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Abstract

This paper studies the impact of management policies, such as product allocation and campaign sizing, on the required
size of the finished goods inventories in a multi-product multi-reactor batch process. Demand, setup and batch processing
times for these products are assumed to be stochastic, and the inventory buffer for every product type needs to be such that
target customer service levels are met. To perform this analysis, we develop a queueing model that allows us to explicitly
estimate service levels as a function of the buffer size, and the allocation/campaign sizing policies. This model can be used
to evaluate the service level given an existing buffer configuration, as well as to determine the buffer sizes required across
products to meet a pre-specified service level. It also allows us to formulate a number of insights into how product allo-
cation decisions and campaign planning policies affect buffer sizing decisions in symmetric production systems.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

In this paper, we analyze the issue of determining the required size of finished goods inventories in a multi-
product, multi-reactor batch process. The objective is to meet a predetermined customer service level, which is
defined as the long-run percentage of time that incoming customer orders can be delivered from the finished
goods stock.
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Multi-product batch operations are encountered in many applications (e.g., the food processing industry).
Typically, products are made to stock, and demand patterns as well as processing and setup times are stochas-
tic. We will study the system from the perspective of a company with specific equipment at hand. Though this
implies that the equipment parameters (such as the batch size of the reactors and the processing parameters) as
such are given, management can influence system performance through two types of decisions: campaign sizing

and allocation policies.
The term campaign size refers to the amount of product that is produced between two consecutive setups on

a reactor. Setups may be needed when the reactor switches from one product type to another, e.g., for clean-
ing. The size of the campaigns cannot be set arbitrarily: as the reactors’ batch sizes are a given, campaign sizes
typically consist of a multiple of the equipment sizes (Rajaram and Karmarkar, 2004).

The allocation policy determines how replenishment orders for product types are assigned to the reactors.
In this paper, we largely distinguish between two policies: one in which a given product type is always
produced on the same reactor (deterministic policy), and one in which multiple reactors each produce a given
fraction of the replenishment orders (probabilistic policy).

Through the allocation and campaign sizing decisions, management can influence the performance of the
system: indeed, it is intuitively clear that both decisions will impact the replenishment lead times, and hence
the size of finished goods inventory needed to attain a target customer service level. As both allocation and
campaign sizing policies are pure management decisions, and hence can be easily adapted, quantitative insight
into how these decisions affect system performance is extremely useful. To study this issue, we will regard the
production–inventory system as a stochastic system, and propose a queueing model to analyze the system’s
behaviour. As will be shown, this approach not only allows us to evaluate the performance of any general sys-
tem, but also enables us to formulate a number of insights and managerial guidelines on campaign sizing and
allocation decisions in symmetric production systems.

The application of queueing theory to model a semi-process industry setting is quite unusual; apart from
some earlier attempts to illustrate the potential usefulness of the methodology (e.g., Carlson and Felder,
1992), research literature in this area is almost non-existent. On the one hand, issues related to campaign siz-
ing, campaign scheduling and product cycling have been studied quite intensively from a deterministic per-
spective (e.g., Rajaram and Karmarkar, 2002, 2004; Dobson, 1987; Elmaghraby, 1978; Fleischmann, 1990).
On the other hand, the few research efforts aimed at modelling process industry settings from a stochastic per-
spective have predominantly focused on discrete-event simulation (e.g., Felder et al., 1983, 1985). The use of
queueing models for analyzing demand allocation problems is more common (see, e.g., Benjaafar and Gupta,
1999; Benjaafar et al., 2004a). However, the models presented in the literature assume a Poisson arrival pro-
cess to the queue, which makes them unable to adequately reflect the campaign sizing step in a process indus-
try setting.

In this paper, we show that the body of knowledge on queueing theory can be very valuable in modelling
semi-process industries, provided that adequate changes to the models are made in order to capture the spec-
ificities of this type of industry (such as batch processing, product allocation and campaign sizing). This is
done in Section 2. In Section 3, we analyze the impact of the average customer order replenishment lead time
on the customer service level for an arbitrary multi-product multi-reactor system. These insights enable us to
further examine the impact of allocation and campaign sizing decisions in symmetric systems in Section 4, and
to formulate propositions about ‘‘optimal’’ decisions for this type of systems. In Section 5, the findings are
applied to a numerical example. Finally, Section 6 summarizes the conclusions.

2. Model formulation

2.1. Notation and assumptions

Consider a chemical plant consisting of R reactors (index r = 1, . . . ,R), and K product types (index
k = 1, . . . ,K). Each product type k needs only one single operation, which can be performed on a subset Vk

of the reactors (Vk = {r j product type k can be produced on reactor r}). Each reactor r has a batch size
Br, which is a technical characteristic and hence is given. The processing characteristics for product type k

(e.g., average and variance of setup and processing times) may differ across the reactors in Vk. For each
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