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Chapter 1

Introduction

Abstract. This chapter is devoted to the main concepts underlying the work carried out
in this thesis. An overview of process manufacturing is provided, which is followed by
a discussion of current trends & challenges in process industries which motivated the
development of this thesis.

1.1 An overview of the process industry

The American Production and Inventory Control Society (APICS) defines process

manufacturing as “production that adds value to materials by mixing, separating,

forming and/or chemical reactions” (Cox et al, 1995). The definition indicates that

process manufacturing is mainly characterized by the type of operations that take

place within the manufacturing process. These operations are usually applied on

non-discrete materials, and, technologically, they necessitate installations which re-

quire large capital investments.

Process manufacturing is common in many industries involving food, chemical,

pharmaceutical, and consumer packaged goods. These industries are amongst the

largest manufacturing sectors worldwide. For instance, the food-processing industry

is the largest manufacturing sector in the European Union in terms of turnover and

employment (CIAA, 2010).

The nature of the materials and the operations involved in process manufacturing

are quite different as compared to those in discrete manufacturing. This difference

clearly shows itself in the terminology used. For example, in process manufacturing,
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ingredients replace parts, recipes replace bill of materials, and batches replace units

as opposed to discrete manufacturing. The difference in the terminology is inher-

ited from the manufacturing practice since the aforementioned terms characterize

distinct manufacturing approaches.

There are two basic types of process manufacturing: flow and batch. Flow process-

ing refers to “a lotless production in which products flow continuously rather than

being divided”. Flow processes are common in systems where a limited number

of products are produced in high volumes following rather standardized processing

steps. Batch processing is defined as “a manufacturing technique in which parts are

accumulated and processed together in a lot”. Batch processes are common in sys-

tems offering a variety of products which usually undergo distinct processing steps

(Cox et al, 1995). There are also processing systems which involve flow and batch

type sub-processes. These are often referred to as semi-continuous (or semi-batch)

processes (Kallrath, 2002).

The process industry has long been acknowledged as an industry where only a few

products are produced following standardized flow type production operations. Fol-

lowing recent trends, however, the process industry has experienced growing logisti-

cal demands, growing variety in products, and more intense competition. Thus, the

traditional positioning of the processing industry has significantly evolved towards

more market oriented strategies and make-to-order policies (Dennis and Meredith,

2000; Van Donk, 2001).

The change in the marketing environment has also affected the manufacturing en-

vironments by necessitating the use of multi-product and multi-purpose processing

systems offering high flexibility. Such systems have provided a means to meet the

increasing demands with regard to the larger number of different products. They

have, however, intensely affected planning and scheduling of operations because

they require the coordination of a limited set of equipment and resources to under-

take a variety of tasks. This has resulted in the need for effective scheduling methods

tailor made for process industries.

This thesis is motivated by the aforementioned observation and concentrates on

planning and scheduling in the process industry. In the following sections, we first

discuss some important characteristics of the process industry and provide a perspec-

tive of the main problems addressed in the context of the thesis. Then, we review

and discuss the literature on scheduling approaches in process industries. Finally,

we provide the research objectives and present an outline of the thesis.
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1.2 Characteristics of the process industry

There is a large amount of research centered on the characteristics of process in-

dustries. In particular, the differences between process manufacturing and discrete

manufacturing in terms of demand management, production process, quality, and

production planning and control have been elaborated by many authors (see e.g.

Taylor et al, 1981; Fransoo and Rutten, 1994; Ashayeri et al, 1996). Nevertheless,

not all of those characteristics have immediate effects on planning and scheduling

processing systems. In what follows, we rather concentrate on some characteristics

of the process industry that often lead to difficulties in planning and scheduling pro-

cessing systems, and need to be treated in a peculiar manner. We refer to Fransoo

and Rutten (1994) and the references therein for a detailed summary and discussion

of the general characteristics of the process industry.

Raw materials. In the process industry, raw materials have a prominent effect on

the planning and scheduling activities. This is mainly because the process indus-

try obtains raw materials from mining and agricultural industries. The quality, and

thus, the yield of these raw materials are often subject to variability (Rice and Nor-

back, 1987; Gunasekaran, 1998). Therefore, production plans must account for the

variability of raw materials in terms of quality and availability (Taylor et al, 1981).

Recipes. The materials concerned in the processing industry are characterized by

their recipes. These recipes define the ingredient compositions of materials, and

also specify the succession of production steps that materials undergo. There could

often be several potential recipes for intermediates and end products since many

products are produced from a few raw materials in process industries. Thus, the

decisions on which recipes to use are usually made in connection with seasonal

considerations, the scarcity of raw materials, and the availability of processing and

storage facilities (Cokins, 1988). It is important to note that these decisions have

immediate effects on scheduling production operations. That is because not only the

ingredient compositions of materials but also the course of processing operations

may vary according to product recipes.

Perishability. The process industry use raw materials, intermediates, and also end

products which are often subject to perishability. This necessitates the careful han-

dling of inventories throughout production processes and shipping, and leads to
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specific constraints on planning and scheduling. In particular, perishability has an

important effect on storage operations. Storage operations lead to better utiliza-

tion of resources by decoupling consecutive processing stages. Hence, limitations

on the storage operations constrain the extent to which the upstream and down-

stream production units can be decoupled. In presence of storage time constraints,

inappropriate scheduling decisions may result in a high number of setups, blocking

or starvation throughout the stages, waste of intermediates, and thus, degrade the

overall system performance significantly. Furthermore, perishability dictates the seg-

regation of batches in order to avoid degradation and makes production scheduling

more difficult (Akkerman and Van Donk, 2009).

Traceability. It is often required to have tracking systems in the process industry

to trace back the origin of materials through the processing system. Traceability

is an important aspect especially in the food processing industry where it is con-

ducive to food safety. Food safety has become an important concern in recent years

due to food scandals and incidents. The main benefit of traceability lies in han-

dling product recalls in an effective way when a problem has been identified (Rong

and Grunow, 2010). Traceability necessitates a perpetual control of material flows

through production and storage operations. Thus, maintaining traceability becomes

more challenging as material batches are merged and/or separated in successive

processing and storage operations.

Storage. It is obvious that storage limitations are common in all types of man-

ufacturing systems. However, they are considered to be more critical in process

industries. This is mainly due to the fact that the nature of storage is rather different

as compared to other industries. In most production environments, storage space is

mainly a buffer or a warehouse where items are stocked all together. In the process

industry, however, storage operations are carried out by a number of discrete storage

units (i.e. tanks, vessels, silos) which can be used only for a single type of material

at a time. This results in capacity constraints for each individual storage unit rather

than an aggregate storage capacity constraint. Storage units are either dedicated to

certain material, or flexible and can be used for several materials. The latter requires

the assignment of storage units to materials, as is the case for processing units. The

aforementioned characteristics of storage units also interfere with perishability and

traceability issues. These, all together, translate into complex restrictions on both

processing and storage operations.
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Setups. Production setups are often required to prepare the machinery for new

production runs. As compared to other industries, setups take significant amounts

of time and effort in the process industry. Moreover, besides the setups for configur-

ing the settings of production units, there are setups for the cleaning requirements.

It is also common that setups are sequence-dependent due to the differences in

the product and process specifications among different materials (Van Wezel et al,

2006). For instance, in dairy industries it may be more favorable to process prod-

ucts sequenced from low to high fat concentrations, because there is a little or no

effort needed to clean processing units following this sequence. Especially when the

capacity utilization is high, setups may significantly affect the system performance.

The main issue here is the trade-off between the setup time and the lead time. That

is, significant setups stimulate larger production runs, but in return they delay con-

sequent processing runs (Potts and Kovalyov, 2000).

The characteristics of the process industry we mentioned in this section have signifi-

cant effects for their own sakes. However, it is important to note that one has to deal

with the combination of these characteristics when scheduling processing systems.

In the next section, we provide a review of the literature on scheduling approaches

in the context of the process industry.

1.3 Scheduling in the process industry

The efficiency of production is at the forefront of the current competitive global

environment. In this context, scheduling plays a major role by coordinating and in-

tegrating production facilities and resources. The scheduling of processing systems

mainly involves the decisions regarding the allocation of production facilities and

resources to all types of operations, and the timing of those operations. In this sec-

tion, we briefly discuss the scheduling approaches used in the process industry. As

mentioned earlier, flow and batch processes are characterized by different degrees

of material diversity and routing complexity. Because of this reason, the scheduling

practices utilized in those processes are quite different from each other. Here, we

review the scheduling literature directed towards flow and batch processes individ-

ually.

5



1.3.1 Flow processes

Flow process industries usually involve the manufacturing of a small number of

products with a limited variety. The processing steps are rather standard, products

mainly follow the same routing, and the flexibility of processing units is quite lim-

ited. The customer demands are relatively stable (Cooke and Rohleder, 2006).

The limited product and routing variety in flow processes often postulate a bottle-

neck production operation which dominates others in terms of capacity utilization.

Furthermore, the lack of flexibility abates the need of considering multiple machines.

Therefore, it is justifiable to concentrate only on this bottleneck stage with a single

processing unit when scheduling flow processes (Fransoo, 1993). Consequently,

scheduling approaches in flow processes mainly follow single-stage, single-machine,

multi-product, lot-sizing and scheduling problems which are also commonly used in

discrete manufacturing. We can acknowledge two main research lines in this domain

which takes different approaches in expressing time and customer demands.

The first line of research is centered on the economic lot sizing problem (ELSP)

(Rogers, 1958). The ELSP is mainly the multi-product capacitated version of the

well-known economic order quantity (EOQ) problem. The assumptions of ELSP are

as follows: demand and production is deterministic and continuous, setup time and

cost are sequence independent, and backlogging is not allowed. The ELSP aims to

find a production schedule that minimizes the sum of holding and setup costs per

unit time. An ELSP schedule refers to the length and position of the production

cycles associated with the set of products to be produced. The ELSP is known to be

a difficult problem. In fact, even checking the feasibility of a given ELSP schedule

is NP-hard (Hsu, 1983). Thus, a plethora of literature has been emerged to tackle

this problem. These research efforts resulted in many efficient approaches to solve

the problem heuristically. Among those, we can mention the common cycle, the

basic period, the extended basic period, and the multiple cycle approaches. The

interested reader is referred to Elmaghraby (1978) and Raza and Akgunduz (2008)

for an overview of the problem and associated solution approaches.

The second line of research is concentrated on finite-horizon, periodic, and time-

varying counterparts of the ELSP. A variety of problems has been considered in this

area. The fundamental assumptions of these models are as follows: planning hori-

zon is finite and comprised of a number of time periods with deterministic lengths,

demand over periods is deterministic and time-varying, production rates are fixed,

setup costs are sequence independent, setup times are negligible, and backlogging is

not allowed. The objective is to find a production schedule that minimizes the sum

6



of holding and setup costs within the planning horizon. Here, a schedule specifies

the products and lot sizes associated with each time period within the planning hori-

zon. The most well-known problems in this domain are: the capacitated multi-item

lot sizing problem (CLSP) (Bitran and Yanasse, 1982), the discrete lot sizing prob-

lem (DLSP) (Lasdon and Terjung, 1971; Fleischmann, 1990), the continuous setup

lot sizing problem (CSLP) (Karmarkar et al, 1987), the proportional lot sizing and

scheduling problem (PLSP) (Drexl and Haase, 1995), and the general lot sizing and

scheduling problem (GLSP) (Fleischmann and Meyr, 1997). The CLSP is a so-called

large-bucket model which is characterized by time periods large enough to accom-

modate several different products. Practically, periods in large-bucket problems cor-

respond to time slots of weeks (Drexl and Kimms, 1997). The CLSP is often regarded

as a medium-term planning problem since scheduling decisions within single time

periods are not integrated into the problem. The DLSP is a so-called small bucket

problem which is characterized by small time periods in each of which at most one

type of product can be produced. The length of the periods in small-bucket problems

correspond to hours/shifts (Drexl and Kimms, 1997). The main assumption of DLSP

is that in each time period the facility either processes a single type of product at

full capacity, or remains idle (i.e. all-or-nothing). Thus it is not necessary to deter-

mine lot sizes explicitly. The CSLP relaxes the all-or-nothing assumption and allows

continuous lot sizes. The PLSP relaxes the one product per period limitation and

allows up to two products per period. The GLSP is an integrated large- and small-

bucket problem. The planning horizon is divided into a number of macro-periods

each of which is composed of a number of micro-periods. Then, each macro-period

is treated as a small-bucket problem, whereas the overall problem is treated as a

large-bucket problem. There is an extensive literature on the aforementioned prob-

lems and their extensions. Recent overviews of this line of research can be found in

Wolsey (2002) and Jans and Degraeve (2008).

Despite the vast majority of the literature focuses on single-stage single-machine

multi-product lot-sizing and scheduling problems, some research effort has also been

taken towards multi-stage and/or multi-machine extensions of the problems men-

tioned above. Some variants of the ELSP include parallel-machine ELSP (see e.g.

Carreno, 1990; Bollapragada and Rao, 1999; Pesenti and Ukovich, 2003), multi-

stage ELSP (see e.g. El-Najdawi and Kleindorfer, 1993; Dobson and Yano, 1994;

El-Najdawi, 1997; Ouenniche and Boctor, 1998; Ouenniche et al, 1999; Ouenniche

and Bertrand, 2001), and multi-stage and multi-machine ELSP (see e.g. Torabi et al,

2005; Jenabi et al, 2007). Some variants of the CLSP and the DLSP include parallel-

machine CLSP (see e.g. Ozdamar and Birbil, 1998; Ozdamar and Barbarosoglu,
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1999; Kang et al, 1999; Clark and Clark, 2000; Belvaux and Wolsey, 2000), parallel-

machine DLSP (see e.g. Salomon et al, 1991; Jans and Degraeve, 2004; De Matta

and Guignard, 1994a,b, 1995), and multi-stage CLSP (see e.g. Tempelmeier and

Derstroff, 1996; Franca et al, 1997; Katok et al, 1998; Ozdamar and Barbarosoglu,

2000; Berretta and Rodrigues, 2004; Sahling et al, 2009). It is important to note

that such problems also involve the consideration of the assignment of production

units and the interdependency between processing stages. From this point of view,

they can be regarded as steps towards batch processing systems. Nevertheless, they

do not account for lower and upper bounds on processing times/quantities which

are prominent in batch processes. Furthermore, they mainly concentrate on process-

ing operations and do not integrate other resources such as storage units into the

scheduling problem.

1.3.2 Batch processes

Batch process industries commonly produce a large number of products in small

quantities following customer orders. The number of processing operations is large

and routing complexity is high (Rippin, 1991). In order to provide flexibility, multi-

purpose production units are preferred. The size of each batch is often bounded

from below and above due to technological constraints. This may necessitate per-

forming successive batch operations for the same material – often referred to as a

product campaign (Kallrath, 2002). It might be evident from the aforementioned

characteristics of batch processes that it is often not realistic to assume that a single

bottleneck operation dominates the rest of the production operations.

The batch process scheduling problem is to find a production schedule optimizing a

time-based (e.g. makespan, tardiness) or a financial (e.g. cost, revenue) objective

given the configuration of the processing system and the demand requirements. The

configuration of the processing system involves the set of available resources, and

the product recipes which define the processing operations required to produce each

intermediate and end product. The demand requirements involve the size and due

dates for each customer order. In this context, the fundamental decisions involve the

number and the size of batches associated with each intermediate and end product,

the assignment of batches to resources, and the timing of processing operations.

The vast majority of research contributions in the area of scheduling batch processes

have been emerged in response to the short-term scheduling needs of large-scale

chemical plants. Two types of batch processes are usually distinguished based on

their process layout. The first type is the multi-stage processes where one or more
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processing units work in parallel in each stage. In multi-stage processes, each batch

is processed in a succession of stages defined through the associated product recipe.

Batches are not mixed or split, and the batch identity is, thus, maintained through-

out the whole process. The second type is the network processes where processing

operations are connected through an arbitrary network structure. In this type of pro-

cesses, product recipes are rather complex and batches are mixed and split through

the processing operations. There is a large body of literature on the short-term

scheduling of multi-stage and general network type batch processes. The research in

this domain mainly aims at developing a general purpose framework which can sys-

tematically characterize and accommodate all relevant aspects in batch processing

systems. We can mention equipment connectivity, storage settings, material trans-

fers, batch size and processing time settings, demand characteristics, setup consider-

ations, labor and utility constraints, maintenance operations, and operational costs

as some of those aspects (Mendez et al, 2006). Batch process scheduling problems

are predominantly formulated as exact mixed integer linear programming (MILP)

models. There is a variety of modeling approaches which vary in terms of their

time, event, and material balance representations. These approaches significantly

affect the flexibility and the computational performance of the associated optimiza-

tion models. The interested reader is referred to Kallrath (2002); Floudas and Lin

(2004), and Mendez et al (2006) for comprehensive reviews on models and methods

employed for batch process scheduling problems.

There is also research efforts concentrated in adopting lot sizing and scheduling

approaches to deal with batch processes. These research contributions mainly build

on existing single-stage and single-machine lot sizing and scheduling formulations.

They use a stepwise setup cost function which is not only dependent on the lot

size but also on the number of batches needed to fill the associated lot sizes (see

e.g. Lippman, 1969; Lee, 1989; Pochet and Wolsey, 1993). These approaches can

correctly account for setup costs in batch processes. However, they are limited to

single-stage and single-machine environments, and they do not capture the setup

times required when switching from one batch to another.

1.4 A critical overview of the literature

In the previous sections, we summarized some specific characteristics of the pro-

cess industry which may have prominent effects on scheduling, and outlined some

research domains which are relevant in the context of scheduling in the process in-
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dustry. In this section, we provide a critical overview of the outlined literature while

taking into account the given specific characteristics of the process industry. We

mainly analyze the extent to which those characteristics are captured in the litera-

ture.

The process industry is characterized by raw materials which are often subject to

seasonal supply and yield variability. These characteristics of raw materials may

significantly influence production planning and control. Crama et al (2001) pointed

out that if the key raw material is a scarce resource, then demand satisfaction may

not be enforced anymore. Schuster and Allen (1998) considered this problem and

showed that, in such cases, management of raw material becomes an essential task,

and it is necessary to employ an admission policy in order to maximize profit.

The flexibility of recipes in the process industry necessitates the interaction of recipe

selection and scheduling decisions. The recipe selection problem itself falls into the

category of the well-known blending problems. The blending problem aims at find-

ing a minimum cost mix satisfying a set of quality related attributes (Crama et al,

2001). Despite the extensive literature on standalone blending problems, there are

only a few examples where the blending problem is incorporated in operational

planning and scheduling. There has been some work on multi-period production

planning problems where the purchasing and production quantities are periodically

determined while taking blending operations into account (see e.g. Williams and

Redwood, 1974; Rutten, 1993). However, they only concentrate on material bal-

ances, and do not consider the economies of scale in batch production.

A more relevant line of research addresses grade selection and blending problems

where a set of basic grades are selected to be used in processing a large mix of prod-

ucts (see e.g. Karmarkar and Rajaram, 2001; Akkerman et al, 2010). However, these

studies assume unlimited production and storage capacities. The pooling problem

is also a classic example of the blending problems. It is particularly important in the

petrochemical industry (see e.g. Baker and Lasdon, 1985; Amos et al, 1997; Audet

et al, 2004). The pooling problem refers to a situation where materials with different

quality characteristics are merged in a series of pools (e.g. tank or vessel) such that

the quality specifications of the blends satisfy a given set of quality requirements.

Nevertheless, the pooling problem is predominantly regarded as a design problem

and it is not integrated with the scheduling decisions.

Perishability is a major concern in the process industry. We can acknowledge two

types of perishability which are characterized by fixed and random storage times

(Nahmias, 1982). The quality (e.g. texture, color, taste or nutrient content) of ma-
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terials with fixed storage time does not significantly change during some specified

time period. However, materials immediately deteriorate after the end of this period.

Thus, they can be kept in stock for some time after which they must be disposed of.

When the storage time is random, on the other hand, the quality of materials grad-

ually decreases following to a stochastic process and eventually hits to a minimum

acceptable level. Thus, they can be retained in stock during a random storage time

after which they should be discarded. Both types of perishability are extensively

investigated in the inventory literature under various control policies. An overview

of this research can be found in Silver et al (1998). In this context, uncapacitated

lot sizing problems have also been extended with the issue of perishable inventories

(see e.g. Hsu, 2000; Chu et al, 2005). However, there are only a few examples of

lot sizing and scheduling problems involving perishability. These are mainly concen-

trated on the ELSP and assume fixed storage times (Silver, 1989, 1995; Sarker and

Babu, 1993; Goyal, 1994; Viswanathan, 1995; Viswanathan and Goyal, 1997, 2000,

2002; Soman et al, 2004b). These studies propose a variety of heuristics to deal

with perishability, and show that this limitation may significantly affect the optimal

production schedule.

In the literature on batch process scheduling, storage time constraints are reflected

by storage policies which define the maximum amount of time that a batch can

wait between its release from one processing operation and its start in the next

processing operation (Mendez et al, 2006). These storage policies are unlimited

wait (UW), finite wait (FW), and zero wait (ZW). Among those FW is the most

general storage policy and it reflects perishability with fixed storage times. These

policies are successfully implemented in general purpose batch process scheduling

models (see e.g. Kondili et al, 1993a; Schilling and Pantelides, 1996; Mockus and

Reklaitis, 1997; Ierapetritou and Floudas, 1998). However, the impact of storage

time limitations is more severe when the storage capacity is also limited. This issue

is considered in the context of multi-stage batch processes (see e.g. Sundaramoorthy

and Maravelias, 2008). The problem is even more demanding when batches of the

same material are mixed and split through the production process. To the best of

our knowledge, there exists no work addressing the combination of storage capacity

and storage time limitations.

There has been an increasing societal concern on food safety issues in response to

food safety crises, such as mad cow disease, bird flu, and salmonella in recent years

(Rong and Grunow, 2010). This has necessitated the use of traceability systems in

order to trace back materials through the chain and handle product recalls effec-

tively (Thakur et al, 2010). The operations management and operations research
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literature has only recently started to take over this issue. Dupuy et al (2005) pro-

posed a batch dispersion model to optimize traceability in food industry by minimiz-

ing the batch size and the extent of batch mixing. Tamayo et al (2009) considered a

raw material dispersion optimization model to reduce the number of batch recalls in

case of a crisis. Thakur et al (2010) proposed a multi-objective optimization model

that provides an effective method for minimizing the food safety risk caused by lot

aggregation at a grain elevator. However, none of those models take into account the

additional cost/time needed in managing traceability. There are a few papers which

reflect the effects of the decisions taken to reduce dispersion on the operational per-

formance. Wang et al (2009) and Wang et al (2010) used the concept of batch

dispersion in the context of the economic production quantity (EPQ) model. They

developed optimization models which also consider potential logistics efforts due to

product recalls Rong and Grunow (2010) use the chain dispersion concept while us-

ing an uncapacitated lot sizing problem. Nevertheless, none of these research efforts

consider traceability in the context of process scheduling with capacitated resources.

Due of their practical relevance, storage limitations have been widely investigated

in the literature. Nevertheless, in lot sizing applications, they are usually modeled

as an aggregate warehouse capacity constraint. For example, Anily (1991) and Gal-

lego et al (1996) extended ELSP by limited warehouse capacities. They proposed

sophisticated heuristics for the problem, and provided lower bounds on the optimal

costs of different inventory policies under storage constraints. Van Vyve and Ortega

(2004) considered the case where a fixed cost is charged per number of storage units

employed.

In the literature on batch process scheduling, storage capacity constraints are re-

flected by storage policies (Mendez et al, 2006). These are unlimited intermediate

storage (UIS), finite intermediate storage (FIS), and no intermediate storage (NIS).

Notice that FIS represents the most general case. These policies are successfully

implemented in general purpose batch process scheduling models (see e.g. Kondili

et al, 1993a; Schilling and Pantelides, 1996; Mockus and Reklaitis, 1997; Ierapetri-

tou and Floudas, 1998). Nevertheless, it is well-known that the number of storage

units, especially in case of non-zero cleaning times, significantly increases the com-

plexity of resulting mathematical models. This effect is even stronger if storage units

are flexible, i.e. they can be used for more than one type of material and cleaning

operations are needed when switching from one material to another.

Setups are seminal in almost all manufacturing environments. However, they usu-

ally require larger time and effort in the process industry. The literature on both lot

sizing and scheduling problems and batch process scheduling problems pay a con-
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siderable attention to setups. In particular, a significant amount of research effort

is devoted to sequence-dependent setups. In case of sequence-dependent setups,

when evaluating a given production schedule, one should consider not only the set

of products but also the production sequence. Thus, the resulting problem is signif-

icantly more difficult than its sequence-independent counterpart. Here we shortly

mention some of the work in this research domain.

The research efforts on lot sizing and scheduling problems involving setups can

be summarized as follows. Galvin (1987), Lopez and Kingsman (1991), Dobson

(1992), Wagner and Davis (2002), and Brander and Forsberg (2005) studied se-

quence-dependent setups in the context of the ELSP. Dilts and Ramsing (1989),

Haase (1996), Kang et al (1999), Laguna (1999), Clark and Clark (2000), Haase

and Kimms (2000), Meyr (2000), and Gupta and Magnusson (2005) considered the

CLSP with sequence-dependent setups. Cattrysse et al (1993) studied DLSP with

setup times. Fleischmann (1994), De Matta and Guignard (1994b), and Salomon

et al (1997) considered the DLSP with sequence-dependent setup costs and times.

Vanderbeck (1998) formulated the CSLP with fractional start up times. Drexl and

Haase (1995), and Drexl and Haase (1996) discussed the PLSP with setup times

and multiple machines. Wolsey (1997) studied the CSLP with sequence-dependent

setups. Suerie (2006) provided an approach that allows the setup times to be

split between two periods. Belvaux and Wolsey (2000), and Belvaux and Wolsey

(2001) presented a series of lot sizing and scheduling models, including sequence-

dependent costs and times.

The research on batch process scheduling problems has predominantly acknowl-

edged sequence-dependent setups. Most of the research efforts in this domain,

even the earlier contributions, considered sequence-dependent setups as one of

the basic characteristics of batch processing systems (see e.g. Sahinidis and Gross-

mann, 1991a; Kondili et al, 1993a,b; Shah et al, 1993; Papageorgiou and Pantelides,

1996a,b). There are also studies which explicitly address modeling sequence-depen-

dent setups (see e.g. Kelly and Zyngier, 2007).

1.5 Real-life implementations

The real-life scheduling problems found in process industries are often large-scale

combinatorial optimization problems, and due to the curse of dimensionality, they

can hardly ever be solved in reasonable computational times by using exact ap-

proaches (Mendez et al, 2006). Therefore, although the research efforts taken in the
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development of general purpose approaches are valuable from a theoretical point of

view, the resulting models cannot readily be used to solve real-life process schedul-

ing problems. This has motivated many researchers to develop alternative solution

approaches which are less demanding in terms of computational time in exchange

for compromising the optimality. The research efforts in this line often make use

of the specific characteristics of the underlying process in order to streamline the

optimization models. Here we provide some representative examples of such ap-

proaches.

Harjunkoski and Grossmann (2001) studied a real-life problem originating from a

steel-making continuous casting plant. In order to solve the problem within a rea-

sonable computational time they employed a three-stage decomposition approach.

In each stage of the approach, some parts of the schedule are fixed and used as input

in the subsequent stage.

Schwindt and Trautmann (2000) and Neumann et al (2002) propose a rather gen-

eral decomposition approach. Their approach decomposes the batch scheduling

problem into separate batching and scheduling problems. The batching problem

determines the number and the size of the batches to be processed. Schwindt and

Trautmann (2000) used a heuristic to solve the batching problem which sequentially

determines the batch sizes of end products and associated intermediates gradually.

Neumann et al (2002) propose a mixed integer non-linear program (MINLP) that

minimizes the number of batches weighted by the processing times assuming that

all batches of a product have the same batch size. The scheduling problem gener-

ates a schedule indicating the timing of processing those batches determined by the

batching problem. However, the batch scheduling problem itself is intractable. Con-

sequently, Schwindt and Trautmann (2000) used a branch-and-bound approach, and

Neumann et al (2002) employed a relaxation approach to solve the batch scheduling

problem heuristically.

Ferris et al (2009) considered the problem of scheduling of multi-stage batch pro-

cesses. They developed a dynamic decomposition approach that exploits the struc-

ture of the underlying problem. Their approach dynamically decomposes the prob-

lem into a set of subproblems which are generated by fixing the batch selection, unit

allocation, and timing decisions respectively, and make use of a grid computation

approach to solve the sub-problems. They showed that the proposed approach can

solve problems of realistic size within computational times small enough for practi-

cal applications.
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1.6 Research objectives

The discussion provided so far in this chapter points out that the process industry has

a specific set of product and process characteristics which have a significant impact

on the management of production operations. These characteristics are practically

important for their own sakes. However, in many production environments, a subset

of these characteristics appears together. Thus, planning and scheduling in process

industries often concerns the combination of several industry-specific characteris-

tics. It is important to note that these characteristics may closely interact with each

other. Let us, for instance, consider storage capacity limitations. As mentioned ear-

lier, these limitations are relatively critical in the process industry due to the use of

discrete storage units. However, it is evident that storage limitations become even

more critical when the production process involves perishable materials. Here, one

needs to allocate the available storage capacity while also considering the age of

materials in order to avoid degradation. The same holds for traceability require-

ments. Traceability prohibits the extent to which materials are merged and sepa-

rated, and puts a lot of pressure on the utilization of storage units. Therefore, we

can conclude that dealing with the combination of such industry-specific character-

istics is more challenging than dealing with each of them individually. Furthermore,

from a mathematical modeling point of view, it is difficult to translate the combina-

tions of complex operational characteristics into mathematical expressions. Despite

the discussion provided here, it appears that while the literature offers a variety

of methods which take into account these characteristics individually, the relation-

ship between them has not been fully addressed. This observation was also brought

up by Van Donk and Fransoo (2006) and Akkerman (2007). As a result, it is not

straightforward to see whether conventional planning and scheduling approaches

can be adopted to be used in more complex production environments. Also real-life

scheduling problems often suffer from high computational complexity which im-

pedes the practical application of exact modeling approaches. This necessitates the

use of computationally tractable heuristic procedures, albeit with possible sacrifice

in optimality. Therefore, it requires a careful investigation to determine which mod-

eling approaches and optimization techniques are most appropriate given the nature

of the underlying processing systems.

The aforementioned observations motivate this thesis. The aim of the thesis is to

add to the knowledge on planning and scheduling in the process industry while con-

centrating on processing systems where combinations of the specific characteristics

elaborated in this chapter are of concern. A strong emphasis is laid on schedul-
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ing problems originating from the food processing industry due to the relevance

and the criticality of its industry-specific characteristics. It would be fair to state

that many characteristics, e.g. raw material availability and yield, flexible product

recipes, perishable materials, traceability requirements, storage capacity limitations,

and production setups can be considered as ordinary concerns in the food process-

ing industry. It is very difficult, if not impossible, to develop mathematical mod-

els which can systematically accommodate all these characteristics simultaneously.

Nevertheless, based on the product and the process characteristics of the underly-

ing production environments, often a few of these characteristics become relatively

important with respect to others. For instance, let us consider a flour manufacturer

that supplies flour products to bakeries and industrial manufacturers. The raw ma-

terials used in this manufacturing process are mainly wheat and some other starchy

plant foods. The supply of such raw materials is fairly stable and availability is usu-

ally not an issue. Furthermore, the yield variability of milling – the main processing

operation – is very low. However, due to the large variety of end products limited

storage capacity is an important concern. A practical approach used to overcome

this issue is to make use of flexible product recipes, and to produce and stock a

limited number of intermediate products which are then blended into end products

following demand. However, this strategy leads to a production scheduling problem

with limited production and storage capacities, and also integrated product design

decisions regarding the product recipes of end products. This thesis focuses on prac-

tical planning and scheduling problems such as described above, and presents new

integrative approaches while making use of both optimal and heuristic procedures.

The planning and scheduling problems considered in the thesis are motivated by a

variety of practical cases originating from different production environments. These

cases have emerged from the long-standing industrial collaborations of the research

group where this thesis research was carried out.

The main research objectives of this thesis are: (i) to contribute to the development

of mathematical models that can be used as decision aids in scheduling processing

systems with industry-specific characteristics, and (ii) to provide some insight into

the order acceptance function in the process industry with respect to limitations in

raw material availability.

The thesis is organized as a collection of research papers centered around the main

research theme. These research papers are devoted to particular problems of prac-

tical interest originating from specific production environments. Each individual

paper mathematically defines and formalizes a particular problem and develops so-

lution approaches thereof based on well-grounded optimization methods. The ma-
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jority of the work carried out in this thesis concern deterministic scheduling prob-

lems. Nevertheless, the order acceptance function in batch processes is addressed

while considering stochastic yield and demand. The research efforts presented in

different chapters of the thesis are motivated by similar considerations. Thus, there

might be some extent of overlapping in positioning these chapters since they are

devised not only as parts of the thesis but also as research papers which can be read

individually. In the following section, we provide a brief outline of the contributions

of each research paper included in the thesis.

1.7 Thesis outline

The thesis is organized as follows. Chapter 2 addresses the scheduling problem in a

two-stage flow process. The essence of the problem lies in the use of flexible product

recipes. There is a variety of intermediate products characterized by different prod-

uct recipes which can be processed into end-products. The problem is to determine a

production schedule as well as the set of intermediates to be used minimizing the to-

tal operational costs while considering production and storage capacity limitations.

The chapter presents a comprehensive MILP model for this problem. The model

is applied on the data collected from a real-life case. The results of the numerical

study are used to analyze the effects of cost parameters and capacity limitations on

the selection of product recipes. Also the trade-offs between capacity limitations and

operational costs are investigated.

Chapter 3 considers the detailed short-term scheduling problem in batch processes.

The chapter contributes to the literature by extending the conventional discrete time

MILP formulation for scheduling batch processes by introducing storage capacity

and storage time limitations. The model is applied in a variety of storage config-

urations involving single/multiple and dedicated/multipurpose storage vessels. By

means of a numerical study several examples are illustrated to highlight the im-

pact of storage capacity and storage time limitations on scheduling production and

storage operations.

Chapter 4 investigates a process scheduling problem originating from a processing

system specialized in evaporated milk products. The processing system has a semi-

continuous structure. The layout of the system involves two continuous processing

stages connected by a batch-wise standardization step. The production environment

has several industry-specific characteristics such as traceability requirements and

time- and sequence-dependent cleaning of production units. The chapter presents
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a two-phase mathematical approach for this problem which successively determines

the specifications regarding material flows and builds a complete production sched-

ule. The approach is shown to be efficient by means of a numerical study based on

a data set collected from a real-life evaporated milk plant.

Chapter 5 focuses on the issue of raw material availability and yield variability in the

context of food processing. A food processing system is considered which processes

a single raw material with seasonal supply into several end products. The demand

for end products is stochastic. Also, the amount of raw material required to fulfill

a customer order is not known with certainty due to the variability in yield. The

problem is to decide whether or not to accept an incoming order given the amount

of raw material available and the time remaining until the next replenishment epoch

of the raw material inventory. The chapter elaborates this decision problem while

considering the objective to maximize the expected total revenue. It is shown that

the problem can be modeled as a single resource capacity control problem. Because

the optimal policy is too complex for practical use, a heuristic approach is proposed

based on rather simple decision rules. The performance of the heuristic is then

investigated by means of a numerical study, and the effects of yield variability are

analyzed.

Finally, Chapter 6 concludes the thesis where the individual chapters are summa-

rized, and possible directions for further research are outlined.
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