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a  b  s  t  r  a  c  t

Production  planning  and  scheduling  in  the process  industry  in  general  and  in  the  pulp  and  paper  (P&P)
sector  in  particular  can  be very  challenging.  Most  practitioners,  however,  address  those  activities  relying
only  on  spreadsheets,  which  is  time-consuming  and  sub-optimal.  The  literature  has  reported  some  deci-
sion support  systems  (DSSs)  that  are  far from  the  state-of-the-art  with regard  to  optimization  models
and  methods,  and  several  research  works  that  do not  address  industrial  issues.  We  contribute  to  reduce
that  gap  by  developing  and describing  a DSS that  resulted  from  several  iterations  with  a  P&P company
and  from  a thorough  review  of the  literature  on  process  systems  engineering.  The  DSS  incorporates
relevant  industrial  features  (which  motivated  the development  of  a specific  model),  exhibits  important
technical  details  (such  as  the connection  to  existing  systems  and  user-friendly  interfaces)  and  shows  how
optimization  can  be integrated  in  real  world  applications,  enhanced  by  key  pre-  and  post-optimization
procedures.

©  2015  Elsevier  Ltd. All  rights  reserved.

1. Introduction

The pulp and paper (P&P) industry is highly capital intensive,
which means that investments in capacity can represent very long-
term decisions. For instance, the modification of a single paper
machine requires a planning horizon of at least five years (Martel
et al., 2005). Paper products are commodities, with their price being
determined in the market and characterized by small margins.
Hence, companies must differentiate themselves by improving cus-
tomer satisfaction indicators, while keeping production costs as
low as possible. Furthermore, the P&P production process is also
energy intensive. Producing one tonne of paper requires 5–17 GJ of
process heat, depending on the type of paper and on the technol-
ogy applied (Szabó et al., 2009). The P&P industry uses 84% of the
fuel energy consumed by the forest products industry as a whole
and is one of the largest producers of greenhouse gas emissions
(Jankunaite, 2006). Therefore, it is of particular interest in the con-
text of environmental discussions.

These three main factors (capital intensity, energy intensity and
competitive market) make the production planning an essential
activity in the quest for improvements in operational efficiency

∗ Corresponding author. Tel.: +351 222094364.
E-mail address: goncalo.figueira@fe.up.pt (G. Figueira).

and consequently economic gains. However, the planning process
poses a variety of challenges, both to practical and scientific fields
(e.g. combinatorial nature of paper grades scheduling, shifting bot-
tlenecks, variable production rates, etc. – see Section 2). If these
challenges are successfully addressed, companies can achieve a true
competitive advantage.

In most cases, production planning is addressed manually by
practitioners, even in modern mills with sophisticated automated
systems. That applies not only to the P&P industry, but to the pro-
cess industry in general (see Harjunkoski et al. (2014)). Companies
may  use advanced tools for particular tasks, such as the plan-
ning of the paper reels’ cutting, but when addressing the overall
planning activity (e.g. size and sequence of paper campaigns, pro-
duction rates, etc.) most practitioners rely only on spreadsheets.
This manual process is time-consuming, sub-optimal (as only few
alternatives are considered) and completely dependent on the
planners’ expertise.

Therefore, there is the need for optimization-based tools that
support decision-making in the operational production planning
of these mills. Some decision support systems (DSSs) for this
particular industry were reported in the literature (e.g. Murthy
et al. (1999), Respí cio and Captivo (2008)). Although these sys-
tems consider relevant industrial features and practical issues, the
underlying approaches are far from the state-of-the-art in produc-
tion planning, as they are based on simplistic models and heuristics.
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On the other hand, more research-oriented work does not address
the issues of an industrial implementation.

Even in other process industries, the literature on the imple-
mentation of this type of DSSs is scarce. Bongers and Bakker (2006)
describe a scheduling problem in a medium size ice cream plant.
However, the model has not been validated or compared against
manual schedules. This problem was subject to further studies
and improvements/extensions (Kopanos et al., 2012; van Elzakker
et al., 2012), but it seems that they have not been implemented
in practice. Janak et al. (2006) and Shaik et al. (2009) address pro-
duction scheduling problems in large-scale batch and continuous
plants, respectively, of a chemical company. Nevertheless, these
papers have not reported any industrial implementation. Wassick
(2009) is one of the few comparing manual schedules to schedules
generated by optimization methods. The author has approached a
variety of optimization problems in an integrated chemical com-
plex. The problems included production planning, energy system
scheduling, site reliability design and waste treatment network
scheduling. For the same chemical company, Wassick and Ferrio
(2011) have developed a generic formulation which they imple-
ment in a custom interface within Microsoft Excel and apply to
different optimization problems, including storage management,
production scheduling and container loading.

Our work helps to close the gap between research and practice,
proposing an optimization-based DSS, which improves on manual
planning and contributes to the literature in the following ways:

• exploring desirable characteristics of analytical models and
methods;

• identifying relevant industrial features and how they should be
included in the solution approach;

• extending models of the literature, considering practical con-
straints and objectives;

• exhibiting important data processing in both pre- and post-
optimization phases;

• illustrating required connections to existing systems and desir-
able aspects in the user interface.

We start by describing the industrial system and the planning
challenge in Section 2. This motivates the discussion in Section 3
on the different approaches to operational production planning
in the literature. In that section we explore some desirable char-
acteristics of optimization models and identify relevant features
for industrial practice. Based on that, we choose an appropriate
mathematical model and extend it in order to include the prac-
tical issues identified. Our formulation is presented in Section 4.
Section 5 motivates and explores the solution method for an effi-
cient yet simple and flexible resolution of this complex problem.
Section 6 details the integration of the optimization in the deci-
sion support system, describing pre- and post-optimization steps,
as well as the interfaces to the existing information systems and
the final user. The usage of the DSS is also discussed. In Section 7
we compare a plan obtained with the DSS to one generated man-
ually by production planners, and provide further details on the
performance and usage of the DSS at the company. Finally, the last
section summarizes the benefits of our DSS, discusses its applicabil-
ity to other environments and shows possible directions for further
improvement. Since the paper touches different fields and a variety
of concepts, a complete list of acronyms is provided in Appendix A.
The full mathematical notation is condensed in Appendix B.

2. The challenge

The P&P production process is illustrated in Fig. 1. The vari-
ables depicted in this figure will be introduced later in Section 4.

In a first step, both virgin and recycled pulps are produced out
of wood and recycled paper, respectively. These pulps are then
stored in tanks, waiting to be pulled by the paper machine. The
machine can produce different types of paper. Each type of paper
(or grade) is characterized by its grammage (measured in g/m2)
and pulp mixture. The configuration of the machine to produce a
different grade is sequence-dependent, for instance, changing from
170 g/m2 to 200 g/m2 is considerably less costly than from 115 g/m2

to 200 g/m2. Each setup leads to a loss in the production process in
terms of time and quantity of a lower quality paper produced (as
the machine is never idle and the paper produced will not be homo-
geneous, nor completely satisfy the customer requirements). The
wasted paper (setup loss) is dissolved and stored in the loss pulp
tank, to be pulled again by the paper machine.

The master reel that results at the end of the paper machine, the
jumbo, is cut into smaller reels. The paper wasted in the cutting
stage (trim loss) is also fed back to the production process. Cus-
tomers place orders for reels of different widths and grades. The
orders may  have different priority levels. The maximum priority is
given to those that travel by ship, since the company has to sched-
ule containers in advance and commit to a given due date. Then,
the remaining is divided into normal and priority orders.

In parallel, a by-product of the digester’s pulping process, the
weak black liquor, is concentrated in evaporators and burnt in the
recovery boiler to provide high-pressure steam and to regenerate
the chemicals applied in the pulping stage. The steam can either
be used for the paper drying process or be led to counter-pressure
turbines which produce electrical energy to be sold afterwards.

In other companies, the paper mill can be physically distant from
the pulp and recovery plants. However, integrated plants, like that
of the case study, represent 65% of the industry (CEPI, 2013) and are
more capable of achieving high levels of both energy and economic
efficiency, due to:

• energy conservation (e.g. direct use of steam in the paper drying
process);

• absence of additional processes (e.g. pulp drying);
• material closed loops (e.g. recycling of paper machine setup and

trim losses) which make it possible to reduce waste production
and energy;

• tightly integrated equipment, which reduces the required capac-
ity.

Nevertheless, an integrated mill poses additional difficulties. The
complex production process described above (with convergent,
divergent and loop flows) and the tightly integrated equip-
ment, with limited intermediate storage space, result in multiple
and shifting bottlenecks. For instance, the company under study
produces two main products (KLB and VLB), which have major dif-
ferences with respect to the incorporation of virgin and recycled
fibres. Hence, the bottleneck stage clearly shifts according to the
mixture being produced (for example, VLB quickly exhausts the
recycled pulp mill, whereas KLB is typically restricted by the recov-
ery boiler).

Moreover, the orders placed by customers put a great pressure
on production, as the system operates in a make-to-order (MTO)
policy. Still, adjusting the production sequence to better meet mar-
ket needs has to be done carefully, since the desired production
cycles will be disrupted, and some stages may  be forced to dras-
tically reduce their production rate or even to shut-down. The
start-up of the process after these interruptions is typically prob-
lematic and requires a large expenditure of energy, increasing the
environmental load of the mill. The rates of the various resources
need to be as steady as possible, as rough changes can cause quality
deviations and undesired wear of equipment. Therefore, the vari-
ation that results from production cycles is conveyed as much as
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