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ABSTRACT 

The batch mode of operation is particularly efficient where a number of low volume, high 
value-added products must be manufactured in a common facility. The ability of batch plants 
to facilitate flexible manufacturing policies has caused a resurgence in their popularity. 

Short-term scheduling, campaign planning and design are considered in this work. 
Short-term scheduling involves the allocation of multipurpose equipment to individual 

processing tasks, the sequencing of these tasks, and the determination of material flows through 
the plant, over a relatively short period of time. 

Campaign planning involves the allocation of equipment to stages (comprising one or 
more tasks) of production of a product, and the determination of stage timings. These stages 
tend to be operated for relatively long periods of time. 

Design, where the production requirements may be deterministic or uncertain, involves 

planning, as described above, as well as the determination of the number and size of equipment 

required to fulfil the production requirements. 

All the problems above are formulated as mixed integer linear programming (MILP) 

models. These are solved by branch-and -bound procedures that are enhanced by techniques 

related to the nature of the problem solved. Computational experience with the algorithms 
developed is presented in the form of a number of case studies. 

Finally, the novel features and advantages of the work are discussed, as are potential 
areas for further research. 
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CHAPTER ONE 

Introduction 

The recently renewed interest in the batch mode of manufacture may be attributed to a 
variety of factors. These include: 

(i) intense global competition in the bulk chemicals sector (these chemicals tend to be 
manufactured in continuous plants); 

(ii) irregular product demands and short product life cycles, especially for high value-added 
chemicals; 

(iii) the need to manufacture products to specific customer requirements; 
(iv) growth of the low volume, high value-added market sector, 
(V) seasonal demands for certain products (especially foodstuffs). 

This renewed interest is reflected in Parakrama's (1985) survey of 99 batch processes 
operated by 74 UK manufacturing companies, which showed that 80% of the plants were pro- 
ducing chemicals in steady or growing markets, and that only 6% of processes were likely to 
be converted to continuous ones, despite the fact that 95% of the processes were capable of 
such conversion. Rippin (1991) maintains that the majority of chemicals by number (and prob- 
, It% ably value), are now made in the batch mode. 

The key reason for this new emphasis on the batch mode of manufacture, implicit in all 
the factors listed above, is the flexibility offered by this mode of operation. Increasing com- 
petition requires diversification and the adoption of flexible manufacturing strategies for rapid 
adaptation to market fluctuations. It is usually much more straightforward to reconfigure or 
adapt batch plant to allow for modifications in the product mix, as well as to meet specific cus- 
tomer requirements. Where small amounts of different products must be produced, it is usually 
more economically efficient to manufacture them in a common facility such as a multipurpose 
batch plant, rather than operating one plant per product. Where production requirements are 
uncertain, batch plants are more efficient; the inherent flexibility allows a wide spectrum of 
operating conditions (Rippin, 1991). 

The factors listed above imply characteristics of products, processes and markets where 
the batch mode of operation is suitable. There are other conditions where the batch mode of 

operation is usually preferred, e. g. 

where many processing tasks are required to produce a product - here equipment must 
be re-used during manufacture to keep capital costs low (e. g. in fine chemicals manufac- 
tu re) ; 

where some of the processes involved are not well understood - it is much easier to 

adapt batch process recipes during operation (e. g. biochemical processes); 
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(iii) alternatively, where the processes involved are usually straightforward mixing, blending 

and grinding type operations and simple generic equipment may be used (e. g. paints 
manufacture); 

(iv) where the residence times of some of the tasks are very long - the cost of continuously 
operated equipment would be prohibitive (e. g. batch polymerisation). 

Typical examples of batch processes are: lubricant oils blending, fine and specialty chem- 
icals manufacture, production of pharmaceuticals, polymerisation, food and biochemical pro- 
cessing, and production of paints and dyestuffs. 

In summary, batch processes are preferable where flexibility of operation is required. 

In order to understand how flexibility arises in batch processing, it is necessary to con- 
sider briefly the operation of a general batch process. 

The batch mode of production involves the movement of material through the different 

stages of processing in a discrete manner. In general, the same product may be produced by 

different sequences of tasks, and the same task may be performed in different items of equip- 

ment at different times. This means that there may be many alternative routes through the 

plant for a single product, and many ways of producing a number of products over a period of 
time (for example, the number of possible product orderings is factorial in the number of pro- 
ducts). 

This implies that many more degrees of freedom exist when operating batch plants when 

compared to continuous ones. Given that such flexibility exists, it must be exploited. More 

specifically, one must be able to select a "good" or "best" (according to some prespecified 

criterion) operational or design alternative when confronted with a large number of such alter- 

natives. It is already becoming evident that the problem of making such decisions is likely to 

be combinatorial in nature (i. e. involving a large number of discrete ("yes or no") decisions), 

and therefore difficult to solve (see, for example, Gabow, 1983). 

The combinatorial nature of these problems necessitates the use of systematic computer- 

based tools for their efficient solution. The development of decision-making tools for batch 

processes has lagged behind that of their continuous counterparts. This may be attributed both 

to the intrinsically more complex nature of batch processes, and the fact that continuous plants 

have been the dominant mode of production in the last forty or so years. Ironically, the 

inherent flexibility of batch plants may therefore complicate the exploitation of this flexibility. 

Many of the tools that have been developed to this end do not provide rigorous solutions to 

general problems, but provide either exact solutions to specific problem instances or heuristic 

solutions to more general problems. A need therefore exists forformal computer-based tools 

that are capable of dealing with general features arising in problems of designing and operating 

batch plants. This need is highlighted in many review articles (Ku et al., 1987, Mah, 1989, 

Parakrama, 1985, Reklaitis, 1982,1989, Rippin, 1983a, 1983b, 1985,1991, Sargent, 1989). 

Such tools would ideally be able to take as input all the features common to general 

batch processes, and yet solve specific problems of design and operation without compromise, 
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so as to produce solutions that are optimal with respect to a prespecified criterion, such as 
minimisation of capital cost, maximisation of value-added, minimisation of delay in fulfilling 
customer orders, minimisation of unfulfilled orders, minimisation of inventory and so on. 
These tools should also take advantage of currently available computational power to provide 
quick solutions to realistic problems, while retaining the flexibility of scope described above. 

This work describes the steps undertaken to develop such tools for plant design and 
operation, including problem specifications, formulation of mathematical programming models 
(MELPs) and efficient techniques for their solution, and implementation as software packages. 

1.1 Thesis Outline 

The characteristics of batch processes and the related scheduling and design problems are 
described in more detail in the next chapter. 

The resurgence of the batch mode of production is mirrored by a significant amount of 
work published in the area of batch plant scheduling and design. An overview of relevant 
literature is presented in chapter 3. 

Chapter 4 describes solution techniques applied to the problem of short-term scheduling. 
These techniques allow the solution of a variety of industrially relevant examples. 

Chapter 5 describes in detail the problem of long-terrn campaign planning in batch plants, 
and presents an extension of the formulation covered in chapter 4 that deals with a special case 
of long-term planning, the determination of a single campaign comprising a cyclic schedule, as 

well as the design of plants that operate in this manner. 

In chapter 6, the general campaign planning and design problem is formulated and an 

efficient solution procedure developed. The formulation of the design problem is modified in 

chapter 7 to take account of uncertainties in the production requirements that the plant must 
fulfil. 

In chapters 4,5,6, and 7, examples are used to demonstrate the applicability of the for- 

mulations and solution methods used. An overview of the thesis is presented in chapter 8. The 

areas of original work are emphasised, as are those which may benefit from further work. 
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Batch Process Operations and Problem Characteristics 

In this chapter, the characteristics of batch processes and the problems of their operation 
and design are described. 

2.1 Processing Tasks 

Like all chemical processes, batch processes involve a sequence of tasks that transforrn 
material from feedstocks (inputs) to products (outputs), often via intermediate materials. In 
order to understand the operation of batch tasks, it is instructive to compare them with continu- 
ous ones. In continuous processes, the tasks are arranged in a sequence and intimately associ- 
ated with the processing equipment that is used to perform them. All tasks occur simultane- 
ously, continuously receiving inputs and producing outputs. Batch tasks operate in a noncon- 
tinuous manner, receiving inputs at certain times (some inputs may be received after the task 
has started), operating for some time, and only then producing outputs (different outputs from 
the same task may be produced after different elapsed times, e. g. batch distillation). This 

elapsed time may be constant or may depend on the amount of material undergoing processing. 
In general, the tasks are not associated with specific items of equipment, but rather to groups of 
equipment, within which they may be performed. These tasks may not, in general, be per- 
fonned in a pre-emptive manner. This means that the processing of a task in a vessel may not 
be interrupted to allow for the operation of another task, with the completion of the earlier task 
hiý 
being resumed upon completion of the later. 

Batch plants may also include semi-continuous tasks, which are tasks that are operated in 

a continuous manner over short durations, when they receive material to process. 

In order that tasks be performed, there must exist suitable equipment in the plant. Furth- 

ermore, some tasks may require additional utilities for their performance. These may be con- 
tinuous, e. g. steam or electricity, or discrete, e. g. operators or auxiliary equipment. 

Batch process tasks need not be as well understood as continuous ones; this will not 

necessarily hinder production as conditions may be adjusted during their operation. The opera- 

tion of batch tasks is almost entirely transient, i. e. the values of the state variables vary with 
time. The ability to alter the profiles of control variables provides scope for optimisation of 

the operation of individual tasks (see, for example, Macchietto et al., 1989). 
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2.2 Intermediate Storage and Transfer Policies 

As mentioned above, the product recipes comprise a sequence of tasks producing final 

products or intermediates 1. If these intermediate materials are stable (i. e. no significant degra- 

dation of the material will occur over the maximum timescale of storage), they may be stored 
in storage vessels that are installed for this purpose, or even in the processing units that pro- 
duce them. The ability to perform such storage dictates the transfer policies between process- 
ing tasks and has far-reaching implications for flexibility in design and operation. Four 

different transfer policies have been identified (see, for example, Ku et al., 1987). These are 
described in turn below, followed by a description of the functions of intermediate storage. 

2.2.1 Zero-Wait (ZW) 

This is the case where either the intermediate material is unstable and must immediately 

be processed by the next task in the processing sequence, or where no storage vessels are 

available and the material is unsuitable for storage in the processing units that produce it. 

2.2.2 No Intermediate Storage (NIS) 

This is the case where the intermediate material is stable, but no storage vessels are avail- 

able. However, the material may temporarily be stored in the processing vessels that produce 

it. 

2.2.3 Finite Intennediate Storage (EIS) 

Here, the intermediate material may be stored in suitable storage vessels. However, the 

amount that may be stored is limited by the installed storage capacity. 

2.2.4 Unlimited Intermediate Storage (UIS) 

This is similar to the FIS case, but, for the purposes of the situation under consideration, 

the amount that may be stored is assumed to be unlimited. 

I Note that, in the most general case, some final products may also be intermediate materials 
for other products. 
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2.2.5 Functions of Inten-nediate StoLage 

An excellent exposition on the functions served by intermediate storage is given by Kar- 
imi and Reklaitis (1983). These functions include: 

(i) decoupling of operation of adjacent units - this removes the need for perfect synchroni- 
sation of the task sequences; 

(ii) mitigating the effects of process variations; 
(iii) moderating the effects of equipment failures; 

(iv) isolating intermediates associated with different products; 
(V) smoothing changeovers between products. 

Plants which exhibit a number of different transfer policies are sometimes said to employ 
mixed intermediate storage (MIS) policies. As a general rule, flexibility of operation increases 

with increased ability to store intermediate material. This issue will be discussed further in 

other chapters. 

23 Equipment 

The most important feature of batch process equipment is that it is often multipurpose. 
This means that each item of equipment may be suitable for more than one task, and may be 

re-used during the manufacture of a product. This equipment, sometimes with the help of 
flexible piping networks, or even automated guided vehicles (AGVs), can be configured in 

many different ways. Furthermore, most items of batch equipment can process widely varying 
batch sizes, and need not be utilised fully in order to operate effectively. Semicontinuous 

equipment is designed to withstand being switched on and off repeatedly. All these charac- 

teristics serve to enhance plant flexibility and adaptability. 

Equipment may be subject to cleaning during processing. Two types of cleaning require- 

ment are identified: 

Frequency-dependent cleaning. In this case, the item of equipment must be cleaned after 
having been used a certain number of times. Of course, the item may be cleaned before 

the upper bound on number of operations is attained - this may result in more flexible 

operation. 

Sequence-dependent cleaning. In this case, the cleaning requirement is defined bý, the 

sequence of operations to be perfon-ned by the equipment. For example, if a black dye is 

to be processed after a white one in a unit, no cleaning may be required. If, however, the 

white dye must follow the black dye, the unit may require extensive cleaning so that the 

lighter dye is not contaminated. 
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2.4 Processing Networks and General Features of Plant Operation 

In section 2.1, the features of batch tasks have been described. The way in which these 
tasks are operated in sequence in order to produce one or more products differs widely 
between processes and plants. The arr-angement of tasks is called the "processing network". 
The simplest processing network is a linear (or "serial") arrangement of tasks, where the input 
to a task is the output of the task immediately preceding it; a special case of this is a single 
task recipe. More complicated networks may involve the sharing of intermediate material 
between more than one task (batch splitting), batch mixing, the recycling of material, and more 
than one task which produce the same product. These features result in processing networks 
that are "non-linear" or cyclic. As will be seen in chapter 4, the State Task Network 

representation of chemical processes of Kondili et al. (1988) is a convenient means of describ- 
ing all such processing networks. 

Three types of batch plant, each with a different processing network, have been identified 
in the literature; these are described in turn below. 

In multiproduct plants, each product has the same processing network, i. e. each product 
requires the same sequence of processing tasks. Although only one product usually undergoes 
production at any given time in such plants, it may be advantageous to attempt to operate 
"'mixed product campaigns" (Birewar and Grossmann, 1989a). Due to the historic association 
between the work on batch plant scheduling and that on discrete parts manufacturing, these 

plants are sometimes called "flowshops", analogous to engineering flowshops. 

In multipurpose plants, the products are manufactured via different processing networks, 
and there may be more than one way in which to manufacture the same product. In general, a 

number of products undergo manufacture at any given time. These plants are sometimes called 
"jobshops". 

Multiplant operation divides the plant up into a number of independent production lines, 

each of which is used to manufacture a subset of all the products that may be produced. The 

operation of a production line is more likely to be of the multiproduct mode, as products with 

similar recipes will be produced by it. 

The above describes how the operation of a plant depends on the processing structures 
involved. Plant operation is also influenced by market conditions. More specifically, two 

polemic operating policies are usually pursued, viz., reactive and campaign. These are 
described below. 

2.4.1 Reactive Mode of Operation 

This mode of operation is prevalent where the demands for the different products are sub- 

ject to rapid change. Consequently, schedules may show few similarities from one production 

period to the next. The time horizon of interest for scheduling the operation of the plant is 
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relatively short (say I week to I month). Production quantities may be as small as one 
"batch". An important class of plants that operate in the reactive mode are those that operate 
purely to fulfil customers' orders (" order- driven" plants). 

2.4.2 Campaim Mode of Operation 

This mode of operation is prevalent where the product demands are stable or may be 
forecast accurately. A "campaign" is constructed by the allocation of resources (processing 
time, equipment and utilities) to stages of production of one or more products for relatively 
long periods. Many batches of the same product are produced in succession, and changeover 
periods are minimised. This means that the plant is dedicated to a subset of the products for 

substantial durations. 

2.5 The General Scheduling Problem 

Although the scheduling problem may simply be stated as the determination of the 
sequence of operations in the plant (while fulfilling certain objectives), the traditional definition 

of the problem is based on a potentially restrictive hierarchical decomposition into sequencing 
and scheduling problems, which are usually solved separately. 

In this context, the sequencing problem involves the determination of the sequence of 
batches that must be manufactured (e. g. 5 batches of A, followed by 12 batches of B, etc. ). 
The scheduling problem involves the determination of the timings of the tasks required to pro- 
duce this sequence of batches. However, when general batch processes are considered, the dis- 

tinction between these problems is not clear. Products may be manufactured simultaneously, 
or may require common intermediates, and batches may be split or mixed. It is therefore 

preferable not to make the distinction between the two problems, but instead to specify the 

general scheduling problem by focussing on the individual processing tasks, rather than the 

product batches. The general scheduling problem may then be defined by: 

Given: 

(i) product recipes, in terms of task sequences; 

(ii) details of available equipment (including capacities and task suitabilities); 

(iii) details of intermediate storage (locations and capacities); 

(iv) minimum production requirements; 
(V) utility utilisation profiles of the tasks; 

(Vi) utility availability profiles over the time horizon of interest; 

(vii) a time horizon of interest, 
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Determine: 

(i) the allocation of tasks to equipment; 
(ii) the timing of the tasks; 

(iii) the batchsizes of the tasks; 

(V) the storage profiles for the different states of material, 

so as to optimise a given objective function. 

2.6 The General Design Problem 

In general, the design of chemical plants involves a hierarchy of decisions. For a given 
process, these might range from the deten-nination of the major equipment list with sizes and 
materials of construction to model-based control loop design. For batch plants, the latter are 
usually dependent on the former, and it is with the problem of determining the number, type 
and size of the necessary equipment items that most work on batch process design concerns 
itself. 

The fundamental feature of batch plant design is that it is closely linked with scheduling. 
This point was first raised by Ketner (1960), who noted that, while continuous plant equipment 
sizes are deten-nined by the required processing rate, in batch plants, a very large number of 
alternative configurations could yield the same processing rate, depending on how efficiently 
the plant is operated. As stated earlier, the efficient use of multipurpose equipment and storage 
is vital during the operation of flexible batch processes. In designing such plants, it is there- 
fore necessary to determine how the equipment may best be utilised, i. e. plant scheduling and 

production planning must forrn an integral part of the design problem. 

The general design problem can be stated as: 

Given: 

product recipes, in terms of task sequences; 

(ii) details of potentially available equipment (including capacity ranges and task suitabillties); 

(iii) details of intennediate storage (locations and capacities); 

(iv) production requirements on the products to be manufactured; 

(V) utility utilisation profiles of the tasks; 

(vi) utility availability profiles; 

(vii) a time horizon of interest, 
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Determine: 

(i) the number, type and size of the equipment items required; 
(ii) a feasible operating schedule, 

so as to optimise a given objective function (often minimisation of capital cost). 

As mentioned in the introduction (chapter 1), batch plants are often operated under condi- 
tions of uncertainty in the production requirements. This implies that there may well be uncer- 
tainties as to the operational requirements of the plants at the design stage. A more general 

statement of the design problem above would involve the substitution of item (iv) above with: 

(iv) a number of possible production requirement scenaria 

In this case, the chosen plant should be able to operate feasibly under any of the pre-specified 

production requirement scenaria. A candidate feasible operating schedule for each scenario 

should therefore perform part of the problem solution. 



CHAPTER THREE 

Review of Literature 

3.1 Single Product Plants 

3.1.1 Scheduling of Single Product Plants 

Given an existing plant with only one product requirement and a given task recipe, the 
degrees of freedom of batch plant operation decrease considerably. In fact, the only decisions 
left to be made are the unit-to-task allocations, task timings and the possibility of unit re-use 
within a schedule. However, in the majority of all formulations reported in the literature, the 
unit-to-task assignments are fixed (sometimes somewhat artificially) at the problem description 

stage, unit re-use is usually precluded, and the ZW or UIS transfer policies imply the task tim- 
ings. The consideration of utility and operator requirements of tasks would also require a sys- 
tematic approach to single product plant scheduling, but these are rarely treated. 

Recent work on the scheduling of single product batch plants is presented by Wellons 

and Reklaitis (1991a), whose formulation concerns the formation of single product campaigns. 
Their single-stage formulation is similar to the two-stage formulation of Mauderli and Rippin 
(1979,1980) for multipurpose plants, described in section 3.3.1.1. A dominant single-product 

campaign must be identified by considering all the routes through the plant for the product 
("alternate production lines"); these are generated by performing different unit allocations at 
each stage. The dominant line is that with the highest processing rate. In order to identify 

this, the scheduling of the line, based on overlapping operation with ZW or NIS transfer poli- 

cies, must be considered. The problem is formulated as a mixed integer non-linear program 
(MINLP), but unfortunately the latter has a high integrality gap (i. e. a large difference exists 
between the optimal integer solution and the continuous relaxation). A problem-specific solu- 

tion procedure, based on decomposing the problem into equipment assignment and campaign 
formation problems respectively, is therefore proposed. 

3.1.2 Design of Single Product Plants 

For single product plants, the design problem is usually stated as: 

Given: 

(i) a product recipe, in terms of stages of manufacture; 

(ii) a production requirement; 
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(iii) a time horizon, 

Determine: 

(i) the number and size of the equipment items allocated to each stage, 

so as to minimise the capital cost. The re-use of the same unit for more than one task during 
product manufacture is not allowed by most formulations, and there is therefore an implicit 
association between stages of manufacture and processing units. 

One of the earliest recorded publications in this area is that of Ketner (1960), whose for- 
mulation included a series of cost equations for different items of batch equipment, e. g. for a 
reactor: 

Costj = Cj V (3.1) 

where j is the index of batch equipment and V is the volume of the batch to be produced, and 
costk : --: Ck V Ok (3.2) 

for semicontinuous equipment, where k is the index of semicontinuous equipment, and Ok is 

the operating time. The cost expressions are used to form analytical relationships between 
investment per unit capacity and cycle times. The cycle times are obtained by assuming a 
non-overlapping mode of operation, where each stage is processed in sequence, and the opera- 
tion of stages does not overlap in time. In this case, the cycle time is the sum of the process- 
ing times of all the stages. The minimum investment cost is obtained by fortnulating and solv- 
ing the first-order necessary optimality conditions for the resulting unconstrained optimisation 
problem. 

The problem was later analysed by Loonkar and Robinson (1970) who utilise power law 

cost expressions: 

for batch unit j, and 

Costj = aj Vai (3.3) 

, Pk 

costk = bk ,v (3.4) 

for sernicontinuous unit k where all batch units have the same volume, V, equal to the batch 

volume of product. The idea of sernicontinuous subtrains, i. e. a series of sernicontinuous units 

that operate for the same length of time is also introduced. The cycle time is given as the sum 

of batch residence times and sernicontinuous subtrain times and therefore implies a non- 

overlapping mode of operation. The desired processing rate is given and the problem may be 

solved as a geometric program. However, since all the constraints are expressed as equalities, 

the problem may be solved as for that of Ketner (1960), this time with an iteration on the cycle 

time. 

Both these pioneering formulations have several drawbacks, restrictions and 

simplifications: 
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(i) a non-overlapping mode of operation is assumed - this may lead to overdesign; 
(ii) the task processing times are independent of the batch size; 
(iii) there is no consideration of intermediate storage; 
(iv) no re-use of units during product manufacture is allowed; 
(v) scheduling, in the form of unit-to-task allocations is not undertaken; 
(vi) the effects of operating costs and utilities are not considered; 
(vii) no batch splitting or mixing is allowed. 

The more recent work of Yeh and Reklaitis (1987) addresses deficiencies (i), (ii), (iii) and 
(vii) above. They considered the design as a two-tiered problem, with "synthesis" at the 
higher level and a sizing problem (essentially the problem solved by Loonkar and Robinson, 
1970) as a lower level subproblem. A serial network with multiple units at each stage and a 
crude treatment of intermediate storage is considered. The sizing problem formulation is sub- 
ject to the following assumptions: 

0) the product is manufactured in overlapping mode; 

(ii) a continuous range of equipment sizes is available; 

(iii) multiple items of given type are identical; 

(iv) no re-use of equipment items is allowed; 

(V) a zero wait (ZW) policy is adopted where no intermediate storage (IS) is available; 

(Vi) the cost of (IS) is negligible compared to that of other equipment. 

In this case, the relationships between the processing times of batch stages (i. e. tasks) and 

the batch size are given by: 

ti ý tio + cj BdI- (3.5) 

where tj is the processing time of stage j, B is the batchsize and t9c- and dj are constants. iIi 
The operating times of semicontinuous units are given by: 

Ok =B 
Dk 

Rk 
(3.6) 

where Dk is a duty factor and Rk the processing rate. The problem is formulated as a non- 

linear program (NLP), where the cycle time is defined as the maximum of the task processing 

times. The task processing times are dependent on the number of out-of-phase units allocated 

to the task. More specifically, the cycle time is given by: 

T ý! (Ofj + tj + O, j)lnj (3.7) 

where T is the cycle time, and the Ofj and 0,, j refer to filling and emptying times respec- 

tively, and nj is the (fixed) number of parallel out-of-phase units at stage j- This inverse rela- 

tionship between stage processing time and number of out-of-phase units allocated to the stage 

is frequently encountered in the literature. The volumes of batch vessels are related to the 
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batch size by size factors Sj reflecting differences in density etc.: 

V- >B S- i-i (3.8) 

A horizon constraint that states that the total time of operation must not exceed the available 
time is given by: 

Q T!! ý- H (3.9) 
B 

where Q is the production requirement, and H the time horizon. 

The synthesis problem attempts to reduce bottlenecks in the basic design. Two 
approaches to achieve this are possible: 

(i) reduction of the cycle time; 

(ii) reduction of stage idle time. 

The cycle time may be reduced by: 

(a) adding paraHel units that operate out-of-phase; 

(b) splitting a chain of tasks assigned to a stage. 

The stage idle time may be reduced by: 

(a) insertion of IS at appropriate points; 

(b) merging of consecutive or non consecutive conformable tasks. 

An initial solution is generated by the best combination of merging, splitting and use of 
parallel units, with the sizing subproblem providing the performance criterion for the different 

alternatives. A lower bound is then obtained by inserting IS between all stages. The initial 

solution is tested for proximity to the lower bound. If acceptable, the procedure stops, other- 

wise IS is added stepwise to the most useful location until the cost is close enough to the 
lower bound. 

While this formulation is much more comprehensive than the previous ones, it is still 

rule-based and cannot claim to produce optimal designs. It also employs assumptions such as 

no unit re-use and fixed allocations. 

3.2 Multiproduct Plants 

A variety of products are produced in the multiproduct plant. The flowsheet structure is 

not fully general, in that all the products follow the same route through the plant. However, 

there are a variety of operating alternatives within the multiproduct definition which may give 

rise to different scheduling and design problems. 
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3.2.1 Scheduling of Multiproduct Plants 

The multiproduct scheduling problem is usually presented as: 
Given: 

(i) a series of N products to be produced; 
(ii) M stages of processing equipment, possibly with parallel units, that are used by all pro- 

ducts; 

(iii) a processing time matrix (the time required by each product at each stage); 
(iv) transfer policies between stages, 

Determine: 

(i) the processing slate (i. e. the processing order of the products - the "sequencing" prob- 
lem); 

(ii) the detailed schedule (i. e. timing of each operation - the "scheduling problem"), 

so as to optimise some objective, usually performance-based e. g. minimisation of makesparl. 
This problem definition corresponds to the reactive mode of operation, which is arguably more 
common than campaign mode. 

The majority of non-trivial multiproduct plant scheduling problems are shown to be NP- 

complete, i. e. no exact algorithmic solution of polynomial complexity is available (Gabow, 
1983); hence exact solution techniques may be impractical for all but very small problems. 

Cook (1971) has shown that if polynomial algorithms existed for the solution of a partic- 
ular class of problems called NP-satisfiability problem, these algorithms would also be applica- 
ble to a wide variety of other such problems. Karp (1972) has shown that many decision- 

making problems of a combinatorial nature (e. g. the "travelling salesman problem" (TSP)) 

are just as hard as the NP-satisfiability problems. It is these problems that are termed NP- 

complete. Scheduling problems tend to be NP-complete because their exact solution requires 
some kind of enumerative approach. Hence exact solutions for all problems other than very 
small ones may prove to be intractable due to their computational requirements (Garey and 
Johnson, 1979). Although it has never been shown that no polynomial algorithm exists for 

such problems, empirical evidence that this is indeed the case is overwhelming. Hence most 

published work is concerned with obtaining good sub-optimal solutions using heuristic polyno- 

mial algorithms, with performance guarantees in some cases. The different heuristics tend to 

apply to different problem instances, some of which are considered in the next sections. 

Scheduling with UIS 

A great deal of work on process scheduling has concentrated on scheduling with UIS 

between stages. As indicated by Reklaitis (1982) in his review of process scheduling, this 

work tends to follow on from earlier work in the Operations Research/Management Science 

field on flowshoP scheduling in the mechanical engineering industry, (see for example Baker, 
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1977, Graves, 198 1). 

Although most scheduling problems cannot be solved exactly with polynomial algorithms, 
there is a notable case (discussed below) where this is possible. This case provides the frame- 
work for many heuristic procedures applied to more complex problems. 

Two stage serial flowshop 

An exact algonthm, developed by Johnson (1954) exists to deten-nine the product order 
for a two stage (one unit per stage) plant with UIS between the two stages, so that the mak- 
espan is minimised: 

Divide the N products into two sets P and Q such that all products whose processing 
times on the second unit are higher than those on the first are in P and the rest are in Q. 

2 Arrange the products in P in the ascending order of their processing times on the first 

unit and arrange those in Q in the descending order of their processing times on the 

second unit. 
3 Concatenate the sequences in P and Q, in that order. 

The family of methods for scheduling that involves arranging products in lists is called 
list scheduling. 

Kuriyan and Reklaitis (1985) present a series of problems and approximate solution 
methods for more general network flowshops with UIS. Two special cases of the network 
flowshop, are the simple parallel processor model, i. e. one stage with a number of identical 

parallel units; and the simple flowshop, i. e. a purely serial flowshop with one unit per stage. 
These two cases form the next part of the discussion. 

Simple Parallel Processor 

For this case, bounds on the closeness to optimality of the makespan can be analyti- 

cally derived for different algorithms. Let ýL be the number of processors, o)* be the optimal 

makespan and (oA be the makespan generated by algorithm A. 

List Scheduling Algorithms 

I The products are ordered, usually by longest processing time first (LPT), shortest pro- 

cessing time first (SPT) and random ordering (R). 

2 The products are selected in order from the list and assigned to the least busy processor. 

List scheduling with methods R and LPT satisfy the relationships: 

% 

0) 
*4 (3.10) 

(0 3g 
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Multifit Algorithms (MF) 

These are based on the technique for the solution of the bin packing problem - given a 
set of products and a deadline, determine how many parallel processors are required. Although 
this problem is also in NP, it may be solved by the First Fit Decreasing (FFD) heuristic. The 
algorithm tries to find the smallest feasible possible deadline for the given g, by a binary 
search. If k is the number of iterations of the binary search, the following relationship holds: 

* 
1.22 +1 

(0 2 

Non-identical Parallel Processors 

(3.12) 

The more complicated case of non-identical parallel processors has been studied by 
Musier and Evans (1989). They claim that it is important to have a means of scheduling such 
a structure as it may form part of a plant where different operators are responsible for produc- 
tion of different parts. Of course this only holds if the different parts of the plant may be 
decoupled by inten-nediate storage. An initial solution is generated by a random procedure. 
Product batches are then removed from one position in the schedule and inserted into another 
so as to lower the makespan. This is done for single batch switches and pairwise switches 
until the makesPan cannot be improved. 

Simple Flowshop 

As has been seen, an exact polynomial solution exists for the two stage case. For more 
than two stages, branch and bound can be used for moderate sized problems although few 

results are presented. Three heuristic algorithms are described below: 

Campbell, Dudek and Smith (CDS) (1970) 

Create pseudo two-stage problems by lumping together the processing times for the first 

k stages and stages k+I to M respectively. These may be solved directly by Johnson's algo- 

rithm for values of k ranging from I to M-1; the best sequence can then be chosen. 

Rapid Access (RA) with improvement (Dannebring, 1977) 

Generate an initial solution by some means, usually a form of pseudo two-stage model 
(RA) using a weighted combination of processing times. Generate new sequences by switch- 
ing adjacent products in the sequence. Select the one that gives the best makespan and simi- 
larly try to improve it until no further improvement is possible. 

Modified Rapid Access (MRA) (Karimi and Ku, 1988) 

Two problems with Dannebring's RA method are that the pseudo two-stage model does 

not reduce to Johnson's algorithm if M=2, and transfer and set-up times are ignored. By 

including a minor modification, the MRA method gives a much better initial solution and cuts 

down on the amount of improvement needed. 
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ParaHel Flowshop 

These are lines of simple serial flowshops in parallel. There are again several algorithms 
for this processing structure (Kuriyan and Reklaitis, 1985), including list scheduling, neigh- 
bourhood search (where a recursive local search is used to improve solutions provided by other 
heuristic procedures), and multifit algorithms. 

General Networks 

For general networks, various fonns of list scheduling are usually used, often with recur- 
sive improvement of the solution found (Kuriyan and Reklaitis, 1985). A typical example is 

the one-product-at-a-time strategy (PAT), the steps of which are: 

1 The products are ordered into a list using methods such as LPT or CDS (see above). 

2 Select first product on list. Assign this to a processor at each stage, selecting the least 

busy processor at each stage. 

The one stage at a time strategy (SAT) is similar, but considers allocations from the stage 

point of view. 

The above are typical examples of methods used for sub-optimal scheduling of multipro- 
duct plant with UIS at each stage. It is often difficult to evaluate such methods for realistic 

problems; however, it is held by their proposers that an initial heuristic with some form of 

recursive improvement is the best general strategy. 

3.2.1.2 Scheduling with NISIZW 

The difference between the NIS and ZW policies for intermediate storage has already 

been pointed out. An implicit enumeration scheme using a probabilistic lower bound solution 

scheme for the NIS multiproduct scheduling problem has been formulated by Suhami and Mah 

(1981), where N jobs (products) are to be processed on M machines (units) in series. 

There is one machine at each stage, and a processed job may reside in a machine if the 

downstream one is busy. The enumeration procedure is based on recurrence relations to deter- 

mine completion times. These relate the starting time of a job on a unit to either its comple- 

tion time on a previous unit, or the completion time of the previous product on the unit in 

question, whichever is later. The computational scheme consists of a branch and bound algo- 

rithm with backtracking. A node at the kth level in the tree represents assignments of pro- 

ducts to the first k positions in the sequence. A branch represents an assignment to the k+lth 

position in the sequence. The bounding criterion attempts to fathom partial assignments by 

using probabilistic upper bounds. 

ZW Scheduling with Multiple Parallel Units 

Heuristic algorithms for ZW (and UIS) scheduling with multiple units at each stage are 

presented by Kuriyan and Reklaitis (1989). The problem is now a two stage one, with product 
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sequencing at the upper level and actual product/unit assignment and completion time determi- 
nation at the lower level - another example of decomposition into sequencing and scheduling. 
The product sequencing algorithms fall into four groups: 
(i) dispatching rules such as LPT, SPT, RA or earliest due date first (EDD) 

(ii) bottleneck sequencing where the problem is reduced to single- or two-stage by relaxing 
all capacity constraints for all but "bottleneck stages"; 

(iii) local search methods; 

(iv) best fit -a type of local search where the most appropriate product is sought to be 
inserted into a partial assignment. 

The sequence evaluation stage involves the determination of a minimum makespan for a 
given product sequence, using completion time determination algorithms based on recurrence 
relations. 

Two formulations for the scheduling of ZW multiproduct plant use more fon-nalised pro- 
cedures. 

Pekny et al. (1988,1989) take advantage of parallel computation, and the fact that the 
ZW flowshop problem can be shown to have the same structure as the travelling salesman 
problem (TSP) (Gupta, 1976) and is therefore NP-complete. The problem structure in this case 
is equivalent to the asymmetric TSP (ATSP). An exact parallel technique using branch-and- 
bound enhanced by various rules is employed to solve the problem, where the solution to an 

assigrunent problem provides lower bounds for partial assignments (Pekny et al., 1988). When 

the production costs depend on consecutive system states (i. e. costs are dependent on the 
binary sequences of products), the problem is shown to be similar to the prize-collecting travel- 
ling salesman problem (Pekny et al., 1989). A similar solution procedure is used with linear 

programs representing relaxed problems in the search tree. 

The work of Birewar and Grossmann (1989b) follows on from their work on design of 

multiproduct plant (Birewar and Grossmann, 1989a), and is considered in section 3.2.2.3. 

Finally, Egli and Rippin (1986) have developed an integrated heuristic-based package 
(known as SRSBP for Short Range Scheduling for Batch Plants) for batch plants where the 

storage policies are UIS for stable intermediates and ZW for unstable ones. However, it has 

the flexibility of tasks being assigned to items at the solution stage rather than at the problem 

description stage, i. e. unit-to-task assignments are not predeten-nined. Resource requirements 

and limited availability and stockholding costs are also considered. The objective is the filling 

of orders at minimum cost. To determine the best schedule, all possible production variants 

are generated by an enumeration procedure. Infeasible and obviously non-dominant schedules 

are screened out at this stage. For each sequence, storage costs are minimised by producing as 

close to deadlines as possible. Resource conflicts are smoothed out by shifting the timing of 

tasks where possible - this is similar to the resource-levelling technique of project planning 

(Smith, 1971). 
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3.2.1.3 Scheduling with FIS 

Finite intermediate storage between processing stages is the most general situation (note 
that ZW and UIS are simply special cases of FIS). The simplest problem belonging to this 
class is the two-stage flowshop with FIS. This problem has been analysed by Knopf (1985) 

who considered the case where the plant consists of a first stage with only one unit followed 
by S parallel storage units, followed by the second stage with g parallel units. IMe objective 
is to sequence N products and determine the processing routes through the system such that 
the makespan is minimised. This problem has been shown by Garey et al. (1976) to be NP- 

complete. A branch-and-bound solution method, where SLAM-based discrete-event simulation 
(Pritsker and Pegden, 1979) is used to determine whether branches can be fathomed, is utilised. 

Scheduling of serial flowshops with FIS has been investigated by Ku and Karimi (1988). 

The intermediate storage is measured in terms of units, where each unit can hold a batch. 

They assume negligible transfer and set-up times. Completion times for a product sequence 

are determined by recurrence relations that take into account the intermediate storage. These 

are similar to the relations of Suhami and Mah (1981) described briefly above, but also include 

the earliest available time of a downstream storage unit. The makespan minimisation may be 

formulated as a MILP as the recurrence relations are linear, or the problem may be solved 

using a heuristic based on RA. This work is extended by Rajagopalan and Karimi (1989) to 

include transfer and set-up times in the recurrence relations. 

Ku and Karimi (1991a) also consider the scheduling of an order-driven plant so as to 

minimise the total weighted tardiness of the orders. They present four heuristic algorithms, 

three of which require an initial solution generated by ranking the products in increasing order 

of the ratio of due-date to tardiness penalty. Sequence-building is an iterative process, wherr, 

at the first iteration, the first product in the initial schedule is chosen as first, while at the nth 

iteration, n partial sequences are built up by inserting the nth product in every position. The 

best partial sequence is retained and the search continued. Maximum penalty reduction is 

based on products with the largest penalty contributions being moved to earlier positions in the 

sequence. Four-product permutation considers all the variations within a zone of four adjacent 

products. Finally, they present a simulated annealing (see, for example, Kirkpatrick et al., 

1983, Ku and Karimi, 1991b) solution procedure, where the initial value of the simulated 

annealing parameter U is provided by taking a random product sequence, generating, say, 

3000 sequences from this using pairwise interchanges, and taking the average of the 

differences in total penalties between successive sequences. The simulated annealing parameter 

E is the objective criterion, in this case the total weighted tardiness. 

3.2.1.4 Critique of Work on Multiproduct Scheduling 

The above discussion presents the state of the art in scheduling of multiproduct batch 

processes. It is clear from both the formulations and nomenclature (machines and jobs etc. ) 

that most work is more applicable to the engineering flowshop. The poor treatment of storage 

and material flow and the assumption of fixed batch sizes serve to verify this. The objective of 
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scheduling one batch of each of the N products (the "one-batch-at-a-time", or "permutation 

schedule" policy) in one campaign is not a very realistic production situation. If the demand 
for a product is greater than its batchsize, another pseudo-product identical to it must be 
included in the slate. If the demand is not an integer multiple of the number of batches, which 
may well be the case in short-term scheduling, there is no means of representing this in any 
method apart from that presented by Egli and Rippin (1986). Furthermore, the unit-to-task 
relationship is usually fixed, no re-use of units is allowed and neither is batch splitting and 

mixing, since one-batch-at-a-time policies are utilised. Hence the applicability of most of these 

methods to chemical plants is questionable. The solution methods are, by and large, rule-based 
to the extent that for most problems it is difficult to assess the degree of optimality of the solu- 
tions obtained. Some methods are based on more formal techniques (e. g. Suhami and Mah, 

1981, Pekny et al., 1988, Birewar and Grossmann, 1989b) and are therefore more likely to 

provide optimal or near-optimal solutions. 

3.2.2 Design of Multiproduct Plants 

In much of the work reported in the literature, the design problem is undertaken indepen- 

dently of scheduling considerations. Products are usually assumed to be made in a series of 

sequential single-product campaigns; the total time horizon being divided amongst these cam- 

paigns. Each product passes through the same sequence of stages; these stages represent the 

implicit allocations of tasks to items. Overlapping operation within a campaign is usually 

assumed. The formulation therefore bears little resemblance to the scheduling problem 

described above. The problem is generally defined by: 

Given: 

(i) production requirements Qj for N products over a time horizon, H; 

(ii) production recipes (processing times and size factors for each product at each of the M 

stages), 
Determine: 

(i) the sizes of the items at each stage (and, sometimes, the number of parallel units at each 

stage, mj, usually operating out-of-phase); 

(ii) the processing rates for semicontinuous equipment, where applicable, 

so as to optimise some economic criterion, usually capital investment, assuming that products 

are produced in overlapping mode (ZW) single product campaigns. The majority of formula- 

tions do not take account of intermediate storage or scheduling; these formulations are con- 

sidered first. 
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3.2.2.1 Design Without Storage (ZW) and Scheduling Considerations 

Sparrow et al. (1974) present a computer package (MULTIBATCH) for the design of 
multiproduct batch plant under these assumptions. It is similar in function to flowsheeting 
packages for continuous processes. The user must specify the mode of operation (overlapping 
or non-overlapping) and the time devoted to each product, thus effectively fixing batch sizes. 
The prograrn then performs heat and mass balances, and sizes and costs the plant. There is 
little scope for optimisation as most of the degrees of freedom are satisfied by user 
specifications. 

The pioneering work in the field of optimal design was undertaken by Robinson and 
Loonkar (1972). They include sernicontinuous units in their analysis, which is similar to their 
work on single product plants. A non-overlapping mode of operation with one unit per pro- 
cessing stage is assumed. In this case, the cycle times are determined for each product, and 
the horizon constraint is modified to ensure that the total time allocated to all the products is 
enual to the fime hoiizon: 

JL- 
, Ti (2i J-=H 

i=l Bi 
(3.13) 

where Tj is the cycle time of product i and Bi is the batchsize of product i. The problem was 
solved using a multivariable search procedure. The authors acknowledge the need to investi- 

gate overlapping cycles, multiple use of equipment in a cycle, scheduling and parallel units. 
Sparrow et al. (1975) also consider the optimal design problem. Here, semicontinuous 

units are not considered as they only form a small part of the cost, but the number of identical 

parallel batch units (out-of-phase) at each stage is considered. Only discrete equipment sizes 
are assumed available, as is an overlapping mode of operation. The mathematical statement of 
the problem may be formulated as a MINLP, with the product cycle times given by: 

Ti = max 
tj 

i. Mj 
(3.14) 

where tij is the constant processing time for product i at stage j, and mj is the number of 

parallel (out-of-phase) units at stage j. Two solution procedures are presented: a heuristic pro- 

cedure based on a representative, usually hypothetical product, and an exact branch- 

and-bound procedure. 

Grossmann and Sargent (1979) extended the above work. They considered the processing 
time of a product at each stage to be a function of its batchsize, and units to be available in a 

continuous range of sizes. It is instructive, at this stage, to present briefly the full formulation, 

as it forms the basis for a great deal of later work, in both multiproduct and multipurpose plant 
design. The problem is formulated as a MINLP with the objective of minimisation of capital 
cost: 

min Yjn,. (xjVj 
pj 

i 
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The processing times are given by: 

t=t. 9 d. 

ij j+ cij Bi IV ij (3.16) 

The cycle times are given by: 

Ti = max (3.17) 
j Mj 

The batchsizes are related to the production requirements by: 

Bini = Qi Vi 

and the horizon constraint is: 

niTi (3.19) 

Under certain conditions, this model may require reformulation to maintain convexity in the 
NLP. The MINLP may be solved to optimality by a branch-and-bound method; alternatively a 
good (but not necessarily optimal) solution may be obtained by solving the relaxed NLP, 
adding integer-forcing constraints and solving it again to obtain an integer solution. 

Knopf et al. (1982) extend this formulation to include semicontinuous units and the cost 
of energy utilisation in their optimal formulation. They state that designing plants indepen- 
dently of scheduling considerations can lead to underutilisation of equipment. Notwithstanding 

this observation, their formulation does not include a consideration of scheduling! 

A simplified solution strategy for the problem with both in- and out-of-phase parallel 
batch units, and parallel semicontinuous units is presented by Espuha et al. (1989). Overlap- 

ping mode of operation is assumed, as are a continuous range of equipment sizes. A heuristic 

procedure based on the gradients 
ýSp 

and --ýL is used, where SP is the slack on the horizon 
a Vj a Vj 

constraint, and f the objective function. 

The above concludes the discussion on design without scheduling or storage considera- 
tions. A great deal of generality is lost in the problem descriptions, such as the assumed unit- 
to-task assignments, the serial nature of processing with no unit re-use or intermediate storage, 

single product campaigns and lack of utility restrictions. 

3.2.2.2 Design with Finite Intermediate Storage 

This problem has been studied by Modi and Karimi (1989). The intermediate storage is 

simply used to decouple the serial process into a number of serial sub-processes that behave as 

trains with ZW, and have independent batch sizes and cycle times. Constraints are generated 
for these trains and for the storage requirements. The storage locations are given, with only 

the amount of storage being allowed to vary. The relations derived by Karimi and Reklaitis 

(1983) for the amount of intermediate storage for such decoupling are used. The problem is 

formulated as a MINLP but solved by a heuristic procedure. 
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3.2.2.3 Design with Scheduling 

Although Grossmann and Sargent (1979) already recognised that mixed product cam- 
paigns would result in more efficient designs, the problem was analysed by Birewar and 
Grossmann (1989a) ten years later. It would seem more natural to allow the consideration of 
mixed product campaigns as these form the basis of scheduling and therefore operational plan- 
ning. Their scheduling considerations are based on the overall cycle time of a mixed product 
campaign, derived from the cycle time for each stage. By minimising this value and hence the 
makespan, more batches can be scheduled than in the previous formulations, resulting in a 
more efficient design. The formulation may be used for UIS or ZW transfer policies with one 
unit per stage. Despite the fact that the design formulation is based on that of Grossmann and 
Sargent (1979), constant task processing times are assumed in this case. A scheduling problem 
(MIULP) is initially undertaken to minimise cycle time, and constraints thereby generated are 
incorporated into the optimal design problem (NLP). The NLPs all have unique local optimum 
solutions. Both cases (ZW and UIS) will often give lower values than the NLP of Grossmann 

and Sargent (1979). Note that these can only provide lower and upper design bounds respec- 
tively on the actual solution, because the storage policy is unlikely to correspond to either case. 
Also the identity of batches is preserved throughout the process - no mixing or splitting of 
batches is allowed. Processing times are assumed constant. 

Birewar and Grossmann (1989b) utilise this formulation as the basis of their recent work 

on multiproduct plant scheduling. They consider a serial plant with one unit per stage. The 

fact that large numbers of batches of relatively few products are to be produced is important to 

the formulation. Only the ZW policy is considered, and the number of batches required for 

each product is fixed. It has already been shown that the minimisation of cycle time is a suit- 

able alternative to the minimisation of makespan. A linear program for the minimisation of 

cycle time may then be formulated, the solution of which only gives rise to a family of 

schedules. A graph representation may be used to select a schedule from the family. This 

graph representation may also be used to generate a cyclic schedule (in that the product 

sequences are cyclic). 

The same authors (Birewar and Grossmann, 1990) consider the problem of simultaneous 

synthesis and design. A multiproduct plant which operates in ZW or UIS mixed-product cam- 

paigns is assumed. The objective is to determine whether the design procedure may be 

improved by consideration of merging of sequential tasks (similar to that of Yeh and Reklaitis, 

1987). A restricted form of flexible unit allocation is allowed, in that units may be suitable for 

more than one task, but may not be re-used. However, if a unit is suitable for two consecutive 

tasks, the possibility of merging them exists. A superstructure containing all merged and non- 

merged task candidates is created, and "superunits" capable of performing the merged tasks 

identified. The problem is formulated as a MINLP, with minimisation of capital cost as the 

objective. The global optimum is not guaranteed as non-convexities may exist in the model. 
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3.2.2.4 Critique of Work on Multiproduct Plant Design 

The problem has been defined in a manner such that many restrictions are introduced. 
Nevertheless, within the rather inflexible problem descriptions, good solution methods have 
been proposed. However, apart from the obvious restriction that only multiproduct plants are 
considered, the following observations with respect to the formulations described above may 
also be made: 
(i) there is no proper treatment of intermediate storage; 

scheduling, in the more general sense (e. g. flexible unit-to-task allocation) is not usually 
undertaken; 

(iii) designs are often based on single product campaigns which is not necessarily the policy 
used during plant operation; 

(iv) there is no treatment of utilities - the cost of providing them may be just as important as 
the capital cost considerations; 

(v) optimal solutions are rarely guaranteed, despite the restricted nature of the problems con- 
sidered. 

3.3 Multipurpose Plants 

Multipurpose plant represents the most general processing scheme. In this case, different 

products may follow different routes through the plant and therefore only utilise a subset of the 
M stages of equipment. Even different batches of the same product may follow different 

routes through the plant. It is this flexibility of multipurpose plants that makes their planning 

and design very difficult to optimise because a large number of strategies are available for any 

given problem. Hence approaches that are as systematic as possible are required. 

3.3.1 Scheduling of Multipurpose Plants 

Since this problem is even larger in scope than the multiproduct one, it is even harder to 

solve. Some restrictions are usually introduced in the problem description to limit the problem 

complexity. Where campaign mode is considered, the problem description is usually limited to 

the determination of a series of single or mixed product campaigns, and task sequencing within 

campaigns. Unit-to-task allocations are sometimes fixed a priori, and mixed product cam- 

paigns are only allowed for products that have no common equipment stages. In the reactive 

mode, the problem is posed in a multiperiod fonn, where demands in each period may be 

fulfilled through production or inventory and schedules tend to differ between periods. 
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3.3.1.1 Campaign Mode 

The first reported work in this field is that relating to BATCHMAN, a scheduling package 
developed by Mauderli and Rippin (1979,1980). Assuming ZW operation, they propose to 
solve both the production planning problem (the product/campaign order) and the scheduling 
problem (the unit-to-task allocation and sequencing). The main difficulty encountered in solv- 
ing this problem lies in the very large number of alternative production strategies for even one 
product. There is therefore a need to "prune" alternatives at each stage, rejecting inefficient 
ones. The product recipes, equipment availability and task suitability are specified. A series of 
single or multiproduct campaigns are to 
be created such that profit is maximised. The solution procedure initially requires the genera- 
tion of alternative "batches" for each product, where a batch is essentially a route through the 
plant, characterised by an allocation of units to various necessary tasks. Batches that make 
inefficient use of the processing equipment are eliminated. The efficient batches are combined 
into alternative production lines. Although the simplest means of forming lines is just to pack 
identical batches as closely together as possible, the creation of mixed batch lines (of the same 
product) may be more efficient with respect to equipment utilisation and is therefore also inves- 

tigated. These lines may be used to generate campaigns. Production lines can be set up in 

parallel (i. e. operating simultaneously) if their sets of equipment are disjoint. Inefficient cam- 
paigns are screened out by a formal procedure that identifies the dominant ones. A production 
plan may be created from the dominant campaigns by allocating time to them. A linear optim- 
isation can be used to assign durations (totalling the time horizon of interest) to the dominant 

campaigns. A single linear program (LP) need be solved if the objective is simply the maximi- 
sation of profit. If change-over costs need to be included, a mixed integer linear program 
(MILP) must be solved. 

An approach similar to that of Mauderli and Rippin (1979,1980) is reported by I-Azaro et 

al. (1989). This approach allows the detennination of unit-to-task allocation at the decision 

making level as well as fixed and variable utility requirements. An the possible production 

variants for every product are generated, taking account of equipment that works in parallel. 
Dominant production lines are chosen according to rules based on the following parameters: 

processing capacity Itotal processing time 

P2 :: -- unit underutilisation 

P3 =overall production value /processing capacity 

The "best" candidates are selected for maximum values of PI and P3 and minimum P 2- 
This will not necessarily result in truly dominant campaigns being chosen. Product/equipment 

scheduling is undertaken in a fashion similar to that for multiproduct plant, i. e. some heuristic 

rule (e. g. SPT) is used for makespan minimisation. Production planning involves the combina- 

tion of the chosen lines into a plan such that all demand is met and costs are minimiscd. A 

branch and bound method is used to solve the MILP generated. 
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Espuha and Puigjaner (1989a) studied the special case in which the multipurpose plant is 
made up of a series of parallel multiproduct lines. Assuming a UIS transfer policy, they util- 
ised a simulation approach to assess the productivity of alternative production plans. 

The above work is based on generating alternative campaigns and subjecting them to a 
screening procedure that must be sophisticated enough to identify dominant campaigns. Wel- 
Ions and Reklaitis (1991b) use a multiobjective approach based on non-inferior set estimation 
methods to incorporate dominance testing during campaign generation. This work is an exten- 
sion of their work on single product plants (see section 3.1.1) and again uses a decomposition 
into equipment assignment and campaign formation problems. Both the master and sub- 
problems are solved as multiobjective programs. 

3.3.1.2 Reactive Mode 

An approach to the shorter-ten-n problem is presented by Rich and Prokopakis (1986). 
This does not take account of intermediate storage, and resembles some approaches to the mul- 
tiproduct scheduling problem. In this case, N products are to be scheduled on M machines 
where each product only uses a subset of the M machines. The scheduling problem is the 
determination of production quantities of saleable products and intermediates by assigning pro- 
cessors to tasks so that customer orders are met. The sequencing problem is the determination 

of the actual timing of tasks on processors. Batchsizes are fixed in that only one route per 
product is allowed. There are a specified number of orders of each product, each with a due 
date and required number of batches. The number of runs of a product is equal to the number 
of orders of that product, but the amount ordered may be made up from both production during 

the relevant run and inventory. The problem is formulated as a MILP. Although this is not a 
very general formulation (no intermediate storage constraints, no description of the task struc- 
ture, no determination of the unit-to-task relationship), it does result in very few binary vari- 
ables for realistic problems and can therefore provide solutions in reasonable time. Further- 

more, although the scheduling is explicitly solved, the sequencing problem solution is only 
implied by that of scheduling problem. 

JAnicke (1984) also addresses the problem of multipurpose scheduling. A heuristic pro- 

cedure that uses an exact solution to a subproblem is presented. The exact algorithm deter- 

mines whether or not a batch with a given starting time can be scheduled. A graphical struc- 

ture and a critical path method is used to solve the exact problem. The overall problem 

requires the multiple application of the exact algorithm with variations in starting times, batch 

sequences and objective. Thus this approach provides more of an operational tool than an 

optimal scheduling/planning strategy. 

Kondili et al. (1988) present a much more general algorithm than the above, where unit- 

to-task allocation is optimised, unit re-use is allowed, as is batch splitting and mixing, and util- 

ity requirements are considered. The processing scheme is represented in a manner that allows 

formal problem specification and optimal solution. However, the algorithm is only suited to 

short-term scheduling. Their formulation is considered further in chapter 4. 
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A modification of the formulation of Kondili et al. (1988) has been proposed by 
Sahinidis and Grossmann (1991), who consider a multiperiod problem, where product demands 
vary between periods, and may be fulfilled by production or from inventory. A reformulation 
based on reformulations of lot-sizing problems to remove the "fixed charge network" nature 
of such problems is utilised to improve the solution efficiency by reducing the integrality gap. 

3.3.1.3 Critique of Work on Multipurpose Plant Scheduling 

Campaign Mode. The campaign mode formulations tend to be based on two-step procedures, 
where campaigns are generated and are then allocated production time. The campaign genera- 
tion stage itself may be decomposed further, with screening of non-dominant alternatives at 
each stage. The determination of the dominance criterion (usually processing rate) tends to be 
based on simplistic scheduling models (ZW, UIS, no unit re-use). The two-stage nature of the 
problem means that products that share equipment cannot be processed in parallel. If both the 
scheduling/planning and equipment assignment problems were solved simultaneously, there 
may exist scope for more efficient schedules where this restriction need not apply. Further- 
more, the hierarchical nature of the solution to the problem cannot guarantee optimal produc- 
tion plans. 

Reactive Mode. The few reactive mode fon-nulations proposed in the literature are similar to 
those of multiproduct plant, and bear more resemblance to jobshop scheduling. The intricacies 

of material flows and intermediate storage are not dealt with satisfactorily. The multipurpose 
nature of the processing equipment is not exploited, except in the work of Kondili et al. 
(1988), who also consider general storage policies. 

3.3.2 Design of Multipurpose Plants 

It is seen that much less work has been done on the scheduling of multipurpose than that 

of multiproduct plants. This due in part to the fact that scheduling is a prerequisite to design 

for multipurpose plants because mixed rather than single product campaigns tend to be 

employed. Hence much work on scheduling is presented in the context of design. In com- 

parison to the general design problem description given in section 2.6, Reklaitis (1989) 

identifies four basic decision levels for the design of multipurpose plant: 

(i) campaign formation; 

(ii) assignment of equipment "types" to tasks; 

(iii) synthesis of the (often parallel) single product lines; 

(iv) calculation of equipment sizes and campaign lengths. 

Two units belong to the same type if they have the same function and processing capa- 

city. The campaign length determination is essentially a production planning step since it 
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involves establishment of the time periods for the allocation of resources for specific products. 
Hence the multipurpose design problem is a combination of planning and design problems. 

As mentioned in section 2.6, batch plants may have to be designed under conditions of 
uncertainty. Most of the work on design under such conditions relates to continuous plants 
and is reviewed briefly in section 3.5. The following deals with the deterministic case. 

3.3.2.1 The Unique Assignment Case 

Due to the complexity of such a problem, most published work deals with a more res- 
tricted form of the plant, termed the "unique assignment case" (Reklaitis, 1989). Four key 
simplifications are used: 

(i) it is assumed that a unique assignment of one equipment type to each stage of manufac- 
ture of a product is given a priori; 

(ii) parallel production is only allowed for products that have no equipment types in com- 
mon; 

(iii) all items of a given type are identical and only operate in the out-of-phase mode; 
(iv) when a given type is assigned to a task, all items of that type are assigned to that task. 

Note that (i) and (ii) taken together imply that parallel production is only allowed for pro- 
ducts that have no production stages in common. 

This problem was posed initially by Suhami and Mah (1982). A multipurpose plant 
where only one route is allowed per product but where different products may follow different 

routes is investigated. There are M types of batch equipment and N products to be manufac- 
tured. The problem formulation is very similar to that of Grossmann and Sargent (1979), 

except the horizon constraints are different. In fact, the single-product campaigns of 
Grossmann and Sargent (1979) are a limiting case for multipurpose plant design. However, 

multipurpose design involves multiple product campaigns, and the horizon constraints must be 

adapted to ensure that the sum of the campaign lengths is bounded by the time horizon. These 

constraints are obtained by grouping together the products that may be produced simultane- 

ously and extracting the horizon constraints that ensue from the different configurations. How- 

ever, there are many ways in which products may be grouped together, the objective is to find 

the one that will result in the lowest cost. Suhami and Mah use a heuristic to find a good 

suboptimal configuration from a number of randomly generated ones. Once a configuration 
has been chosen, the MINLP is solved with the relevant horizon constraints and the design is 

complete. There is, of course, no guarantee of optimality, as only a certain number of ran- 
domly generated configurations is tested and the test itself is not exact. 

Imai and Nishida (1984) develop a more efficient procedure for the generation of subop- 

timal configurations, based on the set-covering problem which may be solved as an integer 

program (IP), or using a specialised algorithm. 
Vaselenak et al. (1987a) present a formulation that embeds all the possible candidate pro- 

duct groupings in a superstructure, hence avoiding the combinatorial product-grouping problem 
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of Suharni and Mah (1982). This results in a multiperiod problem similar to the multiproduct 
design problem in which only one MINLP need be solved to obtain the optimal solution. 
There are, however, circumstances in which the horizon constraints cannot be generated or a 
unique optimiser for the MINLP may not be guaranteed. 

Coulman (1989) presents a simpler and more formal procedure for superstructure determi- 
nation and horizon constraint extraction. It is based on a manipulation of the 
product/equipment stage matrix, and, in most cases, results in the minimal set of horizon con- 
straints. 

A slightly different method for the solution for the unique assignment case is presented 
by Cerdý et al. (1989) who solve the planning and design problem simultaneously. '111ey 

represent each multiproduct campaign by a characteristic product; this obviates the need for the 
more complex multiple product horizon constraints. However, they do not present a procedure 
for campaign generation. 

Faqir and Karimi (1988) use a more efficient horizon constraint set to describe the super- 
structure which guarantees a unique minimiser. Their procedure always detennines the horizon 

constraints, which the procedures of Vaselenak et al. (1987a) and Coulman (1989) are unable 
to do. The set of horizon constraints produced is not minimal, but may be reduced by a pro- 
cedure based on linear equality theory. Dominance properties (based on maximum time utilisa- 
tion, i. e. active horizon constraints) are also introduced to reduce the feasible space of the 

superstructure. 
The same authors (Faqir and Karimi, 1989) also present a fonnulation in which products 

may follow multiple routes through the plant. While this is an extension of the above work, it 

still comes under the unique assignment category because there still is a unique unit-to-task 

relationship. Batch equipment is assumed to be available in discrete sizes. The objective is to 
determine the optimal configuration of routes, campaigns and equipment sizes so that the capi- 
tal cost is minimised. In this case, although the item/task relationship is fixed, items from a 

group cannot perform a task in parallel; only one item per group is allowed to perform each 

relevant task. Hence different items from the same group can be used to carry out different 

tasks of the same or different products at the same time. For the design purpose, the produc- 

tion will consist of a series of long campaigns, where a campaign is a period during which 

specified routes of production are assigned to each of a single or multiple products and they 

produce identical batches of their respective products. Initially, all the possible routes for a 

product must be built up using the maximum number of items in each group. This fonns a 

superstructure embedding all possible routes and equipment items. Given this superstructure, 

the actual routes and items that will exist in the design must be determined, as well as the 

campaign structures lengths. The resulting MINLP is solved using an outer-approximation pro- 

cedure, where the MILP outer-approximadon is based on a tightened finearisation of the prob- 

lem. 

The above summarises the work undertaken on the unique assignment case of the mul- 

tipurpose plant design problem. The more general case, where the allocation of units to tasks 
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is a decision to be made, is discussed below. 

33.2.2 The General Case 

The unique assignment case neglects the flexibility that may be brought about by consid- 
ering items of equipment in isolation, and assigning the items to different stages of manufac- 
ture (tasks) of the same or different products. 

KirMy et al. (1989) propose a two-step procedure, campaign generation and campaign 
and equipment selection - this bears some similarity to the campaign planning fonnulation of 
Mauderli and Rippin (1979,1980). During the generation of campaign candidates, some 
heuristic rules must be applied to avoid the generation of a huge number of alternatives. A 
hierarchical method is used: 

(i) generation of alternative batches for each product (from different unit-to-task assign- 
ments); 

(ii) combination of batches of the same product into alternative production lines; 

(iii) generation of alternative campaigns using non-overlapping production lines of one or 
more products for simultaneous production. 

Upper bounds on investment cost during batch construction may be employed. Produc- 
tion lines and batches which are no better than others involving modules of lower total invest- 

ment cost are rejected. A NLP is then solved to allocate production time to the candidate cam- 
paigns. Note that the existence of a campaign in the Solution implies the existence of all the 

units used in it in the final design. 

A more complete single-step fon-nulation of the general problem has recently been 

reported by Papageorgaki and Reklaitis (1990). This incorporates the following considerations: 

at the recipe level, tasks are associated with multiple feasible equipment types, with each 
task-type pair having a size factor and processing time; 

(ii) at the campaign formation level, partly parallel operation is allowed; 

(iii) at the production line level, each task can be assigned multiple identical groups of equip- 

ment operating out-of-phase with each other, where units in a group may be of different 

types and sizes and operate in-phase. 

A key variable required by this fonnulation is: 

I if task m of product i is performed in unit type e during campaign k 
Xinwk : --: I 

0 otherwise 

which demonstrates the added flexibility allowed. The equipment groups represent "macro- 

units" with processing capacity equal to the sum of processing capacities of the units in the 

group. The time horizon of interest is divided into a number of campaigns of varying lengt1i 

within which products may be manufactured in parallel. The problem is formulated as a 
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MINLP which is solved using an outer approximation MlILP/NLP iterative procedure. 
Although this does not always guarantee the optimum, it does provide optimal solutions to the 
examples presented. 

3.3.2.3 Critique of Work on Multipurpose Plant Design 

Most of the well-developed work is on the unique assignment case which has limitations 

as pointed out earlier. Some of the formulations require two-step solution procedures, and may 
lead to sub-optimal solutions. Although parallel processing of products is only allowed for 

products that do not share equipment, the solution of a single problem may remove this restric- 
tion. 

It is also important to note at this point that, in an the work reviewed above, it is 

assumed that the manufacture of each product involves a linear sequence of processing tasks 
with no intermediate storage between them. A direct consequence of this assumption is that, if 

a product is involved in a certain campaign, then all its constituent tasks must take place in this 

campaign. This, coupled with the requirement that no unit is used for more than one task 

within the same campaign, implies that the minimum number of processing units is determined 
by the product with the maximum number of tasks. Although tl-ds is acceptable for simple 

processes, it results in extremely inefficient designs whenever products involving many pro- 
cessing steps are to be manufactured. For instance, products with 40 or 50 basic tasks are 

quite common in the fine chemicals or pharmaceuticals industry, yet in actual industrial prac- 
tice the corresponding plants typically involve much fewer processing units. This economy in 

design is mainly achieved by providing sufficient intermediate storage at various appropriate 

points in the linear sequence of tasks. This has the effect of allowing small subsets of the 

tasks for each product to take place independently of all others during each campaign, thus 

significantly relieving the demands on processing equipment. Nevertheless, this decoupling 

does not feature in the work on multipurpose plant design reviewed above. 

3.4 The Retrofit Problem 

The retrofit problem arises out of the need to reconfigure a plant in the light of changes 

in the requirements made of the plant. While the general retrofit problem applies to an modes 

of operation and may include such decisions as insertion of intermediate storage, splitting of 

tasks, elimination of inefficient units, addition of in- out-of-phase units and addition of entirely 

new equipment stages, its study in the literature has mainly been restricted to the addition of 

new units to multiproduct plant. Espuha and Puigjaner (1989b) base their method on that for 

design of multiproduct plants of Espuha et al. (1989). The new units may: 

(i) operate in parallel with existing units (in- or out-of-phase); 

(ii) substitute existing equipment for some or all products; 
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be totaUy new units required for the manufacture of a new product. 
The problem is formulated as a MINLP, but may be solved in a heuristic procedure. 

However, it does not appear that all the objectives of new unit addition as stated above are 
clearly met, as only identical parallel in- and out-of-phase units can be added. 

Vaselenak et al. (1987b) also study the retrofit problem for multiproduct plants. They 
view the problem as one in which addition of equipment is required to meet changes in 
demand. At any stage in the plant, the new equipment may be utilised in two ways, to ease 
bottlenecks by operating in parallel, out-of-phase (this reduces the cycle times) or to increase 
batch size by operating in parallel, in-phase. Since these options apply to all stages, all the 
options for addition to the plant can be embedded in a superstructure, which results in a 
MR*4LP, whose NLP relaxation has a unique optimum. The MINLP is not solved by a direct 
procedure, however, but rather by the outer-approximation method of Duran and Grossmann 
(1986). 

3.5 Design under Uncertainty 

A variety of papers on plant design under conditions of uncertainty have also been pub- 
lished. Although they mainly consider continuous plant, their basic ideas are reviewed in this 

section. An extensive review of work in this area may be found in Grossmann et al. (1983) 

and in Grossmann and Straub (1991). 

Most of the work published considers problems expressed in the following non-linear 
programming (NLP) fonn: 

min f (d, z, O) (3.20) 

subject to: 

h(d, z, O) =0 (3.21) 

g (d, z, O) :! ý 0 (3.22) 

where f is the objective function (usually a combination of capital and operating costs), d are 
the design variables, z the state variables of the plant, and 0 the uncertain parameters (e. g. 

process disturbances or varying product specifications). The latter are often assumed to be 

bounded within given lower and upper bounds: 

OL <0, 
. ýý OU (3.23) 

Constraints (3.21) and (3.22) must be satisfied for all realisations of 0. This gives rise to a set 

of infinite dimensional constraints, which severely complicates the solution of the mathemafical 

optimisation problem. 
A number of solution techniques have been applied to the above problem. Wen and 

Chang (1968) assume known probability distributions for the uncertain parameters and attempt 
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to minimise the expected cost. Nishida et al. (1974) use a formulation where the design vari- 
ables are chosen so that the plant cost is minimised for the most adverse set of parameter 
values, i. e. they solve the minimax problem: 

min max f (d, z, O) (3.24) 
d E) 

subject to the constraints above. The design produced, although probably conservative, will 
not necessarily be feasible for all realisations of 0. 

Grossmann and Sargent (1978) presented a formulation whereby the design variable vec- 
tor, d is partitioned into the fixed design variables, u (e. g., those corresponding to equipment 
sizes), and the operating or control variables, v, the values of which may be varied during 
operation to take account of changes in 0. They then solved the problem of minimising the 
expected cost over the entire range of operating conditions (the "here and now" approach). 
This formulation was modified by Halemane and Grossmann (1981) who discretised the space 
in 0 and solved the problem as a deterministic multiperiod design problem, similar to that 
presented by Grossmann and Sargent (1979). 

Swaney and Grossmann (1985a, 1985b) presented a two-stage approach based on a scalar 
index of flexibility. A subset of the possible realisations of 0 is used to arrive at a first-stage 
design. The index of flexibility of this design is calculated. If it is found to be too low, the 
limiting realisation is added to the initial subset and the process is repeated. This procedure is 

enhanced by Straub and Grossmann (1991) for the detennination of the stochastic flexibility 
index. 

Reinhart and Rippin (1986,1987) and Fichtner et al. (1990) also presented a "here and 

now" formulation specifically for batch plant design, in which the expected performance (i. e. 
income less cost (including operating cost) of the plant is maximised, with market sizes 

expressed in terms of nominal values and variances. Wellons and Reklaitis (1989) considered 
the problem of batch plant design uncertainty where the uncertain parameters (size factors, pro- 

cessing times, demands and production times) are assumed to be normally distributed. They 

distinguished the uncertainties into short- and long-term. The long-term uncertainties are 

accommodated by staged (i. e. future) expansion. 

3.6 General Review of Literature 

Arguably, the most significant feature of the work reviewed in this chapter is the broad 

range covered by all the formulations when considered together. However, the individual 

pieces of work tend to focus on specific instances of the scheduling and design problems, and 

the solution methods are often geared to solving those specific instances. As a result, even 

small deviations in the structure of a problem may render it unsolvable by the prescribed 

means. 



Review of LiteratUre 43 

Some similarities across the different problems tackled are noticeable. In scheduling, 
much of the work borrows heavily from discrete parts and assembly scheduling, and as a 
result, features such as batch splitting and mixing, MIS and multipurpose equipment are not 
treated satisfactorily, while the consequences of changeovers are given possibly exaggerated 
importance (especially during the solution of the product sequencing problem). In design, the 

most significant limitation is the inability to re-use units during product manufacture; this often 
results from the poor treatment of intermediate storage. 

An interesting conclusion is that the majority of the scheduling work is based on heuristic 

solution procedures, while formal optimisation techniques tend to be applied to the solution of 
design problems, albeit subject to various restrictions. This is probably due to the assertion 
that the solution of scheduling problems must be much more computationally efficient to that 

of design problems, owing to the "real-time" nature of the former. 

In conclusion, there exists scope for the development of original scheduling and design 

formulations and solution algorithms that are both general and mathematically rigorous. 



CHAPTER FOUR 

Efficient Solution Techniques for Short-term Scheduling 

As described earlier (sections 2.5,3.2.1,3.3.1), batch process scheduling involves the 
allocation of resources such as equipment and utilities to processing tasks, the sequencing of 
these tasks and the determination of material flows through the plant. There are many degrees 

of freedom with respect to these decisions and hence scope for optimisation in schedule gen- 
eration. However, the solution to optimality of many problems within what may be deemed 
"reasonable time" requires the use of sophisticated modelling and solution techniques. 

A systematic and efficient method for optimal scheduling of multipurpose batch plants, 
based on the general short-term batch process scheduling formulation of Kondili et al. (1988), 
is presented in this chapter. 

A variety of techniques which exploit the characteristics of the problem in order to reduce 
the amount of computation required have been developed, to the extent that the resulting imple- 

mentation is suitable for the solution of industrially relevant problems, with little or no 
compromise of optimality, as illustrated by a number of case studies. 

4.1 Key Features of Formulation of Kondili et al. (1988) 

Kondili et al. (1988) present a formal optimisation method for the solution of the short- 

term batch process scheduling problem. Their method is very general, in that it can deal with 

truly multipurpose plant and can accommodate the following features : 

more than one product being manufactured simultaneously; 

successive batches following different routes through the plant; 

tasks producing several outputs at different times (e. g. batch distillation); 

" parallel processing of tasks; 

" recycling, mixing and splitting of material between tasks; 

" mixed intermediate storage policy; 

" limited availability of utilities and/or manpower; 

" sequence- and frequency-dependent cleaning of equipment items; 

" the use of processing units for temporary storage of material; 

" due dates on deliveries of material; 

ea variety of optimisation objectives based on economic or performance measures. 

The fon-nulation is based on a discrete uniform time grid, with events (e. g. the starting or 

finishing of tasks or any changes in the problem data such as resource availabil-ity) occurring at 

interval boundaries. The time horizon is divided into a finite number of these intervals. 
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Kondili et al. (1988) argue that neither the conventional continuous plant flowsheet nor 
the engineering jobshop representations are appropriate for batch plants, and present the novel 
representation of batch process recipes as State Task Networks. These are directed graphs with 
two types of nodes, namely the state nodes that represent the feed, intennediate and product 
materials and the task nodes that represent the processing operations that transform material in 

one or more input states to material in one or more output states. The STN therefore 

represents the recipe(s) in terms of the physico-chemical transformations required to convert 

raw materials into final products. The rules governing the construction of a STN are: 

(i) a task has as many input (output) states as different input (output) streams; 

(ii) two or more streams entering the same state are necessarily of the same quality. 

It should be emphasised that the STN represents the process and not the resources associ- 
ated with any given plant, whose details must be given separately. The construction of such a 

network from a recipe is illustrated in the case studies in section 4.5. 

From this representation, a mathematical programming model is constructed in the form 

of a multiperiod mixed integer linear program (MILP) which may be solved using a branch- 

and-bound procedure. All the problem features listed above may be represented by linear con- 

straints in the variables defined in the MILP model. The formulation does not allow pre- 

emptive operation of tasks. It is further assumed that task processing times are independent of 

batchsizes and that all material transfers are instantaneous. 

The key problem parameters defined by Kondili et al. are summarised in table 4.1. 

Given the information in table 4.1 and a time horizon of interest, the scheduling problem 

is to deten-nine the timing of operations for each unit and the flow of material through the net- 

work, so as to optimise a given objective criterion. 

Table 4.2 defines the key problem variables. 
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A Task i is characterised by: 
sj set of states that feed task i 
sj set of states which task i produces as outputs 
Pis the proportion of input of task i from state sc Si 
i5is the proportion of output of task i into state SE Si 
Pis processing time for the output of task i to State SE Si 
A processing time of task i (= max pis) 

SE 
Yj 

Ki set of equipment items suitable for task i 
OU 0 fixed demand factor for utility u by task i at time 0 

relative to the start of the task 
variable demand factor for utility u by task i at time 0 
relative to the start of the task 

A State s is characterised by: 
T, set of tasks receiving material from state s 
TS set of tasks producing material in state s 
C, maximum storage capacity for state s 
Cst unit cost or price of state s at beginning of time period t 
SSO amount of state s available at beginning of time horizon 

A Unit j is characterised by: 

set of tasks for which unit j is suitable 
V ax 

ijM. maximum capacity of unit j when used for performing task i 
ViT, minimum capacity of unit j when used for performing task i 

A Utility u is characterised by: 
Uumax 

t maximum available level of utility u over interval t 
Cuut unit cost of utility u at time t 

Table 4.1 : Problem Parameters 

Binary decision variables dealing with the allocation of units to tasks: 
I if unit j starts processing task i at the beginning of time period i 

Wiit =I 
0 otherwise 

2 Continuous variables dealing with the processed amounts of material 
Bijt= amount of material which starts undergoing task i in unit j at 
the beginning of time period 1. 

Continuous variables dealing with the amounts of material stored 
S,, = amount of material stored in state s over time period t. 

4 Continuous variables dealing with the levels of utility uLifisation 
U,,, = total demand for utility u over time period t 

Continuous variables dealing with amount of material delivered or received 
D,, amount of product in state s delivered at beginning of time period i 
R,, amount of feedstock in state s received at beginning of time 

_period 
t 

Table 4.2 .- Key Problem Variables 
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The basic scheduling constraints, as fonnulated by Kondili et al. (1988), are summarised 
below. 

Unit Allocation Constraints 

These state that, if a unit starts processing a task, it is so occupied until it has completed 
that task: 

I+pi-I 
Y, Wiji, 

-I !ý Mij (1 
- Wijl) V i, j EKi, t (4.1) 

CE Ij 

where Mij is a sufficiently large positive integer. 

Capacity Constraints 

These state that the batchsize of a task processed in a unit is bounded by minimum and 
maximum capacities, and that amounts of material stored are bounded by the available storage 
capacity: 

Wij, Vij' :5 Bij, :! ý- Wij, Vij"' V i, jEKi, t=1.. H (4.2) 

0 !ý Ssl !! ý cs V S, t (4.3) 

Material Balance Constraints 

These state that the amount of a state, s, in storage over time period t, is equal to the 

amount in storage over time period t-1, plus the amount added at time t as a consequence of 
tasks that produce s finishing at time t, less the amount removed as a consequence of tasks 

that consume s starting at time t. Any external deliveries or receipts of material at the begin- 

ning of period t must also be taken into account: 

s=S,,, -E pi, Bijt - D, j + R, j V s, t st + Bij. 1-pi., (4.4) 

I. ET, JEKi T, J. E Ki 

Utility Constraints 

These state that the consumption of a particular utility must not, at any time, exceed the 

availability: 

where 

Uut : ýý U max 
ul (4.5) 

pi-I 
U, a Z ((xuioWij,, 

-g + PuOB, 
j,, -O) 

V u, t (4.6) 
1. 

jE Ki 0=0 
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Objective Function 

The total value added during the time horizon of interest: 
HHH 

d 
Cj R, 

j 
(4.7) max 2: Csjl+lSsH+l CUUt + C,, Ds, 

su t=l s 1=1 s (=I 

Kondili et al. (1988) solved the resulting MILP using a branch-and -bound technique that 
made feasible equipment-to- task assignments at each time interval, thus building up a search 
tree, each level of which corresponds to a different time. The maximum depth of the search 
tree is the time horizon and the breadth at any level is the number of feasible assignments at 
the corresponding time period. However, their formulation and solution procedure tended to be 

subject to "combinatorial explosion" when applied to large problems. 

In the next section, refonnulation and solution techniques that allow the efficient solution 

of relatively large problems are described. 

4.2 Efficient Solution Techniques for Short-term Scheduling 

The new solution method is based on a depth-first branch- and -bound procedure. Depth- 

fi rst search has two potential advantages over the breadth-first approach (Nernhauser and Wol- 

sey, 1988): 

(i) the linear programming relaxation for a "child" node is obtained from that of its 

44 parent" by the addition of a single bound constraint; the linear programming basis 

corresponding to the solution of the parent may therefore be utilised to "hot-start" the 

child solution, thus resulting in faster LP solution; 

(ii) empirical evidence indicates that integer-feasible solutions are more likely to be found 

deep in the tree; depth-first search will provide an initial solution relatively early on. 

In our approach, the Wip variables are ordered in ascending t, J, i, and branching takes 

place on the first binary variable which has a non-integer value - other branching rules were 

investigated but were not found to be uniformly advantageous. Two LPs are then solved, one 

with this variable set to 0, the other with it set to 1. These LPs provide an upper bound on the 

best complete solution achievable by a completion of the partial assignment corresponding to 

the node under consideration. The choice of which branching direction to pursue first is made 

on the basis of a weighted sum of the total departure from integrality and the objective func- 

tion of the corresponding LP. During the search, each LP is preprocessed prior to its solution 

(see, for example, Brearley et al., 1975) so that variable values may be fixed, lower bounds 

may be increased and upper bounds reduced. 

To this basic solution method we apply a variety of perfon-nance-enhancing techniques. 
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4.2.1 Refon-nulation of Allocation Constraints 

There are many different ways in which the allocation constraints (4.1) may be written. 
Although all of these eventually lead to the same optimal solution, the integrality gap between 

the optimal solutions of relaxed linear programming representation of the problem and its 

mixed integer counterpart varies widely for different forms of the allocation constraints. All 

other things being equal, the formulation with the smaller gap should normally require fewer 

branch-and-bound iterations for solution (see e. g., Sahinidis and Grossmann, 1991). 

The original formulation (4.1) involves C[Ij] constraints for every item j at every time t, 

where Q-1 is the set cardinality operator. The large positive number, Mij on the right hand 

side of (4.1) should be large enough to allow all feasible allocations to take place if the 

corresponding binary variable, Wij, is zero. Kondili (1988) used the value 
Mij ,: -- A J': C [Ij 

iE Ij 

The above value of Mij is obtained simply by assuming that all binary variables in the 

double summation in (4.1) attain their upper bounds of one. However, this situation can never 

occur since constraints (4.1) also imply that, at any time tl, at most one member of the set 
( Wij,,, Ce Ij I can have a value of one. Thus, a lower value of Mij would be 

mij = Pi 

Even this value is unnecessarily high, since (4.1) also imply that the maximum number of 

instances of a task i' which can start over a time period of r intervals is --1- Therefore, the 
A, 

I- 

maximum value of non-zero Wij,, variables in the double summation in (4.1) is determined by 

the task i' of minimum processing time pi, leading to 

Mij = max(l, 
A 

min pi, i'El i 

Even so, large values of Mij may arise especially if an equipment item j is suitable for tasks of 

widely differing processing times. Unfortunately, constraints with large Mij tend to lead to 

MILPs with large integrality gaps. 

In order to address the above difficulty, Sahinidis and Grossmann (1991) proposed a 

disaggregatcd form of (4.1): 

Will < 
e Ii (4.8) 

lvijt + W"J. t, <I i' EE Ij, I-Pt+I 

Although this results in a smaller integrality gap, the number of constraints required for a given 

t) pair is 

+ c(lid Y, 
iEl i 
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which can be much larger than that for the original constraint form (4.1). 

A more aggregated form than the above, retaining the same right hand side, would be a 
more effective constraint; for instance, if XI.. X', are binary variables, then the constraints 

Xl +X2ý51 and X2+X3'51 and XI +X3 "ý 1 

are not as desirable as 
Xl +X2+X3 <I 

because the latter constraint will exhibit a smaller integrality gap, as it excludes some of the 
non-integer feasible region of the otýhecs (e. g. X 

I:: = X2 = X3= 0.5). 

Two fon-nulations that adhere to the desired properties and which show improvements 

over the original formulation are described below: 

4.2.1.1 Forward Aggregation on i, i' 

This constraint "looks ahead" in time, considering the implications for future allocations, 
given a unit allocation at time t. its mathematical form is: 

1, wij, :5 (4.9) 
ir=Ij 

and 

F, Wiil +E wii., "o !ýIvj, t, o=I.. fij -1 (4.10) 
i re ljo iE li 

where Pý max (pi) is the maximum processing time of any task that can be perfonlied in unit Pi - iE li 

j and Ij. = [i I iEIj, pi > 0). This gives fij constraints for every 0, t) pair. The first constraint 

states that at most one task may start in unit j at time t. The second ensures that, if any task 

of processing time pi exceeding a value 0 starts at time t (first summation), then no other task 

can start at time t+O (second summation). 

4.2.1.2 Full Backward Aggregation 

While the potential clashes investigated above were those that propagated forward due to 

an allocation at time i, it is also possible to investigate the potential clashes at previous times 

brought about by this allocation. The mathematical form of the constraint is : 
I-pj+l 

wijt, (4.11) 

Here, only one constraint is required for every 0, t) pair. We note that, in contrast to the case 

of the original constraint (4.1), no feasible allocation can involve more than one non-zero W, ji, 
in the double summation in (4.11). 


