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Abstract: This paper presents a multiobjective optimization stochastic scheme for production plan-
ning for sugarcane companies under uncertainty. The proposed approach considers three stages.
The first stage comprises the mass and energy balances for determining process flows. The second
stage considers the formulation of a Multiobjective Deterministic Model (Mobm) by considering two
objective functions: maximizing the gross margin and minimizing the environmental impact. The
MODM is given by different production plans that respond differently to the parameters’ variability un-
der uncertainty. Finally, the last stage considers stochastic elements (i.e., product prices, demands,
and costs) within the deterministic scheme to obtain a Multiobjective Stochastic Model (Moswm). A
case study’s computational results based on the Colombian sugarcane industry show the proposed
scheme’s effectiveness. Results include the investment strategy for optimal production planning with
an analysis of the parameters’ uncertainty on the economic performance of the planning production
configurations.
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Un esquema de optimizacion estocdstica multiobjetivo para el
problema de la produccion quimica para empresas de cafia de
azucar

Resumen: este articulo presenta un esquema de optimizacion estocastica multiobjetivo para la pla-
nificacion de la produccion de empresas cafieras bajo incertidumbre. El enfoque propuesto considera
tres etapas. La primera etapa comprende los balances de masay energia para determinar los flujos
del proceso. La segunda etapa considera la formulaciéon de un Modelo Deterministico Multiobjetivo
(MoDM, por sus siglas en inglés) considerando dos funciones objetivo: maximizar el margen bruto y
minimizar el impacto ambiental. El MoDM esta dado por diferentes planes de produccién que respon-
den de manera diferente a la variabilidad de los parametros bajo incertidumbre. Finalmente, la Gltima
etapa considera elementos estocasticos (es decir, precios de productos, demandas y costos) dentro
del esquema determinista para obtener un Modelo Estocastico Multiobjetivo (MosM, por sus siglas en
inglés). Los resultados computacionales de un estudio de caso con base en la industria de la cafia de
azUcar colombiana muestran la efectividad del esquema propuesto. Los resultados incluyen la estra-
tegia de inversion para la planificacién ¢ptima de la produccién con un analisis de la incertidumbre
de los parametros en el rendimiento econémico de las configuraciones de produccion planificadas.

Palabras clave: optimizacion multiobjetivo; modelado estocastico; bioetanol; bioplastico;
bioenergfa; biomasa; impactos ambientales



INTRODUCTION

Sugarcane is a raw material of great scientific and
technological interest for the scientific community
because it is a renewable energy source. Indeed,
it is possible to obtain different products from
their physical and chemical transformation. In [1],
raw materials are used to produce sugar, ethanol,
and electricity. Biorefineries could produce many
products and use them as biomass from different
sources. The decision to use a specific raw mate-
rial for developing a product portfolio depends on
the economic, environmental, and social aspects
of the production processes. Currently, mathema-
tical models are used to evaluate biorefineries for
maximum economic benefits and, in some cases,
reduction of the environmental impact.

In [2], an optimization model considering mul-
tiple production paths for a given product has been
proposed. A simple structure for a biorefinery is
presented in this work, and the flow of raw mate-
rial for making different products is explained. The
considered objective function is the maximization
of the gross margin. [3] have used mixed-integer li-
near programming to optimize the set of products.
Different paths to obtain a given product are consi-
dered. The main goal of the optimization problem
is to decide how to maximize gross profit.

A mathematical model to maximize the net
profit for a company that simultaneously produces
sugar, ethanol, and electricity from two raw mate-
rials: sugar cane and sweet sorghum grass (product
with similar characteristics of the sugar cane), has
been developed by [4]. In the proposed model, the
constraints are related to the maximum production
capacity of the sugar, ethanol, and electricity; and
the availability of land to grow the raw materials.

A mixed-integer linear programming model
for a biorefinery that simultaneously produces
ethanol, butane, succinic acid, and lactic acid has
been considered by [5]. The proposed model is
called Stakeholders Value (skv) and is based on
a given company’s Free Cash Flow (kcp). In [6],
an optimization model is proposed to maximize
the economic benefit and minimize the environ-
mental impact. In this paper, the optimal opera-
tion processes for a hydrocarbons biorefinery are
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addressed via fast pyrolysis and physical sepa-
ration. A non-linear mathematical model is pro-
posed by considering two objective functions:
maximizing the net present value (NPv) and mi-
nimizing the global warming potential (Gwp). An
epsilon constraint scheme is proposed to optimize
the proposed model [7]-[8]. A set of optimal Pare-
to solutions determines the solution scheme.

The paper’s main contribution is the structure
of the proposed approach considering two objec-
tive functions: maximization of the gross margin
and minimization of the environmental impact.
Indeed, no attempts have been proposed conside-
ring all these aspects. A multiobjective determinis-
tic model (MopM™) is proposed for the considered
problem. Then, stochastic elements are introdu-
ced, such as the price and demand for the pro-
ducts. Therefore, a multiobjective stochastic model
(Mosm) is obtained. This model is solved using
the concept of Pareto dominance on a stochastic
scenarios scheme. The proposed methodology has
been evaluated on a real case Colombian company.

LITERATURE REVIEW

Although modern sugar mills have diversified
their products, there is an opportunity to develop
more products. For example, in Brazil, the concept
of sugarcane biorefinery has been introduced as an
opportunity to transform sugar mills. The model
of a future biorefinery has been proposed in [9].
The future sugarcane biorefinery could produce
substitutes for the oil and chemical industries with
social, economic, and environmental benefits [9].
The sugarcane biorefinery of the future could
produce substitutes for petroleum products such as
polyethylene. It could provide high efficiency at low
cost, due to the full potential of sugarcane biomass.
The new possibilities for using sugarcane biomass
require evaluating economic, social, and environ-
mental aspects, prioritizing scientific and techno-
logical developments to implement new processes
[10]. In Colombia, studies have been developed on
the technical and economic evaluation of the appli-
cation of biorefineries. The evaluated scenarios
consider production of sugar, ethanol, electricity,
polyhydroxybutyrate (PHB), and anthocyanins [11].
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Bioplastics are chemical compounds of great
interest in the chemical industry because they can
be manufactured from renewable raw materials
to replace petroleum-derived plastics, generating
economic and environmental benefits [12]. The
most investigated biopolymers are starch-derived
thermoplastics (Tps), polylactides (pLA), PHB, and
polyhydroxyalkanoate copolymers (PHAS). PHB is
considered the strongest candidate for biopoly-
mers because it is similar to synthetic polymers
[13]. Polyhydroxybutyrate is a biodegradable poly-
mer produced from renewable raw materials such
as sugarcane and corn [14].

A characteristic of bioplastic is that its produc-
tion process needs less energy than polyethylene
and polypropylene production. Its chemical pro-
perties make it compatible with many human body
tissues, expanding its uses in the future [15]. From
an environmental point of view, PHB production
is more convenient than plastics such as polypro-
pylene because it has several environmental bene-
fits [13]. An advantage of PHB is that it degrades
quickly compared to conventional plastics, which
could take up to 200 years. This property is related
to its natural products resulting from the metabo-
lism of microorganisms [16].

Integrating the PHB manufacturing process
with the conventional production of sugar and
ethanol represents a significant advantage in sear-
ching for environmental benefits. This is because
the carbon dioxide generated in bagasse combus-
tion does not exceed the carbon dioxide consumed
by sugarcane in photosynthesis processes, which
does not occur with fossil fuels [17].

Bioethanol is produced from raw materials
containing fermentable sugars and beets. It is also
produced from some polysaccharides that can be
hydrolyzed to obtain sugars converted into al-
cohol. Sugarcane is the most used raw material
for first-generation ethanol production in Brazil,
India, and Colombia [18]. Starch is the primary
polymer used for ethanol production in the United
States [19]. First-generation biofuels such as bioe-
thanol and biodiesel reduce CO, emissions compa-
red to emissions produced by fossil fuels. However,
first-generation biofuels production’s primary li-
mitations are the supply of raw materials and the
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negative impact on biodiversity [20]. A disadvanta-
ge of first-generation biofuels is the competition for
raw materials with food production. As an alter-
native to first-generation fuels, second-generation
biofuels arise. These biofuels could be produced
from biomass obtained from trees, agroforestry re-
sidues, pastures, and aquatic plants [21].

Lignocellulosic biomass is mainly composed
of cellulose (36-61%), hemicellulose (13-39%),
and lignin (6-29%) [18]. This biomass could be
transformed into bioethanol through two routes:
biochemistry and thermochemistry. Both ways in-
volve the degradation of lignocellulose’s structure
in polysaccharides hydrolyzed into simple sugars
(pentoses and hexoses) [22].

An alternative to second-generation ethanol is
the integration with conventional first-generation
ethanol. [23] suggested in their study a potential
scenario to produce of cellulosic ethanol in Brazil.
In this scenario, first-generation ethanol is produ-
ced with sugarcane, and bagasse and waste such
as cane leaf is transformed into ethanol using hy-
drolysis and fermentation.

Ethanol produced from lignocellulosic raw ma-
terial has become an essential biofuel in the United
States and European countries. This situation is due
to the growing demand for ethanol fuel and the need
to use low-cost raw materials while avoiding direct
and indirect competition with human and animal
feed [24]. According to [18], the first-generation
ethanol production process integrated with cane ba-
gasse could deliver between 0.116 m® and 0.122 m’?
of ethanol for each ton of cane. Investigations in lig-
nocellulosic ethanol are being developed worldwide.
Companies such as Abengoa in Spain, Biogasol and
Inbicon in Denmark, M&G in Italy, Porcethol in
France, Praj Industries in India, Sekab in Sweden,
and Novozymes Brazil are developing research pro-
jects to produce second-generation ethanol. These
companies work on biochemical production tech-
nology, either with enzymatic hydrolysis or acid hy-
drolysis [24].

According to [25], it is essential to reduce the
transformation costs for the second-generation
ethanol production technology to be competitive.
Future biorefineries could produce many products
and use biomass from different sources as raw
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materials. The decision to use specific raw mate-
rials and develop a product portfolio depends on
the economic, environmental, and social benefits
of implementing the production processes. Cu-
rrently, evaluations of raw materials, methods, and
products in biorefineries design are carried out
using optimization models, aiming to maximize
economic benefits and, in some cases, reduce the
environmental impact.

The strategic planning of integrated bioethanol-
sugar supply chains (sc) under uncertainty has been
considered [26]. A multi-scenario mixed-integer li-
near programming (MILP) problem to calculate the
capacity expansions of the network’s production and
storage facilities over time, along with the associated
planning decisions, is proposed. The capabilities of
the proposed approaches are demonstrated in a real
case of the Argentinean sugarcane industry. Finally,
[27] present state-of-the-art optimization techniques
and tools based on Life Cycle Analysis, focused on
process engineering. A multiobjective optimization
approach is used based on the e-constraint method
for generating the Pareto set.

METHODOLOGY

The proposed approach considers two stages. First,
a deterministic multiobjective mathematical model
combining an optimization scheme based on epsi-
lon constraint techniques is developed. Then, seve-
ral variations of the parameters are calculated, and
a multiobjective stochastic model is proposed using
simulation and optimization approaches. In the
following sections, each component is explained.

MULTIOBJECTIVE DETERMINISTIC
MATHEMATICAL MODEL (MmoDM)

The MoDM considers two objective functions: ma-
ximizing the gross margin and minimizing the en-
vironmental impact. Both objectives conflict and
they are defined as follows.

OBJECTIVE FUNCTIONS
GROSS PROFIT

The gross margin for a company indicates the pro-
portionality of gross profit over the sales revenue.
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For a company, the gross margin is the net sales
revenue minus its cost of sold goods [28]. In other
words, it is defined as the retained sales revenue
after incurring the direct cost associated with the
operation of a company (the process of selling pro-
ducts or providing services). A higher gross mar-
gin allows a company to cover other costs or satisfy
debt obligations. Net sales are gross revenue, less
returns, allowances, and discounts.

ENVIRONMENTAL IMPACT

The environmental impact is based on the metho-
dology proposed by Institute of Chemical Engi-
neers [29] given by (1):

EB; = Z WyPFy ; )
N

Where EB, = Environmental load of the category
i, Wy = Quantity of the substance N emitted and
PF,, = Potential factor of the substance N in the
category i. A substance could have a different po-
tential impact for different categories; for example,
nitrogen dioxide (NO2) has an impact factor of 0.7
for the Air Acidification category, 40 for the Global
Warming category, and 0.2 for the Eutrophication
category. [30] proposed a methodology for calcula-
ting the environmental load of a process (2):

TEB = ZEBi (2)

Where TEB = Total environmental load for a
process (tons) and EB; = Environmental load for
the category i (tons). Replacing EB; in (2), the equa-
tion for obtaining the total load for a process is ob-
tained by (3):

TEB = 2 Z WyPFy; ©)
i N

DETERMINISTIC MATHEMATICAL MODEL

The multiobjective model considers the mass and
energy balances for determining the process flo-
ws. Then, the sets, variables, objective functions,
and constraints are defined. The solution of the
mathematical model is performed by the epsilon-
constraint method.
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A determined quantity of sugar juice and ba-
gasse of cane are obtained in the cane crushing
process. The juice is transformed into sugar, and
part of the bagasse is sent to the boiler as fuel. The
cogeneration of electricity supplies steam and ener-
gy to sugar and ethanol production, and sugarcane
crushing. The process of sugar production allows
delivering sugary materials to obtain anhydrous
ethanol. The surplus of produced energy, i.e., that
which is not consumed in the production proces-
ses, is sold to the public network. The product ob-
tained in the clarification stage of sugar syrup has
two uses: 1) production of sugar by crystallization
and centrifugation and ii) ethanol production. Af-
ter obtaining sugar, the product honey “b” is also
directed to alcohol production. Sugar syrup and
honey “b” contain fermentable sugars like sucrose,
glucose, and fructose.

We have considered two new stages added to
the current processes: PHB production and bagas-
se conversion into fermentable sugar. A portion of
honey “b” is directed to produce PHB in the new
proposed scheme. Bagasse leaving the mill is used:
i) as fuel for the boiler, ii) for sales, iii) for startups,
and iv) as raw material for converting into glucose.
The glucose obtained by bagasse hydrolysis is sent
to the ethanol production plant to be mixed with
sugar syrup and honey “b.”

MULTIOBJECTIVE DETERMINISTIC MODEL
(MODM)

The MoDpM considers the following assumptions:
1) The production process is in a steady state.

2) There is no final inventory of sugar, ethanol,
and PHB because all the products are sold.

3) The electrical power available for sale exceeds
the quantity consumed in the production
process.

4) The emission is measured at the border of each
process without considering treatment to mi-
nimize or mitigate impacts in later stages (e.g.,
treatment plants wastewater).

5) Solid wastes are not included in the inventory
of emissions.
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Only emissions to the air and the water are
considered. The notation for the MODM is the
following:

Sets

The sets consider the products, impact environ-
ment the production process and the substances.
We have considered a general set that could be
adapted to any sugarcane company.

Products: Types of products indexed by j, whe-
re j =1 (sugar), j = 2 (ethanol), j = 3 (energy), j
=4 (bagasse), j = 5 (PHB)

Impact Category: Category of the impact
indexed by 7, where i = 1 (atmospheric acidi-
fication), i = 2 (global warming), i = 3 (car-
cinogenic effect), i = 4 (stratospheric ozone
depletion), i = 5 (formation of “Smog” photo-
chemical), i = 6 (aquatic acidification), i = 7
(demand of chemical oxygen in water), i = 8
(aquatic ecotoxicity), i = 9 (eutrophication).
Process: Production process indexed by k,
where k = 1 (production of sugar), k = 2 (pro-
duction ethanol), k = 3 (cogeneration of energy
and steam), k = 4 (transformation of bagasse),
k =5 (production of PHB).

Substance: Emitted substance of the process
indexed by n, where = 1 (SO,, n = 2 (residual
water), n = 3 (Acetic acid), n = 4 (Nitrogen),

n =5 (Phosphorus), n = 6 (Copper), n = 7 (Cad-
mium), n = 8 (Chromium), n = 9 (Nickel), n =
10 (Zinc), n = 11 (CO,), n = 12 (Stillage), n = 13
(Lactic acid), n = 14 (Chlorides), n = 15 (Fle-
maza), n = 16 (Butyric acid), n = 17 (Propionic
acid), n = 18 (Ethanol), n = 19 (Isobutanol), n =
20 (Amyl alcohol), n = 21 (Isoamyl Alcohol), n
= 22 (Butanol), n = 23 (CO), n = 24 (NOx).

Parameters

The following parameters are related to the capaci-

ties, demands, production cost and different emis-

sions related to each product.

Cv; = Variable cost of the production process
of the product j ($/units). The units for j =
1 ($/ton), j =2 ($/1),j =3 ($/kWh),j=4 ($/
ton bagasse), and j = 5 ($/ton).
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Cf, = Fixed cost of the production process of
the product j ($/month).

Cc = Cost of the sugar cane for the company
($/ton).

Cm = Cost of the conversion of sugar cane into

syrup for making ethanol ($/ton).

P, = Sale price of the product j ($/unit).

Cap; = Capacity of production of the product j
(j=1linton/h,j=2inm’h,j=3in kWh,
j=4inton/handj=5inton/h).

Cap, = Capacity of production of steam (ton/h).

Cap,, = Capacity of cane crushing (ton/h).

Cap, = Capacity for obtaining ethanol from ba-
gasse (ton/h).

Dem; = Demand of the product j (j = 1 in ton/
month, j = 2 in m3/month, j = 3 in kWh/
month, j = 4 in ton/month and j = 5 in ton/

month)

Hours; = Available hours for each month for the
product j.

PF = Impact factor of the substance # in the
category i.

W, = Quantity of the substance n emitted in

the process j (ton/ units of product)

Variables

The variables are related to the quantities of the
products to be transformed between ethanol, sugar,
pHB and energy. All these variables are continuous.
Note that the production process is continuous.

Objective Functions
The objective functions are described by (4)-(5):

Maximization of Gross Margin (GMm):

X.

]

M,

Mbe

M,,
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= Quantity of product j to be produced (i = 1
in ton /h, i = 2 ethanol in m*h, i = 3 in kW,
i=41inton/h, i =5 in ton/h)

= Quantity of crushed sugar cane (ton/h)

= Quantity of purified sugar syrup for produ-
cing ethanol (ton/h)

= Quantity of steam to be generated in the
boiler (ton/h)

= Quantity of electrical energy to be consu-
med in the process (kW)

= Quantity of electrical energy to be produced
(kw)

= Quantity of bagasse to be considered in the
boiler (ton/h)

= Quantity of bagasse in the mill (ton/h)
= Quantity of bagasse to be stored (ton /h)

= Quantity of bagasse to be transformed into
glucose (ton/h)

= Quantity of syrup sugar to produce sugar
(ton/h)

= Quantity of syrup sugar to produce ethanol

(ton/h)

= Quantity of honey “b” to be produced
(ton/h)

= Quantity of honey “b” to produce ethanol
(ton/h)

= Quantity of honey “b” to produce pHB
(ton/h)

5 2
GM = (Z HoursijXj> - (Z Hours;Cv; X,-) — Hours3Cv3E,
J=1 J=1

— Hours,Cvy By, —

)

5
HourssCvsXs — (Z Cf,) — CHours{Cc — Hours;M,Cm

=1
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Minimization of Environmental Impact (zz):

2 9 24 9 24
E1=<ZZZ Hours;Wy, ;X;PF >+<ZZ Hours W, 3B.PF >+

j=1li=1n=1 i=1n=1 (5)
9 24 9 24
<ZZ Hours,W, 4B, PF >+ <ZZ HourssW,,s X5 PF )
i=1n=1 i=1n=1
Subject to

= Capacity constraints

Xj < Capjj =1,2,5 (6)
By < Capy (7)
X3+ E. < Caps 8)
V; < Cap, ©)
C < Cap,, (11)

= Demand constraints
Hours;X; = Dem;V; (12)

= Balance constraints

E, — 260X, — 180X, — 18V, — 1095X; — 254B;, — X3 = 0 (13)
0.00531E, -V, =0 (14)
0.44V, — B, =0 (15)
0.29C — B, =0 (16)
By —By—B,—X4s—B, =0 17)
0.23359%C —M, — M, =0 (18)
0.4M, —X; = 0 (19)
0.3M, —M, =0 (20)
0.6Mp, + 0.55M, + 0.25875B), — 1.73X, = 0 1)
My — Mpe — My, =0 (22)
X5 — 0.265M,, = 0 (23)
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Minimum generation of steam

V, = 3.3X; + 2.72X, + 5.7X5 + 0.164B,,

Minimum generation of bagasse

B, = 0.2B,,

Nonnegative constraints

Xj, C, Mg, Mg, My, Mye, My, Vy, Ec, Ee, Be, By, Bg, B, =20

The objective function (4) considers the maxi-
mization of the Gross Margin calculated as follow:
sales revenue of all the products minus the sum of
the variable costs of production of sugar and etha-
nol, of the variable costs of generated energy, of
the variable costs of the transformation of bagasse
into glucose, of the variable costs of production of
PHB, of the fixed costs, of the cost of the raw mate-
rial and of the cost for transforming the cane into
syrup cane. The objective function (5) considers
minimizing the environmental impact generated
by sugar, ethanol, steam, energy, and PHB and
transforming bagasse into glucose.

Constraints (6)-(11) are related to the capaci-
ty of the production processes for each considered
product. Equations (12) allow satisfying the total de-
mand for products of the company. Equations (13)-
(23) corresponds to the balance of mass and energy

9 24

2 9
(ZZZ Hours;W,;X;PF ) + (ZZ Hours;W,3B.PF
j=1i=1n=1

i=1n=1
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(24)
(25)

(26)

for producing and generation of energy, steam, ba-
gasse, cane syrup, sugar, honey “b,” ethanol, and
pHB. Equations (24) and (25) are related to the mi-
nimum generation of steam and bagasse. The mini-
mum generation of steam is that required to supply
the production processes of sugar, ethanol, PHB,
and the transformation of bagasse. The minimum
quantity of bagasse allows keeping the generation of
steam and energy stable even when the cane is not
crushed. Finally, equations (26) are the nonnegative
constraints for the proposed model.

SOLUTION STRATEGY FOR THE mobDMm

The solution scheme adopted for solving the mopm
is the &-constraint method studied in [31]- [33].
This method considers a set of optimal Pareto so-
lutions found by considering the objective func-
tion (5) as a new constraint (27):

)+

9 24 9 24 (27)
<22 Hours,W,,B,PF >+ (ZZ HourssW,sXs PF ) <¢
i=1n=1 i=1n=1
Where:
Anp S e<A (28)

In particular, , A, is the environmental load co-
rresponding to the maximum gross margin mo-
del found by the mathematical model considering
only the objective function (4). On the other hand,

\,, corresponds to the environmental load obtai-
ned by the mathematical model considering only
the objective function (5). Note that, for each value
of ¢ a set of optimal Pareto solutions are obtained.
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Finally, stochastic elements (i.e., prices of pro-
ducts, demands, costs) are considered within the
MODM obtaining an MOsSM.

GENERAL FRAMEWORK OF THE
MULTIOBJECTIVE STOCHASTIC
MODEL (Mosm)

The mathematical model MmopM considers the ave-
rage values of the parameters for each product.
However, we have evaluated the statistical perfor-
mance of the following parameters’ behavior to
consider realistic aspects into a MosM: Demand
of Electricity, Demand of Sugar, Demand of Etha-
nol, Price of Electricity, Price of Sugar and Price
of Ethanol (source obtained from company case
study).

The formulation of the deterministic model has
been modified to take into account scenarios by con-
sidering the uncertainty of the established parame-
ters. The methodology used to generate scenarios is
based on the idea introduced by [34], [35], and [36].

Variables and parameters used in the mopm
have been modified by adding a new index (set) for
each scenario s. For example, in the MobM the va-
riables and parameters X; (amount of product j), P,
(Price of product j) and Dem; (demand of product
j) are replaced by the following variables in the for-
mulation of the mosm: X¥; = amount of product j
in the scenario s, P¥; = Price of the product j in the
scenario s, and Dem®, = demand of the product j in
the scenario s.

MULTIOBJECTIVE STOCHASTIC
MODEL (Mosm)

The objective function considers a valid optimiza-
tion of the sum of the probability of the scenarios,
which must be equal to 1. Therefore, the sum of
the probability for all the scenarios must satisfy the
equation (29):

Ns
Do=129
s=1

Where ¢, is the probability of the scenario s
and N, is the number of scenarios. In the proposed

(29)
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MosM three scenarios are considered by the me-
thodology proposed in [31]:

= Worst scenario: The value of demands and
prices of sugar, ethanol and energy obtains the
lowest value.

= Average scenario: The value of demands and
prices of sugar, ethanol and energy acquires the
average value, i.e., the values of the determinis-
tic model (MODM).

= Best scenario: The value of demands and prices
of sugar, ethanol and energy acquires the high-
er value of the parameters.

The probability for each scenario and ¢1
= %(Worsltscenario), @, = % (Averagescenario)
and ¢3 = - (Bestscenario) is obtained by consid-
ering a beta distribution probability. This distribu-
tion is commonly used to model the probability of
scenarios [37]. The density function probability
beta has positive skewness representing the three
scenarios: Worst (a), Average (m) and Best (b),
with a higher probability of occurrence of the av-
erage scenario (2/3) than the worst and the best
scenarios (1/6 for each one) [38].

The values of the demands and prices of sugar,
energy, and ethanol are obtained by considering
the confidence interval. In particular, the lower
limit of the interval for each parameter is equal
to the worst scenario’s value. The upper limit
of the interval is equivalent to the best scenario,
and the average values correspond to the values
for the average scenario. The confidence interval
is calculated by (30).

IC = X_\/Tg)’X-i-\/T%)] (30)

Where X = mean, s = standard deviation of the
sample, o< = level of rejection for a confidence level
of 95%, a = 5%, n = number of data.

The notation for the MosM is describe below.
This describes only the additional and chan-
ged sets and parameters from the previously
described.
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Additional sets

Scenarios = types of scenarios indexed by s, where
s =1 (worst), s = 2 (average), s = 3 (best).

Changed Parameters
The following parameters are modified:

Ps; = price of the product j in the scenario s, $/
unit

Dem’; = demand of the product j in the scenario s
(sugar in ton/month, ethanol in m*/month,
electricity in kWh/month, bagasse in ton/

month).

The other parameters remain as defined above.

Changed Variables
Xs = Quantity of product j to be produced for

J the scenario s (i = 1 in ton /h, i = 2 ethanol in
m3/h,i=3in kW, i=4inton/h, i=5in ton/h)
C = Quantity of crushed sugar cane in the sce-
nario s (ton/h)
M, = Quantity of purified sugar syrup for produ-
cing ethanol in the scenario s (ton/h)
V*, = Quantity of steam to be generated in the

boiler in the scenario s (ton/h)

Objective Function
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E°, = Quantity of electrical energy to be consu-
med in the process in the scenario s (kW)

Ef, =Quantity of electrical energy to be produced
in the scenario s (kW)

B, = Quantity of bagasse to be considered in the
boiler in the scenario s (ton/h)

Bf,, = Quantity of bagasse in the mill in the scena-
rio s (ton/h)

B, = Quantity of bagasse to be stored in the sce-

nario s (ton /h)

B, = Quantity of bagasse to be transformed into

glucose in the scenario s (ton/h)

= Quantity of syrup sugar to produce sugar in

the scenario s (ton/h)

M, = Quantity of syrup sugar to produce ethanol
in the scenario s (ton/h)

M, = Quantity of honey “b” to be produced in the
scenario s (ton/h)

M, = Quantity of honey “b” to produce ethanol in
the scenario s (ton/h)

M, = Quantity of honey “b” to produce pHB in
the scenario s (ton/h)

Note that all the described variables in above.
are changed by adding them the subindex s.

3 5 2
GM = Z O * (Z HoursijSst> - <z Hours;Cv; st> — Hours3Cv3EZ
s=1 1 J=1

— Hours,CvyBh® — HourssCvsXs — CHours; * C* * Cc (31)

5
- HourslMng> - (Z ij>

=1
Subject to

= Capacity constraints
Xj < Capjj = 1,2,5,V;
Bh® < Cap,V,

X5 + Ee’ < CapsVs

(32)
(33)

(34)
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VgS < Cap,Vs

CcS Cap,Vs

= Demand constraints

s s
Hours; x X; = Dem;V; ¢

= Balance constraints

EeS —260X,° — 180X,° — 18V g% — 1095X5s° — 254bhS — X3° = 0

0.00531Ee® —Vgs =0

0.44Vg® —Bc® =0

0.29C% — Bm*S =

BmS —Ba® —BcS — X, —bhS =0

0.23359 * €5 — Me® — Ma® = 0

0.4+ Mas—X,°=0

0.3*Ma® —MbS =0

0.6MbeS + 0.55MeS + 0.25875BhS — 1.73X,° = 0
MbS — MbeS — MbpS =0

X5 —0.265Mbp® =0

=  Minimum generation of steam

Vg® = 3.3X,5 4+ 2.72X,% + 5.7Xs° + 0.164BhS

» Minimum generation of bagasse

Ba’ = 0.2Bm’

= Nonnegative constraints

XF, C5, M5, M3, M§, M§,, M5, Vi$, EZ, ES, B, By, B3, Bf 20
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(35)

(36)

(37)

(38)

(39)

(40)

(41)

42)

(43)

(44)

45)

(46)

47)

(48)

(49)

(50)

(51)



= Parametric environmental load constraint

3 2 9 24
Z(ps* (ZZZ Hours;W,;X;*PF )
s=1

j=1i=1n=1

9 24
+<ZZ HourszW,3sBc*PF )

i=1n=1

9" 24
+<zz Hours,W,,Bh*PF >

i=1n=1

9 24
+<ZZ HourssWy,sXs°PF )

i=1n=1

<¢

The stochastic objective function (31) considers
the average value of the gross margin considering the
three different scenarios. Note that constraints (32)-
(51) are similar to those described above by (6)-(26).
All these constraints consider the additional set of
scenarios keeping the above description of their use
for the considered problem. Finally, constraints (52)
and (53) describe the average value of the objective
function (5) by considering scenarios, and the epsi-
lon constraint limits ([39]-[41]), respectively.

RESULTS AND DISCUSSION

The proposed multiobjective optimization scheme
has been solved by using CPLEX 12.3. In the used
real-world case, the computing time of the proposed

GM—-GMmin
GMmax—GMmin

fillrateof grossmargin(GM) =

EI-EImax

fillrateofenvironmentalimpact(EI) = T ——

GMmin and EImin are the minimum values of
the Gross Margin and the Environmental Impact,
respectively. GMmax and GMmin are the maxi-
mum values of the both objective functions. Fina-
lly, GM and EI are the values for each evaluated fill
rate point.
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(52)

(53)

scheme is irrelevant to be considered a support de-
cision tool for a long-term period.

SOLUTION OF THE mobm

The optimization scheme for the mopm is perfor-
med by varying the value of parameter “¢” of the
environmental load constraint between the range
(34.856,39.980) and by determining optimal values
of the gross margin for each given value of “c.” The
range of “¢” is obtained from the minimum and
maximum values of the allowed environmental
impact. The multiobjective deterministic scheme
consists of finding a solution considering the same
fill rate for each objective. The fill rate for each ob-
jective is calculated by (54) and (55).

(54)

(55)

The best solution satisfying the criterion of
equal fill rate to the considered objectives (GM
and EI) in the moDpM is: environmental impact
of 37230 ton/month and a gross margin of $
20,304,030,737 per month. Table 1 shows the re-
sult to the problem of maximizing gross margin
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and minimizing the environmental impact for the
production of sugar, energy, ethanol and pPHsB, i.e.,
the solution of MoDM.

Table 1. Optimal Solution of the Mobm

X ton/h 31.8
X, m¥/h 11.4
X kw 12384
X4 ton/h 34.5
Xs ton/h 3.6
C ton/h 445.6
E, kw 29461
E, kw 17077
v, ton/h 156.4
B, ton/h 129.2
B, ton/h 68.8
B, ton/h 25.8
B, ton/h 0.0
M, ton/h 79.6
M, ton/h 24.5
M, ton/h 239
Mo ton/h 10.3
My, ton/h 13.6

Source: Own elaboration

The composition of the environmental load by ca-
tegory is the following:

Table 3. Solution of the mosm for each scenario

Revista Ciencia e Ingenieria Neogranadina m Vol. 32(1)

» Air acidification: 17.9 tons of SO, equivalent
per month

= Photochemical smog: 32.2 tons of ethylene per
month

» Aquatic demand: 4009.2 tons of oxygen per
month

= Eutrophication: 461.3 tons of phosphate per
month

= Aquatic acidification: 4.0 tons of H* ion per
month

= Aquatic ecotoxicity: 31.8 tons of copper per
month

= Global warming: 32673.6 tons of CO,

SOLUTION OF THE mosm

We have considered these parameters’ historical
data for January 2010 and June 2018 to establish
the probability distribution function using Stat Fit
Software. Table 2 shows the distribution function
providing the best-fit parameters for the considered
parameters. The stochastic approach best represents
the problem because it considers the variability and
enables a better decision-making process.

Table 3 shows the optimal solution of the Mmosm
for each scenario by considering the epsilon cons-
traint method. The higher gross margin is obtained
in the best scenario, but an environmental impact
is also generated. In the best scenarios, the product
prices and the demands are higher than the other
scenarios by improving the gross margin and in-
creasing the emissions of environmental load.

Gross marain $/month 15.474.075.117 20.304.030.737 25.478.087.205
9 (29.3% of sales) (34.7% of sales) (39.5% of sales)
Environmental Impact Ton/month 36200 37230 38310

Source: Own elaboration
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The results of the variables for each scenario
are shown in Table 4. Note that sugar production
is increased when its price is higher, and the pro-
duction of PHB is the same in all three scenarios

Revista Ciencia e Ingenieria Neogranadina m Vol. 32(1)

to its high price. In all three scenarios, the bagasse
is used to produce glucose because the demand for
ethanol is covered with the produced honey with
sugar cane. The payoff matrix for each scenario is

since this product improves the gross margin due  described in Table 6.

Table 4. Optimal solution of the Mosm

| variable | units | worstscenario | Averagescenario | Bestscenario
X, t/h

269 31.8 33.0
X, m/h 13.0 114 1.8
X, kw 11361 12384 12853
X, t/h 36.9 345 35.6
X, t/h 3.6 3.6 3.6
C t/h 385.3 4456 459.5
E, kw 27240 29461 30396
E. kW 15879 17077 17543
Vv, t/h 144.6 156.4 161.4
B, t/h 1253 129.2 1333
B, t/h 63.6 68.8 71.0
B, t/h 25.1 25.8 26.7
B, t/h 0 0 0
M, t/h 67.2 79.6 825
M, t/h 337 245 24.9
M, t/h 202 23.9 247
M, t/h 6.6 10.3 112
M, t/h 136 13.6 13.6

Source: Own elaboration

Finally, Table 5 shows the comparison of the
results obtained by the mopm and the mosm.
The gross margin for the mosMm is higher than
the value obtained for the Mmopm by 0.3%. Be-
sides, the environmental impact is also higher
by 0.02% in the stochastic model. These results
show that evaluating the multiobjective model

Table 5. Results of the mobm and Mosm

by using the confidence intervals and the prob-
ability of occurrence of the scenarios according
to beta distribution gives similar results for both
models. Finally, Table 5 shows the payoff matrix
for each scenario. To our knowledge, no similar
works has proposed this comparison for sugar-
cane companies.

Objectveruncion | | ___wow | wow |

Gross margin $/month 20.304.030.737 20.361.380.878
(34.7% of sales) (34.7% of sales)
Environmental Impact t/month 37230 37238

Source: Own elaboration
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CONCLUSIONS

We propose an effective multiobjective stochastic
optimization scheme for sugar, bioethanol, bio-
plastics, and electricity production planning for a
Colombian sugarcane company. In this approach,
two mathematical models are proposed. The first
model considers the formulation of a multiobjecti-
ve deterministic model (mopMm) by considering two
objective functions: maximizing the gross margin
and minimizing the environmental impact. A set
of three scenarios then considers a stochastic ver-
sion of the MmopM, so the MosM is obtained. The
proposed scheme considers stochastic elements
such as prices of products, demands, and costs.
A case study’s computational results based on the
Colombian sugarcane industry show the proposed
scheme’s effectiveness. The results suggest that the
proposed framework could be applied to other real
problems for different sectors.

As future works, we consider that other sto-
chastic methods such as the Sample Average
Approximation could be considered to deal with
the uncertainty [42]-[45]. Other multiobjective
approaches could be applied to verify the efficien-
cy of the proposed approach [46]-[47]. Finally, de-
cisions related to the scheduling of the production
planning must be considered within the proposed
scheme.
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