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a b s t r a c t

This article describes a real-world production planning and scheduling problem occurring at an inte-

grated pulp and paper mill (P&P) which manufactures paper for cardboard out of produced pulp. During

the cooking of wood chips in the digester, two by-products are produced: the pulp itself (virgin fibers)

and the waste stream known as black liquor. The former is then mixed with recycled fibers and processed

in a paper machine. Here, due to significant sequence-dependent setups in paper type changeovers, sizing

and sequencing of lots have to be made simultaneously in order to efficiently use capacity. The latter is

converted into electrical energy using a set of evaporators, recovery boilers and counter-pressure tur-

bines. The planning challenge is then to synchronize the material flow as it moves through the pulp

and paper mills, and energy plant, maximizing customer demand (as backlogging is allowed), and min-

imizing operation costs. Due to the intensive capital feature of P&P, the output of the digester must be

maximized. As the production bottleneck is not fixed, to tackle this problem we propose a new model

that integrates the critical production units associated to the pulp and paper mills, and energy plant

for the first time. Simple stochastic mixed integer programming based local search heuristics are devel-

oped to obtain good feasible solutions for the problem. The benefits of integrating the three stages are

discussed. The proposed approaches are tested on real-world data. Our work may help P&P companies

to increase their competitiveness and reactiveness in dealing with demand pattern oscillations.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

The pulp and paper (P&P) industry plays an important role in

European economies. In Portugal contributes with over 4% of the

GDP and 5% of the active employees. The P&P sector is one of the

energy intensive sectors within the Portuguese, Spanish, Canadian,

Swedish, Brazilian and other economies and is therefore of partic-

ular interest in the context of both local and global environmental

discussions. Effective planning lies at the very heart of the opera-

tional performance of its manufacturing organizations, as increases

in productivity are most effective in merging economic, environ-

mental and social development objectives.

Different plant categories exist depending on whether they only

produce pulp (pulp mills) for further processing or only paper out

of purchased pulp and/or recycled waste paper (paper mills). The

third category, the so-called integrated pulp and paper mills, com-

bines the two processes and is most common in the paper industry

(Schumacher, 1999).

Customers place orders for paper rolls of different widths,

grades and quality (which is a function of the percentage of virgin

fibers). The P&P industry converts raw materials into pulp, energy

and paper. Firstly, the wood chips are processed in the digester into

virgin pulp and wood residues, known as black liquor. The (virgin)

pulp is stocked in silos and later sent to the paper machine, where

it is processed together with recycled fibers (from various paper

waste sources), delivering paper that is wound into a master reel

(called jumbo) of a fixed grade (grammage). Then, the jumbo

follows the winder where it is cut into smaller reels. On the other

hand, the black liquor goes through a set of evaporators that

increase its content of solids and then it is burnt as fuel in the

recovery boiler to generate steam which is led to a turbine to

produce electricity.

Due to its capital intensive feature, producing an even quality

pulp at a consistent high production rate is the purpose of the pulp

production stage. The amount of pulp and black liquor produced is

proportional to the cooking speed of the digester. In the paper ma-

chine, due to significant sequence dependent setups in paper type

changeovers, sizing and sequencing of lots (jumbos) have to be

made simultaneously in order to efficiently use capacity. Now,

the capacitated evaporators and recovery boiler may introduce

major bottlenecks in the output of the digester. The digester is also

constrained by the various silos that act as buffers throughout the

production process and by the sequence of grades in the paper ma-

chine. In fact, lower grades pull less pulp from the digester (despite

a higher speed in the paper machine). Thus, in each instant, the

maximization of the digester’s rate can only be done taking into
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account simultaneously all the critical pulp, paper and energy

related production units. We acknowledge the fact that the well-

known cutting-stock problem is not treated at this stage. The

buffer area between the paper machine and the winders, allows

for several jumbos to be stocked temporarily, not compromising

the trim loss of the downstreaming cutting patterns.

Our motivation stems from a real-world case study of an inte-

grated P&P company. Its various production planners make the

schedules by hand in a hierarchical fashion. The customer’s orders

are aggregated into paper type families. The top-level deals with

the lotsizing and scheduling of paper campaigns at the paper ma-

chine. Taking this as an input, the base-level tries to schedule and

control all the other production resources (including the digester).

To find a feasible solution, various iterations between the two lev-

els are conducted based on feedback and feedforward mechanisms.

In this process, feasibility is placed over optimality, leading to sub-

optimal production plans and schedules.

Recently, the market trends have made this manual approach

even more demanding. The current pressures to reduce both sup-

ply costs and environmental impact make customers demand

lighter products (lower grades), with a much higher incorporation

of recycled pulp. The way the different resources were balanced in

the past, as well as the standard sequence of campaigns used in the

paper machine no longer produce satisfactory (if feasible) results.

New bottleneck resources have arisen and capacity investments

in some of them will be mandatory in the near future.

Our work may help P&P companies to increase their competi-

tiveness and reactiveness in dealing with this trend. To the best

of our knowledge, we are the first to tackle the short-term produc-

tion planning and scheduling problem arising at an integrated P&P

mill for a planning horizon of two weeks, taking into account all

the critical production resources from the pulp and paper mills

as well from the energy plant. We first formulate the whole dy-

namic mass and material balance of an integrated mill and analyze

the trade-off that arises when solving pulp planning and paper

scheduling problems. The problem is modeled as a multi-stage

deterministic and dynamic lotsizing and scheduling on several bot-

tleneck resources. Its objective is to maximize the service level and

the throughput of the digester and of the paper machine (which is

equivalent to minimize the sequence-dependent setups). The

respective mixed integer programming (MIP) is based on the Gen-

eral Lot Sizing Problem for single-level production proposed by

Meyr (2000) to cope with the multi-stage production environment

and other industrial extensions. We rely on a common fixed time

grid for all production resources to come up with a linear model.

The computational complexity of the resulting MIP model (the

underlying problem is clearly NP-hard) makes use of efficient heu-

ristic strategies mandatory for obtaining good solutions in large

real-world instances. We decompose the overall MIP in a series

of sub-MIPs. The decomposition scheme is based on the stochastic

MIP-based local search improvement heuristic proposed by James

and Almada-Lobo (2011). In each iteration, the binary variables of

the MIP are partitioned in an intelligent way. The computational

results of this solution procedure are very compelling.

The outline of the paper is as follows. Previous research in the

area is presented in Section 2. In Section 3, the problem is de-

scribed and in Section 4 the mathematical model is introduced.

Section 5 outlines the mathematical programming-based heuristic.

Then, in Section 6, the computational results are shown and finally

in Section 7 some concluding remarks are made.

2. Literature review

Among the main important operational industrial problems are

the sizing and scheduling of production lots in the most efficient

and economical way. In many applications, especially from process

industries, the close relationship between lotsizing and scheduling

(LS) – mainly due to significant sequence-dependent setups–

forces both decisions to be made simultaneously in order to effi-

ciently use capacity (Almada-Lobo et al., 2008; Ferreira et al.,

2009; Toso et al., 2009). Nevertheless, the review by Karimi et al.

(2003) still highlights the scarcity of literature devoted to LS with

sequence-dependent setups, and underlines the need for faster and

more efficient heuristics. Jans and Degraeve (2008) have investi-

gated recent developments in modeling lotsizing and point out a

further integration of lotsizing and scheduling as an interesting

area for future research. They also draw increasing attention to

model specific characteristics of the production process (valuable

in real life problems). Indeed, this need is evident for the P&P

industry case. Clark et al. (2011) also pinpoint the area of multiple

stage LS. The authors emphasize the lack of research on the impact

of using real life instances to carry out computational experiments,

instead of random generated instances.

One of the main stages in this industry is the pulp production in

the digester. Because of the capital intensive feature of this indus-

try, producing an even quality pulp at a consistently high produc-

tion rate facing a given demand is the aim of this planning stage.

The production rate shifts of the digester have to be managed effi-

ciently to ensure the pulping process stability (better papermaking

properties). Many papers have discussed the optimization of the

cooking parameters of the digester (e.g. Araujo et al., 2008), with-

out paying much attention to the manufacturing resources, such as

the pulp silos or the paper machine.

Another main stage is the energy plant. P&P industry consumes

considerable steam and electricity and hence energy management

is potentially significant in terms of saving. Depending on the loca-

tion of the production bottleneck, energy costs can be optimized by

using silos volumes better. Naturally, capacity utilization is a factor

that plays a major role in energy efficiency improvement. Klugman

et al. (2009) focus on the heat cooperation between P&P industries

and heating companies and analyze the effects of this cooperation

in both economical and environmental terms. In Jonsson and Alge-

hed (2009), the trade-off (in terms of the system’s revenue and glo-

bal CO2 emission) between different technology ways to use heat

excess at chemical kraft pulp mills is discussed.

Finally, the last main stage consists of making paper in the pa-

per machine and respective winding the reels. In the literature,

there are many studies which address lotsizing and cutting stocks

in paper mills, however they are dealt with independently from

each other, i.e. the cutting stock problem is solved after determin-

ing the lots of products (Correia et al., 2004). Despite its applicabil-

ity in various industries, the combined cutting stock and lotsizing

problem has not been sufficiently studied because of its complex-

ity. Poltroniere et al. (2008) are some of the few authors that have

tried to couple lotsizing decisions with the cutting stock problem,

but the authors have completely ignored the pulp production and

the limited capacities of various resources. Rizk et al. (2004) tack-

led the sizing of lots and subsequent cutting problem, but the

authors assumed a predetermined production sequence of paper

grades. Moreover, disregarding the pulp production, in Menon

and Schrage (2002) the problem of allocating orders to machines

in the paper industry and the cutting stock problem arising in each

machine is studied. One of the decisions to be taken is the quantity

to produce of each type of paper that satisfies a set of ordered reels

(grouped by paper grade), and the cutting patterns used to produce

the smaller rolls.

Nevertheless, the research community has neglected the high

degree of interrelation between the digester, the recovery boiler,

the paper machine and the various silos that warehouse virgin

and recycled pulp. For example, Gunnarsson and Rönnqvist

(2008) consider the multi-period supply chain problem for a pulp
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company, without considering the downstream paper production.

The finished (or purchased) pulp is used to manufacture paper

on site in an integrated (or paper) mill. For instance, the finite

capacity of the evaporation stage and of the recovery boiler may

introduce a major bottleneck in the cooking speed of the digester,

interfering with the production of pulp (Axelsson et al., 2006), and

ultimately with the production of jumbos. As the throughput of the

paper mill (tonnes of related paper) may be constrained by differ-

ent production resources in each instant, integrated production

planning of the pulp and paper mill, as well as the energy plant

is imperative.

3. Problem description

The problem under investigation consists of the short-to-med-

ium term optimization of the production planning and scheduling

of an integrated pulp and paper mill. The combination of these two

processes on site is the most frequent scenario worldwide. The

integrated pulp and paper mill produces paper to be used in corru-

gated board elaboration, as well as energy to be sold to electrical

companies. Industries that use this type of paper are vegetable

and fruit packaging, packaging and paperboard manufacturers.

Integrated P&P mills are highly complex, technology-based sys-

tems. The workflow consists of many interdependent sub-pro-

cesses. P&P mills use great amounts of water, energy and wood

to produce paper. In P&P mills there are four main steps: wood

preparation, pulping, chemical recovery and papermaking.

In the first step, the wood is stripped and reduced to small chips

which, after screening, are sent to storage for later use. From the

storage, the selected pieces of wood are transported by a carrier

into the continuous digester to go through the pulping process.

The wood used in P&P mills mainly comes from softwood. There

are always sufficient wood chips in house to process downstream

activities.

Pulping is the process by which the wood is reduced to a fibrous

mass. There are two processes of pulping: mechanical and chemi-

cal. In chemical pulping, wood chips are cooked in an aqueous

solution with reagents and high temperature inside the continuous

digester. The purpose of pulping is to separate the cellulose fibers

from lignin, thereby obtaining a non-bleached pulp used to manu-

facture highly resilient packaging paper.

Due to the complexities of the chemical reactions inside the di-

gester, the variability of the type of wood, and changes in the wood

feed or rotation (speed) of the digester, regulating the pulping

quality is a non-trivial task. Therefore, the digester is considered

one of the most critical pieces of equipment in a P&P mill (Araujo

et al., 2008). Due to other production bottlenecks, the digester can-

not be run always at maximum rotation, and its speed variation

must be below a certain threshold. This issue hardens considerably

our modeling task.

In the pulping process, another by-product is produced: the

weak black liquor. The production of this liquor is proportional

to the amount of pulp produced at the digester. From this point on-

wards, both products go through various transformation processes

separately from each other. The weak black liquor goes to an inter-

mediate buffer in the power plant and the (virgin) pulp is stocked

in tank volumes with certain capacities that act as buffers to

smooth downstream variations.

From the tanks, the virgin pulp is diluted and sent to the paper

machine where it is joined with recycled pulp to produce paper.

The recycled pulp is produced in the recycled pulp mill that refines

recovered newspaper, magazines and paper lost during paper ma-

chine setups. Similarly to the virgin pulp, the recycled pulp is

stocked in tanks and later diluted and then sent to the paper

machine.

The virgin and recycled pulp (with water) is fed together into a

paper machine where the paper is formed and the water is re-

moved from it by pressing and drying the sheet using air or heat.

Finally, the drying paper of a fixed grade-dependent width is

wound into a master reel (called jumbo) with a known diameter.

Each type of paper is characterized by the grammage expressed

in grams per square meter (g/m2), and the incorporation rate of vir-

gin and recycled pulp (in percentage). The higher the level the vir-

gin pulp is incorporated, the better the quality of the paper is. The

speed of the machine (meters of paper per minute) is dependent on

the type of paper being produced.

The configuration of the machine to produce a new type of pa-

per is sequence-dependent. Each setup leads to a loss in the pro-

duction process in terms of time and quantity of a lower quality

paper (as the machine is never idle, even during the switchover).

The wasted paper is fed again into the recycled pulp mill. As this

waste is to be minimized, our model must keep track of the paper

type sequence.

Finally, the jumbo follows to winder where it is cut into smaller

reels. Customers place orders for reels of different widths, grades

and given percentages of virgin fibers. Fig. 1 shows the main com-

ponents of the manufacturing process in the P&P mill.

As referred to before, the energy plant can provide steam, heat

and energy needed by the paper production process, that is, the en-

ergy plant acts as a co-generation system that uses the biomass

(concentrated liquors) as bio-fuel.

Indeed, parallel to the paper forming, the weak black liquor

coming from the digester goes to an intermediate tank before

being concentrated in the evaporator of given capacity. After this

stage, the concentrated black liquor goes through an intermediate

buffer and to a capacitated recovery boiler, where it is burnt, pro-

viding high-pressure steam. This steam can either be used for the

drying process of the paper or be led to counter-pressure turbines

which produce electrical energy (sold afterwards).

Since P&P is a capital intensive industry, the objective of the

planners is to maximize the plant’s throughput, while meeting cus-

tomers’ demands. Such goal enables the minimization of both

industrial costs and environmental impact (as the unit energy con-

sumption decreases). Therefore, the problem addressed in this pa-

per concerns the definition of the quantity of the paper to produce

in each period of time in order to satisfy a set of ordered reels,

grouped by the type of paper (grammage). The standard cutting-

stock problem that attempts to minimize the trim loss when the

master reels are cut into smaller ones is disregarded here, as this

last step is taken separately from the rest of the automatic produc-

tion line. Indeed, there are some large areas where the jumbos are

stocked temporarily before being cut. Nevertheless, we have to

take into account an expected value of the downstream trim loss

when planning the jumbos. In the P&P industry, the sequence of

grades in the paper machine constrains the output of the digester.

Therefore, the cooking speed of the digester can only be deter-

mined taking into account simultaneously the pulp and paper pro-

duction units. On the other hand, producing pulp in the digester

must be synchronized with the stages of the energy plant, espe-

cially evaporation and burning.

Thus, the model to be presented in the next section, has to syn-

chronize the material flow throughout the production and stocking

units of the pulp and paper mills, and energy plant.

4. Mathematical formulation for the integratedP&P production

planning problem

In this section, we present the first mixed-integer programming

(MIP) model for the integrated P&P production planning problem

of pulp, kraft paper and energy.
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The MIP is based on the General Lot Sizing Problem (GLSP) with

Setup Times proposed by Meyr (2000), but extended for the multi-

stage scenario with additional constraints. GLSP uses the concept

of the combined small-bucket-big-bucket approach. We have to

determine the production plan over a finite planning horizon con-

sisting of macro-periods (t = 1 . . .T) with a given length, where each

daily period t is divided into a fixed number of non-overlapping

micro-periods or subperiods jStj. Thus, the whole planning horizon

encompasses s = 1 . . .S subperiods, where S ¼
P

t jSt j, their lengths

are decision variables denoted by Ns (in our case expressed in

hours), which may be the null value. The time grid to be defined

(i.e. number of non-empty micro-periods and respective widths)

is common and fixed for all the resources and production stages.

This assumption makes the synchronization of the various produc-

tion units easier at a cost of needing a higher number of micro-

periods per period to gain enough flexibility to derive good-quality

plans.

In each subperiod, at most one type of paper is produced in the

paper machine. The features of each type of paper are its gram-

mage and quantity of incorporated recycled pulp. For the sake of

simplicity, hereafter we refer to grammage of paper as a combina-

tion of the thickness of the paper (the grammage itself) and the

proportion of virgin and recycled fibers. Paper changeover always

takes place at the beginning of each micro-period. The length of

each subperiod is then proportional to the quantity of production

lost in the setup (in case one occurs) and the amount produced

in s.

We divide the presentation of the MIP model into three subsec-

tions which reflect the main production steps of the overall manu-

facturing process, namely that related to the pulp mill, to the paper

mill and to the energy plant. The indices, parameters and decision

variables are defined when the model is being shown.

4.1. Kraft pulp mill

4.1.1. Digester

In the capital intensive paper industry the main aim is to max-

imize the production of virgin pulp. However, the digester cannot

be run at maximum speed due to the limited capacity of down-

stream production resources.

Thus, we have to determine the amount, in tonnes, of virgin

pulp to be produced by the digester in each subperiod s. This quan-

tity is proportional to the rotation speed of the digester, Vdig
s (ex-

pressed in rotations per minute - rpm). This speed is limited to

minimum and maximum thresholds, and is only allowed to vary

each time a maximum number of rpm to ensure the stability and

smoothness of the cooking process. Hence, Vdig
s ¼ Vdig

s�1 � D �U,

where U is the minimum possible speed variation and D a given

multiplier. U and D define the granularity of the digester’s speed

grid in each micro-period. For example, if Vdig
0 ¼ 12:0;D ¼ 1 and

U ¼ 0:5;Vdig
1 is limited to taking one of the following values: 11.5,

12.0 or 12.5.

In any sub-period s, the production of virgin pulp is propor-

tional to the speed Vdig
s and the respective length of the bucket

Ns. It should be mentioned that the digester is never idle. In order

to properly introduce the constraints linked to the decisions about

the speed of the digester, the production of virgin pulp and recy-

cled pulp, consider the additional indices and parameters:

v Index of digester’s rotation speed (v 2 1 . . .V)

V Number of speeds, that is proportional to

v
dig
max�v

dig
min

U�D þ 1

v
dig
max v

dig
min

� �

Maximum (minimum) speed of the digester (in

rpm)

spv Value of the speed indexed by v (e.g. sp1 ¼ v
dig
min

�

capt Capacity of period t (given in hours)

a Digester’s conversion parameter from rpm to

tonnes

Ydig
v ;0

1 if the digester is running at speed v at the
beginning of the planning horizon;

0 otherwise

8

<

:

xrrecymax xrrecymin

� �

Maximum (minimum) production rate of the

recycled pulp plant

(tonnes per hour)

In order to capture the production of the virgin and recycled

pulp mills, we need the following decision variables:

Ydig
vs

1 if the digester runs at speed v in sub-period s;
0 otherwise

�

Nhvs Number of hours that the digester works at speed v in

Fig. 1. The integrated energy, pulp and paper mill.
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sub-period s

Xdig
s

Output of the digester in subperiod s (tonnes of virgin

pulp)

Xrecy
s Output of the recycled pulp mill in subperiod s (tonnes

of recycled pulp)

The digester runs at the same speed throughout each subperiod

s. This feature is ensured by:
X

v

Ydig
vs ¼ 1 s ¼ 1 . . . S: ð1Þ

Naturally, the speed of the digester in subperiod s is implicitly

determined by Vdig
s ¼

P

v
sp

v
� Ydig

vs . Constraints (2) ensure a smooth

shift of the speed of the digester between two consecutive subperi-

ods, as follows:

Ydig
vs 6

X

vþD�U

k¼ðv�D�UÞk P 0

Ydig
k;s�1 s ¼ 1 . . . S: ð2Þ

The number of hours that the digester works at speed v is computed

by constraints (3) and (4). The latter also defines the length of each

subperiod s that is common to all resources.

Nhvs 6 capt � Y
dig
vs v ¼ 1 . . .V ; s ¼ 1 . . . S: ð3Þ

Ns ¼
X

v

Nhvs s ¼ 1 . . . S: ð4Þ

The sizes of the micro-periods of the same period altogether cannot

exceed the capacity of the respective period. Thus,
X

s2St

Ns ¼ capt t ¼ 1 . . . T: ð5Þ

As the pulp is continuously produced in the digester, the amount of

virgin fibers in subperiod s is proportional to the speed of the diges-

ter and the length of s is as follows:

Xdig
s ¼ a �

X

v

sp
v
� Nhvs s ¼ 1 . . . S: ð6Þ

4.1.2. Recycled fiber plant

As referred to before, the paper production process combines

virgin and pulp fibers. The proportion of each type of fiber deter-

mines the quality of the product. The production of the recycled

pulp plant (where the waste collected is refined), Xrecy
s , is limited

to the lower xrrecymin

� �

and upper bounds xrrecymaxð Þ, expressed in tonnes

per time unit. Thus, in each subperiod, Xrecy
s is constrained by (7)

and (8):

Xrecy
s P xrrecymin � Ns s ¼ 1 . . . S: ð7Þ

Xrecy
s 6 xrrecymax � Ns s ¼ 1 . . . S: ð8Þ

4.1.3. Pulp tanks

The tanks are used as intermediate buffers to stock virgin and

recycled pulp separately coming from the digester and refiner,

respectively, to prevent bottlenecks. Both tanks have limited stor-

age capacity and must be filled with stock over a minimum limit.

To represent these conditions, the following additional notation

is used:

Ivirg0 Irecy0

� �

Initial inventory of virgin (recycled) pulp

at the beginning of the planning horizon (ton)

Ivirgmax Iv irgmin

� �

Upper (lower) bounds on the virgin pulp stocked

in the tank (ton)

Irecymax Irecymin

� �

Upper (lower) bounds on the recycled pulp

stocked in the tank (ton)

To model the dynamics of the stock, we make use of additional

decision variables:

Iv irgs Irecys

� �

Inventory of virgin (recycled) pulp in the tank

at the end of micro-period s (ton)

Ov irg
s Orecy

s

� �

Output of virgin (recycled) pulp tank in micro-

period s (ton)

ISrecys
Quantity of pulp fed back to the tank

during the grammage changeover in s (ton)

The inventory balancing equations of virgin and recycled pulp

are given by constraints (9) and (10). In the case of recycled pulp

tanks, it is necessary to consider the recovery of the paper loss dur-

ing the grammage changeover (see constraints (10)).

Xdig
s þ Ivirgs�1 ¼ Ovirg

s þ Ivirgs s ¼ 1 . . . S: ð9Þ

Xrecy
s þ Irecys�1 þ ISrecys ¼ Orecy

s þ Irecys s ¼ 1 . . . S: ð10Þ

Both stock levels must be within the boundaries in each micro-per-

iod, ensured by:

Ivirgmin 6 Ivirgs 6 Ivirgmax s ¼ 1 . . . S: ð11Þ

Irecymin 6 Irecys 6 Irecymax s ¼ 1 . . . S: ð12Þ

4.2. Paper mill

The paper mill is responsible for converting the pulp (mixture of

recycled and virgin pulp) into final paper that is wound into the

jumbo and then cut into smaller reels. The main step is to form

the kraft paper in the paper machine.

The main features of paper are the grammage (or grade, in g/m2)

and the incorporation of fiber as a percentage of mixed pulp. These

characteristics determine the production rate of the papermachine,

the necessary incorporation of water and the width of the jumbo

(Lj). As an example, one of the most typical types of paper is the

grammage 115 g/m2 and 30% of incorporation of recycled fibers.

Hereafter, without loss of generality, we classify a paper as being

simply grammage j (that differentiates itself from different gram-

mage k by either the grade or the incorporation rate of fiber, or both

simultaneously). As the last step of the papermill process is not con-

sidered here (see Section 3), demand for the final products (ordered

reels) is aggregated by type of grammage. To anticipate the down-

stream averagewaste of the cutting process, we consider an average

trim loss of i. The additional nomenclature is introduced below:

Parameters and indices.

k, j = 1 . . .K Types of grammage

slkj Paper lost (setup cost) in a changeover from

grammage k to j (in ton)

stkj Time lost (setup time) in a changeover from

grammage k to j (with k– j)

bvirgj 1� bv irgj

� �

Percentage of virgin (recycled) pulp used in the

production of grammage j

fj Incorporation of water (moisture) in the pulp to

produce grammage j

pj Processing time to produce one tonne of

grammage j

Mj Large number for each grammage j

mj Minimum lot size of grammage j

Djt Demand for grammage j in period t (in ton)

i Average trim loss (in percentage)

Yj0 1 if themachine is set up for grammage j at the beginning
of the planning horizon;

0 otherwise
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Variables

Constraints (13) and (14) keep track of the usage of virgin and

recycled pulp, respectively, during the production and setup tasks

in each subperiod.
X

j

b
virg
j � ðfj � Xjs þ

X

k

slkj � ZkjsÞ ¼ Ovirg
s s ¼ 1 . . . S: ð13Þ

X

j

1� b
v irg
j

� �

� ðfj � Xjs þ
X

k

slkj � ZkjsÞ ¼ Orecy
s s ¼ 1 . . . S: ð14Þ

In the P&P mill, the amount of pulp lost during a grammage switc-

hover is fed back into the tank of recycled pulp and is traced by con-

straints (15).
X

j

X

k

slkj � Zkjs ¼ ISrecys s ¼ 1 . . . S: ð15Þ

It should be remembered that we make use of a common time grid

for all production resources. Constraints (16) define the size of each

micro-period as a function of the production and setup times of the

paper machine performed in that subperiod. These requirements,

together with (4), synchronize the time grid of the digester with

that of the paper machine in each subperiod.

X

j

pj � Xjs þ
X

k

stkj � Zkjs

 !

¼ Ns s ¼ 1 . . . S: ð16Þ

Constraints (17) represent the balance of inventory of grammage j

in period t. Demand that cannot be met by its due date may be

backlogged. The initial inventory of each grammage is null

IGþ
j;0 ¼ 0 8j

� �

. The term ð1� iÞ �
P

s2St
Xjs deducts the trim loss out

of the overall quantity produced.

ð1� iÞ �
X

s2St

Xjs þ IGþ
j;t�1 � IG�

j;t�1 � Djt ¼ IGþ
jt � IG�

jt ;

j ¼ 1 . . .K; t ¼ 1 . . . T: ð17Þ

Constraints (18) ensure that production of grammage j in subperiod

s occurs if the machine is set up for that grammage in sub-period s.

In that case, constraints (19) force a minimum lot size. As we rely on

a small-bucket type of model, from (20) at most one type of gram-

mage can be produced per subperiod. Constraints (21) relate the

changeover variables to the setup state variables.

Xjs 6 Mj � Y js j ¼ 1 . . .K; s ¼ 1 . . . S: ð18Þ

Xjs P mj � Y js j ¼ 1 . . .K; s ¼ 1 . . . S: ð19Þ
X

j

Y js 6 1 s ¼ 1 . . . S: ð20Þ

Zkjs P Yk;s�1 þ Y js � 1 j; k ¼ 1 . . .K; s ¼ 1 . . . S: ð21Þ

Furthermore, in case the production of two adjacent subperiods is of

the same grammage, the speed of the paper machine remains con-

stant. This assumption is motivated by industrial practice and given

by the following constraints:

Ydig
vs � Ydig

v;s�1

�

�

�

�

�

�
6
X

j

X

k;k–j

Zkjs v ¼ 1 . . .V ; s ¼ 1 . . . S: ð22Þ

4.3. Energy plant

Besides the virgin pulp, another by-product is produced during

the digester’s cooking process: black liquor. Through a set of inter-

mediate steps, the liquor is converted into steam that is directly

used to dry the paper or to produce electrical energy. Next, we

present the main variables and constraints that regulate this

process.

4.3.1. Evaporator of weak black liquor

To introduce the constraints related to the evaporation stage,

we consider the following parameters and variables:

Parameters

Iliquor0
Initial inventory of weak black liquor (m3)

Iliquormax Iliquormin

� �

Maximum (minimum) inventory of weak black

liquor in the buffer (m3)

Cevap Capacity of the evaporator to process the black

liquor (m3 per hour)

q Conversion parameter from rpm to m3

b Conversion parameter from weak black liquor

to m3 of concentrated black liquor

Variables

Xliquor
s

Quantity of weak black liquor produced by the

digester in subperiod s (m3)

Oliquor
s

Quantity of weak black liquor evaporated in subperiod

s by the evaporator (m3)

Iliquors
Inventory of weak black liquor at the end of subperiod

s (m3)

Xc:liq
s

Quantity of concentrated black liquor produced in

subperiod s (m3)

The amount of weak black liquor, X liquor
s , expressed in m3, is

proportional to the digester’s rotation speed (and therefore to the

virgin pulp output), and is given by constraints (23).

Xliquor
s ¼ q �

X

v

sp
v
� Nhvs s ¼ 1 . . . S: ð23Þ

The evaporator has a capacitated evaporation flow Cevap of volume

per unit of time. On the way from the digester to the evaporator,

there is a tank of weak black liquor that buffers the differences

between the throughput of the digester Xliquor
s and the quantity that

is evaporated in the same period of time, Oliquor
s . On the other hand,

Iliquors represents the amount of weak black liquor in the buffer in

each subperiod s, constrained by lower and upper bounds

Iliquormin and Iliquormax

� �

, respectively – see constraints (25). The inventory

balance equations on the weak black liquor are given by (24).

Constraints (26) ensure that the evaporation capacity of the evapo-

rator is not exceeded. Now, the output of the evaporation process is

the concentrated black liquor, Xc:liq
s that is proportional to the input

Oliquor
s , as given by constraints (27).

Xliquor
s þ Iliquors�1 ¼ Oliquor

s þ Iliquors s ¼ 1 . . . S: ð24Þ

Iliquormin 6 Iliquors 6 Iliquormax s ¼ 1 . . . S: ð25Þ

0 6 Oliquor
s 6 Cevap � Ns s ¼ 1 . . . S: ð26Þ

Xc:liq
s ¼ b � Oliquor

s s ¼ 1 . . . S: ð27Þ

4.3.2. Recovery boiler of concentrated black liquor

The specific constraints related to the burning stage of the con-

centrated black liquor are as follows:

ZkjsP 0 1 if a changeover from grammage k to j takes place
at the beginning of subperiod s;

0 otherwise

8
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Yjs 1 if the paper machine is set up for grammage j in subperiod s;
0 otherwise

�

Xjs Quantity of grammage j produced in micro-period s (ton)

IGþ
j;t

Inventory of grammage j at the end of period t (ton)

IG�
j;t Quantity of grammage j backlogged at the end of period t (ton)
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Xc:liq
s þ Ic:liqs�1 ¼ Oc:liq

s þ Ic:liqs s ¼ 1 . . . S: ð28Þ

Ic:liqmin 6 Ic:liqs 6 Ic:liqmax s ¼ 1 . . . S: ð29Þ

Oc:liq
s 6 Cr:boiler

burn � Ns s ¼ 1 . . . S: ð30Þ

Osteam
s ¼ r � Oc:liq

s s ¼ 1 . . . S: ð31Þ

Osteam
s 6 Cr:boiler

steam � Ns s ¼ 1 . . . S: ð32Þ

where

Parameters

Ic:liq0
Initial inventory of concentrated black liquor

(m3)

Ic:liqmax Ic:liqmin

� �

Maximum (minimum) holding stock of

concentrated black liquor in the buffer (m3)

Cr:boiler
steam

Capacity of the recovery boiler to produce steam

(tonnes per hour)

r Conversion factor of concentrated black liquor to

steam

Cr:boiler
burn

Burning capacity of the recovery boiler (m3 per

hour)

Variables

Ic:liqs
Inventory of concentrated black liquor at the end

of subperiod s (m3)

Oc:liq
s

Quantity of concentrated black liquor to be burnt

(m3)

Osteam
s

Quantity of steam produced in the recovery

boiler (in ton)

The concentrated black liquor goes through a buffer (see

Fig. 1) to smooth downstream variations, before being burnt in

the recovery boiler to produce steam, some chemicals and energy.

Similarly to the buffer of the evaporator, the tank of concentrated

black liquor plays an important role when the recovery boiler

does not have sufficient capacity to burn all the black liquor com-

ing from the evaporator and/or to produce the respective steam.

The respective tank mass balance equations are given by con-

straints (28), while the storage capacity of the buffer is ensured

by (29). The burning capacity of the recovery boiler is expressed

in tonnes of dried solid content of black liquor (directly converted

from the volumetric variable Oc:liq
s

�

. Constraints (30) ensure that

the burning capacity is limited to each time. Finally, the steam

generated by the recovery boiler is proportional to the amount

of dry solid content that is burnt at each time, as indicated in

(31). The steam output cannot exceed an upper limit – see

constraints (32).

4.4. Objective function

Process industries are capital intensive leading to a strong focus

to improve efficiencies and reduce costs to remain competitive. It

is imperative that demand is satisfied in the most cost effective

manner. The main operational driver is to maximize facilities

throughput by means of a specialization of processes to decrease

downtimes (see Almada-Lobo et al., 2010).

The short-term production planning and scheduling problem

faced by the integrated P&P companies aims at finding production

orders that maximize the virgin pulp produced (which is weighted

in economical terms), while meeting as much as possible a deter-

ministic demand at a minimum cost. The latter includes the cost

of holding stock of each type of grammage, the cost of backlogging

unmet demand and the cost of switching over grammages in the

paper machine. Expression (33) represents the weighted sum of

the objective function that must be minimized.

min
X

j

X

t

wþ
jt � IG

þ
jt þ

X

j

X

t

w�
jt � IG

�
jt þ

X

j

X

k

X

s

kkj � Zkjs

�
X

s

#s � X
dig
s ; ð33Þ

where wþ
j;t ; w�

j;t ; kkj and #s denote the weights that aggregate the

multiple objectives into a single monetary one.

5. Solution method

The production planning and scheduling addressed here is a

hard combinatorial problem. The computational complexity of

the resulting MIP model described in Section 4 (the underlying

problem is NP-hard) makes use of efficient heuristic strategies

mandatory to solve P&P real-world instances. A state-of-the-art

optimization engine (CPLEX 12.2) delivered poor quality solutions

even after several hours of running.

To solve this problem, we used recent mathematical program-

ming-based heuristics that are quite flexible and could be easily

adapted to address model extensions (such as new production re-

sources or additional operational constraints not included). As we

did not explore the whole solution space, we could not prove opti-

mality. Nevertheless, the quality of our solutions have proved to be

a significant breakthrough for the company. Our two-step ap-

proach is based on a MIP-based construction heuristic followed

by a MIP-based improvement heuristic.

In order to create an initial solution to our problem we rely on a

procedure based on the well-known relax-and-fix (RF) framework

(Pochet and Wolsey, 2006). The RF framework decomposes a large

MIP into a number of smaller partially relaxed MIP subproblems

(thus reducing the number of binary variables to be dealt with

simultaneously), which are solved sequentially. We used a time-

stage partition (i.e. a rolling horizon procedure), always starting

from the first period on a forward shifting move. The binary vari-

ables were progressively fixed at their optimal values obtained in

earlier iterations.

The RF heuristic can be parameterized in many ways. Most of

the researchers divide the planning horizon into non-overlapping

intervals (e.g. Ferreira et al., 2009; Stadtler, 2003). Nevertheless,

our scheme is based on the results published by Merce and Fontan

(2003) and Absi and Kedad-Sidhoum (2007), making use of inter-

vals that do overlap. In our approach, the total number of subperi-

ods s⁄T is decomposed into Q intervals of widthx. Additionally, let

c be the number of overlapping subperiods of two consecutive

windows that entail decisions that were determined in the previ-

ous iterations, but are to be re-solved, smoothing the heuristic

solution. Note that NF =x � c defines the length of the anticipation

horizon and therefore the number of iterations of the heuristic. Let

tik and tfk denote the initial and final subperiods of the interval at

step k. All the binary variables are restricted to be integer from tik
up to tfk, and from tfk þ 1 onwards Ydig

v ;s and Yjs are relaxed to being

real numbers. At the end of this iteration, the subset of variables

Ydig and Y are fixed up to tfk � c.
On the other hand, the MIP-based improvement heuristic is

based on the exchange heuristic of Pochet and Wolsey (2006).

Here, the decomposition scheme for the integer variables is the

same as before, but does not relax any binary variable in the sub-

problems. At each step, the binary variables are fixed at their best

value found in the previous iterations, except for the variables of

the partition to be optimized. The partitions are also solved in a

temporal sequence. When the last one is solved, and in the case

where a better solution is found, the exchange procedure is re-

peated until a local optimum is reached. Helber and Sahling

(2010) and Sahling et al. (2009) used the same heuristic to tackle

multi-level capacitated lotsizing problems.
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The way the solution space is partitioned in the exchange or

also called the fix-and-optimize heuristic is deterministic which

may lead to poor local optimum. Here, instead of working with

such a rigid structure of a progressive time interval, we make use

of the idea proposed in James and Almada-Lobo (2011) of ran-

domly selecting the subMIPs within a stochastic fix-and-optimize

framework. The probability of selecting each subMIP is based on

two factors: the frequency and the recency of the subMIP being se-

lected. The more frequent and more recent a period is used (given

by the number of runs the period was selected and the number of

iterations since the last selection, respectively), the lower the prob-

ability of selection, which is proportional to a weighted average of

these two factors. The search also keeps track of which period com-

binations have been solved without any improvement in the solu-

tion quality. A period will not be selected if it has already been

used and the current objective value was obtained. If all period

combinations have been tried and there has been no improvement

in the solution, then we are at a local minimum and the heuristic

will terminate. For a detailed description of the algorithm and pos-

sibilities to move the search out of a local minimum, the reader is

referred to James and Almada-Lobo (2011).

6. Computational results

In this section, we present and analyze the results of production

plans generated by the aforementioned solution method in real-

world instances collected from a major Iberian integrated pulp

and paper mill company. The instance considers 13 types of paper

classified according to their quality and grammage. The grammage

spectrum varies from 115 to 300 g/m2. Ten types are standard

types of paper containing 65% of virgin pulp in their composition

(hereafter denoted as 115, 125, 135, . . ., 300) and the other three

types include 65% of recycled pulp (denoted as R115, R140, R165).

An average moisture (incorporation of water into the pulp mix-

ture) of 7.5% is considered for all types of paper. The planning hori-

zon consists of 10 days (macro-periods). However, non-zero

demand occurs only in the first six periods. We consider four

additional time periods due to the significant initial backlogs,

which account for 4100 ton (62% of the overall demand). In

Fig. 2, we present for each day the demand figures per type of

grammage.

It should be remembered that from Eq. (20), at most one type of

paper can be produced in each subperiod. In practice, it is very rare

to have more than three different grammages being produced on

the same day. Therefore, each day is divided into 3 subperiods,

totalizing 30 subperiods along the horizon (jStj = 3, for every t

and S = 30).

The weighted linear objective function (33) was used with the

following parameters: w�
j;t ¼ 0:001; wþ

j;t ¼ 0:0001; kkj ¼ slkj (i.e.

equal to the setup times involved in the changeover) and

#s = 0.001, for backlogs, inventory levels, setups and virgin pulp

production, respectively. This set of values was based on the com-

pany’s knowhow and feeling.

The proposed heuristic was coded in Visual C++ .NET 2005, and

the commercial package CPLEX 12.2 was used as the mixed integer

programming solver. For the stochastic MIP-based heuristic, we

have set the number of subperiodsx to solve at each iteration time

to nine (containing three periods), the overlapping parameter c to

four subperiods, while the recency and frequency were set to 0.5.

This set of parameters was based on pre-testing and on the results

provided by James and Almada-Lobo (2011). Each subMIP has a

120 s time-limit and the stopping criterion is 20 iterations without

improvements.

Our goal is to assess the impact of having a production plan

generated by a procedure that integrates all the critical resources

involved in the pulp, paper and energy production simulta-

neously. Firstly, we show a solution to the integrated problem.

Secondly, and as usually performed by the planner in practice,

we analyze a solution to the pulp and paper planning problem,

without taking into consideration the energy plant. The plan for

this last step is done afterwards, given the inputs of the upper le-

vel solution.

6.1. Computational results considering all production units

Figs. 3–8 illustrate the production plans of the main resources

involved in the P&P mill. They replicate indicators that are taken

into account by the planner in practice. Some outputs are discret-

ized in days (e.g. Fig. 3 depicts the daily aggregated production of

the digester – the x axis varies from 1 to 10), while other figures

show the dynamics within the day (e.g. Fig. 4 for the speed of

the digester – the x axis goes from 0 to 10). The horizontal lives

plotted in grade Figures (Figs. 3–5, Fig. 7b, Fig. 8b and Fig. 9a) rep-

resent the limits of the output variables introduced before due to

production environment constraints. Fig. 3 shows the production

of virgin pulp by the digester during the planning horizon of

Fig. 2. Demand (ton/day).
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10 days and the respective speeds in rpm over time. Fig. 4 depicts

the stocks of virgin pulp at each time period, while the production

and stock of recycled pulp can be observed in Fig. 5. Considering

the paper machine, Fig. 6 reports the sequence of the grammage

campaigns and the daily production of paper by the machine.

The following figures are related to resources of the energy plant.

Fig. 7a shows the weak black liquor produced by the digester (pro-

portional to the speed of the digester – see profile in Fig. 3) and the

quantity that is evaporated on each day. The imbalance between

the evaporator capacity and the black liquor production is buffered

by tanks, whose stock levels along the planning horizon are repre-

sented in Fig. 7b. Finally, Fig. 8a shows the concentrated black li-

quor that results from the evaporation stage and the respective

quantity that is to be burnt on each day. Once again, the imbal-

ances between the recovery boiler capacity and the quantity of

concentrated black liquor to be processed are smoothed by a tank

– the respective inventory levels are presented in Fig. 8b.

Regarding the speed of the digester, as only smooth changes are

allowed, the solution suggests a slight speed increase in the begin-

ning of the planning horizon, more specifically in the first six mi-

cro-periods, considering an initial given speed of 12 rpm. On the

third day, there is a slight decrease in its speed and, consequently,

in the production of virgin pulp due to grammage changeover from

standard paper (with 65% of virgin pulp – grammage 125) to paper

that only includes 35% of virgin fibers (grammage R140) – see

Fig. 6. As the paper machine pulls less virgin pulp, even with a

reduction in the digester’s output, it is clear from Fig. 4 that the

respective stocks increase during campaigns R140 and R115. After

these campaigns, the speed of the digester increases and stabilizes

at 13.25 rpm. It will be clear later the reason why the digester can-

not be run at full speed. On the other hand, during the R140 and

R115 campaigns, the paper machine demands a rate of recycled

pulp above the refiner capacity – see constraints (8). Therefore,

the pulp tanks have to raise their levels before the start of R140,

during day 2, as can be observed in Fig. 5. In every other situation,

the recycled paper mill works only to meet the gross requirements,

keeping a low stock level (see Fig. 5).

With regards to the thickness of the paper, for the lowest gram-

mages, as the paper becomes heavier, the amount of pulp pro-

cessed (tonnes per time unit) increases. For instance, the

machine processes around 38 ton/h of grammage 115 g/m2, 42 of

grammage 125 g/m2, 45 of 135 g/m2 and 47 of 140 g/m2. From

grammage 170 g/m2 onwards, the processing rate of the machine

tends to 51 ton/h. Even though the paper is heavier, the speed of

Fig. 3. Digester: production of virgin pulp (a) and speed (b).

Fig. 5. Recycled pulp mill: production and stock of recycled pulp.

Fig. 4. Digester: stocks over time (ton).
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the machine in meters of paper per minute has to be reduced in or-

der to avoid breaking the fibers. In this solution, the digester runs

at a maximum speed (13.5 rpm) when the machine is producing

campaigns 275 and 300 g/m2 (see Fig. 3b and Fig. 6a). The reader

should also note that at the end of the planning horizon the stock

virgin pulp is at the minimum level. The inventory of pulp only in-

creases or remains stable during the R115, R140 and 115 cam-

paigns. Clearly, both lighter paper and lower quality paper

campaigns play an essential role to match the digester’s capacity

with the paper machine requirements. The decision of where to

place these campaigns in the planning horizon is one of the most

difficult operational issues that the planners must address in

practice.

It should be remembered that the objective function of the

underlying MIP model of our problem includes a term of se-

quence-dependent setup costs. To minimize these losses, the

Fig. 6. Paper machine: sequence of grammage (a) and production of paper (b).

Fig. 7. Weak black liquor: input from digester and output to evaporation unit (a) and stock (b).

Fig. 8. Concentrated black liquor: input from evaporation and Output to recovery boiler (a) and stock (b).

10 M.O. Santos, B. Almada-Lobo / Computers & Industrial Engineering 63 (2012) 1–12



grammage of the paper should increase or decrease gradually for

the same quality of paper. In addition, the changeover times be-

tween papers with different incorporation rates of pulp are signif-

icant. The sequence illustrated in Fig. 6 shows a sinusoid, as it

appears to describe a smooth repetitive oscillation between lighter

and heavier grammages in an attempt to minimize sequence-

dependent setups.

In what concerns the energy plant, Fig. 7 demonstrates that the

evaporation unit is currently a bottleneck of the manufacturing

system. Even when the unit is running at a maximum pace, it is

not able to process all the weak black liquor coming from the di-

gester. As a result, the liquor tank acts as a buffer, but its level

keeps increasing until the end of the planning horizon, when it

reaches the maximum storage capacity. This hard constraint limits

the speed of the digester, as observed before. Using a rolling hori-

zon procedure, the need to reduce the digester’s speed in the next

planning periods and, consequently, decrease the virgin pulp pro-

duction and the output of the paper machine (lower number of

jumbos) can be clearly seen.

Finally, the recovery boiler also reveals a lack of capacity to

burn all the concentrated black liquor, coming from the evaporator

unit running at cruise speed. Note that these liquor tanks (see

Fig. 8) saturate right at the end of the horizon.

6.2. Computational results without some energy plants’ constraints

In the previous section, we demonstrated that the output of the

digester (and ultimately the paper mill) and the production cam-

paign sequence in the paper machine are severely constrained by

the resources of the energy plant, namely the evaporator, recovery

boiler and silos of weak and concentrated black liquor. This justi-

fies the need for an integrative approach of the planning of pulp,

paper and energy production.

Hereafter, we show what a production plan would look like

when some requirements are relaxed. We have removed the upper

storage limits of the tanks of both type of black liquors. This is

equivalent to an investment in the processing rate of the evapora-

tor and of the recovery boiler (increasing their capacity), or directly

in the number of tanks that stock the liquor. Without the tank lim-

its, from Fig. 9 we can see that the speed of the digester increases at

a rate of 0.25 rpm per subperiod (the maximum speed shift al-

lowed here), until it reaches 13.5 rpm in the sixth subperiod. With-

out the energy plant constraints, the digester keeps producing with

maximum throughput until the end of the planning horizon. Look-

ing at the sequence of production campaigns, we have a sinusoid

once more. However this time the grammage switchovers are eas-

ier and oscillation is smoother (setup costs are lower).

These results show the high dependence of the main resources

at a P&P mill, and enhance the need for integrated approaches to

evaluate potential investments in installed capacities of these re-

sources. Regarding the case study that motivated our work, the

company should expand the energy plant facilities, as the current

ones are hindering the output of the paper mill. This model can

help managers to decide which resources to invest in and to what

extent.

7. Conclusions

Some crucial industrial features of pulp and paper mills have

been ignored by researchers not only for solvability reasons, but

also due to the inherent complexity of the modeling phase. As an

example, the strong interdependence between the manufacturing

resources involved in the production of pulp, paper and energy

has not been addressed so far. Because of this, the most critical

equipment in the P&P mill, the digester, is not run at its maximum

possible speed. Moreover, the fact that the market is changing and

customers are now demanding lighter paper (lower grades) with a

much higher incorporation of recycled fibers have brought about a

need for a switch in the planning process of the P&P companies. It

is mandatory that standard models are refined and extended to

effectively reflect reality. Planners must perform an integrated

planning of the resources to identify, for instance, if it is imperative

to debottleneck the recovery boiler due to the complex energetic

integration of the kraft process or to increase the capacity of the si-

los, amongst other important decisions. The recent fall of P&P

prices forces companies to streamline their operation costs in order

to survive. The planning challenge we tackle here is then the syn-

chronization of the material flow as it moves through the pulp, en-

ergy and paper making to meet customer demand and to minimize

operations costs. We have developed a novel mathematical formu-

lation to this problem based on the hybrid big-bucket-small-buck-

et lotsizing and scheduling model. Our formulation can be useful as

a starting point to model other multi-stage lotsizing problems. We

have implemented an efficient MIP-based local search heuristic to

generate good quality solutions in realworld instances. The algo-

rithm essentially solves a series of biased selected subMIPs of dif-

ferent dimensions in an iterative fashion. Finally, we discuss the

need for this approach by showing the differences between

integrated and non-integrated production plans. We hope this

paper motivates the reader to carry out further research in this

interesting and challenging problem and industry. Future work

could attempt to identify the best grammage sinusoid to achieve

the long-term equilibrium of the main production resources.

Fig. 9. Digester’s speed and paper machine campaign scheduling without some energy plants’ constraints.
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