is

ECAI 98 W7 Binding Environmental Sciences and AI King, Ba ñ ares-Alc á ntara , and Manan

t ypicall yused where it is not possible to determine rules, because, for example, the problem domain is complex and there is not enough experience or knowledge available to deduce useful rules. Instead of appl ying rules, the current problem is compared with previous solutions stored within a libraryof cases. The most similar cases are then proposed as solutions to current problem, after being adapted to the new context.

CBR has the potential to be a useful methodologyin desi gn since rarel ywill a completel y new problem be encountered. CBR has previousl ybeen used in the field of engineering design: Maher and de Silva Garza developed s ystems for structural desi gn (civil engineering)

[Maher, 1996], Surma and Brauschwei g used a graph based approach for indexing of process flowsheets [Surma, 1996] and Domeshek et al. have developed tools for the desi gn of case based desi gn aids [Domeshek, 1994]. Other work has been carried out in other fields, such as of waste water treatment plant operation using CBR for learning and adaptation [S án chez et al., 1997] and also for process equipment selection [Kraslawski et al., 1995].

We have developed a s ystem using a CBR to ret rieve similar separation problems from a case librar y, with the aim of adapting these to the current separation problem. The task is not a trivial one since a series of unit operations need to be used within a flowsheet (i.e. a network of processing units) involving rec ycling of streams for reasons described in the following sections.

2. PROBLEM DESCRIPTION

Often within a chemical plant a desired product ma ybe mixed with a contaminant (e.g. an unreact ed feed or the product of an undesired side reaction) which must be removed in order to achieve the desired product purit y. It is common, for economic reasons, to use distillation to separate them. However, certain components interact with each other forming mixtures known as azeotropes which limit the scope of separation, i.e. it is not possible to achieve a purit ygreater than that of the azeotrope via standard distillation. For this reason, a third component known as an entrainer is added to the mixture to enable further separation. An example of an azeotropic mixture is the one formed b yisoprop yl alcohol (IP A) and toluene.

Acetone is an example of an entrainer which can break the azeotrope. The process aim is to separat e the product from the contaminant while keeping the ent rainer within the process b y means of rec ycle streams.

B yadding an entrainer new molecular interactions are introduced and these are represented on a diagram known as a residue curve map (RCM). Ever ypoint inside the RCM represents a mixture of three components with fixed compositions. Such diagrams show important physical properties (see Fi gure 1):

ECAI 98 W7 Binding Environmental Sciences and AI King, Ba ñ ares-Alc á ntara , and Manan

Figure 1:Residue curve Mapfor thesystem ofAcetone, Isopr op yl Al coh ol (IPA) and Toluene

· pure components , the three vertices of the RCM, e.g. Acetone, IPA and Toluene .

B yconvention pure components are ordered counterclock-wise in increasing order of volatilitystarting with the low boiling component at the top of the RCM.

· azeotropes , binar y(formed b ytwo components) and ternar y(formed b ythree components), e.g. the point between IPA and

Toluene is a binar yazeotrope.

· residue curves , representing the trace of compositions produced b ysimple batch distillation of an initial ternarymixture, e.g. the curved lines going from

Acetone to

Toluene or Acetone to IPA . The two products obtained from a distillation column must lie on the same residue curve.

· distillation boundaries , arise from the curvature of residue curves and the location of ternar yand binar yazeotropes, see for example the line going from

Acetone to the azeotrope . It is not possible to cross straight distillation boundaries using distillation, i.e. it is impossible to separate a mixture into two other mixtures in different distillation regions. Curved distillation boundaries can onl ybe crossed under certain conditions.

ECAI 98 W7 Binding Environmental Sciences and AI King, Ba ñ ares-Alc á ntara , and Manan

However, two streams on either side of a boundar yma ybe mixed giving a mixture on either side of the boundary (depending on the relative amounts of each of the original streams). Thus, b ydistilling and mixing streams it is possible to separate mixtures across distillation boundaries and past azeotropes.

Additionally, process units can be represented in an RCM as straight lines, e.g. the

DISTILLATION column separating the feed into distillate and bottoms streams in

Figure 1.

Construction of a flowsheet to fulfill a process objective ma ynot be a simple task. It requires the selection of a number of distillation columns and mixers and their connectivity, and a decision on the intermediate streams composition, see Figure 4 for an example of a flowsheet.

Furthermore, it is possible that there ma ybe more than one solution. Then it is important that the best solution in terms of various factors (including environmental impact) is selected.

CBR mayhelp the designer b yeither retrieving an appropriate similar case from a librar yor byadapting one to create a new solution. This new solution maythen be stored within the case librar y. However, in order to do this, there must be a number of indices available.

Firstly, it must be possible to categorise RCMs with similar features, e.g., number of azeotropes and distillation regions. Secondly, the CBR s ystem must be able to find a process with similar goals and performance. Once this information has been retrieved from the case librar yit is then possible for either the designer or the CBR s ystem to adapt the case for the current problem.

3. REPRESENTATI ON

Currentlythe C BR s ystem is able to store a number of librar ycase solutions. This representation of librar ycases includes a description of the ph ysical data, i.e. the components, azeotropes, distillation boundaries and regions. Individual residue curves are not represented.

Additionally, the s ystem is able to record for each instance of RCM a number of different alternative separation processes. Each process consists of a number of process units (mixers and distillation columns) and their connectivity. Lastly, the objectives and performance of a separation process are represented b ythe existing feed and desired product points. A separation process retrieved from the case librar yis described in an abstract manner assisting the adaptation of the process case to a new problem. These features are described in more detail in the following sections.

ECAI 98 W7 Binding Environmental Sciences and AI King, Ba ñ ares-Alc á ntara , and Manan

3.1. Indexing

In order to enable retrieval of librar ycases the C BR system is able to determine a characteristic index for the component data and the process objectives and performance (the feed and product points) within the RCMs.

A ver ylarge number of azeotropic s ystems have been experimentallyrecorded. We have adopted the RCM classification developed b yMatasu yama and Nishimura [Matsu yama,

1977] which takes into account the number and t ype of azeotropes (i.e. whether the yare binaryor ternar y, and whether the yare maximum, minimum or intermediate boiling azeotropes). One hundred and thirteen different classes of RCM have been identified. For example, an RCM maybe given the classification

0-2-0 (see Figure 1) meaning it has one minimum boiling binar yazeotrope which is between the intermediate and high boiling components and no ternar yazeotropes.

Process objectives and performance are indexed bydescribing the positions of the process feed and the products. The positions are given in terms of the distillation region and whether it is a pure or near pure component. In turn, each distillation region ma ybe described in terms of the pure components and azeotropes which are the intersections of the boundaries of the region. In order to compare RCMs of different mixtures, pure components are described in an abstract manner as the low, medium or high boiling component. It is common that products are pure or near pure components whereas the feed consists of a mixture of two or three components.

A qualitative description of the process ma yalso be made, i.e. the process units, such as distillation columns and mixers, are described in terms of their relative position within the

RCM.

Thus these features enable the s ystem to:

· retrieve RCMs for similar mixtures from a librar yof cases

· for these RCMs determine whether there are an yprocesses with analogous objectives and performance (feeds and products).

· produce an abstract or qualitative description of the process to aid the designer in the construction of a new process and as a first step to the automatic adaptation for the current problem.

ECAI 98 W7 Binding Environmental Sciences and AI King, Ba ñ ares-Alc á ntara , and Manan

4. IMPLEMENTATION DETAILS

This system is programmed in CommonLisp and uses the GARNET [Garnet, 1993] toolkit for its object system and graphical interface.

4.1 Physical data representation

Each RCM is stored as a GARNET object which consists of other objects :

· pure components with their boiling points and names.

· azeotropes and their boiling points and compositions (i.e. their positions on the RCM).

· distillation regions, which are stored as a series of triangles (garnet-objects). The vertices of the triangles are either azeotropes, pure components or ‘auxiliary’ points which allow curved distillation boundaries to be represented.

4.2. Process representation

Each process is represented as a series of processing unit objects (mixers and distillation columns). Each mixer or distillation column is defined in terms of three process points: for a mixer two inputs and an output and for a distillation column one input and two outputs. When processing units are connected b ystreams (the output of one unit is the input of another), each point (and thus the process unit) contains information on what (if an y) other point it is connected to, thus enabling the process network to be recorded.

ECAI 98 W7 Binding Environmental Sciences and AI King, Ba ñ ares-Alc á ntara , and Manan

Figur e2:T hecas elibr ar yis or ganis eda ccor dingRCM classes a ndtheir abstractions.

4.3 Case library

The case librar yis organised as a tree, whose structure is shown in Figure 2. Each generic group of s ystem classifications, or RCM class abstractions (for example 0-X-0 which, represents all classes which have onl yone binar yazeotrope between the intermediate and

ECAI 98 W7 Binding Environmental Sciences and AI King, Ba ñ ares-Alc á ntara , and Manan

high boiling components), has a series of RCM classes, which conform to that particular abstraction. For each class a list of physical systems (i.e. the ph ysical data comprising the

RCMs) is stored which in the librar yis shown in Figure 2. For each of these cases one or more process flowsheets ma ybe associated. For example in Figure 2 there are two processes for the s ystem: IPA-Acetone-Toluene , which is of class 0-2-0. The two cases differ in respect of the feed position, i.e. which distillation region the feed is in. Storing these two processes with different feed positions enable a greater range of problems to be solved and the librar yto be more compact since two processes are associated with one RCM. B ystoring the cases within the librar yin a systematic manner appropriate cases ma ybe retrieved more efficientl ysince once the RCM class abstraction of the design problem has been determined onlythose cases (i.e. RCMs and process flowsheets) of that class abstraction need be searched and tested.

5. A CASE STUDY

In this section we discuss the design of a separation process for a mixture of acetone (medium boiling entrainer), isoprop yl-alcohol (IPA) and toluene into pure IPA and toluene. The entrainer is to be rec ycled within the process. The RCM is shown in Figure 1 and the data recorded within the CBR s ystem is shown in Figure 3. Note that, one azeotrope and two distillation regions are present. Here the objective points are IPA and toluene, i.e. the bottom left and right hand vertices of the RCM, since it is desired to produce pure IPA and toluene.

Although it is feasible to separate an IPA/toluene mixture using onl ytwo distillation columns, a ver ylarge amount of entrainer is required due to the distillation boundarypinch point approaching the entrainer tip [Manan, 1998], as shown in Figure 1. A preconcentrator column ( P-1 or P-2 ) decreases the entrainer flowrate needed. Figure 4 shows the two different processes found b yappl ying the entrainer minimisation techniques proposed in [Manan,

1998]. Theycorrespond to either one of the possible binar yfeeds to the column: an IPA-rich feed (left of the azeotrope, Figure 3(a)), or a toluene-rich feed (right of the azeotrope, Figure

3(b)).

ECAI 98 W7 Binding Environmental Sciences and AI King, Ba ñ ares-Alc á ntara , and Manan

Figur e 3:Th etwopr oposed pr ocesses for th e Aceton e-IPA-Toluen e system.

Dotted l in esr epr esen tdistillation column swh er eas sol id lin esar emixer s .

ECAI 98 W7 Binding Environmental Sciences and AI King, Ba ñ ares-Alc á ntara , and Manan

Figur e4:Pr opos edsolutions for thesyst emof Acet one, Is opr opyl

AlcoholandT olu ene.

B ystoring the solutions in Figure 4 it is possible to ensure that a designer faced with a similar problem will be advised with the best solution in environmental terms.

5.1. Indexing

In this section a similar design problem is anal ysed (i.e. one with different components but with an RCM of the same class and similar process objectives) thus showing how a CBR system ma ybe used to its best advantage. The example s ystem consists of Ethyl Acetate,

Butanol and Toluene (see Figure 5).

ECAI 98 W7 Binding Environmental Sciences and AI King, Ba ñ ares-Alc á ntara , and Manan

Figur e5:T heRCM for theT olu enĕ Butanol˘ EthylAcetate(E A) syst em..

Since both systems i.e., Eth yl Acetate-Butanol-Toluene, and IPA-Acetone-Toluene are of a same class, i.e.

0-2-0 , an illustration of how the system will work ma ybe given.

Two solutions are stored within the case librar yfor the IPA-Acetone-Toluene s ystem, which are indexed as discussed earlier depending on the position of the feed, and the objectives.

The CBR s ystem is able to determine the positions of the objectives and feeds in an abstract manner (e.g. that the feed, or an yother point, is either in the low-medium-binar y-azeotrope region or the high-low-binar y-azeotrope region in this example). Using this description the system is able to determine whether for an yof the RCMs in the case librar ythere exists a process which matches the current process objectives.

For example, if it desired to separate a mixture of ethyl acetate, butanol and toluene into pure butanol and toluene, starting with a feed in the butanol-binar yazeotrope-ethyl acetate region, then the CBR system will determine that the performance and objective points are as follows:

· objective point 1 - (toluene) in region low-medium-binar yazeotrope,

· objective point 2 - (butanol) in region high-low-binar yazeotrope, and

ECAI 98 W7 Binding Environmental Sciences and AI King, Ba ñ ares-Alc á ntara , and Manan

· feed point - in region low-medium-binar yazeotrope,

Thus, the lower solution shown in Figure 4 will be retrieved as a possible indication of how the solution maybe constructed. To help with construction of the new process and as a first step towards automation, an abstract description of the process is be generated. It includes a description of the process units, how the yare connected, which regions the yare in, and a description of the process objective and feed points. For example, the lower process in Figure

4, i.e. the process for toluene rich feed, has objectives and feeds which ma ybe described as follows.

· FEED - LOW-HIGH-BINARY-AZEOTROPE

· OBJECTIVE 1 - LOW-MEDIUM-BINARY-AZEOTROPE

· OBJECTIVE 2 - HIGH-LOW-BINARY-AZEOTROPE

Additionallythe first unit ma ybe described in an abstract manner as follows:

PROCESS UNITS:

· P-1:

FEED :feed

TOPS :BA :connected [MIX-1 :feed1]

BOTTOMS :PC-HIGH :connected nil

Touches :axis-LOW-HIGH :region HIGH-BINARY-AZEOTROPE-MEDIUM

This information assists the designer with the construction of a new similar process for the current problem on the new RCM. For example, the designer can see that the preconcentator unit P-1 should in the new system of eth yl acetate-butanol-toluene again lie on the axis between the highest boiling component and the binar yazeotrope, i.e. butanol and the binar y azeotrope.

ECAI 98 W7 Binding Environmental Sciences and AI King, Ba ñ ares-Alc á ntara , and Manan

6. FUTURE WORK

To enable a full CBR system it is necessar yto complete the case adaptation stage b yappl ying the qualitative description of the process to the context of the new RCM. Future work will include this as well as the storing of the new adapted design in the case librar yproviding it meets with the designer’s approval.

7. CONCLUSIONS

In this paper its has been illustrated how a Case Based Reasoning s ystem may be used to retrieve similar designs from a librar yand use these to prompt the designer with the most appropriate design for azeotropic distillation. Bystoring environmentallysound designs within the case librar ywe ensure that the designer minimises an yenvironmental impact.

REFERENCES

[Doherty, 85] M.F. Dohert yand G.A. C aldarola. Design and s ynthesis of homogeneous azeotropic distillations. 3. The sequencing of columns for azeotropic and extractive distillation. Industrial and Engineering Chemistry: Fundamentals , 25: 474 - 485, 1985.

[Domeshek, 1994] E.A.Domeshek, J.L.Kolodner and C.M. Zimring. The Design of a Tool Kit for Case-Based Design Aids. Design ´94, Kluwer Academic Publishers, The Netherlands.

[Garnet, 1993] B.A. M yers, D. Guise, A. Mickish, B. Vander Zanden, D. Kosbie, J. A.

Landa y, R. McDaniel, R. Parthasarathy, M. Goldberg, R.B. Dannenberg, P. Marchal, and

E. Pervin. The Garnet Reference Manual . School of Computer Science, C arnegie Mellon

University, Pittsburgh, PA 15213, 1993.

[Maher,1996] M.L.Maher and A.G. de Silva Garza. Developing Case-Based Reasoning for

Structural Design. IEEE Expert. June, 42 ˘ 52, 1996.

[Manan, 1998] Z.A. Manan. Process S ynthesis for Waste Minimisation with Emphasis on the

S ynthesis of Cleaner and Cost Effective Distillation Sequences for Azeotropic Mixtures.

PhD thesis, University of Edinburgh , 1998.

[Matsuyama, 1977] H. Matsuyama and H.J. Nishimura. Journal of Chemical Engineering of

Japan , 10 : ( 181), 1977.

ECAI 98 W7 Binding Environmental Sciences and AI King, Ba ñ ares-Alc á ntara , and Manan

[Kolodner, 1991] J.L. Kolodner. Improving Human Decision Making through C ase Based

Aiding. AI Magazine , Summer 1991.

[Kraslawski et al., 1995]. A. Kraslawski, T. Koiranen and L. N ystrom. Case-Based Reasoning

S ystem For Mixing Equipment Selection. Computers &Chemical Engineering, 19(Suppl.),

S821 ˘ S826, 1995.

[S à nchez-Marrè et al., 1996] M. S à nchez-Marrè, U. Cort é s, I. R-Roda, M. Poch and J.

Lafuente. Learning and adaptation in WWTP through Case-Based Reasoning.

Microcomputers in Civil Engineering, 12, 251 ˘ 266, 1997.

[Slade, 1991] S. Slade. Case Based R easoning: A Research Paradigm. AI Magazine . p 52 ˘

68, Spring 1991.

[Surma, 1996] J.Surma and B.Brauschweig. Case-Based Retrieval in Process Engineering:

Supporting Design b yReusing Flowsheets. Engineering Applications of Artificial

Intelligence. 9(4): 385 ˘ 391, 1996.