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Abstract

The quality and obtained quantity of Virgin Olive Oil is determined by the
influence of the process variables during the production process based on the
properties of the olives being processed. Since the quality of the olives evolve
during the harvesting season, a relevant question is to systematically suggest
when to harvest the olives in order to maximize the profit over the whole sea-
son. This work proposes a method to determine an optimal production plan
for the whole harvesting season explictly considering the stochastic nature of
the problem, the uncertainty in the problem parameters and the information
available at each step, and presents the results obtained in its application to
different production scenarios.

Keywords: Optimization, Decision Support System, Olive Oil

1. Introduction

Virgin olive oil (VOO) production is an important, growing and global
economic activity. Currently, more than 30 countries produce VOO, and
the world average production increased 5.9% in the 2015-2010 period over

the 2005-2010 figures. The production increase is expected to continue in

* i thor. Telf: 4 21244 Qujaen.
Preprotatimaes B e 0034 953 8 peanoujacn.s May 9, 2018



13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
5
£
34
35
36

37

the near future, as young olive orchards are still expected to increase their
production.

The economic return of the activity depends on the amount of VOO re-
covered from the olives — usually referred to as industrial yield —, the quality
of that VOO, and the incurred costs during the extraction process. Unfortu-
nately but unsurprisingly, obtaining high industrial yields, high quality VOO
and low costs are conflicting objectives. Thus, the different decisions to be

made through the process must take into account these inherent trade-offs

(lDi Giovacchino et alL }2002b|; |Cano Marchal et a1.|, b011|).

The evolution of the properties of the olives in the orchards, the harvesting

method, and the values of the process variables during the extraction process

influence the final value obtained of each of these objectives (|Aguilera et all,

). Hence, before processing a batch of olives to produce VOO, a decision

must be made about what point in the trade-off surface between yield, quality
and cost to aim for. This decision defines a production objective that entails
a set of values of the process variables to fulfill this pursued objective.

The influence of the process variables in the quality and quantity of the
produced VOO and its on-line measurement have been a topics of extensive
research, see, for instance (|Clod0veo|, lZOlj; h)i Giovacchino et al.|, l20023|;
lInarejos—Garcia et al.|, tzood; |Moya et al.|, lZOld; 'Tamborrino et al.|, t20141; ILeoneI

, ) and (lFurferi et a1.|, |2007|; balguero—Chaparro et alj, |2013|; IMartinez]

|Gila et al.|, }2015|), respectively.

The effort devoted to this research is justified in the great importance of
the topic, since it is precisely the interaction of the different process variables

that will finally determine the output of the process, i.e. the actual quality
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and quantity of VOO obtained.

Building upon this research, a relevant question is to systematically sug-
gest what would be the best production objective for a given batch of olives,
assuming that we intend to maximize the economic profit of the activity. In
(Cano Marchal et al, 2013, 2015, 2017)), this problem is considered in the con-
text of a general system for defining and updating suitable set points for the
VOO elaboration process, and some considerations about how to approach
it are hinted.

However, assuming that the batch of olives to be processed is already in
the factory means that the properties of these olives are already fixed. Given
that the properties of the olives evolve through the season, and that they are
a key factor in the process (Gutiérrez et al), 1999; Jiménez Herrera et al,,
2012), it is very relevant to consider the question of what values of these olive
properties would be optimal to have in order to maximize the profit over the
whole season. Explicitly considering the economic aspect of the production
is an important issue, as recent research effort devoted to these aspect show,
for instance Béez-Gonzalez et al| (2016), Liu and Cui (2018), Vaccari et al.
(2017) or De-Luca et al) (2017).

The objective of this work is to further elaborate on the preliminary work
included in Cano Marchal et al| (2014) and propose a method to deter-
mine an optimal production plan for the whole harvesting season, i.e., define
the amount for each VOO quality that maximize the company profit and
when it should be produced, given pertinent restrictions and considering the
stochastic nature of the problem. The contributions of this work include

a reformulation of the problem so that the influence of the specifics of the
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extraction process are condensed into a single parameter, the consideration
of fixed costs related to the amount of time that the factory is open and
the treatment of the problem as a stochastic one, explicitly addressing the
uncertainty in some parameters and the information available at each step.

The rest of the paper is organized as follows: Sec. E covers the theoretical
part of the work, presenting the proposed objective function, constraints and
models, as well as the different approaches for obtaining the value of the
parameters of these models . Section B shows the results obtained using the
proposed method for different scenarios and Sec. @ presents the conclusions

of the work and the future research lines.

2. Optimization Problem Definition

The following Sections discuss in detail the definition of the optimization
problem, the alternatives to obtain the value of the different parameters
included in the optimization problems and the convenience and implications
of considering the stochastic nature of the problem. A brief description of
the olive oil production process can be found in Cano Marchal et al| (2013)
and more detailed ones are available in |Albal (1997) and Di Giovacchino et al.

(20024).

2.1. Optimization Problem Definition

The total production of VOO carried out through the harvesting season
can be thought of as the collection of VOO batches produced at different
production periods, where each batch is characterized by the properties of

the corresponding olives (v), the specific values of all the variables involved



86

87

88

89

90

91

92

93

94

95

96

97

98

99

101

102

103

104

105

106

107

108

109

110

in the transformation of olives into oil from the orchard to the factory (¢),
and the particular quality of the produced VOO ().

In the bulk VOO market, the price of the VOO is primarily determined by
its regulatory quality, as defined by the EC 2568/91 — Extra Virgin, Virgin
and Lampante —, with possibly minor variations of the price according to
the specific value of some parameters of special interest, but typically small
compared to the price gap between the different categories.

A relevant aspect to consider is that two VOO of the same quality may
provide different profit depending on the way they are marketed. A clear
example is the difference between bottled and bulk VOO commercializa-
tion: typically, VOO producers have a higher profit selling bottled VOO, as
the price is higher and compensates the associated higher marketing costs.
However, restrictions typically exist on the amount of bottled VOO that a
company can sell, while that constraint does not apply to the bulk market.

These considerations suggest the convenience of introducing the concept
of product for the formalization of the optimization problem. A product is
characterized by a quality requirement and an associated commercialization
method. For instance, Bulk Eztra VOO and Bottled Fxtra VOO are two
different products whose quality requirement is the same, but whose com-
mercialization method — and consequently, their selling price — differ. This
way, constraints on the total amount of each type of VOO can be easily
introduced.

The production plan, thus, requires prescribing the amount of each prod-
uct to be produced during the whole season. If we let the index:=1,2,...,1

enumerate the different production periods, and k = 1,2, ... K refer to the
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different products, then the production plan can be formalized as a matrix

P € RI*K,

ay; a1 ... a;1 ... 1K
agy Q22 ... Q59 ... A4A9K
P = (1)
;1 Qg2 ... Qi ... QK
arpp Qarp2 ... ar ... Q4

Here, each entry a;; of the matrix represent the amount of olives devoted
to the production of product k£ at period 7, each column describes the specific
production plan through time for a single product, and each row represent
the production of each product for the corresponding time period.

The following Sections detail the different aspects considered in the con-

struction of the optimization problem.

2.1.1. Analysis of a production stage
We begin the analysis of the problem considering a given specific produc-
tion stage ¢. In this stage, the properties of the olives v; can be considered
to be fixed, as they are the ones available during that specific time period.
The profit obtained when processing a specific batch of a certain product
and selling the obtained VOO is simply the amount of VOO produced times
the price at which it was sold, minus the total production costs. Mathemat-

ically, this can be expressed as:

Tk = Sik Tk — Qik Kk (2)
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where s;;, denotes the total produced amount of VOO, m;, stands for the
selling price of the product, k;, represents the total cost of the operation per
unit of processed olives, and a;, symbolize the amount of olives that were
processed in the batch to obtain the product k.

The amount of obtained oil (s;;) can be expressed as the amount of olives
processed times the industrial yield of the extraction process (p;). In turn,
7 depends on the quality of the VOO (¢ ), and k;; depends on the way that
the olives were processed from the grove to the end of the process, that is, on
the value of the different process variables (&;;). Taking into account these

considerations, Eq. (E) can be rewritten as:

Tie = aix (pir T (k) — Kin(Eix))- (3)

It is relevant to note that ¢, is a property of the product and it is fixed
throughout the whole season, so it does not have a ¢ index. For simplicity,
the sale price 7y is also considered to be constant through the season and to
depend only on the specific product. As discussed above, p;; is a function of
the olive properties (v;) and the process variables (&;).

If we explicitly introduce this dependency in Eq. (B) we have:

Jh. = i (pik(Eins iy 1) Tr(Dk) — Kin(Eir))- (4)

This Equation states that the profit for a certain batch of olives is a

function of the properties of those olives (1;), the way that they are trans-

formed into VOO (&) and the quality of the product (¢y), that is, J5 =
Jb(aik,Vi,fik,%)-

However, ¢, is a fixed value, and the well known trade-off between quality
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and yield means that fixing a specific value of ¢, restricts the freedom of
choice of &;, thus influencing the value of p;;. Furthermore, v; is also fixed,
as it is the value at the considered time instant. To make explicit that the
only real variable of choice is &, we may use the notation Jibk = Jfk(ﬁlk |V, D).

For convenience, we may define:

Yir Eire | Vi Ox) = pir(Ear | Vi Or) (D) — Kir(Eine)- (5)

This quantity ~;; has the straightforward interpretation of being the profit
per unit of processed olives for product k, and allows expressing Eq. (@) more

compactly as:

T (ain, & | viy d%) = @i Yix Eir. | Vi O1.)- (6)

A straightforward inspection of the above Equation shows that the ob-
tained profit for a given batch of a given product can be factored into two
terms: the amount of olives processed (a;;) and a factor that depends on the
type of product (), the properties of the olives (v;) and the way they are
processed (), but does not explicitly depend on the amount of olives pro-
cessed. Since, given their definitions, these two terms are independent, it is
clear that the optimum of Eq. (B) can be obtained independently optimizing
its two terms: a;; and ;.

The optimization of the second term is the problem of finding the value of
&, that maximizes p; taking into account the selling price and the production
costs, subject to the properties of the available olives v; and the requirement

of attaining a VOO quality of ¢,. Mathematically:
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magéimize Vit = pik ik | Vi, &) Te(Pr) — Kk (Eir)-
ik

This problem can be approached using the techniques proposed in Cano Mar-

chal et al) (2013), Cano Marchal et al| (2015) and Marchal et al, (2017) and
will be studied in more detail in Section @ However, the key remark is
that it can be solved independently of the general production planning prob-
lem, and its solution 7}, can be considered a fixed parameter in the general
problem.

Another important remark is that the requirement of attaining a specific
value of ¢, may render the optimization problem unfeasible. The associated
intuitive idea is that if the properties of the available olives are just not good
enough, then it is not possible to obtain the required VOO. If this is the
case, then we must assure that no production of product k is assigned to this
period. This can be achieved imposing an explicit constraint on the general
optimization problem a;; < 0, or just setting 7}, = 0.

Once that «}, is available, the value of a;; must be determined. If we
consider that we can only produce product k, then the obvious solution is
that a;; must be as large as possible. If, on the other hand, we can indeed
produce different products, then we must choose which of those provide the
higher return, subject to the total amount of olives that we have for the

period:

. -
ma)élimze ; @ik Vi
(7)
subject to Z ai < a;.
k
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The solution to this problem is clearly to assign the production to those
products whose 7}, is greater. However, it is not true in general that the
optimal solution to the season-wide production problem requires that there
is production in every considered production period, so each production stage
cannot be optimized independently of each other. Next Section deals with

the formulation of the complete production problem.

2.1.2. Basic General Production Planning Problem

According to the discussion of the previous Section, we can suppose that
v}, are available for each product and time instant, since their value is inde-
pendent of the final production plan.

This way, the production problem is an extension of (B) and its objective

function can be formalized as:

e S22 2 i ?

Several constraints must be included to define a well-posed optimization
problem. First, the total number of olives for the season is clearly bounded,
so a constraint limiting the total production of the year must be included. As
the season advances, olives lose moisture, thus decreasing their weight. This

effect must be accounted for introducing a factor \; inversely proportional to

the moisture content of the olives at each time instant:

Z > Nag < a. (9)

Two aspects limit the amount of olives to be processed per time stage:

the production capacity of the facilities of the company and the availability

10
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of olives. Typically, the production capacity can be considered to be fixed
for the whole season,

however, the availability of olives does indeed change through the sea-
son, as different number of growers are willing to harvest the olives. These

considerations can be modeled with the constraint:

Zaik < a;. (10)

k

Limitations on the availability of olives fit for the production of a precise
quality can also be easily included, analogously to the discussion of the pre-
vious Section. The bound of these constraints can be precomputed taking
into account the amount of olives of the different qualities available at each

time instant. These constraints are:

Wiy < Q- (11)

Finally, the already mentioned possible constraints on the selling capac-
ity of the company of different products implies that the production of the
product during the whole season should not exceed the selling capacity. The
total bound on sold products is naturally thought of in terms of olive oil,
not olives; however, a;, represents olives. In order to not introduce further
variables into the optimization problem, a;; can be weighted by p;, thus

being transformed into oil. This way, the constraint can be modeled as:

sz‘k i, < Q. (12)

7

It is worth noting that p;; is available whenever v}, is available, as it

11
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is required for its computation. Equations (B—@) configure a simple linear
optimization problem, that constitutes the basic foundation of the problem

at hand.

2.1.3. Inclusion of fized costs

Solutions of the above problem tend to assign the production of lampante
olive oil to the latest possible time periods. This is provoked by the fact that
olives reduce their moisture content along the season, and thus increase their
oil content on wet basis, giving higher profit by means of lower production
costs, as less kg of olives have to be processed to obtain the same amount of
VOO.

However, opening the factory and keeping it open makes the company
incur in costs. Personnel and electric power supply must be hired, and part
of these costs are fixed, as they are independent of whether there is production
during a certain time period or not. There is, thus, a term of pseudo-fixed
costs that is proportional to the amount of time that the factory is open, but
independent of the total production during these time slots.

In order to model this effect, several variables need to be introduced.
First, an integer variable 9; encodes whether there is production in a cer-
tain period. The corresponding constraints associated with these variables,
employing the well-known big-M formulation Pochet and Wolsey| (2006), are

just:

> ay < Mg, (13)
k

However, the inclusion of these variables and constraints is not enough

to consider the number of time periods elapsed since production is started

12
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s until it is finished. To accomplish this, two new sets of binary variables ( €

xo and €P) are introduced, along with the constraints:

A
Z a;r, < Me;
e
” (14)
Z a;r < M EZB )
kj<i
250 These constraints force ! to be one equal to one whenever there is pro-

1 duction in or after the specified time instant i, while €” is one whenever there

252 is production during or before i.

253 For any given time instant, there are four possibilities:

254 « Production has not started yet. In this scenario, €4 equals 1, while ?
255 equals 0.

256 « There is production assigned to the period. Here, both € and €” equal
257 1

258 o Production has already started and has not yet finished, but there is

250 no production assigned to the period. In this case, again both ¢4 and
260 €8 equals 1.

261 o Production has already finished, and, logically, there is no production
262 assigned to the node. In this scenario, € equals 0, with €” being 1.
263 So, the absolute value of the difference between ¢ and €” is 1 when the

x4 factory either has not started production or has already finished, and 0 when
x5 either there is production in the time instant or both before and after the

s6 considered period. Thus, the amount of time period considered minus the

13
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sum of the absolute value of the difference of ¢4 and €? provide the number
of time instants that the factory is open.

This discussion can be encoded using two new sets of binary variables (£4
and £B) associated to the following constraints:

A B A__ B
§ =& =€ —€

- (15)
el <1
This way, the total number of open time periods is given by t = n —
> (€2 +€P), and the cost function can be augmented with a term penalizing

this variable:

maximize J = ; ; aipYi, — C't (16)

Unfortunately, the inclusion of these constraints suppose that the problem
is no longer a simple linear optimization problem; since integer variables
have been introduced the problem is now a Mixed-Integer Linear Problem.
However, the size of the typical problem and the fact that there are no
real hard requirements on the computation time needed to solve it allow

considering these constraints without prohibitively increasing the difficulty

of solving the problem.

2.2. Obtaining the Parameters of the Optimization Problem

In the previous Sections we have formulated the optimization problem
to be solved to obtain the optimal production plan for the whole season
under the assumption that the values of the problem parameters are known.
However, we have not yet addressed how to assign appropriate values to the

different parameters included in the optimization problem.

14
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We may distinguish two types of parameters: those whose value depends
on the characteristics of the available olives (v;) and those whose value does
not. Parameters that depend on v; are regarded to as production-related
parameters, while those that do not are addressed as business-related param-

eters.
[Figure 1 about here.|

Business-related parameters include company-specific aspects such as the
total availability of olives for the season and the production capacity per time
stage, and market-related parameters, such as the prices of each product and
their associated maximum selling capacity. The company-specific values are
fairly straightforward to estimate just analyzing the available equipment of
the company and historical data regarding the daily reception of olives. In
turn, the selection of optimal values for market-related parameters so that
the revenue of the company is maximized constitutes a interesting problem
in its own right. However, that problem requires considering the marketing
and business strategy of the company and falls out of the scope of this work.
We suppose that decisions such as the selling price of the products and their
associated marketing costs have already been decided and are available for
our problem.

On the other hand, production-related parameters are connected to the
specifics of the VOO production process itself, and are affected by decisions
about the process variables. According to the problem definition presented in
Section @, the parameters that explicitly appear in the problem formulation

are 7}, and a;,. However, as discussed in that Section, the values of these

15
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parameters are the result of all the technological factors that influence the
VOOPP, and the whole process must be analyzed to determine them.

Olive properties evidently play a fundamental role in the optimization
problem. Since the characteristics of the olives evolve in time, a model of
this evolution is required to provide the value of the variable exclusively as a
function of the time period considered. The characteristics of the olives rele-
vant to the problem are the ripeness (R;), the fat content (F), the humidity
(H;) and the overall state of the olives, i.e., whether they are damaged due
to hail, plagues, etc.

Harvesting methods also influence the characteristics that olives exhibit
when they arrive to the factory. Harvesting methods can be classified in two

major groups:

o Methods that separate olives coming from the tree from olives already

in the ground, and
e Methods that mix olives coming from the tree and the ground.

Olives that have fallen to the ground present poor quality characteristics,
due to the chemical reactions that begin to take place (Garcia and Yousfi,
2007). Therefore, methods that mix olives cause a decrease of the potential
quality that could be obtained if only olives coming from the tree were to
be harvested. The ratio of fallen/tree olives is a parameter of importance,
as determines the decrease of quality due to the mixture of qualities. The
amount of fallen drupes increases as the harvesting season advances, due to
the reduction of the retention force of the olives as they ripen. Meteorological

phenomena, such as high intensity wind, may increment the amount of fallen

16
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olives in stages where they would normally still be on the tree. However,
methods that mix olives tend to offer lower costs, since they require lower
manual labor (Vilar Hernandez et al), 2010).

The conditions of the olives that arrive to the factory, as affected by the
aforementioned factors, constitute the starting point for the processes carried
out in the factory. The fundamental trade-off between oil recovery yield and
oil quality require choosing adequate values for the set-points of the main
process variables so that optimal revenue can be achieved for a given batch
of olives Cano Marchal et al! (2011).

The paste preparation is the stage of the VOOPP that covers the opera-
tions from the reception of the fruit until the so-called olive paste is fed into
the decanter to separate the oil from the rest of the paste components, and
is the key step in the trade-off between yield and quality. Figure El shows
a simplified model of this paste preparation stage of the VOOPP proposed
in Cano Marchal et al| (2015). This model was constructed using Fuzzy
Cognitive Maps Koskd ([1986)Papageorgiou and Salmeron (2013) and can be
used as a constraint for an optimization problem whose objective is to de-
termine the maximum plausible yield, subject to the properties of the batch

and obtaining the required quality for product k. Mathematically:

maximize J = p;
13

subject to y = f(&,v)
vV =V
¢ = P

fmin S f S gmax

17
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where y = [pit, 9x|T and f(-) denotes the fuzzy model that relates the differ-
ent process variables and olive properties to the outputs.

The solution of this optimization problem provides pj and &, which
can be used to compute the production costs k;,, and that, along with m,
can be used to compute ;. Further details on the model, the optimization
problem and its solution can be found in (Cano Marchal et al), 2015) and
(Cano Marchal et al), 2017)).

Finally, the factorized nature of Eq. (B) gives rise to an alternative ap-
proach for estimating the production-relation parameters. Optimizing the
production of VOO for the season involves two aspects: handling each batch
of olives such that the maximum profit for the batch is obtained, and allocat-
ing the production in those time periods that provide the highest profits. As
discussed before, these two actions are independent of each other; in particu-
lar, an optimal allocation of production can be planned even if the production
of the batches is not carried out optimally, i.e., the coefficients 4;, are not
the actual optimum values 7},. If this is the case, the solution of the opti-
mization problem having #;; as parameters won’t provide the truly absolute
optimal value for the production, which would be obtained if the actual v},
were used; however, it will provide the optimal solution for the production
planning problem given that the transformation of olives into VOO is car-
ried out such that the parameters are 4;;. In other words, we can solve the
optimal production allocation problem for given current operating practices
of a company.

An alternative approach to obtaining the p;, K and a; is to employ his-

torical data obtained in past harvesting seasons. The drawback is that using

18
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this data does not guarantee that the coefficients will be optimal, in the sense
that it is possible that the operation of the factory were not fully optimized
and better yields or VOO quality could have been obtained for the given
olive characteristics. However, the advantage of using these data is twofold:
on the one hand, the required data is usually quite easily recovered from
already available records of the company, thus reducing the amount of work
required to set up the optimization problem. On the other hand, solving the
problem with historical data means optimizing the season-wide production
with the actual current knowledge and technology of the company, which is
an interesting problem in its own. Tables EI and @ respectively summarize

the business-related and production-related parameters considered.

[Table 1 about here.]

2.3. Uncertainty on the Problem Parameters

The planning of the production of VOO for the whole season is subject
to several sources of uncertainty that must be taken into account in the
definition of the optimization problem. This uncertainty has implications
both in the value of the problem parameters and on the structure of the
problem itself.

First, the evolution of the properties of the olives clearly constitutes a
random variable, whose expected behavior can be inferred from the research
literature — see, for instance Gutiérrez et al) (1999) and Jiménez Herrera et al.
(2012) — and historical data in each company, but whose precise realization
for each harvesting season is unknown. This uncertainty constitutes the
major issue in the optimization problem, since the main idea of the method

is to choose when to harvest according to these olive properties.

19
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[Figure 2 about here.|

In order to handle this uncertainty, different olive properties evolution
scenarios can be considered, and the solution to each of these studied. How-
ever, simply considering the different scenarios for the computation of the
parameters and solving the problem posed in Section is not enough, as
it is equivalent of considering that the future evolution of the properties is
known in the planning instant, which is obviously not true. An alternative
is to solve the problem considering the expected value of the uncertain prob-
lem parameters, which provides the expected value solution of the problem.
Finally, to cope with the fact that the value of the properties of the olives
for each time instant is discovered as the season advances, a full multi-stage
stochastic programming problem, including non-anticipatory constraints can
be considered (Birge and Louveaux, 2011)). This way, in each stage the pro-
duction is planned according to the data that is realistically available: the
actual evolution of the properties so far, and the expectation of the future
evolution. It is not trivial, in general, to see whether the benefits obtained by
considering the full multi-stage problem are worth the additional complex-
ity introduced, compared to the expected value solution. Section B presents
some results regarding this discussion.

Another important set of parameters that can clearly be regarded as ran-
dom are VOO prices. Changes in the spread between the different products
do indeed alter the profitability of each of the products, and thus, may have
an impact in the solution of the problem. Here, it is not straightforward to
model when is the price information revealed, and whether there is room for

decisions based on this new information. If new information is disclosed as
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the season evolves, we would be facing a multi-stage optimization problem,
similar to the one faced regarding the evolution of the quality properties.
If, on the other hand, we consider that the precise value of the prices is
known once that the harvesting is completed, then we do not face a multi-
stage stochastic problem, as all production decision are already made when

the actual value of the prices are revealed.

3. Results and Discussion

This Section presents the solutions obtained using the proposed approach
for a set of scenarios. The optimization problems were set up using Pyomo
(Hart et al), 2012) and PySP (Watson et al), 2012), and involved defining
a deterministic base model and several scenario tree models that defined
the problem stages and the value of the uncertain parameters in each sce-
nario. The solution to the problems were carried out using PySP and Gurobi
(Gurobi Optimization, 2015).

All the scenarios consider a progressive increase in the harvesting capac-
ity (@;) during the first few weeks, modeling the gradual incorporation of
farmers to the harvesting tasks. Historical evolution data for olive moisture
and fat content evolution were provided by an expert laboratory, and the
production related parameters were obtained using the models presented in
Cano Marchal et al| (2015). Figure @ includes an excerpt of the parameter
file used in the Scenario A-DO presented in Section @

[Figure 3 about here.]
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3.1. Inclusion of Fized Costs and Moisture Decay

The first analysis is a comparison of the production plans obtained consid-
ering a deterministic evolution of the olive properties and prices when fixed
costs and moisture evolution are considered in the model. Figure @ shows
the results obtained. Top-left plot shows the results when neither fixed costs
nor moisture evolution is considered. As depicted in the plot, production is
assigned based exclusively on the highest values of pf , being concentrated
at the end of the season, but assigning sporadic production for high quality
VOO. Top-right plot considers the inclusion of fixed costs, and congruently
minimizes the span of days devoted to production. With the particular set
of prices considered in the scenario (Scenario I in Table E), production is
completely assigned to the end of the season, and no high-quality olive oil
is produced. When we take into account the lose in weight of olives in the
groves due to their decrease in moisture content (left-bottom plot), we see
how production is transferred from the latter season to earlier periods. This
reflects the fact that although there is a higher fat content in latter-season
olives, there are also less kilograms of olives on a wet basis to be harvested.
Finally, the inclusion of fixed costs in the right-bottom plot again reduces
the span of production days, compared to the solution that does not include

them.

3.2. Stochastic Prices

This analysis supposes fixed and known evolution of the olive properties,
but uncertainty in the prices of the different products considered. The un-
certainty is modeled assuming that there is a equal chance of having the

2014, 2015 or 2016 average Spanish bulk market prices, as included in Table
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B (PoolRed, 2016). The prices are supposed to be revealed when all pro-
duction is done, as the average sale price for the season is not known while
production is being carried out, as typically producers sell throughout the
year and only a very small amount is actually sold while being produced.
Since the prices are revealed at the end, there is no decision to be made
based on the actual outcome of the prices. Since there is no second-stage
decision to be made, the recourse solution of the problem coincides with the

expected value solution.
[Table 2 about here.]

Figure B shows the production plans for each of the production scenarios
considering perfect knowledge of the prices, and the expected value solution.
As depicted in the Figure, Scenarios I and II, despite noticeable differences
in the price levels of the products, provide the same production plan. How-
ever, Scenario III, showing similar prices to Scenario II, provides a different
solution. This can be explained by the spreads between the prices of the
different products. Price spreads are similar in Scenarios I and II, while
Scenario III provides narrower spreads, which encourage the production of
products with a higher yield. The value of perfect information (Birge and
Louveaux, 2011), that is, the difference between the profits obtained when we
execute the production plan optimal to the specific realization of the prices
and those obtained executing the stochastic solution is zero for Scenarios I
and II, as the expected value solution coincides with the optimal production

plan, and is 0.15% in Scenario III.
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3.8. Stochastic Prices and Olive Quality Evolution

In this Section a stochastic evolution of the olive properties is considered
in addition to the stochastic prices. Six different scenarios are considered:
two price levels (corresponding to years 2015 and 2016, assigned equal pro-
bability) and three olive property evolution Scenarios: regular evolution as
considered in the previous Sections, a case when olives are damaged in time
step 1, and another in time step 3, with probabilities given by a parameter p,
according to Table @ These scenarios have been chosen so that we consider
a regular season with no abnormal quality evolution, a situation when there
is a incident very early in the season and another when a later incident may

still have a significant impact in the production.
[Table 3 about here.]
[Figure 4 about here.|

In this case, the information about the quality of the olives is revealed as
the season advances, so decisions based on the actual outcome of the random
variables so far can be made. Figure @ shows the different production plans
provided for this Section. The columns correspond to the three different
quality evolution scenarios. The first row and second shows the optimal
production plans supposing perfect information for price Scenario A and B
respectively. As depicted in the Figure, the plans coincide for scenarios D1
and D3, differing in case that no damage to the olive occurs. The third row
represents the recourse problem solution. Rows 4 to 6 represent the expected

value solution to the problem for p = 0.1, p = 0.3 and p = 0.7, respectively.
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It is worth noting that the expected value solution does not take into
account information being revealed through the season, so it provides the
same production plan for the three quality scenarios. As depicted in the
plot, these proposed production plans suggest the same time instants for
production for p > 0.3, with the products suggested changing due to the
decrease of the average quality evolution. Strictly speaking, the product
plans provided by the expected value solution for D1 and D2 are unfeasible,
since the actual quality properties found do not allow to produce the specified
products.

On the other hand, the solution to the recourse problem does not depend
on p. It provides different production plans for the different Scenarios, as
it is capable of incorporating the information that is being revealed as the
season advances, and these are always feasible. Furthermore, the proposed
plans can always be implemented, as the non-anticipatory constraints make
sure that the plans are consistent.

Finally, Table @ includes the value of perfect information (VPI) and the
value of the stochastic solution (VSS, i.e. the difference between the profits
obtained when executing the full stochastic solution and the expected value
one) for the different values of p considered. As included in the Table, the
the VSS is modest, but on the same order of magnitude of the VPI for all
values of p. Although modest percentages, a 0.34% increase means around

27,000 € for a factory processing 10 million kg. of olives per season.
[Table 4 about here.]

[Figure 5 about here.|
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4. Conclusion

In this paper the problem of obtaining an optimal production plan for the
VOO elaboration has been regarded. The different factors that must be con-
sidered and the relations between variables have been pointed out, resulting
in the formulation of a optimization problem including convenience of the
inclusion of fixed costs and the stochastic nature of the problem. In par-
ticular, the differences between considering perfect knowledge, the expected
value solution and the full stochastical setup have been discussed. Then, the
practical consideration of obtaining the parameters for the problem has been
addressed from two points of view. Finally, based on data provided by bib-
liography and experts, the optimization problem proposed has been solved
for a variety of different scenarios and the results have been discussed.

The proposed approach serves as a fundamental tool for the construction
of a comprehensive decision support system for virgin olive oil production,
that, together with the system proposed in Cano Marchal et al, (2015); Mar-
chal et al| (2017), may help operators in each decision to be made in the
production process. Since the decision of when to harvest is a key decision in
the process, the proposed approach enriches and completes systems focusing
on the process once olives are already at the factory.

Further work will include the consideration of different olive cultivar va-
rieties might be of interest, along with a more sophisticated modeling of
the stochastic distribution of prices and demand. Other aspects, such as
the stochastic nature of the weather conditions and their restrictions on the

harvesting capacity can also be of interest to be included in the model.
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Production plans for the scenarios considered in Section 3.3
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Paste Emulsion

L, -
» Fruity Kneading State

Figure .1: Simplified model of the paste preparation stage in the virgin olive oil elaboration
process
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Figure .2: Production Plan for fixed olive quality properties evolution and prices in four
different cases. Plots on the left (right) column don’t (do) include fixed cost. Plots on the
top (bottom) row don’t (do) include moisture evolution consideration. The inclusion of
fixed costs congruently minimizes the span of days devoted to production, while moisture
evolution provokes production to be transferred from latter season to earlier periods.
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Figure .3: Production plans for the scenarios considered in Section @ Figures (a), (b)
and (c) show the optimal production plan, assuming perfect information, for Scenarios I,
IT and III, respectively. Figure (d) shows the expected value solution when the stochastic
nature of the prices is considered.
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Parameter File

set I :=123456789 10 11|1pat8mléapacidad_venta:=
set K := extra_sup extra virgin ]ampansesup O
extra 20000
param gamma := virgin 20000
1 extra_sup 0.938348393544 lampante 20000
2 extra_sup 0.950053186212 ;
3 extra_sup 0.980554571724
4 extra_sup 1.02332729528 param capacidad_recoleccion:=
5 extra_sup 1.042056 1 30.0
1 extra 0.560079558215 2 60.0
2 extra 0.567065892024 3 90.0
3 extra 0.585271499493 4 120.0
4 extra 0.610801599273 5 150.0
5 extra 0.621980352; ;

param capacidad_calidad := param capacidad:=
1 extra_sup 1000 1000

2 extra_sup 1000 ;

3 extra_sup O

4 extra_sup O param coef_humedad:=
5 extra_sup O 1.0888356008

1 extra 1000 1.0885804146
2
3
4
5

extra 1000
extra 1000
extra 1000; ;

1.0401684932

1
2
extra 1000 3 1.0648482088
4
5 0.9887648554

Figure .4: Excerpt from the file that defines the values for the optimization problem
parameters for Scenario A-DO.
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Figure .5: Production plans for the scenarios considered in Section @ Columns corre-
spond to the three different quality evolution scenarios. First and second row show the
optimal production plans supposing perfect information for price Scenario A and B, re-
spectively. Third row represents the recourse problem solution. Rows 4 to 6 represent the
expected value solution to the problem for p = 0.1, p = 0.3 and p = 0.7, respectively
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Table .1: Business-related parameters used in the optimization problem. The value of
these parameters does not depend on the properties of the olives.
Symbol Parameter

a Total availability of olives per season

a; Total production capacity per time stage
ay Total selling capacity of product k

Tk Selling price of product &

O Required quality for product &

Table .2: Production-related parameters used in the optimization problem. The value of
these parameters depends on the properties of the olives.
Symbol Parameter
Ak Bound on product k for stage ¢ due to availability of olives
capable of providing quality ¢
Vik Profit per kg of processed olives devoted to product k£ at time

step @
Pik Industrial yield for product k at time step
Kik Total production cost for product k& at time step ¢
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Table .3: Prices in €/kg for the different scenarios in @

Product Scenario I Scenario II  Scenario III
(2014) (2015) (2016)

Extra Sup. 6 6 6

Extra 2.317 3.496 3.279

Virgin 2.140 3.186 3.133

Lampante  2.036 2.991 2.961
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Table .4: Scenarios considered in Section @

No Damage Damage In Damage In
Time Step 1 Time Step 3
2015 Prices A-DO A-D1 A-D3
2016 Prices B-DO B-D1 B-D3
probability (1—p)? P p(1—p)
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Table .5: Value of Perfect Information (VPI) and Value of the Stochastic Solution (VSS)
for the different values of p considered in Section B.3.
p=01 p=03 p=05 p=0.7
VPI% 0.32 0.27 0.12 0.04
VSS% 0.34 0.32 0.31 0.20
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