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This work considers the optimal production planning and scheduling problem in beer

production facilities. The underlying optimization problem is characterized by signifi-

cant complexity, including multiple production stages, several processing units, shared

resources, tight design and operating constraints and intermediate and final products. Brew-

eries  are mainly differentiated to the rest of the beverage industries in terms of long lead

times required for the fermentation/maturation process of beer. Therefore, synchronizing

the  production stages is an extremely challenging task, while the long time horizon leads

to  larger and more difficult optimization problems. In this work we present a new MILP

model, using a mixed discrete-continuous time representation and the immediate prece-

dence framework in order to minimize total production costs. A number of test cases are

used to illustrate the superiority of the proposed model in terms of computational efficiency

and  solution quality compared with approaches developed in other research contributions.

The  proposed model provides consistently better solutions and improvements of up to 50%

are  reported. In order to address large-scale problem instances and satisfy the computation

limitations imposed by the industry, a novel MILP-based solution strategy is developed, that

consists of a constructive and an improvement step. As a result, near-optimal solutions

for  extremely large cases consisting of up to 30 fermentation tanks, 5 filling lines and 40

products are generated in less than two hours. Finally, the proposed method is successfully

applied to a real-life case study provided by a Greek brewery and near-optimal schedules
are  generated in relatively short CPU times.

© 2020 Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.
1.  Introduction

Current markets are characterized by increased competitive-
ness that forces industries to operate with miniscule profit
margins. Moreover, intense cost pressures lead to the need of
removing buffers and reduce stock of inventories. Especially
in the food and beverage industries market trends call for
an increased and highly volatile demand of a large number
of high-quality products. Therefore, a more  flexible and agile
industrial production is critical for the viability and future
growth of all industries. A holistic improvement and man-

agement of the production process can be achieved through
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efficient production planning and scheduling. This is a crucial
decision-making process that is concerned with the allocation
of scarce resources (e.g. equipment, utilities, manpower etc.)
among competing activities over a given time horizon, in order
to optimize one or more  objectives (Pinedo, 2016). The quality
of the production plans and schedules significantly affect the
supply chain in its operational level. Efficient production plan-
ning and scheduling is extremely beneficial to all industries,
since some of the induced benefits are increased productivity,
lower production costs and reduced energy needs and waste.
Therefore, a systematic way to take planning and scheduling
decisions should be a cornerstone to any company that seeks
to achieve economic and environmental sustainability.

Digitalization of manufacturing is attracting a lot of atten-

tion within all process industries, such as food and beverage,
chemicals, pharmaceuticals, etc., and is expected to have a
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http://www.sciencedirect.com/science/journal/09603085
www.elsevier.com/locate/fbp
http://crossmark.crossref.org/dialog/?doi=10.1016/j.fbp.2020.11.008&domain=pdf
mailto:mgeorg@auth.gr
https://doi.org/10.1016/j.fbp.2020.11.008


Food and Bioproducts Processing 1 2 5 ( 2 0 2 1 ) 204–221 205

s
e
s
m
d
s
f
d
c
t
a
u
c
s
t
c
t
d
H
t
s
s
a
e
e
p
i
a
r
d
l
e
l
e

r
d
(
b
s
s
(
b
o
o
p
t
a
r
t
t
e
i
a
p
t
m
i
r
t
t
i
e
c

proposed optimization-based solutions for the integrated pro-
ignificant impact on how the industry operates (Isaksson
t al., 2017). However, the current industrial reality is different,
ince in most cases the production schedules are generated
anually by the production engineers and the operators. The

ecision-making process and consequently the quality of the
chedules is dependent on rules and heuristics that stem
rom the engineers’ experience and understanding of the pro-
uction process. Real-life scheduling problems are extremely
omplex since they consider complicated production facilities
hat comprise of multiple processing stages, parallel machines
nd production routes, an ever-expanding product portfolio,
tilities (e.g. cold water, steam, electricity, etc.) and numerous
onstraints. Therefore, the manual generation of production
chedules becomes an extremely difficult and tedious task,
hat requires, on a daily basis, a significant effort. In some
ases, industries utilize commercially available scheduling
ools (Intelligen Inc, 2020), in order to automate the proce-
ure and to generate fast and feasible production schedules.
owever, the schedules are created based on simple heuristics

hat solely ensure their feasibility. Consequently, either when
chedules are manually generated by the engineers or when
imulation-based tools are employed, the extracted solutions
re far from being optimal. Furthermore, generated and later
xecuted schedules cannot be evaluated in terms of their
fficiency, so production managers cannot assess the true
otential benefits realized on the plant. As a result, productiv-

ty is reduced, resources are often underutilized, customers
re dissatisfied and there are significant profit losses, which
esult to a decrease in the industries’ competitiveness. The
eployment of optimization-based tools in industrial prob-

ems can address these issues by assisting the production
ngineers into systematically improving their decisions, thus
eading to important economic, environmental and social ben-
fits (Harjunkoski, 2016).

The importance of production scheduling has been long
ecognised by academia and a plethora of contributions across
ifferent scientific communities can be found in the literature

Harjunkoski et al., 2014). An abundance of optimization-
ased algorithms has been proposed to address the production
cheduling problem. Most of them express the production
cheduling problem as a mixed-integer linear programming
MILP) problem, since it has been proved to be extremely flexi-
le and rigorous, while ensuring optimality. The initial efforts
f academic research have been focused on the introduction
f general algorithms that would cover all types of scheduling
roblems. These efforts resulted into two major break-
hroughs, the State-Task-Network (STN) (Kondili et al., 1993)
nd the Resource-Task-Network (RTN) (Pantelides, 1994). Both
epresentations were generic enough and allowed researchers
o efficiently address arbitrary networks of processes while
heir utilization resulted into simple discrete time MILP mod-
ls. These seminal works inspired many  researchers to further
nvestigate the production scheduling problem, leading to

 large number of contributions utilizing the basics of the
roposed mathematical programming framework. However,
he pursuit of academia to propose a unified general mathe-

atical framework has been quickly abandoned, due to the
ntrinsic diversification of scheduling problems. Therefore,
esearch turned to the development of MILP models that
ake advantage of problem and industry-specific characteris-
ics (e.g. production and market environment, process type,
nteraction with other planning functions, storage policies
tc.). Based on the way sequencing and timing of tasks are

onsidered, the emerged MILP models are categorized into
precedence-based and time-grid based. In precedence-based
models, the representation of time is continuous, while the
timing and sequencing constraints are expressed as prece-
dence relationships between batches/lots, that can be either
enforced between all pairs of batches (general precedence
models) (Mendez and Cerda, 2004) or only between consec-
utive pairs (immediate precedence models) (Méndez et al.,
2000). On the contrary, time-grid based models enforce tim-
ing and sequencing constraints by utilizing a single (Giannelos
and Georgiadis, 2002) or multiple (Velez and Maravelias, 2013)
external time references on which events (e.g. starting of a
task) are mapped. Depending on the representation of time,
these models are further classified into discrete (Yee and Shah,
1998) and continuous (Pinto and Grossmann, 1995; Castro
et al., 2001). Both time representations display unique advan-
tages and drawbacks. Discrete-time formulations can be easily
applied to model features common to any industry, such as
inventory levels, material balances and availability of utilities
without introducing any non-linearities. However, high qual-
ity solutions require a fine discretization of time, which results
into large models that often become intractable. This led
researches into investigating continuous-time models (either
time-grid based or precedence-based), especially when deal-
ing with large production scheduling problems, since they
tend to generate models that require fewer variables, while
providing more  precise solutions. A major disadvantage of
continuous models compared to their discrete counterparts
is that monitoring of material balances is not straightforward
and may lead to nonlinear models. However, recently Cerdá
et al. (2020) proposed a novel precedence-based model for opti-
mal  scheduling of multiproduct batch facilities that allows
batch mixing and splitting as well as monitoring of inven-
tories, without the need of introducing a discrete time grid.
In recent years hybrid algorithms that take advantage of the
strengths of both approaches have been proposed (Lee and
Maravelias, 2018, 2019). An excellent review on the available
MILP modelling approaches for production scheduling can be
found in Méndez et al. (2006).

Production planning and production scheduling are two
distinct but highly interconnected problems, since the out-
put of the planning level is the input of the scheduling level.
In particular, the planning level sets the production goals of
the scheduling level. Their main differences lie on the stud-
ied time horizon and the type of decisions made. On  the
one hand, production planning problems have a time hori-
zon of weeks to months, while batching/lot-sizing decisions
are made to define production and inventory levels that ful-
fil the given orders at a minimum cost. On the other hand,
the time horizon of production scheduling problems is much
shorter (hours to a week), while the decisions made are
more  detailed and concern the unit allocation, timing and
sequencing of processing tasks. The integrated production
planning and scheduling problem displays a high combina-
torial complexity, therefore early studies have mostly focused
on separately addressing the two sub-problems. However, it
has been clearly illustrated that the integrated and coordi-
nated decision-making process across the various levels of
manufacturing supply chain can yield a significantly improved
overall economic performance (Castro et al., 2018). This is
further enforced by the digitalization of manufacturing that
allows for a seamless information flow between the various
levels of decision-making. In recent years many  studies have
duction planning and scheduling problem (Li and Ierapetritou,
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the general discrete and continuous algorithm (DCA) (Lee and
2010; Kopanos et al., 2011; Aguirre et al., 2017), with a few of
them illustrating implementations in industrial case studies
(Kopanos et al., 2010; Sel et al., 2015).

All scheduling problems are NP-hard meaning that no
known solution algorithm exists that is of polynomial com-
plexity in the problem size (Kallrath, 2002). Despite the
persistent efforts of the scientific community that led to
efficient and improved modelling frameworks (Mostafaei
and Harjunkoski, 2020; Lee and Maravelias, 2017; Janak and
Floudas, 2008; Castro et al., 2004), the direct application
of commercial solvers (e.g. CPLEX) has been illustrated to
the solution of small- to medium-sized problems which in
most cases do not represent the industrial reality. Real-life
industrial problems are usually characterized by significant
complexity, thus resulting in large MILP models that are com-
putationally intractable. Another important consideration in
industrial applications is the tight computational limitations.
Managers and operators require methods that can promptly
generate production schedules. This way the decision-making
process can be agile in case of production disruptions e.g.
machine breakdown, cancellation of an order etc. Further-
more,  the scheduling solutions can be used to perform what-if
analyses, which often offer important managerial insights.
These industrial considerations guided many  researchers into
suggesting alternative methods, such as rule-based schedul-
ing (Pierreval and Mebarki, 1997), variable neighbourhood
search (Almada-Lobo et al., 2008), evolutionary algorithms
(Pezzella et al., 2008), timed automata (Panek et al., 2008)
and tabu-search (Zhang et al., 2007), which generate fast
and feasible schedules, but cannot ensure optimality. A very
successful approach is the combination of mathematical pro-
gramming with decomposition techniques that reduce the
size of the initial problem, thus large industrial problems can
be solved in acceptable computational times, while providing
near optimal solutions. Bassett et al. (1996) proposed multiple
time-based decomposition algorithms that can address large-
scale scheduling problems. A temporal decomposition scheme
has been also suggested by Dimitriadis et al. (1997), through
the employment of an RTN-based rolling horizon algorithm.
A two-step decomposition algorithm that is based on the
idea of quickly constructing an initial feasible solution that
is later improved through reallocation or reinsertion actions
have been initially proposed by Roslöf et al. (2000). Inspired
by this work, Kopanos et al. (2010) successfully addressed the
production planning and scheduling problem of a yoghurt
production line. The scheduling problem of a pharmaceu-
tical industry has been tackled by Stefansson et al. (2011)
through a spatial decomposition strategy which sequentially
optimized the schedule for each processing stage. Aguirre
et al. (2017) proposed an iterative-improvement algorithm
in combination with a rolling horizon algorithm to address
the integrated planning and scheduling problem of multi-
stage plants. Borisovsky et al. (2019) were able to achieve
significant reductions in changeover times for real-life appli-
cations by proposing a novel MILP-based solution method
that combined an evolutionary algorithm and a decomposi-
tion technique. In recent years, order-based decomposition
approaches have successfully addressed large scale, real-
life industrial applications. Elekidis et al. (2019) proposed
two MILP-based decomposition strategies for the scheduling
problem of a large consumer goods industry. The authors
achieved great changeover reductions, improving the overall
plant productivity. Georgiadis et al. (2020) proposed a three-

step scheduling solution based on an aggregated MILP model
to consider a large multistage food industrial facility. Recently,
Basán et al. (2020) addressed the scheduling problem of flexi-
ble manufacturing plants that involve multiple multipurpose
units. They developed an MILP-decomposition algorithm to
integrate optimal scheduling with redesign options, in order
to avoid bottlenecks and ensure a balanced production.

Many practical cases of optimization-based scheduling can
be found in the open literature for a wide variety of indus-
trial sectors, such as food industries (Georgiadis et al., 2019a),
chemical (Nie et al., 2014), pharmaceutical (Liu et al., 2014),
steel (Gajic et al., 2017) and consumers goods industries (Van
Elzakker et al., 2012). Despite the wide range of real-life appli-
cations, the industrial need for new optimization schemes is
still growing. Many  open issues remain for the efficient indus-
trial application of optimization-based scheduling solutions.
Most importantly, the majority of the applications are lim-
ited in handling small or medium sized study cases, rather
than realistic large-scale industrial problems. Other remain-
ing challenges are related to issues such as the reduction of
the required computational time, dynamic rescheduling, the
connection with the plant’s IT infrastructure e.g. ERP system,
and the interactive visualization of the generated sched-
ules through the incorporation of the suggested methods
into proper computer-aided tools. A comprehensive review
on optimization-based scheduling of real-life industrial case
studies, alongside an analysis on the major issues that impede
their application can be found in Georgiadis et al. (2019b).

Beverage industrial facilities display specific production
characteristics e.g. multiple mixed batch and continuous pro-
cesses, an ever-expanding product portfolio, intermediate due
dates, etc., that make the optimal production planning and
scheduling of real-life industrial problems extremely chal-
lenging. Only few contributions have addressed the integrated
production scheduling of the soft drink industry, using either
optimization-based (Ferreira et al., 2009, 2012; Sel and Bilgen,
2014; Toscano et al., 2020) or non-exact methods (Toledo
et al., 2009). The optimal production scheduling of breweries
is an even more  difficult problem. This originates mainly
from the very long lead times that typically characterize
these industries. In particular, liquid preparation (fermenta-
tion and maturation) lasts from 3 to 41 days, therefore, a
long planning and scheduling horizon is necessary making the
synchronization of the various processing stages a very diffi-
cult task. Moreover, larger models are unavoidably generated
which become intractable when studying real-life industrial
cases. As a result, few works have addressed the produc-
tion planning and scheduling problem in breweries. Kopanos
et al. (2011) proposed a novel mixed discrete-continuous MILP
model for the optimal production planning and scheduling
of parallel continuous processes. The proposed model effec-
tively addressed industrial-scale problems of a real brewery,
requiring very low computational times. However, their anal-
ysis focused solely on the bottling lines and was based on
the assumption that the packing stage constitutes the pro-
duction bottleneck, which is not always the case. Baldo et al.
(2014) were the first to study the optimal integrated production
planning and scheduling problem of a beer production facility.
They assumed that the production can be divided into two pro-
cessing steps, liquid preparation and bottling. Based on this
valid simplification they developed a novel MILP model and
proposed MILP-based heuristics to solve large-scale problems.
Recently, Maravelias et al. (Lee and Maravelias, 2020) employed
Maravelias, 2018) for the optimal production lot-sizing and
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Fig. 1 – Description of th

cheduling of a large brewery. The authors modelled the beer
roduction as a four-stage problem including brewing, fer-
entation, maturation and bottling and optimized schedules
ere generated. Due dates were not modelled, rather monthly
roduction targets were imposed, and the main objective was
rofit maximization.

The main contribution of this work is the development of a
ovel optimization-based solution approach for the integrated
lanning and scheduling problem of breweries. A new MILP
odel based on a mixed discrete-continuous time represen-

ation is developed. In order to reduce the size of the generated
odel, the production bottlenecks of the process are explic-

tly modelled, while the considered horizon is divided into two
ub-horizons. In the first one a detailed optimal production
chedule is extracted, and in the second only planning deci-
ions are taken. To the best of our knowledge the only model in
he literature that addresses this problem has been proposed
y Baldo et al. (2014). An extensive analysis is included that
roves the superiority of the developed model both in terms
f solution quality and computational time. However, the large
umber of involved tanks, production lines and products and
ost importantly the large lead times, lead to computationally

ntractable models especially when dealing with industrial
ases. Therefore, we propose a novel solution strategy that
onsists of a constructive and an improvement step. In the first
tep an initial solution is generated which is then improved
n the second step of the proposed algorithm. Finally, the pro-
osed model and solution strategy is successfully applied to an

ndustrial case study concerning a large Greek beer production
acility.

The rest of this work is organized as follows. In Section 2
he beer production process is described in detail and the opti-

ization problem is formally stated. A thorough presentation
f the developed MILP model and the proposed solution strat-
gy is provided in Section 3. Section 4 presents the validation
nd computational assessment of the proposed methods in a
umber of test cases followed by their application in a real-

ife industrial case. Finally, concluding remarks are drawn in
ection 5.

.  Problem  statement

eer production is a complex process that comprises of mul-
iple production steps utilizing numerous shared resources.
ny beer type consists of four main ingredients, in particular,

ater, malt (from barley grains), hop (responsible for the bit-

er taste of beer) and yeast (saccharomyces cerevisiae for ale
er production process.

beer or saccharomyces pastorianus for lager beer). The vari-
ous beer products are diversified in terms of raw materials and
the required processing time in each production step. Despite
the distinct process required for each beer type, all products
go through the same processing steps, which can be catego-
rized into two main production stages, liquid preparation and
bottling (Fig. 1).

Some breweries produce their own malt; therefore, a malt-
ing process is taking place prior to the brewing process. The
malting process is divided into three subprocesses; steeping,
where the humidity of the grain is increased, germination,
which transforms the grains into malt and finally drying in
kiln, to remove most of the humidity from the malt. In this
study we  assume that the malt is a raw material that is ready
to be brewed, therefore the malting process is not considered.
In the liquid preparation stage two main processes take place,
specifically, brewing and fermentation/maturation. The brew-
ing process consists of several batch tasks, namely mashing,
lautering, boiling, whirlpooling and cooling, that transform
the raw materials into different worts. Mashing involves the
addition of water into the prepared malt and the heating of the
mixture, while in lautering the mixture is filtered from any
solids. Then the hops are added, and the mixture is heated
in the boiling process. Finally, the wort is filtered (whirlpool-
ing) and quickly cooled (cooling). In the next processing step,
the yeast is added into the cooled wort and the fermenta-
tion/maturation process begins. This subprocess constitutes
one of the main production bottlenecks, since it lasts 3–41
days, depending on the type of beer produced. At this moment
beer of a given wort type is obtained, referred to as bright
beer. Finally, bright beer is transferred from the fermenta-
tion/maturation tanks to bright beer tanks (BBTs), where it
is filtered, diluted and carbonated. At the end of the liquid
preparation process the beer is referred to as ready beer or
ready liquid.

Bottling is the last stage of the production process, where
the ready liquid is bottled in cans, bottles or kegs and then
the final products are packed and palletized. Multiple sub-
processes take place during the bottling process. First the
returnable bottles are cleaned and sterilized, while cans and
kegs are simply washed. Next the filling subprocess takes
place, which is the main production bottleneck of the bottling
stage. The products are then sealed and pasteurized in a bath
of hot water to ensure that they are not infected by any harm-
ful microorganisms. Finally, labelling, packing and palettizing

takes place and the final products are loaded on a transport
vehicle or stored in a warehouse.
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Fig. 2 – Simplified process description focusing on production bottlenecks.
The brewery industry, like most food and beverage indus-
tries, can be described as a make-and-pack facility, where
in the initial stages the raw materials are processed based
on a given production recipe and then are packaged in the
desired final form. In order to efficiently address the optimal
production planning and scheduling problem of breweries,
only processes that constitute the main bottlenecks of pro-
duction are explicitly modelled. The most challenging task in
the first stage is the proper utilization of the fermentation and
maturation tanks. The rest of the subprocesses of this stage
only take a few hours, when the fermentation/maturation
task lasts multiple days, thus making it the bottleneck of
the liquid preparation stage. Similarly, the limited capacity of
the filling subprocess makes it the most difficult task of the
second stage and it can therefore be considered as the pro-
duction bottleneck. Moreover, the more  ready liquid is bottled
in the filling process, the faster the tanks empty and there-
fore become available to process a new batch of liquid. As a
result, the beer production process is simplified, leading to
relatively small sized models, without sacrificing any kind of
information required for the generation of feasible and opti-
mal  production schedules (Fig. 2).

Based on the aforementioned simplifications, the brewery
plant can be described as a multiproduct, multistage facility
that combines both a batch (fermentation/maturation) and a
continuous (filling) process with multiple parallel units. The
first stage involves a number of tanks, which are non-identical
in terms of capacity, but can process all liquids. In contrast,
each filling line of the second stage can only process a spe-
cific subset of the final products, depending on the packing
and bottling type of the line. Tanks can only prepare a sin-
gle liquid at a time and likewise filling lines can only bottle
a single product at a time. In terms of availability of connec-
tions, a tank can simultaneously supply multiple lines with
ready liquid, however each line can receive ready beer from
a single tank at a time. Furthermore, tanks must be cleaned
in-between the fermentation/maturation process of two dif-
ferent batches, thus a sequence-independent setup time is
necessary. On the contrary sequence dependent setup times
for cleaning and/or machine adjustments are required in the
filling lines, whenever a changeover of liquids and/or packages
occurs. There are no intermediate storage vessels, however the
ready liquid can be temporarily stored in the fermentation and
maturation tanks.

The current industrial reality in most plants imposes the

production plans and schedules to be generated manually by
the decision makers. The large number of decisions to be
taken alongside the tight operational, logistical and techni-
cal constraints result to an extremely complex optimization
problem. In addition, the long lead times require extended
long planning horizon compared to other industries, while
the generated schedules should ensure the proper synchro-
nization of the liquid preparation and bottling stages. Thus, it
is very difficult for the production engineers to consider the
integrated planning and scheduling problem even using sim-
ple heuristic rules. In order to propose feasible schedules, the
decision-making process is divided into two steps. First, the
production plan for the sterilization and maturation tanks is
generated. In this step the timing of all filling and emptying
operations in each tank and the allocation of liquids into tanks
is defined. The plans are determined for a monthly horizon
based on the given demand and the capacity limitations of
the units. At this point the goal of the production engineers is
to utilize the tanks as much as possible while trying to reduce
backlogs and maintain a relatively small inventory. Then the
plan is thrown over the wall to the department responsible
for production scheduling, which generates a feasible sched-
ule for the filling lines. Here, the tank to filling line connections
are determined (which tank will provide liquid to which line),
and it is decided when will each filling process take place (tim-
ing) and at what order will every final product be processed
(sequencing).

The decision-making procedure described above lacks
efficiency since the two main production stages of the
plant are considered separately without the employment
of optimization-based methods. Therefore, the realized pro-
duction plans and schedules are far from being optimal,
thus productivity is decreased, and total profits are reduced.
It is clear that the efficient integration of both planning
and scheduling decision is an area with great potential for
improvement, with significant benefits for the brewery indus-
try. The main goal of this work is to develop an MILP-based
solution method for the integrated production planning and
scheduling problem that provides near-optimal decisions in
short computational times.

The problem under consideration can be formally stated as
follows.

Given:

• A planning horizon H that is divided into a set of time peri-
ods t ∈ T. The horizon is further divided into two subsets
of time periods, t1 ∈ T1and t2 ∈ T2 (T = T1 ∪ T2). In the first

precise production schedules are determined, while in the
latter only production plans are generated.
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 A set of fermentation/maturation tanks o ∈ O and a set of
filling lines j ∈ J.

 A set of liquids l ∈ L to be prepared and a set of final prod-
ucts i ∈ I that have to be produced within the given horizon.

 The multidimensional set Il that denotes whether product i
contains liquid l.

 The mapping set Ij that defines the set of products i that can
be processed on filling line j.

 All production related parameters, in particular, demand
�i,t, liquid preparation time �l, filling rate for each final prod-
uct �i,J, capacity of each tank �o, and quantity of liquid
required for a single unit of product i �i,l.

 A sequence-dependent setup for cleaning and/or machine
changes whenever there is a changeover of production
between two final products i and i’. Every changeover task
requires a specific time �i,i

′
j.

 The cost coefficients associated with inventory �i, backlog
ˇi and changeover operations ki,i

′
j.

Determine:

 The planning decisions for the liquid preparation stage.
More  specifically, determine the filling and emptying oper-
ations in each tank as well as the material balance (amount
of ready liquid) in each tank.

 The amount of liquid that is being transferred from each
tank to each filling line.

 The allocation of products into filling lines, as well as the
sequencing between products in each line and the comple-
tion time of each filling operation.

 The production amounts of final products as well as the
product inventories and backlogs.

In order to minimize an economic objective that includes
nventory, backlog and changeover costs.

All data used are deterministic, and as such any type of
ncertainty is not considered in this work. It is also assumed
hat raw materials are always available. Resource limitations,
uch as manpower or utilities, e.g. cold water, electricity,
re not considered. No intermediate storage vessels exist;
owever, the ready liquid can be stored in the fermentation
nd maturation tanks. We  assume an instantaneous transfer
f liquid between the two stages and that the fermenta-
ion/maturation process in a tank only starts at the beginning
f a time period and is completed at the end of a time period.

.  MILP-based  solution  method

n MILP model is presented to efficiently address the inte-
rated production planning and scheduling problem for a
ultistage multiproduct facility typically found in the brewing

roduction process. The model is based on a precedence-
ased framework that utilizes a mixed discrete-continuous
ime representation, inspired by the works of Kopanos et al.
2011) and Baldo et al. (2014). Operational and technical con-
traints, such as demand requirements and tank capacities, as
ell as, specific characteristics of the production are incorpo-

ated to produce feasible plans that minimize total production
osts, which, in this study, comprises of the inventory, backlog
nd changeover cost terms.

.1.  MILP  model
he detailed modeling of all processing steps of the brewery
acility would result to large and complicated models. There-
fore, only the main production bottlenecks are considered, in
particular, the fermentation/maturation process in the liquid
preparation stage and the filling process in the liquid bottling
stage. Thus, the facility at hand is reduced to a two-stage
multiproduct plant. This make-and-pack type of process is
very common in food and beverage facilities. Therefore, an
abundance of various techniques that can optimally solve this
type of problems can be found in the literature. However, beer
production displays characteristics that significantly differen-
tiate them to other production processes. Compared to other
food and beverage industries, the preparation step (fermen-
tation/maturation in the case of breweries) requires a large
processing time that spans from some days to multiple weeks,
leading to large production lead times. Hence, planning must
be considered in synchronization with short term schedul-
ing decisions, since product preparation lasts more  than the
usual scheduling horizon (one week). In case of optimizing just
the scheduling decisions of the filling process (Stage 2), there
is a high risk of generating schedules that overestimate the
capacity of the fermentation/maturation tanks (Stage 1), thus
leading to an infeasible solution.

In order to address this optimization problem, an MILP
model has been developed, relying on a mixed discrete-
continuous time representation. The discrete time grid has
a period length of one day and is used to seamlessly monitor
the production, inventory and backlog levels of both stages.
A lot-sizing model is introduced for the planning decisions of
both stages, that considers the given processing times of the
tasks and the capacity of the production units. Within each
time period a continuous-time representation is utilized, and
constraints inspired by the immediate precedence framework
are incorporated to determine the sequencing decisions in the
liquid bottling stage (Stage 2). Note that sequencing decisions
are not required in the first stage, since it does not involve
any sequence-dependent setup times. The planning horizon
of interest is divided into two sub-horizons. In the first one (T1),
both planning and scheduling decisions are considered, while
in the second one (T2) a coarser optimization is done, than only
determines the lot-sizing and unit utilization decisions. Fig. 3
portrays the employed time grid, as well as the decisions taken
for each stage in each sub-horizon. The orange oval shape con-
tains the considered decisions for Stage 1, while the green oval
shape displays the made decisions for Stage 2. Blue-colored
text denotes planning decisions, while red-colored text sig-
nifies the scheduling decisions. The intersection of the two
shapes encloses key decisions that connect the two stages,
specifically, the amount of liquid that is transferred from the
tanks to the filling lines.

Let us describe the main decision variables of the developed
model for the integrated planning and scheduling problem.
The liquid is transferred into the tanks and the fermenta-
tion/maturation process starts. When the required processing
time, �l, passes, then an amount LP

o,l,t
of liquid gets ready.

Binary variables, Y1
o,l,t

, denote that liquid l in tank o gets ready
in time period t. The ready liquid is either used on filling lines
j to produce items i in period t (LT

o,j,i,t
) or is stored in tank o

for future production (LS
o,l,t

). In case the ready liquid is used
to produce items on filling lines, then an amount of item i
(Qo,j,i,t) is processed on filling line j in period t made of liquid
fed by tank o. This amount is used to satisfy the demand on
the current or previous time periods (t′ ≤ t) or is stored to meet
future demand of item i (t′ > t). Note that the outputs of Stage 1
(liquid preparation) are the inputs of Stage 2 (liquid bottling),

so the production in the filling lines takes place only when



210  Food and Bioproducts Processing 1 2 5 ( 2 0 2 1 ) 204–221

Fig. 3 – a) Time representation and description of
sub-horizons, b) considered planning and scheduling
decisions in each stage.

Fig. 4 – Illustration of main decision variables.

each time period t, the inventory, Si,t, and backlog, Bi,t, are
there is available ready liquid to be fed from the fermenta-
tion/maturation tanks. In terms of scheduling decisions, unit
allocation variables (Y2

i,j,t
) are used to denote that a product i is

processed in line j in time period t and two sets of immediate

precedence variables (Xi,i′,j,t and Xi,i′,j,t) are employed to indi-
cate direct precedence of tasks. The first is enabled whenever
there is direct precedence or production between two final
products, i and i’, in line j in the same period t, while the lat-
ter indicates precedence of filling tasks between consecutive

periods. Continuous variables Uj,t and Uj,t are used to properly
model changeovers between tasks in consecutive time peri-
ods. Lastly timing variables Ci,j,t are employed to signify the
completion of a filling task of product i in time period t. An

overview of the main decision variables is illustrated in Fig. 4.
Next, we present the developed model, categorizing the
constraints based on the production stage and the types of
decisions taken. To facilitate the presentation of the model,
we use lowercase Latin letters for indices, uppercase Latin let-
ters for variables and lowercase Greek letters for parameters.
In the future we will refer to this model as GEG.

Stage  1  (Liquid  preparation)
In the first stage, constraints are imposed for the accurate
modelling of the lot-sizing of the fermentation/maturation
tanks. More  specifically, they must guarantee that the pro-
cessed liquid batches do not exceed the capacity of the
fermentation tanks and that the liquids remain in the tanks
at least for the required fermentation/maturation processing
time.

Constraints (1) ensure that if a liquid gets ready in time
period t (Y1

o,l,t
= 1 ), then no ready liquid is stored in the tank

during the previous �l time periods. During this period the
fermentation/maturation process of the liquid takes place. In
order to have an amount LP

o,l,t
of ready liquid in time period

t, the tank must be empty in time period t − (�l + 1), so that
it can receive the liquid to initiate its preparation (fermen-
tation/maturation) process. Constraints (2) are introduced to
guarantee that at most one batch of liquid gets ready in a tank
within a time segment equal to the fermentation/maturation
time. Finally, constraints (3) impose the upper bound on the
amount of liquid getting ready based on the available capacity
of the fermentation/maturation tanks.

∑

l′

t−1∑

t′=t−�l′ −1

LS
o,l′,t′ ≤ M · (1 − Y1

o,l,t) ∀ o, l, t (1)

∑

l

t∑

t′=t−�l′

Y1
o,l,t′ ≤ 1 ∀ o, t (2)

L
p
o,l,t

≤ �o · Y1
o,l,t′ ∀ o, l, t (3)

Stage  1  and  stage  2
Constraints (4) are responsible for connecting the decision
variables of the two stages, while they monitor the liquid
balance between them. More specifically, they state that the
stored amount of liquid l in tank o in time period t (LS

o,l,t
) is equal

to the stored amount in the previous period plus the amount
of liquid getting ready in period t (LP

o,l,t
), minus  the liquid that

is transferred to the filling lines.

LS
o,l,t

= LS
o,l,t−1 −

∑

i ∈ Il

∑

j ∈ Ji

LT
o,j,i,t + LP

o,l,t ∀ o, l, t (4)

Stage  2  (Liquid  bottling)
The second stage requires a more  detailed model since addi-
tional to the lot-sizing and unit allocation constrains it also
considers the timing and sequencing decisions for the filling
lines. In order to generate the required modelling constraints,
the immediate precedence framework is employed within
a mixed discrete-continuous time representation (Kopanos
et al., 2011).

Material  balance  constraints.  Material balances for every final
product are guaranteed by constraints (5). At the end of
monitored based on the daily production, demand and the
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nventory and backlog levels in the previous time period t-1.
he number of products i that use liquid fed by tank o and
rocessed in line j at time period t is expressed by constraints

6).

Si,t − Bi,t = Si,t−1 − Bi,t−1 +
∑

j ∈ Ji

∑

o

Qo,j,i,t − �i,t ∀ i, t (5)

Qo,j,i,t = �i,l · LT
o,j,i,t

∀ o, j, i ∈ Ij, t (6)

ine  utilization  constraints.  The constraints below introduce
he line utilization variable, which is enabled, i.e. Vj,t = 1,
hen a filling line j is used in time period t. In particular, con-

traints (7) ensure that a filling line j is utilized in time period
, if at least one product i is processed in this line and time
eriod. Furthermore, constraints (8) force the unit utilization
ariable to take a value of 0, in case no product is processed in
hat particular line and time period t.

Vj,t ≥ Y2
i,j,t

∀ i, j ∈ Ji, t ∈ T (7)

Vj,t ≤
∑

i

Y2
i,j,t ∀j ∈ Ji, t ∈ T (8)

equencing  and  timing  constraints.  Binary variables Xi,i′,j,t
re introduced to define the immediate precedence relation
etween two products i and i’ in line j and time period t. More-
ver, we  employ the binary variables WF

i,j,t
and WL

i,j,t
, which

efine the first and last product being processed in line j and
ime period t accordingly. Constraints (9) and (10) guarantee
hat if a product is processed in filling line j and time period t
Y2

i,j,t
= 1), it will have at most one predecessor and one succes-

or. In case product i is processed first in line j and time period
, then it has no predecessor and similarly if it is processed last
t has no successor. Finally, tightening TSP-based constraints
11) are introduced, which specify the exact number of active
equencing variables. More  specifically, they ensure that if line

 is used in time period n, then the total number of enabled
equencing variables is equal to the number of products being
rocessed minus  1. Otherwise, all sequencing variables for
hat specific line and time period are forced to zero.

Timing considerations are imposed by the next two con-
traints. Constraints (12) guarantee that the filling process for

 product i’ that is processed right after product i, must be
ompleted after the completion of product i plus the required
rocessing and changeover time. This type of constraint is
ormulated as a big-M constraint, meaning that when the
uccession relation is absent (Xi,i′,j,t = 0), then the constraint
ecomes inactive. The big-M parameter used is ω, which corre-
ponds to the daily time availability of each filling line. In this
articular study this is assumed to be 24 h. Furthermore, con-
traints (13) are employed to ensure that the filling process for
ach product is completed after the required processing time.

∑

i′ /=  i,i′ ∈ Ij

Xi′,i,j,t + WF
i,j,t = Y2

i,j,t ∀ i, j ∈ Ji, t ∈ T1 (9)

∑

i′ /=  i,i′ ∈ Ij

Xi,i′,j,t + WL
i,j,t = Y2

i,j,t ∀ i, j ∈ Ji, t ∈ T1 (10)

∑ ∑ ∑
2

i  ∈ Ij i′ /=  i,i′ ∈ Ij

Xi,i′,j,t + Vj,t =
i ∈ Ij

Yi,j,t ∀j, t ∈ T1 (11)
Ci′,j,t ≥ Ci,j,t +
∑

o

�i,j · Qo,j,i,t + �i,i′,j · Xi,i′,j,t − ω · (1 − Xi,i′,j,t)

∀ i, i′ /= i, j ∈ (Ji ∩ Ji′ ), t ∈ T1

(12)

Ci,j,t ≥
∑

o

�i,j · Qo,j,i,t ∀ i, j ∈ Ji, t ∈ T1 (13)

Sequencing  constraints  between  adjacent  periods.  In order to
model changeover operations between processes that take
place in adjacent periods, we introduce binary variables Xi′,i,j,t.
Constraints (14) and (15) state that this variable is active only
for products i’ that are processed first in line j and in time
period t and products i that are processed last in line j and time
period t-1.  Furthermore, continuous and positive variables,
Uj,t and Uj,t, are introduced, to represent time fractions of
changeover operations between adjacent periods. Constraints
(16) are imposed to facilitate the proper incorporation of these
newly introduced variables in the model. Assume there is a
changeover between a product processed in period t-1 and
another one processed in period t. Then the fraction of the
changeover operation that is performed in time period t-1 is
represented by Uj,t−1, while the time fraction of the changeover
that takes place in time period t is modeled by Uj,t. Of course,
the addition of these times must equal the total changeover
time �i,i′,j.

WF
i,j,t

=
∑

i′ /= i,i′ ∈ Ij

Xi′,i,j,t ∀ i, j ∈ Ji, t ∈ T1 (14)

WL
i,j,t−1 =

∑

i′ /= i,i′ ∈ Ij

Xi,i′,j,t ∀ i, j ∈ Ji, t ∈ T1 : t > 1
(15)

Uj,t + Uj,t−1 =
∑

i ∈ Ij

∑

i′ /=  i,i′ ∈ Ij

�i,i′,jXi,i′,j,t ∀ j, t ∈ T1 : t > 1
(16)

Time  availability  constraints.  Constraints (17) bound the oper-
ations in a filling line, based on the available production time.
In particular, the summation of the changeover times, either
within the same time period or between adjacent time periods,
and the total processing time of all products being processed,
must be less than the total available production time of the
line. Note that all sequencing constraints are specified only for
those subperiods that belong to the planning and scheduling
sub-horizon ( t ∈ T1).

Uj,t + Uj,t−1+
∑

i ∈ Ij

∑

o

�i,j · Qo,j,i,t+
∑

i ∈ Ij

∑

i′ /= i,i′ ∈ Ij

�i,i′,jXi,i′,j,t ≤ ω

∀ j, t ∈ T1 : t > 1

(17)

Lot-sizing  constraints.  Finally, constraints (18) and (19) bound
the production in the liquid bottling stage based on the given
processing rates for each product and the available daily pro-
duction time for each line. Note that in contrast to the timing
and sequencing constraints, lot-sizing constraints are con-
structed for all time periods of the given horizon.

∑

o

Qo,j,i,t ≤ ω

�i,j
· Y2

i,j,t ∀ i, j ∈ Ji, t (18)

∑∑
o i ∈ Ij

�i,j · Qo,j,i,t ≤ ω ∀j ∈ ji, t
(19)



212  Food and Bioproducts Processing 1 2 5 ( 2 0 2 1 ) 204–221
Objective  function
The overarching goal of the optimization problem is to min-
imize the total production costs, which is modelled by three
cost terms, inventory, backlog costs and changeover cost. The
changeover cost term is only defined for the subperiods of the
planning and scheduling horizon ( t ∈ T1), since sequencing
decisions are considered only for these time periods.

minimize∑

i

∑

t

(�i · Si,t + ˇi · Bi,t) +
∑

i

∑

i′ ,i′ /=  i

∑

j  ∈  (Ji∩Ji′ )

∑

t ∈ T1


i,i′ ,j · (Xi,i′ ,j,t + Xi,i′ ,j,t)

(20)

3.2.  MILP-based  solution  strategy

For the solution of the above MILP model, the direct appli-
cation of commercially available solvers, e.g. CPLEX, GUROBI
etc., requires large computational effort, with significant solu-
tion times and suboptimal production plans. This is especially
noticeable when dealing with real-life industrial applications
that may not be solved due to their inherent complexity. This is
unacceptable, since the developed method must always gener-
ate a feasible solution. Moreover, the industry works on a very
tight schedule, therefore strict time limitations are imposed
to the generation of a solution. To ensure the viability of the
proposed method as a computer-aided tool that can be a part
of the infrastructure in the plant, it must provide solutions in
computational times accepted by the industry. Thus, to satisfy
these prerequisites a decomposition strategy is employed that
guarantees the generation of near optimal production plans
while reducing the combinatorial complexity of the optimiza-
tion problem. A two-step decomposition technique, consisting
of a constructive and an improvement step, is proposed. In
the first part, an initial good solution is promptly generated,
while in the second part an iterative method is used to improve
the initial solution. The following subchapters describe the
developed solution algorithm in detail.

3.2.1.  Constructive  step
In order to generate a feasible and good initial solution, a
spatial decomposition approach is introduced, where the two
production stages are considered independently. Main goal of
this method is to disaggregate the binary decisions of each
stage, thus decreasing the complexity of the initial model. We
end up with two MILP-subproblems, one for Stage 1 (GEG S1)
and one for Stage 2 (GEG S2), which are solved in that order.
More  specifically, GEG S1 is solved to determine decisions
related to the fermentation/maturation tanks (in which tank
will the liquids be prepared, when they are going to be ready
and the corresponding amount that will be ready during the
given horizon). Then this information is used in GEG S2 to
optimize the planning and scheduling decisions of the filling
lines and finally generate the production plan for the whole
process. The order in which the models are solved (first Stage
1 and then Stage 2) has been decided since the alternative (first
GEG S2 and then GEG S1) could potentially lead to infeasibili-
ties. This may occur due to an overestimation in the capacity
of resources of the first stage. The productions plans for the
filling lines generated by GEG S2 are inapplicable in case the
required amount of ready liquid exceeds the available capacity
of the tanks in the first stage. On the other hand, this is not an

issue in the suggested solution strategy, since Stage 2 is more
flexible than Stage 1. Due to the natural flow of material in the
problem at hand and the capability of storing or backlogging
final products, the filling lines can always adapt to the pro-
duction plans of the fermentation/maturation tanks. This is
crucial since the proposed solution method must ensure the
generation of production plans and schedules for any possible
case that could occur in the industrial facility. So, the construc-
tive step is further split into two steps. The first one focusing
on Stage 1 and the second on Stage 2.

Sub-step  1  (Stage  1).  In order to develop the model for the
liquid preparation stage, we  utilize a subset of the constraints
from model GEG. Despite our emphasis on the first stage, we
must also take into account additional constraints from the
liquid bottling stage. It is essential to include this information
in order to avoid the generation of bad production plans that
would lead to increased inventory and backlogging costs. If
we ignore the incorporation of this information in the model,
we could even end up with infeasible production plans. For
example, if we do not consider the processing capability of the
filling lines, then the model could impose a tank filling plan
that prepares an amount of liquid that overwhelms the filling
lines. So, the tanks could not be emptied in time and could
not be ready for the initiation of the fermentation/maturation
process of the next batch, thus making the generated plan
inapplicable.

The goal of this model is to determine the tank filling
operations by minimizing potential inventory and backlog-
ging costs (21). Constraints (1) – (3) are included to ensure
that the operational constraints for the first stage are con-
sidered. Constraints (4) must be incorporated in the model to
properly model the interaction of liquid between Stage 1 and
Stage 2. Furthermore, constraints (5) are necessary to monitor
the inventory and backlog levels based on the given demand
and optimized production. Finally, constraints (18) and (19)
are responsible for providing the capacity information of the
filling lines so that infeasible solutions are avoided. The opti-
mized planning decisions for the tanks, in particular the time
period t in which each liquid l gets ready in tank o (Y1

o,l,t
) and

the corresponding amount (LP
o,l,t

), are saved in parameters Ŷ
1

o,l,t

and L̂
P

o,l,t respectively, to be later used in the second sub-step
of the constructive step.

GEG S1.

minimize∑

i

∑

t

(�i · Si,t + ˇi · Bi,t)

s.t. Constraints (1) − (5) , (18) , (19)

(21)

Sub-step  2  (Stage  2).  In the next step, the proposed method
solves model GEG S2 for the second stage considering the
solution of GEG S1. In particular, it receives as inputs the opti-
mized decisions that determine when a liquid gets ready and
the corresponding amount. This information is considered in
the model by incorporating constraints (22) and (23). More
specifically, constraints (22) ensure that a liquid gets ready
only at the time imposed by the solution of the first sub-

step (Ŷ
1

o,l,t = 1) and guarantees that the capacity limitations
of the tanks are not violated. Note that the binary decisions
for the timing of the filling plan are fixed to the solution pro-

1

vided by the previous step (Y1

o,l,t
= Ŷo,l,t). On the contrary, the

amount that gets ready is reoptimized in this step to increase
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(

he flexibility of the proposed method. Of course, the respec-
ive non-negative variable is lower bounded by the solution of
he previous step, so that the tank filling plans generated by
EG S1 are respected. Additionally, constraints (23) guarantee

hat the tank will be empty and ready to receive the liquid
nd that the liquid will solely occupy the tank during the fer-
entation/maturation process. Furthermore, constraints (4)

rom model GEG are included to ensure that a production in
he filling lines occurs only if there is a ready liquid avail-
ble. Moreover, we  include all constraints related to the second
tage (5)-(19). Finally, the objective of this model is to minimize
he total production cost (inventory, backlog and changeover
osts).

minimize∑

i

∑

t

(�i · Si,t + ˇi · Bi,t) +
∑

i

∑

i′ ,i′ /=  i

∑

j ∈ (Ji∩Ji′ )

∑

t ∈  T1


i,i′ ,j(Xi,i′ ,j,t + Xi,i′ ,j,t)

(20)

s.t. L̂
P

o,l,t · Ŷ
1

o,l,t ≤ LP
o,l,t

≤ �o · Ŷ
1

o,l,t ∀o ∈ O, l ∈ L, t ∈ T (22)

∑

l′

t−1∑

t′=t−�l′ −1

LS
o,l′,t′ ≤ M · (1 − Ŷ

1

o,l,t) ∀o ∈ O, l ∈ L, t ∈ T

(4) − (19)

(23)

.2.2.  Improvement  step
n iterative method is used to further improve the initial

easible solution generated in the constructive step. A num-
er of improvement operators based on the fix-and-optimize
euristic are introduced (Sahling et al., 2009). The applied
ethodology is similar to the approach proposed by (Baldo

t al. (2014). The main idea of the fix-and-optimize heuris-
ic is to define subsets of the model’s binary variables, relax
nd re-optimize them, in the search for a better solution.
hus, two disjunctive subsets of the model’s binary variables
v are generated. The first one defines, which binary variables
re relaxed BR

v , and the second denotes the subset of binary
ariables whose values remain fixed BF

v. As a result, an MILP
ubproblem is created that considers only a small portion of
he initial problem. Therefore, each subproblem can be solved
o optimality in relatively small CPU times. In case the objec-
ive of the new solution is better, than the best solution found,
he binary variables are updated, otherwise, the best solution
ound so far is kept. Note that all continuous variables are
elaxed since they do not significantly increase the complexity
f the model. This procedure is repeated through an exhaus-
ive iterative approach that ensures that all subsets of binary
ariables are visited. A runtime limit is set to avoid prohibitive
omputational times that would constitute the application of
he method impractical. We  use the model presented in sub-
hapter 3.1, in order to address the integrated planning and
cheduling planning of the whole production process.

Algorithm. Pseudocode of fix-and-optimize heuristic
Given the initial solution of the constructive step SC with

bjective value F(SC)
Define the number of iterations required to visit all subsets

k)
Define the computational limit (limit)
iter = 0
Sbest = Sc
While (CPU ≤ limit and iter ≤ k) do
Define subsets BR

v and BF
v according to defined rules
Solve generated MILP-subproblem (Snew)
If (F(Snew) < F(Sbest)) then
Update binary variables
F(Sbest) = F(Snew)
end-if
end-while
Four improvement operators based on the aforementioned

heuristic framework are employed. These operators are dif-
ferentiated by the way they partition the problem’s binary
variables to form the various MILP-subproblems that will be
solved iteratively. The rules used to define the subsets of the
fix-and-optimize heuristic are based on temporal and/or spa-
tial decomposition of the initial problem.

The fix-and-optimize forward (FO F) operator employs a
time decomposition scheme that starts at the beginning and
finishes at the end of the planning horizon (Fig. 5a). In each
iteration the binary variables of both stages are released for a
specific number of time periods. In other words, the produc-
tion plan is reoptimized for a partition of time. The length
of this partition is equal to the maximum duration of fer-
mentation and maturation of the involved liquids max{�l}.
The algorithm then moves to the next time partition. The
step of this movement  is equal to the minimum duration of
the fermentation and maturation process min{�l}. So, in case
max{�l} /= min{�l} overlapping occurs, meaning that in each
MILP-subproblem we include some of the decision variables
of the previous iteration. This procedure continues until all
variables have been revisited and reoptimized. The fix-and-
optimize backward (FO B; Fig. 5b) operator is similar to FO F,
with the only difference being that the iterative procedure
starts at the end of the horizon and finishes at the beginning.

The next two improvement operators FO F21 (Fig. 5c)
and FO B21 (Fig. 5d) employ a bi-level temporal and spatial
decomposition strategy. Their main difference to the first two
operators is that in each iteration the binary variables of only
one stage are relaxed, in particular first the ones of Stage 2 and
then the ones of Stage 1.

Fig. 6 presents a general overview of the proposed solution
strategy for the optimal production planning and scheduling
problem for beer production facilities. First an initial good and
feasible solution is constructed, by disaggregating decisions of
the two processing stages. GEG S1 is employed to solve Stage 1,
which then sends the relevant information to GEG S2, which
in turn is solved to consider the second stage and generate
the solution of the constructive step. This solution is then fed
to the improvement step, where a set of improvement opera-
tors based on the fix-and-optimize heuristic are applied. The
order in which these operators are applied in the proposed
method will be discussed in the next section. Conclusively, we
are able to consider large-scale industrial cases and generate
near-optimal production plans in reasonable computational
times.

4.  Computational  analysis

In this section numerous test studies are examined in order
to evaluate the efficiency of the proposed model and solu-
tion strategy. Furthermore, the applicability of the developed
solution framework in a real-life industrial case study of a
brewing facility in Greece is considered. In all cases, the plan-
ning horizon is 42 days, while scheduling decisions are taken
over a week. All models and solution algorithms were devel-

oped using the GAMS 31.1 interface (Brooke et al., 1998) and
all problem instances were solved using CPLEX 12.0 in a PC
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Fig. 5 – Fix and optimize improvement operators.

ropo
Fig. 6 – Overview of p

equipped with an Intel Core i7 @3.4 GHz CPU and 16 GB of
DDR4 RAM.

4.1.  Evaluation  of  the  proposed  MILP  model

The developed MILP model (GEG) is used for the solution

of various cases that represent small to medium-sized inte-
grated planning and scheduling problems of brewing facilities.
sed solution strategy.

In order to evaluate the quality of the generated production
plans, we compare solutions generated by our model to the
ones using the MILP model of Baldo et al. (2014), which to
the best of our knowledge is the only available model that
addresses the specific optimization problem. This model will
be referred to as BSAM. A total of 28 test cases have been

studied, which can be categorized in 7 groups based on the dif-
ferent number of lines, tanks, liquids and products (Table 1).
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Table 1 – Main design specifications of the examined
case studies.

Tanks Lines Liquids Products

Cases 1.* 3 1 1 5
Cases 2.* 3 1 2 10
Cases 3.* 2 2 2 10
Cases 4.* 4 2 3 15
Cases 5.* 8 2 3 15
Cases 6.* 8 3 4 20
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Fig. 7 – Comparison of binary variables between the GEG
and BSAM model.
Cases 7.* 10 4 5 25

or each group, 4 alternative test cases are studied, that are
ifferentiated in terms of the rest of the production charac-
eristics, such as, demand mixture (size of orders and due
ates), processing times, changeover times and cost term
oefficients. In order to simulate the main characteristics of
ealistic study cases, we employ the methodology of Baldo
t al. (2014). The specific data for each study case are ran-
omly generated by a set of possible values, that simulate
roduction parameters typically met  in real-life breweries. We
ow present the interval of values used in the considered
ases. The demand for final products in number of items is
n the interval [60, 256710] and the due date of each product
s randomly set within the given horizon. Each final product
equires an amount of liquid, rl,i, that is chosen from the set
1.98, 4.00, 4.80, 5.00, 6.00, 6.00, 6.60, 7.92, 12.00, 17.82, 20.00,
0.00, 50.00}. Processing rates of filling lines range between
.028 units/second and 9.6 units/second, while the fermen-
ation/maturation process may last from 5 to 21 days. We
ssume that all filling lines can process any final product.
egarding the changeover times, we  randomly equate them
o the following values {30, 40, 45, 60, 75, 90, 100, 120, 150, 160,
65, 180, 195, 210, 240, 260, 300, 380, 480, 900}. Furthermore,
he unitary inventory cost coefficient (�i) of each product over

 single time period are defined from [0.012, 0.45], while the
acklog cost coefficient (ˇi) is set to be one hundred times the

nventory cost coefficient, since the priority is to meet the cus-
omer demands prior to the given due date. In order to define
he changeover cost coefficients, we  multiply the respective
hangeover time with a factor in the range of [10, 100]. Finally,
he capacity of the fermentation/maturation tanks is speci-
ed based on the specific production characteristics of each
roblem instance. For more  details regarding the generation
r realistic study cases refer to Baldo et al. (2014).

Our GEG model is used to optimally solve the 28 test
nstances. A comparison with the solution generated by BSAM
s made. For both models a computational limit of half an hour
s set. Table 2 summarizes the results of this analysis. More
pecifically, the objective value for each case study, the solu-
ion time, and the optimality gap of the solution is provided for
oth models. Finally, the improvement achieved using the sug-
ested MILP model (GEG) is also reported using the following
quation:

mprovement = SBSAM − SGEG

SBSAM
· 100

The improvements reported in most cases when using the
EG model illustrates the superiority of the proposed model,
hich is especially notable in larger problem instances (5.*,

.* and 7.*). There are very few cases in which our model
as not able to provide a better solution, e.g. 4.C and 7.B,
owever, the solution generated by BSAM in these cases is

nly marginally better (<5%). In contrast, the utilization of
he proposed GEG model, can immensely reduce production
costs. Specifically, an improvement between 10% and 55% is
achieved in most of the instances. As expected, the larger the
problem size the more  difficult its solution is and thus a larger
potential for improvement exists. It is interesting to note that
even in small-sized cases, where the BSAM solution reaches
its global optimal solution (0% gap), the proposed model can
further reduce the objective value. Another important conclu-
sion of this analysis is that the proposed model is much faster
than BSAM. In the smaller study cases (1.* - 3.*), GEG achieves
similar or better quality solutions using only a fraction of
the computational time required by BSAM. For larger prob-
lem instances, both models reach the computational limit,
except for case 5.C, and in almost all cases GEG generates a
better solution. However, the results also show the limitations
of GEG model. With the exception of small test instances (1.*
- 3.*), the solution is characterized by a large integrality gap.
Thus, a monolithic MILP approach does not suffice, and the
development of a sophisticated solution strategy is necessary.

The combinatorial complexity of an MILP model is mostly
affected by the number of binary variables. Fig. 7 illustrates
this metric for both GEG and BSAM. Obviously, the proposed
model requires fewer binary variables. In the largest cases,
the difference in the number of binary variables between the
two models is significantly increased. In particular, up to 30%
fewer binary variables are used in the proposed GEG model.
Consequently, this model is generally faster and can generate
better solutions in the same computational time.

4.2.  Evaluation  of  the  construction  heuristic

The analysis of the previous subsection has uncovered both
the advantages and limitations of the proposed GEG model.
Therefore, a solution strategy is proposed based on that model,
in order to solve large-scale problems. As described in sub-
section 3.2, this method consists of a constructive and an
improvement step. It is crucial to promptly generate a good
initial solution in the constructive step, in order to improve
the performance of the solution algorithm. This is not possible
if the original MILP model is used, since it lacks computa-
tional efficiency, especially for large-scale problems. Instead,
we employ a spatial decomposition approach, that consists
of models GEG S1 and GEG S2 presented in subsection 3.2.1.
In this subsection we test how this approach compares with
the monolithic MILP GEG model. In total 7 cases of diver-
gent complexity are considered, which are a subset of the
test instances studied in the previous subsection. Each test

case has been solved using the GEG model for two  different



216  Food and Bioproducts Processing 1 2 5 ( 2 0 2 1 ) 204–221

Table 2 – Comparison between the BSAM and GEG models.

BSAM GEG

Case Objective CPU (s) GAP (%) Objective CPU (s) GAP (%) Improvement (%)

1.A 11177 13.3 0 10067 11.8 0 9.9
1.B 5083 <1 0 5080 <1 0 0.1
1.C 10232 0.15 0 10234 0.15 0 0
1.D 16885 0.5 0 16555 0.2 0 1.9
2.A 247461 1800 20.8 203674 225 0 17.7
2.B 59074 1800 52.5 52274 600 0 11.5
2.C 14874 1800 0.4 14662 224 0 1.4
2.D 1060844 1800 18.3 929332 950 0 12.4
3.A 2825319 1443 0 2336326 3.7 0 17.3
3.B 467805 310 0 467325 104 0 0.1
3.C 80731 444 0 80731 144 0 0
3.D 2657138 484 0 2656117 131 0 0
4.A 2592330 1800 50.5 2122710 1800 31.1 18.1
4.B 1112320 1800 62.2 1066094 1800 53.9 4.2
4.C 24518 1800 70.5 25643 1800 61.4 −4.6
4.D 4628488 1800 83.1 3401497 1800 78.8 26.5
5.A 324848 1800 91.8 200925 1800 80.6 38.1
5.B 32325 1800 37 32491 1800 29.5 −0.5
5.C 45363 24.8 0 46034 6 0 −1.4
5.D 506431 1800 3.5 309656 1800 1.8 38.9
6.A 2546127 1800 65.7 1693735 1800 47.4 33.5
6.B 31386 1800 21.7 28298 1800 8.7 9.8
6.C 18467 1800 57.3 16744 1800 61.4 9.3
6.D 2193641 1800 96.6 1351917 1800 93.88 38.4
7.A 6916373 1800 32.5 5541703 1800 16 19.9
7.B 440177 1800 94.3 451862 1800 93.9 −2.6
7.C 339429 1800 58.3 154366 1800 6.8 54.5

6858
7.D 10446975 1800 100 

computational limits (600 s, 1800s) and furthermore using the
proposed decomposition approach with a limit of 600 s. To
compare the three approaches, we use the following expres-
sion:

R = Found − Best
Found

.100

The best solution found (Best) is compared to the solution
generated by each approach (Found). The better the qual-
ity of the solution is, the closer the value of R is to zero.
Table 3 shows a summary of the results. We  found that in
small cases there is no difference in the quality of the solu-
tion, however the decomposition approach is able to generate
a solution much faster. This is not the case for medium-sized
problem instances. Using the same time limit, the solution
of the decomposition approach is always better. This effect is
stronger in larger cases, were an improvement of up to 50%
is reported. The monolithic approach cannot outperform the
decomposition method even when we allow three times the
computational time. The only exception is case 4.A, where the
solution of the decomposition strategy is insignificantly worse
but requires only a third of the CPU time. Conclusively, it is
shown that the decomposition strategy significantly improves
the solution generated by the constructive step.

4.3.  Evaluation  of  the  developed  MILP-based  solution
strategy

In subsection 3.2.2 four improvement operators (FO F, FO B,
FO F21 and FO B21) have been introduced, based on the relax-
and-optimize heuristic for the further enhancement of the
quality of the initial solution. Preliminary tests have been

made to assess the impact of the different operators. For each
test, an initial solution was generated based on the proposed
949 1800 91.1 34.3

constructive heuristic and then each operator was applied
separately, and potential improvements were reported. The
tests showed that the best performer is FO B, followed by
FO B21, FO F and finally FO F21. Based on this information
we create two improvement schemes, that differentiate in the
order in which the improvement operators are applied. In the
first, denoted as IMP.A, a greedy approach is employed were
the different operators are applied from best to worst (FO B
-> FO B21-> FO F -> FO F21). In the second denoted as IMP.B,
a reverse order is followed. To evaluate the two  improvement
schemes, 10 large-scale problem instances are generated. The
characteristics of these cases are as follows. The number of fer-
mentation tanks is in the range of [20, 30], while 5 filling lines
comprise the liquid bottling stage. Depending on the consid-
ered case, 35–40 products, requiring 5–7 different liquids, are
to be processed. The procedure of generating each problem’s
parameters is the same as the one described in subsection 4.1.
For each case study we have used the two alternative improve-
ment schemes and the monolithic approach. Moreover, two
solution time limits (1 h and 2 h) were considered for each
method. Consequently, 6 different runs were done for each
case study. Notice that the improvement schemes are applied
to the initial solution provided by the constructive heuristic.
Therefore, the available computational time must be shared
between the two steps of the proposed solution strategy. Pre-
liminary tests showed that better results were achieved, when
a small CPU time is allocated to the generation of the initial
solution. Therefore, a time limit of 450 s is set for the con-
structive step. The rest of the available CPU time (3150 or 6750
s depending on the test instance) is imposed on the iterative
improvement step. Table 4 summarizes the results. The rel-
ative quality of each solution is reported using the R value

described in the previous subsection. Solutions generated by
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Table 3 – Comparison between the monolithic GEG model and the decomposition approach.

Monolithic (GEG) Decomposition (GEG S1 + GEG S2)

limit 600 s limit 1800s

Case R (%) CPU (s) R (%) CPU (s) R (%) CPU (s)

1.A 0 12 0 12 0 9
2.A 0 225 0 225 0 57
3.A 0 4 0 4 0 1
4.A 5.28 600 0 1800 1.79 600
5.A 10.32 600 2.06 1800 0 600
6.A 16.00 600 8.23 1800 0 600
7.A 52.70 600 41.62 1800 0 600

Table 4 – Comparison between the monolithic MILP model and the solution strategies for large-scale problems.

Limit (3600 s) Limit (7200 s)

Case GEG (%) Constructive (%) IMP.A (%) IMP.B (%) GEG (%) IMP.A (%) IMP.B (%)

L1 85.4 68.3 22 29.3 49.7 19.3 0
L2 39.3 18.6 7.4 7.4 39.3 0 1.8
L3 55.7 27.7 12.2 10.5 38.2 11.3 0
L4 52.5 33.3 32 4.9 49.6 17.8 0
L5 18.4 3.5 0.4 0.4 15.8 0 0.3
L6 68 62.7 47.4 19.7 43.7 27.9 0
L7 73.7 40.9 1.6 23.1 50.9 0 2
L8 55.7 29.2 4.3 3.2 9.5 2.3 0
L9 67.1 19.2 2.1 3 54.8 0.7 0
L10 72.7 85.7 41 2.3 40.5 25.9 0

10.38 39.2 10.52 0.41
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Fig. 8 – Gantt chart of fermentation/maturation tanks.
Average 58.85 38.91 17.04 

ny of the two proposed methods is much better than the
olutions obtained by the MILP model, even when the com-
utational time is doubled. It should be underlined that on
verage the initial solutions provided by the constructive step
re better than the ones obtained by the model using any time
imit. Notice that the constructive heuristic runs only for a very
mall fraction of time compared to the GEG model. On aver-
ge IMP.B  leads to best solutions, except for a few cases where
MP.A outperforms it. More  clear conclusions can be drawn
hen a time limit of 2 h is imposed. Here IMP.B is clearly the
etter approach, since it provides the best solution in nearly
ll cases. Conclusively, both solution strategies seem promis-
ng, since they outperform the direct solution of the MILP

odel (GEG), for each large-scale problem. Thus, the results
ndicate that the proposed methods can successfully address
eal-life industrial problems. It should be also noted that as
he runtime limit increases, the performance of both methods
s improved. Finally, the order of applying the improvement
perators affects the performance of the improvement step. In
articular, better solutions are obtained in most cases, when
perators from worst to best are applied.

.4.  Industrial  application

he applicability of the proposed solution strategy in real-life
ndustrial problems is tested in this subsection. In particu-
ar, a real-life case study provided by a brewery located in
orthern Greece is considered. The facility under considera-

ion consists of 31 fermentation/maturation tanks and 2 filling
ines. The tanks are divided in tree types, small, medium and
arge, depending on their capacity. Regarding the filling lines,
he first one can process all products that use aluminum cans
r glass bottles, while the second only produces final items

hat use kegs. A total of 9 products that require 2 types of liq-
ids are produced in the facility. However, multiple orders for
each final product that usually have different amounts and
due dates must be satisfied in the considered time horizon,
thus increasing the complexity of the problem. The planning
horizon is set to 6 weeks, while the scheduling decisions are
required over a weekly horizon. The plant operates through-
out the clock, so there is a 24/7 availability for all processing
units. Due to confidentiality reasons all data of the plant can-
not be disclosed. In this case a total of 36 orders must be met.
The proposed solution method is employed in order to gener-
ate optimal production plans that minimize total production
costs (inventory, backlog and changeover) of the facility. In the
improvement step, the operators are applied from worst to
best (IMP.B approach), due to its superior performance. The
chosen computational limit is set to 2 h.

Fig. 8 illustrates the Gantt chart of the optimized solution
for each fermentation/maturation tank. Each block signifies
the fermentation/maturation process of a liquid that takes

places in a tank. Note that by the end of the planning hori-
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Fig. 9 – Gantt chart of filling lines.

d in
Fig. 10 – Profile of liquid store

zon no fermentation process occurs. This is justified by the
limited time horizon. The fermentation/maturation process
requires a total of 21 days, consequently, no liquid can be pre-
pared in the available time, therefore no additional process
can start.

Fig. 9 illustrates the Gantt chart of the filling lines. Each
colored block denotes that a filling process for a specific order
is taking place. At a first look one would say that there is no
need for incorporating this stage and that the production bot-
tleneck is the fermentation/maturation stage. It is true that
the results, underline an overdesign issue of the filling lines
in the facility under consideration. However, they must be
included in the optimization problem for two reasons. Firstly,
the changeovers that take place in the liquid filling stage must
be incorporated since they induce significant costs either due
to the loss of production time or due to involvement of various
resources required for the cleaning operations (e.g. water and
manpower). Moreover, filling lines must always be available
for the tanks to empty the ready liquid and be refilled to ini-
tiate the next fermentation process. It must be ensured that
the capacity of the filling lines is never violated, otherwise no
feasible production plan can be achieved for the fermentation
tanks.

Finally, Fig. 10 depicts the amount of stored ready liq-
uid in selected fermentation tanks. It can be observed that

tank capacity limitations are satisfied throughout the plan-
ning horizon.
 selected fermentation tanks.

5.  Conclusions

This work presents a new MILP-based solution framework
for the optimal production planning and scheduling prob-
lem of breweries. The overall production process consists of
a batch (liquid preparation) and a continuous (liquid bot-
tling) processing stage. Numerous parallel non-identical units
i.e. fermentation/tanks and filling lines are available in each
stage, while many  orders must be satisfied as close as possi-
ble to their corresponding due dates. A salient characteristic
of this process is the long lead times originating from the large
processing time required for the fermentation/maturation
process. Therefore, a long planning horizon must be con-
sidered, resulting in a complex optimization problem. In
order to efficiently address the problem, first a new MILP
model is developed that is based on the immediate prece-
dence framework employing a mixed discrete-continuous
time representation. A comprehensive analysis demonstrated
that the developed model performs better to a relevant lit-
erature model. However, the direct application of the MILP
model is limited to small problem instances. Therefore, an
optimization-based solution strategy is introduced, in order
to tackle large-scale problems which represent the industrial
reality. The proposed algorithm consists of a constructive step,
that utilizes a spatial decomposition heuristic to propose an

initial good solution and an improvement step, where four
operators based on the relax-and-optimize heuristic are iter-
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tively applied to achieve high quality solutions. The overall
olution framework strategy is applied to a real-life industrial
roblem of a Greek brewery. Optimized production plans that
inimize total production costs are generated in relatively low

PU times. The developed optimization framework is suitable
or the development of a computer-aided tool, that will facili-
ate the decision-making process in any brewing facility. As a
esult, near-optimal production plans can be promptly gener-
ted, leading to significant economic benefits thus improving
he competitive power of the brewing industry. Future work
ill focus on the introduction of buffers between the two pro-

essing stages and the consideration of rescheduling actions
sing a rolling horizon technique.

omenclature

ndices

, i
′ ∈ I products to be processed within the planning

horizon

, l
′ ∈ L liquids required for the final products

 ∈ O fermentation/maturation tanks

 ∈ J filling lines

, t
′ ∈ T set of time periods for the whole planning

horizon

ets

1 subset of time periods that comprise the first
part of the planning horizon

2 subset of time periods that comprise the second
part of the planning horizon

j mapping set defining filling lines j that can
process product i

i mapping set defining products i that can be
processed by filling line j

l mapping set defining products i that are made of
liquid l

ariables

inary

tage 1
1
o,l,t

=1 when liquid l gets ready in tank o in time
period t

tage 2
2
i,j,t

=1 when product i is processed in filling line j in
time period t

j,t =1 when filling line j is utilized
F
i,j,t

=1 when product i is processed first in filling line
j in time period t

L
i,j,t

=1 when product i is processed last in filling line
j in time period t‘

i,i′,j,t =1 when product i is processed right before
product i’ in line j and time period t

i,i′,j,t =1 when product i is processed first in line j and
in time period t and products i’ is processed last

in line j and time period t − 1
Continuous

Stage 1

LP
o,l,t

amount of liquid l that gets ready in tank o in
time period t

LS
o,l,t

amount of stored liquid l that gets ready in tank
o in time period t

Stage 1+2

LT
o,j,i,t

amount of liquid l being transferred from tank o
to line j in time period t

Stage 2

Qo,j,i,t number of items i that use liquid from tank o
and are processed in line j in time period t

Ci,j,t completion time of the filling process for product
i in filling line j and time period t

Uj,t time within period t used for a changeover
operation that is completed in the next period in
filling line j

Uj,t time within period t used for a changeover
operation that started in the previous period in
filling line j

Si,t inventory level of product i in time period t

Bi,t backlog level of product i in time period t

Parameters

�l fermentation/maturation time required for
liquid l

�o maximum capacity of fermentation/maturation
tank o

�i,l amount of liquid l required for each unit of
product i

�i,j processing rate of product i in filling line j

�i,i′,j necessary changeover time between products i
and i’ in filling line j

�i,t demand of product i in time period t

�i inventory cost coefficient

ˇi backlog cost coefficient


i,i′,j changeover cost coefficient

ω available processing time in each time period

M big-M parameter used for the lot-sizing
constraints of the liquid preparation stage
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