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RESUMO

O gerenciamento da cadeia de suprimento de petréleo nio refinado envolve o gerenciamento
de operacgdes de descarga e transferéncia em terminais, controle de estoque e mistura de
petrdleo bruto para atender as demandas da refinaria. O planejamento das operacdes torna-se
mais desafiador, pois as viagens dos navios devem ser programadas com precisdo para dar
vazdo as plataformas de producao do petréleo. Tradicionalmente, métodos de otimizacdo
matematica sdo utilizados para auxiliar na gestdo operacional através de programagdo ndo
linear inteira mista (MINLP). Indiscutivelmente, a dificuldade computacional do problema
surge devido ao tamanho e a combinagdo de decisdes discretas com restri¢gdes ndo lineares,
constituidas por termos bilineares que modelam as operagdes de mistura do petréleo. No
que diz respeito as funcdes ndo lineares, este trabalho contribui com a avaliagdo de téc-
nicas distintas de aproximagao linear dos termos bilineares, especificamente: McCormick
envelopes, univariate e bivariate piecewise McCormick, multiparametric disaggregation e
normalized multiparametric disaggregation. Os métodos de relaxagdo geram um problema
de programacao linear inteira mista (MILP), que pode ser combinado com um algoritmo
de programacdo ndo linear local (PNL) para atingir um cronograma de operagdes vidvel.
Concluimos com uma comparacao entre essas abordagens de relaxacido juntamente com
abordagens MINLP usuais, e demonstramos resultados computacionais em instincias do
problema. A relaxacgdo utilizando multiparametric disaggregation produz tempos de solucao
menores para resultados similares comparativamente aos métodos de otimizagdo global
comumente utilizados.

Palavras-chaves: Relaxagao Linear, McCormick Envelopes, Piecewise McCormick, Multi-
parametric Disaggregation, Normalized Multiparametric Disaggregation.






RESUMO EXPANDIDO

Introducio

O gerenciamento operacional da cadeia de suprimento de petréleo ndo refinado envolve o
sequenciamento de operagdes de descarga e transferéncia em terminais, controle de estoque e
mistura de petréleo bruto para atender as demandas da refinaria. Tradicionalmente, métodos
de otimizacdo matematica sio utilizados para auxiliar na gestdo operacional através de
programacdo ndo linear inteira mista (MINLP). Indiscutivelmente, a dificuldade computa-
cional do problema surge devido ao tamanho e a combinag@o de decisdes discretas com
restricdes nao lineares, constituidas por termos bilineares que modelam as operagdes de
mistura do petréleo. No que diz respeito as fungdes nao lineares, este trabalho contribui com
a avaliacdo de técnicas distintas de aproximacao linear dos termos bilineares, especifica-
mente: McCormick envelopes, univariate e bivariate piecewise McCormick, multiparametric
disaggregation e normalized multiparametric disaggregation. Os métodos de relaxagdo
geram um problema de programacao linear inteira mista (MILP), que pode ser combinado
com um algoritmo de programacgio nio linear local (PNL) para atingir um cronograma de
operacdes vidvel.

Objetivos

O objetivo desta dissertacio consiste em avaliar métodos de relaxacgdo para termos bilineares
em um estudo de caso do Gerenciamento Operacional da Cadeia de Suprimento de Petrdleo
Bruto (OMCOS). Além disso, os objetivos especificos sdo os seguintes: (a) Identificar e
discutir o estado-da-arte em métodos de relaxacdo, capazes de lidar com o problema em
questdo; (b) Aplicar e analisar cada método aplicado ao estudo de caso, avaliando a qualidade
da sua solucdo e o tempo computacional; (c) Selecionar o melhor método ou combinagao de
métodos, considerando a estrutura do problema e comparando seus resultados com solvers
globais.

Metodologia

Os termos bilineares que aparecem nas restricdes de mistura sdo relaxados por meio das
técnicas de relaxacgdo propostas. As instancias MINLP originais do OMCOS sao resolvidas
até obter uma solug@o 6tima ou até atingir o limite de 10h de execucdo, utilizando um
solver global (Gurobi e SCIP). Estes servem como referéncia para comparar aos métodos
de relaxacao aplicados em um algoritmo de decomposicao MILP-PNL. Este algoritmo é
avaliado em trés cendrios distintos: (a) aplica-se a técnica de relaxacdo em ambos 0s termos
bilineares; (b) a técnica de relaxagao é aplicada apenas no termo bilinear do lado esquerdo
da igualdade, enquanto um envelope McCormick padrdo substitui o termo bilinear do lado
direito da igualdade; (c) a técnica de relaxacdo € aplicada apenas no termo bilinear do lado
direito da igualdade, enquanto um envelope McCormick padrao substitui o termo bilinear
do lado esquerdo da igualdade. As técnicas sdo aplicadas com variacdo de parametros que
permitem verificar a solucdo com relaxacdes mais e menos apertadas. Em uma relaxagdo
mais apertada é esperado obter melhores resultados mas com um esfor¢co computacional
maior. Para os experimentos computacionais, foram criadas trés instancias distintas do
problema.

Resultados e Discussao

A restricdo de mistura do OMCOS possui uma estrutura tinica que consiste em dois termos
bilineares conectados por uma restricdo de igualdade. Assim, os resultados mostraram
que foi possivel melhorar o tempo computacional restringindo apenas um dos termos



bilineares, enquanto o outro permaneceu limitado por um simples Envelope McCormick. A
decomposi¢do do MILP-PNL, quando a relaxagdo foi aplicada em apenas um dos termos
bilineares, produziu solugdes compardveis as obtidas pelo problema original utilizando
solvers globais. Examinando o Piecewise McCormick, embora o PNL possa obter um limite
inferior ligeiramente melhor aumentando o nimero de parti¢des, o esforco computacional é
muito alto. Isso sugere que 4 e 8 sdo os nimeros de particdes recomendados, o que vai de
encontro 2 literatura encontrada. J4 para o Multiparametric Disaggregation, os resultados
numéricos mostraram melhores resultados com um nimero maior de parti¢des. A melhor
solugdo encontrada para duas instincias, por exemplo, foi obtida aplicando este método de
relaxacdo com 500 particdes equivalentes. Em relacio as diferentes estratégias de relaxacao
para termos bilineares aplicadas as instincias neste estudo, os resultados sugerem que o
Multiparametric Disaggregation é capaz de obter bons resultados para as instdncias em um
tempo computacional mais rdpido. O método também produziu resultados semelhantes as
solugdes Gtimas encontradas resolvendo o MINLP diretamente com o solver Gurobi, e com
melhor performance quando comparado ao solver SCIP.

Consideracoes Finais

Esta dissertacdo contribui com a literatura ao trazer novos insights para a solu¢ao do Geren-
ciamento Operacional da Cadeia de Suprimento de Petréleo Bruto com termos bilineares.
Ao apresentar diferentes abordagens para a solucdo do problema, espera-se que resultados
utilizando Multiparametric Disaggregation possam atingir melhor qualidade e tempo com-
putacional em comparacio a solvers de otimizagdo global. Os resultados também indicam
que trabalhos futuros podem tirar proveito da formulacio relaxada para aplicar métodos
iterativos buscando a reducio do dominio das varidveis.

Palavras-chaves: Relaxagdo Linear, McCormick Envelopes, Piecewise McCormick, Multi-
parametric Disaggregation, Normalized Multiparametric Disaggregation.



ABSTRACT

The operational management of crude oil supply entails solving large-scale mixed-
integer nonlinear programming (MINLP) problems, accounting for unloading and transfer
operations in terminals, inventory control, and blending of crude oils to meet the demands
from the refinery. In offshore oil assets, the planning of operations becomes more challenging
because vessel trips should be scheduled to relieve production platforms from crudes
which are transferred to the terminals. Arguably, the problem’s computational hardness
emerges from its size and the combination of discrete decisions with nonlinear constraints,
consisting of bilinear terms that model blending operations. Concerning the nonlinear
functions, this work contributes by evaluating distinct linear approximation techniques
of the bilinear terms, namely: standard McCormick envelopes, univariate and bivariate
piecewise McCormick, multiparametric disaggregation, and normalized multiparametric
disaggregation. The methods yield a mixed-integer linear programming (MILP) relaxation,
which can be combined with a local nonlinear programming (NLP) algorithm to reach a
feasible schedule of operations. We conclude with a comparison among these relaxation
approaches along with common MINLP approaches and report computational results on
instances of the problem. The relaxation derived using the multiparametric disaggregation
technique is shown to yield faster solution times for similar optimality gaps comparatively
to general global optimization solvers.

Key-words: Linear Relaxation, McCormick Envelopes, Piecewise McCormick Envelopes,
Multiparametric Disaggreagation, Normalized Multiparametric Disaggreagation, Resource
Constraints.
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1 INTRODUCTION

1.1 MOTIVATION

The petrochemical industry is arguably strategic for our society. Crude oil is transformed
into valuable products present in our everyday life, such as plastics, oils, fuels, asphalt, and many
chemicals utilized as raw material across various industries. To achieve that, vertically integrated
oil companies must deal with a broad range of complex physical and chemical processes, from
production and transportation of crude oil to storage and refining. They operate in an extremely
competitive and dynamic market where substantial variations in product demand and crude oil
prices occur frequently. Consequently, their profit margins are comparatively small regarding
other industries, which raises a necessity to realize significant cost savings. Another critical
factor comes from the increased demand for the optimal use of natural resources, with operations
being regulated under strict safety, environmental, and governmental rules. The management of
this intricate supply chain has proven to be a considerable challenge faced by these companies
(ROCHA; GROSSMANN; ARAGAO, 2009).

As illustrated in Figure 1, the crude oil supply chain starts with the extraction performed
by floating production, storage, and offloading units (FPSOs). After the production stage, vessels
transfer the crude oil from the deep-water offshore units to onshore terminals since oil pipelines
are not technically feasible or economically viable in most cases. After arriving in a terminal,
vessels unload through a pipeline to storage tanks (STs). Since different types of crude oil exist,
mixtures are expected at this point. The crude oil reaches the refinery stage through a pipeline
network connected from the storage tanks to charging tanks (CTs) responsible for continuously
feeding the crude oil distillation units (CDUs). As becomes evident, production planning and

scheduling represent a fundamental and prevalent tool in managing the crude oil supply chain.

Historically, the oil industry has been extensively studying and implementing mathemat-
ical programming techniques to address management issues (BODINGTON; BAKER, 1990).
Particularly for planning and scheduling operations, Linear Programming (LP) and Mixed-Integer
Linear Programming (MILP) have been employed since they are relatively straightforward to
model and solve. However, considering that the crude oil production involves units operating in
both batch and continuous modes, and the mixing of crudes has to be handled simultaneously,
modeling is not a trivial task (KARUPPIAH; FURMAN; GROSSMANN, 2008). Nonlinear
equations are often required when modeling continuous-time representations (KARUPPIAH;
FURMAN; GROSSMANN, 2008; MOURET; GROSSMANN; PESTIAUX, 2011) or blending
equations for mass balance. The blending or mixing equations are the most common type of
constraints in Chemical Engineering (CASTRO, 2015). They contain the product of two decision

variables forming bilinear terms, which, when formulated for optimization problems, give rise to
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Figure 1 — The crude oil supply chain.

Mixed-Integer Nonlinear Programming (MINLP) formulations. In turn, these formulations lead
to multiple local solutions, which gradient-based solvers are unable to guarantee optimality and
are extremely hard to solve (QUESADA; GROSSMANN, 1995).

Such is the case of the MINLP model proposed by Assis et al. (2019) for the operational
management of crude oil supply, where blending constraints containing bilinear terms are the
only nonlinear nonconvex constraint in the formulation. Efforts on handling the difficulty of
solving this type of MINLP problems, with nonconvex bilinear equations, motivate the study of

strategies to obtain significant savings in the computational effort while handling large instances.

Usually, global optimization solvers have in common the generation of linear (LP) or
mixed-integer linear (MILP) relaxations of the original problem (SAHINIDIS, 1996). One
way of relaxing a nonconvex function is to obtain the convex underestimator and concave
overestimator of the function over its domain known as McCormick envelopes (MCCORMICK,
1976). McCormick envelopes coupled with spatial branch and bound search frameworks have
been the basis for many global optimization techniques. A tighter relaxation is crucial to obtain a
fast convergence, and this is highly dependent on the bounds of the bilinear terms, improving as
their domain is reduced (CASTRO, 2016). Simultaneous variable partitioning using piecewise
McCormick envelopes (BERGAMINI; AGUIRRE; GROSSMANN, 2005), multiparametric
disaggregation (KOLODZIEJ; CASTRO; GROSSMANN, 2013), or normalized multiparametric
disaggregation (CASTRO, 2016) can provide better approximations. Still, since additional binary
variables are necessary, it may become too hard computationally. Therefore, each application

requires specific verifications.

Motivated to assess the application of piecewise McCormick, multiparametric disaggre-

gation and normalized multiparametric disaggregation relaxions for the bilinear terms present in
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the operational management of crude oil supply proposed by Assis et al. (2019), this work aims
to evaluate the quality of solution and computational effort when using such a technique against
common MINLP approaches. The evaluation strategy yields a mixed-integer linear programming
relaxation, which can be combined with a local nonlinear programming (NLP) algorithm to
reach a feasible schedule of operations. We conclude with a comparison among these relaxation
approaches along with common MINLP approaches, reporting computational results on instances

of the problem.

1.2 OBJECTIVES

The objective of the present thesis consists in evaluating relaxation methods for bilinear
terms in a Operational Management of Crude Oil supply case study. The problem of concern
entails solving large-scale mixed-integer nonlinear programming problems. Since it is arguably
computational hard to obtain solutions considering their size, discrete variables, and nonlinear
constraints consisting of bilinear terms, it is interesting to assess the performance and quality of

results achieved with existing methods. Specifically:

e Identify and discuss state-of-the-art relaxation methods that are capable of dealing with

the problem of concern;

e Apply and analyze each identified method in the problem of concern, assessing their

solution quality and computational time;

e Select the best method or combination of methods, considering the structure of the problem,

by comparing their outcomes with global solvers.

Therefore, this thesis contributes to the literature by bringing new insights into solving
the operational management of crude oil supply problem with bilinear terms. By presenting
different approaches to the problem’s solution, sufficiently good results are expected to be

reached with a trade-off between quality and computational time.

1.3 OUTLINE OF THE THESIS

The thesis contains six chapters, of which the first is this introduction providing the main

motivation for carrying out the work, along with the objectives.

In Chapter 2, the Operational Management of Crude Oil supply is presented. A short
account of previous related works is introduced before stating the problem and the mathematical

formulation.

Next, the necessary background for relaxation methods of bilinear terms can be found

in Chapter 3. It comprises the important concepts relevant for the application of such methods,
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namely the McCormick envelopes, Piecewise McCormick Envelops with univariate and bivariate

partitions, Multiparametric Disaggregation, and Normalized Multiparametric Disaggregation.

Further, Chapter 4 outlines the strategy and algorithm employed to analyze the application
of each method on the problem of concern. The models generated when remodeling the bilinear

terms of the blending constraint are exposed.

In Chapter 35, the results yielded by each relaxation approach, including performance and

quality evaluation are discussed.

Finally, Chapter 6 concludes and provides reflections on the thesis, in addition to sugges-

tions for future works.
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2 OPERATIONAL MANAGEMENT OF CRUDE OIL SUP-
PLY

In this chapter, the operational management of crude oil supply is presented in reference
to the work of Assis et al. (2019). Section 2.1 brings a summarized overview and relevant works
in the literature. Further in Section 2.2, the complete mathematical model is detailed in-depth to

provide the reader with enough knowledge concerning the problem.

2.1 OVERVIEW

Supply chain management consists of planning, managing, and coordinating resources
and operations along the chain. Minimizing the overall cost while satisfying the customer
demands with regard to quantity and time is the major objective (SIMCHI-LEVI et al., 2008). As
for oil companies, Sahebi, Nickel and Ashayeri (2014) highlight the relevance of adopting supply
chain management practices and decision supporting tools based on mathematical optimization
to attain operational efficiency. Optimizing the management of this large-scale logistic network
has created new challenges for oil industry managers, and is of interest to both academics and

practitioners.

According to Sahebi, Nickel and Ashayeri (2014), operations in the petroleum chain can
be divided and classified according to their position along the process into upstream, midstream

and downstream as detailed in Table 1.

Table 1 — Segments of the petroleum supply chain.

Upstream Midstream Downstream
Well Well Production | Crude Oil | Refinery | Petrochemical | Distribution | Market/Customer
Head | Platform | Platform | Terminal (RF) Plant Center/Depot M/C)
(WH) | (WP) (PP) (CT) (PC) (DC)

Typical operations regarding the crude oil supply segment inside the entire petroleum
chain, which will be addressed in the present work, integrates items of both upstream and
midstream segments. They can be summarized as: offshore oil extraction and production, crude
oil transportation and supply, crude oil storage, and finally the feed of CDUs in refineries.
The midstream comprises the refining of crude oil into more elaborated products, while the
downstream segment defines storage, distribution, and retail market of refined products (LIMA;
RELVAS; BARBOSA-POVOA, 2016).

As seen in Fig. 2, a typical supply chain follows a hierarchical structure divided into
three levels: Strategic, Tactical, and Operational (BARBOSA—P()VOA, 2014). Focusing on the
crude oil supply part, at the strategic level, decisions are made considering long-term (years)
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investments such as: infrastructure location and capacity; fleet sizing; and pipeline network design.
Tactical arrangements cover refining these decisions in a medium-term perspective (months),
considering in greater detail the production and distribution planning, inventory management,
and inventory allocation (SAHEBI; NICKEL; ASHAYERI, 2014; BARBOSA-POVOA, 2014).
Further, management at the operational level entails activities in a daily basis such as routing,
scheduling of vessels, and scheduling of operations in terminals. In summary, the crude oil
supply chain at the operational level is concerned with what is known as the Maritime Inventory
Routing (MIR) (ASSIS; CAMPONOGARA, 2016) and Crude Oil Scheduling (COS) (MOURET,;
GROSSMANN; PESTIAUX, 2009) problems.

STRATEGIC
Q/l/‘} Long term -> Infrastructure location and capacity; Pipeline design
|

TACTICAL

Medium term -> Production and distribution planning; Inventory allocation

OPERATIONAL

Daily activities -> Maritime Inventory Routing; Scheduling of operations

Figure 2 — A typical supply chain hierarchical structure

Maritime Inventory Routing comprises scheduling vessel trips between ports in order
to meet product demands within limits of inventory at production and consumption ports. The
work of Ronen (1983) was the first review on this subject. Further models began to combine
inventory control in ports such as in Ronen (2002) and Camponogara and Plucenio (2014). A
more detailed review on MIR problems is found in Christiansen et al. (2013). In Crude Oil
Scheduling problems, the main goal is to meet CDU’s demands in terms of volume and quality of
crude oil. To achieve that, one must schedule a set of operations including the unloading of crude
oil into storage tanks, the transfer between storage and charging tanks, and the feed of CDUs
performed by charging tanks. The first work to address the COS problem is presented in Lee et al.
(1996). The authors proposed and solved a discrete-time MILP model where blending constraints
were not considered and replaced by a linear approximation. To the best of our knowledge, Aires
et al. (2004) were the first to address the integrated problem of supplying crude oil from FPSOs
to CDUs through a MILP formulation for strategic/tactical level decisions. The work tackled the
allocation of crude oil from a set of platforms to a set of terminals in order to satisfy demands

from the refinery in terms of volume and quality.

The solution of maritime inventory routing and crude oil scheduling when obtained

separately may be unable to manage the access to common resources, such as storage tanks.
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More precisely, the MIR generally assumes storage tanks are free for taking crudes from vessels
that arrive periodically at the terminal. However, the availability of storage tanks are managed
by the COS problem, resulting in a mismatch between the volumes and composition of crudes
in those tanks. Furthermore, operational constraints that prohibits simultaneous inlet and outlet
operations in tanks may not be satisfied when solving the MIR and COS problems independently.
Such limitations motivated Assis et al. (2019) to propose the integration of the operational
management of crude oil supply, taking into account elements of the MIR and COS problems
at the operational level (i.e., from FPSOs to CDUs). The novel work took into account the
scheduling of vessels, the scheduling of operations in the terminal and the non-convex non-
linearities associated to the blending of crudes. The problem incorporates elements of maritime
inventory routing and crude oil scheduling through an MINLP discrete-time formulation, named
as the operational management of crude oil supply (OMCOS). Thus, the model stated by Assis

et al. (2019) is utilized in this master’s thesis.

2.2 PROBLEM STATEMENT

Fig.3 represents an instance of the Operational Management of Crude Oil Supply, com-
posed by the following set of resources: FPSOs (FPSO1 and FPSO2), vessels (Vessell), storage
tanks (S7'1 and ST2), charging tanks (CT/ and CT2) and crude oil distillation units (CDU1).
Moreover, the green arrows represent all operations that resources are capable to perform com-
posed by W L (offloading operations), WU (unloading operations), W W (wait operations), WT'
(travel operations), W I (tank-to-tank feed operations), and W D (distillation operations).

In Fig. 3, Vessell offloads crude oil from FPSOs through operations WL. Traveling
operations of Vessell between the crude oil terminal and FPSOs are coordinated by operations

WT, which explains why the arrows are bidirectional.
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Figure 3 — The operational management of crude oil supply.
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Approaching at the terminal, vessels can decide between directly unloading crude oil
into storage tanks or waiting in case there is some restriction. Vessell wait operations at the
terminal are WW. Unloading into storage tanks ST/ and ST2 are performed by Vessell through
operations WU.

Since different types of crude oil exist and can be mixed in storage tanks, transfer
operations WF to charging tanks are ruled by blending constraints. Charging tanks C71 and CT2
will feed CDUI through operations WD. Transfer operations WD to CDUs are also regulated by

blending constraints.

In addition to the operations performed by the resources, operational rules and constraints
must be respected to assure feasibility given a real scenario. Also, the feed of crude oil delivered
to CDUs over the planning horizon must satisfy a certain demand of total volume, as much as its
composition bounded to a given range.

Briefly, the optimization problem consists of determining, for the desired planning
horizon, the optimal schedule of operations associated with all resources to satisfy the demands
of CDUs (i.e., both in terms of quality and quantity) while maximizing the gross margin. To this
end, Assis et al. (2019) proposed a discrete-time MINLP model whose major decisions consist
in selecting which operations take place at each time, the level of crudes in each resource, and

the volumes of crude oil transferred between resources.

2.3 MATHEMATICAL MODEL

Before proposing the discrete-time MINLP model, the sets, parameters, variables, con-

straints, and objective function are presented below.

2.3.1 Sets, Parameters and Variables
1. Sets
The following sets are required for the problem formulation:

o T ={1,..., PH}: set of discrete time periods which define the planning horizon
PH.

RF, RV, RS, RC and RD: sets of resources, respectively the set of FPSOs, vessels,
storage tanks, charging tanks, and CDUs.

R =RFURVURSURCURD: set of all resources.
WL, WU, WW, WT, WF and WD: sets of operations, respectively, the set of

offloading operations, unloading operations, wait operations, travel operations, tank-

to-tank feed operations and distillation operations.

W =WLUWUUWWUWT UWF UWD: set of all operations.
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e 7, C WV: set of inlet operations on each resource r € R.

e O, C W: set of outlet operations on each resource r € R.
e D, C VWV: set of wait operations of each vessel r € RV.

e TR, C W: set of travel operations of each vessel r € R)V.

e G. = (N, &) is a graph representing the flow between operations associated to
each vessel r € RV, where N, = (Z, U O, UD, UTR,) is the set of nodes and
E. = N, x N, is the set of arcs. The nodes N, are the operations regarding vessel
r, while the edges (v, u) € &, indicate the possibility to flow from operation v to u
(v,u € N,). Since not every pair of consecutive operations is allowed, set VD, C &,
contains the possible flows between operations related to vessel r. For example, if
vessel r is performing an unloading or a waiting operation, it must execute a travel

operation before offloading an FPSO.

e ZOP, C (Z, UO, UD, UTR,): set with the initial operation to be performed by
vessel r € RV.

e (: set of the different crude oils presented in the supply chain.
e /C: set of crude oil properties.

e CL: set of cliques of conflicting operations. Let G. = (V,, &£.) be an undirected graph
whose vertice set V. = W consists of all operations, and whose edge set £. C V. x V.
corresponds to the conflicting operations. This means that two operations u and v
cannot take place simultaneously if and only if (u,v) € £.. Rather than expressing
a constraint for each pair (u,v) € &., CL can be defined as the set of all maximal

cliques that ensure a coverage of all conflicting constraints.

e WCL,: set of operations in a clique c¢l. WCL, C W is the set of conflicting

operations in a clique ¢l € CL.

2. Parameters

The following parameters should be considered:

e G.: gross margin of crude oil ¢ € C, in dollars per thousand barrels [$/103b0].

e PROD,. . production rate of crude oil ¢ € C in FPSO r € R.F, in 10% barrels per day
[10° bbl/day]. An FPSO r is capable of producing crude oil ¢ only if PROD,.. > 0.

e V1T, ,: number of periods taken for executing travel operation v € 7R, associated
to vessel r € RV.

e [FR,, FR,): flowrate lower and upper bounds for operation v € W\ (WWUWT),
in 103 barrels per day [10® bbl/day]. Bounds on the flowrate of crude oil are imposed
when offloading an FPSO, unloading a vessel, in transfers between storage and

charging tanks, and between charging tanks and CDUs.
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[CAP,, C'AP,]: lower and upper bounds on the volume stored in resource r €
R\ RD, in 10 barrels [10° bbl].

e TIL,: initial level of crude oil in resource r € R \ RD, in 102 barrels [10° bbl].

e CIL,,: initial level of crude oil ¢ in resource r € R \ RD, in 10% barrels [10° bbl].
o PRy .: the weight fraction of property k& € K in crude oil ¢ € C.

e [DEMC,,, DEMC, ]: lower and upper bounds on the weight fraction of property
k of the blend of crudes transferred during operation v € YWD from charging tanks
to the CDUs. In other words, the weight fraction of property £ in the blend of crudes
flowing in operation v, from a charging tank to a CDU, must be within the bounds
DEMC, , and DEMC,,.

[DEM,, DEM,]: lower and upper bounds on the total volume of crude oil de-
manded by CDU r € RD over the planning horizon, in 103 barrels [10% bbl].

3. Decision Variables

Binary assignment and continuous operation-state variables are needed.

a) Logistic Variables.
e 2, € {0,1},7 € T and v € W. Operation variable z;, = 1 if operation v is
assigned to be executed in period z. Otherwise, z; , = 0.
e Si,vu €{0,1},i € (T\{PH}),r € RV and (v,u) € VD,. Flow variable
sirou = 1 if vessel 7, after executing operation v in period 7, performs operation
w in period ¢ + 1. Otherwise, s; ., = 0.
b) Level and Flow Variables.
e vt;, >0,i€ T andv e W\ (WWUWT). Variable vt , is the total volume
of crude oil transferred in period 7 by operation v.

o vctiye.>0,i€T,veW\(WWUWT) and c € C. Variable vct; , . is the
volume of crude oil ¢ transferred in period ¢ by operation v.

e Ir;, >0,i€ T andr € R\ RD. Variable [r;, is the total level of crude oil in

resource r at the end of period i.

o lcrip.>0,i€T,r € R\ RD andc € C. Variable [cr; .. is the level of crude

oil ¢ in resource 7 at the end of period :.

2.3.2 Constraints
2.3.2.1 Material Balance and Resource Capacity

Considering all resources except CDUs (r € R \ RD), for each period ¢ there is an
associated total level of crude oil (Ir;,) and a specific level of each crude oil ¢ € C (lcr; ;).

These levels are obtained by Equations (2.1) - (2.8), through the difference between inlet and
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outlet flow of crudes on each resource (i.e., operations v in sets Z, and O,.). The total volume and
the specific volume of each crude oil c transferred between resources are defined, respectively,

by vt;, and vct; .

Additionally, the initial levels (i.e., when ¢ = 1) are handled by specific Equations, using
parameters C'I L, . and T/ L,. These parameters correspond to the initial volume of crude oil ¢ in
resource 7 and the total initial volume of crude oil in resource r, respectively. Since it is assumed
that CDUs have a daily flow of crude oil to the distillation units according to their processing

capacity, the inventory tracking of this resource is neglected.

The FPSO inventory control is determined by Equations (2.1) through (2.4). Since
FPSOs have no inlet operations but produce crude oil, the volume of crudes c, associated to a
particular FPSO r, correspond to the daily production parameter P RO D, .. The volume of crude
transferred from this particular resource by output operations v € O, is determined by variables
vt;, and vet; , .. Note that PROD, . = 0 if FPSO r does not produce crude oil ¢ € C.

[ripe = CILyc+ PROD, o — Y vetiy, re RFicT,ceCi=1 (2.1

veOy
IeTipe =lcri 170+ PRODyc — > wctiy. TERFIET,ceCi#l,  (22)
veD,
Irig =TIL +»  PRODy.— Y vy reRFieT,i=1  (23)
ceC veO,
Irig =lris1, + Y PROD,.— Y vt reRFIcT,i£l  (24)
ceC veO,

Following the same reasoning, Eqs. (2.5) through (2.8) track the level of crudes in vessels, storage
tanks and charging tanks. The main difference from Eqgs. (2.1) to (2.4) is that these resources
receive flows of crude oil from other resources, rather than producing it. More specifically,
the levels of crude oil ¢ are associated with the input flow (i.e., operations v € [, , r €
RF URS URC), rather than a fixed daily production rate. The volume of crude oil ¢ transferred

by operations v in each period ¢ is determined by vct; ,, . and vi; ,,.

lcri,r,c = C[Lr,c + Z UCti,v,c - Z UCti,U,C

’UEIT ’UEOT

re RVURSURC,icT,celC,i=1, (2.5)
lcri,r,c = lcri—l,r,c + Z UCti,mc - Z UCt’iﬂ},C

vEL, veO,
re RVURSURC,i € T,celC,i#1, (2.6)
Iripg =TIL, + Y vty — Y vty re RVURSURC,ieT,i=1 (2.7)
vEL, veEO,
rig =1Iri1p+ > by — Y vliy re RVURSURC,ieT,i#1 (2.8)
vEL, veOQ,

The total level of crude oil in a resource r is equal to the sum of the levels of each crude oil ¢ in

the same resource, which is stated by the Ineq. (2.9). In addition, each resource is limited on its
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capacity by the bounds C'AP, and C'AP,, imposed by Eq. (2.10).

Irip = leripe i€ T,r€R\RD (2.9)
ceC
CAP, <lr;, < CAP, icT,reR\RD (2.10)

2.3.2.2 \Vessel Operations Scheduling

All operations a vessel can perform is determined by the set of nodes NV, = Z,, U O, U
D, UTR,. Thus, a graph G, = (N, &,) can determine the flow between operations associated
to vessel r € RV . In this case, (v,u) € VD, C &, = N, x N, would be the edges of the graph
denoting the allowed flow between operations.

The initial conditions for the flow of operations is defined in Eq. (2.11), being v the initial
operation performed by vessel r at time ¢ = 1, which is defined in the set ZOP,.. Intuitively,

allowed operations for the period : = 1 are set to zero in Eq.(2.12)

> Strwa =1, r € RV, v € TOP,, Q2.11)
(v,u)€VD;,.
S1rovu = 07 re RV, v E Nr \IOPT, (U, U) € VDT (212)

The Eq. (2.13) simply state the conservation of flow with respect to the graph, while Eq.

(2.14) enforces the flow from operation v in period 7 to operation v in ¢ + 1 if s;,,, = 1.

Y Siew= Y Sitewe  G€TrERVUEN,i#PH.  (213)

(v,u)EVD, (u,v)EVD,
> Sivww = Ziw ieT, reRV,veN,. (2.14)
(v,u)EVD,

2.3.2.3 Vessel Travel Times

Vessels are required to travel between crude oil terminals and FPSOs to transfer the oil
produced offshore. Before any traveling to FPSOs, operational rules determine that vessels must
always be empty. The travel operations are represented by u € 7R, for each vessel r. For each
travel operation u, there is an associated parameter V'1'7,. ,, defining the duration required for the
travel operation to be performed by vessel . The travel times are expressed in terms of discrete
periods. The dynamics of offshore trips of a vessel r (i.e., from the terminal to the FPSOs) is

given by Ineq. (2.15).

To illustrate, consider a certain vessel » performing an unloading or a waiting operation

(v € O, UD,) at the terminal at the period :. If the vessel r will start a new travel operation
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u € TR, in the next period of time (i 4 1), the vessel must arrive V1T, ,, periods later at the

FPSO associated with operation u, in order to start the offloading of crude oil.

E Si,r,v,u S E 5i+VTTT,u,r,u,z

(v,u)eEVD;: (u,2)EVD;:
ve(OrUD;) 2€L,

i€T,reRV,uETR,,i < PH—VTT,,. (2.15)

Conversely, once the offloading operation v € Z,. was performed in an FPSO at period i,
suppose that vessel r will start a new travel operation u € 7R, at the next period of time (i + 1),
as indicated by s; ., , = 1. In this case, the vessel is expected to complete the trip, arriving at
the terminal V'I'T,. , periods later in order to able to unload or wait (operation z € O, U D,) at
period (V1T , + 1), which is defined by Ineq. (2.16).

E Siroou S § 5i+VTTT7u,r,u,z

(v,u)EVD;: (u,2)EVD;:
vEL, ZE(OT‘UD’I‘)

reT,reRV,ueTR,,i<PH-VTIT,,. (2.16)

2.3.2.4 Vessel Loading and Unloading Rules

A vessel must offload an FPSO to fill its storage tanks until no residual capacity is left.
Effectively, once a vessel begins to offload crude oil from an FPSO, the vessel loading operation
must continue until its full storage capacity is reached. The maximum flow rate must also be
enforced as much as possible, determined by the flow rate upper bound. This rule is stated by
Ineq. (2.17).

For instance, suppose vessel r is executing a travel operation v € 7R, at time ¢, and
starts the loading operation v € Z, from an FPSO at time (i + 1), indicated by s ,.,,,, = 1. When
modeling this dynamic behavior to Ineq. (2.17), the right-hand side of the constraint will assume
the value C'AP,.. This condition will force vessel r to fill its storage capacity by offloading from
the FPSO at a rate F'R,,, from time (i + 1) until time [CAP, /FR,]. Otherwise, if s; ..., = 0

for all operations (v, u) then Ineq. (2.17) becomes innocuous.

i+[ G4
Z Z vety e > CAP, — CAP,(1 — Z Sirwu)
ceC  t=(i+1) (v,u)eVD,

vET Ry

ieT, reRV, uel, i< PH— [%Pﬂ (2.17)

(2

CAP,
FR,
reached, forcing vessel r to start a travel operation to the terminal. This event is determined

Moreover, after [ | periods of vessel r loading, its maximum storage capacity will be

by Ineq. (2.18). Supposing vessel r arrived at an FPSO at time 7 and started loading at time
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(¢ + 1), which is indicated by s; ., , = 1, then the loading operation must be finished at time

(i + [CAP,/FR,)), and the vessel must start a travel operation z at the next period of time.

E Si,r,v,u S § S. (CAP,
l+’VFjRu—‘ T2
(v,u)EVD;: (u,2)EVD;:
VET R, 2ETR,

€T, reRV,uel.,i<PH— {CAPT
FR

-‘ (2.18)

U

If a vessel r starts to unload crude oil in the terminal, it must keep unloading until it becomes
empty. Only after the full unloading, a waiting operation u € D,. or a travel operation u € TR,
from the terminal are allowed, as imposed by constraint (2.19). Therefore, the total level of
crude oil in the vessel is I7;, = 0 at time ¢, so the right-hand side of Ineq. (2.19) becomes
CAP, / CAP, = 1, which allows Sirv.u t0 assume value 1 for a travel or waiting operation u at
time (¢ + 1). It can also be inferred that if there is crude oil in the vessel (i.e., [r;,. > 0), then the

right-hand side will be less than 1, forcing s; .., ,, = 0 for all variables on the left-hand side.

CAPT —1 7 .
Y i S ieT, reRV,uec TR, UD, (2.19)
1ty CAPT
(v,u)eVD;:
ve(OrUD;)

2.3.2.5 Transfer Constraints

Transfer operations are defined as operations where crude oil is being transferred be-
tween resources. Concretely, it involves all operations except waiting and travel operations
v e W\ (WWUWT). Ineq. (2.20) determines that the bounds on the flowrate of crude oil
must be respected every period of time ¢ when a transfer operation v € W\ (WW UWT)
is being executed, which is indicated by z; , = 1. The flow of crude oil between resources is

bounded by the lower (£'2,) and upper (FR,) bounds of each transfer operation v.

zioF R, < vtiy < FRyziy i€ T, veW\ WWUWT) (2.20)

As discussed in Section 2.2, during any transfer operation v executing in a period of time
1, a blending of different types of crudes c can occur. For this reason, Eq. (2.21) assures that the
total volume of crude oil vt; ,, matches the sum of the volumes vct; , . of all crudes c transferred

in the same operation.

iy = Y vctiye i€ T,0eW\WWUWT) (2.21)

ceC
Additionally, storage and charging tanks (r € [RS U RC]) have a total level Ir; . of crude oil
composed by specific levels of lcr; . . for each crude type c. Effectively, each blending proportion

of crude type c inside tanks must hold when crude oil is outlet from these tanks. More specifically,
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the proportion lcr; ,../lr; » inside each resource r and the proportion vct; , ../vt; ,, in each transfer
operation v must be the same, as imposed by Eq. (2.22). This requirement enforces composition
consistency since crude oil compositions inside tanks remain the same when crude oil batches are
transferred between them. For this work, it is essential to emphasize that the blending condition in
Eq. (2.22) is composed by bilinear terms and will be further explored in details for the application

of the proposed linear relaxation methods.

Vet pe LT
= = = Uty Ty = Uiy - leTipe
'Utiﬂ, lT’m

1€T,re RSURC,ve O,,ceC (2.22)

2.3.2.6 CDUs

Distillation is constrained by operating ranges of crude oil composition, which corre-
sponds concretely to a feasible range for each property k of the crude oil transferred to the CDU.
In other terms, when a charging tank r outlet operation v € WD is ongoing, the flow that reaches
the target CDU must have its property & within the bounds [DEMC', ,, DEMC,]. This
requirement is imposed by Ineq. (2.23). Parameter PR, . defines the weight fraction of property
k associated to crude ¢ and together with bounds DEMC, , and DEMC,, are specified for
each CDU according to the distillation demand by the user.

DEMC, ytiy <Y vetiyoPRye < DEMCypoty, €T, veWDkeK (223)

ceC

Additionally, over the planning horizon stipulated, the total volume of crude oil delivered
to be distilled in each CDU r is bounded by [DEM ., DEM,] as states Ineq. (2.24).

DEM, <> > ut, < DEM, r e RC (2.24)
i€T veO,
Finally, operational rules for CDUs determine that one and only one distillation operation must

occur in a period.

>z =1, i€ T,r€RD (2.25)

vEL,

2.3.2.7 Conflicting Operations

Due to logistic rules inherent to the problem, some operations cannot be performed
simultaneously, denominated as conflicting operations. Such operations are aggregated in sets,

as follows.

Let us consider that Vessell and Vessel2 can offload FPSO1 through operations v1 and
v2, respectively. For that, let set FPSO-OFFLOAD = {v1,v2}. Similarly, CDUI can receive
crude oil from charging tanks C7/ and C72 through operations v19 and v20, respectively. For
that, let set CDU1-INPUT = {v19, v20}.
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The operations within each set cannot be performed in the same period. In other words,
FPSOI has only one output to transfer crude oil to a single vessel, and CDU! can only receive
streams of oil from one charging tank at a time. In such case, let the set of cliques be CL =
{FPSO-OFFLOAD, CDUI1-INPUT} and the set WCL,; contain the operations of each clique
cl € CL. To prevent conflicting operations from occurring in a time period, Ineq. (2.26) ensures

that at most one operation v € YWCL,; will be performed:

Y oml<L i €T, cleCLl (2.26)
vEWCL,

2.3.3 Objective Function

The optimization objective consists of maximizing the sum of gross margin (G.) over the
total volume. This goal is achieved by setting the optimal schedule for all operations in a given
planning horizon. These operations must satisfy the demands of CDUs both in terms of quality
and quantity. To this end, we propose a discrete-time MINLP model, whose major decisions
consist in selecting what operations take place at each time, the level of crudes in each resource,

and the volume of crude oil transferred between resources.

2.3.4 Nonconvex Discrete Time MINLP Formulation

Having introduced the notation and constraints, the operational management of crude oil

supply is cast as a MINLP:

P: max f= Z Z Z Zchcth (2.27a)

i€T reRD veL, ceC

s.t. : Egs. (2.1)-(2.26), (2.27b)
zip €{0,1}, i € T,v €W, (2.27¢)
Sirwu € {0,1}, 1 € (T\{PH}),r € RV, (v,u) € VD,, (2.27d)
vty >0, i€ T, €W\ (WWUWT) (2.27¢)
vetive >0, i€ T, 0 e W\ WWUWT),ceC, (2.27f)
lri, >0,ieT,re R\ RD, (2.27g)
lerive>0,i€T,re R\RD,ceC. (2.27h)

2.4 |LLUSTRATION OF A SOLUTION

In this section, a solution for the MINLP problem is presented to illustrate the schedule
of operations, and the level of the resources, along the planning horizon. Here it was considered
a problem containing 2 FPSOs, 2 vessels, 2 storage tanks, 2 charging tanks, 1 CDU, 2 types of
crude oil, and a planning horizon of 15 days. A more detailed discussion on designing instances
for the OMCOS will be addressed in chapter 5.
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For each resource in the supply chain, Fig. 4 displays from top to bottom: the total level
of crude oil in the resource (Ir;,) in a gray bar; the total volume of crude oil transferred if some
operation is being performed (vt; ,); a chart in blue showing the possible operations and when
they are being executed. In order to simplify the illustration, the different crude types mixed in

each operation are neglected.

In summary, FPSOs continuously produce crude oil from extraction in a rate of 130
103bbl during each time interval. For that reason, an ongoing raise in the crude oil level is
sustained through the planning horizon. When reaching the capacity limit, the offloading of crude
oil to vessels starts until filling up the vessel’s reservoir completely, as shown during periods 7-8
for FPSOI and 11-12 for FPSO?2.

Vessels initial operations are set before hand: Vessell begins unloading to S7'/ while
Vessel2 waits at the terminal. Vessell unloads until emptying its reservoir at period 3, and then
awaits at the terminal until period 6 when it starts a travelling operation back to FPSOI. At
period 9, upon completing offloading, Vessell travels to the terminal and alternates unloading
crude into ST/ and S72. Similar dynamic unfolds over the horizon with Vessel2. The diagram
shows that the proposed model yields a feasible schedule that effectively integrates the operations
related to maritime inventory routing and crude oil scheduling. Moreover, vessels always travel
to FPSOs with empty tanks and return to the terminal loaded to its full capacity, as required by

the problem statement.

Storage tanks transfer oil to charging tanks following the rules for the bounds on flow of
crude, capacity, demand and crude oil composition. Charging tanks follow the same rules, plus
they must feed continuously crude oil to CDU1, but only one at a time. Additionally, storage
tanks and charging tanks cannot perform inlet and outlet operations occurring at the same period.
Regarding the CDU 1, crude oil is constantly being transferred from both charging tanks (but
never overlapping in time). It can be noticed that the operational rules for the problem are being

met altogether.

2.5 SUMMARY

The operational management of crude oil supply problem is a discrete-time mixed-
integer non-linear program of considerable complexity. The model incorporates the schedule of
all resource operations from the production in FPSOs to distillation in CDUs. In a given planning
horizon, the solver must select which operations take place at each time, the level of crudes in
each resource, and the volume of crude oil transferred between resources. The objective is to
satisfying the demands of CDUs both in terms of quality and quantity, while maximizing the
gross margin over the total volume distilled. It is essential to notice that all constraints in the

model are linear, except for the nonlinear nonconvex blending of crudes (2.22).

In Assis et al. (2019), the authors proposed to solve the MINLP using an iterative
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Resource

1

2

3

4

5

6

7

Time
8

9

10

11

12

13

14

15

FPSO1

Total Level

Volume
Transferred
Unload to Vessell
Unload to Vessel2

380.0

510.0

640.0

770.0 | 900.0 | 1030.0 | 660.0

290.0

420.0

550.0

680.0

810.0

1070.0 | 1200.0

FPSO2

Total Level

Volume
Transferred
Unload to Vessell
Unload to Vessel2

360

580

910

1350

Vessell

Total Level

Volume
Transferred
to ST1
to ST2
wait at terminal
Travel ~ FPSO1
Travel - FPSO2

126.3

92.6

173.7

33.7

0.0

92.6

0.0

0.0

1000.0

500.0

960

500.0

499.0

500.0

0.0

0.0

0.0

Vessel2

Total Level

Volume
Transferred
to ST1
to ST2
wait at terminal
Travel -~ FPSO1
Travel ~ FPSO2

400.0

400.0

400.0

399.0

398.0

ST1

Total Level

Volume
Transferred
ST1 - CT1
ST1 - CT2

0.0

92.6

373.7

0.0

92.6

0.0

0.0

390.4

391.4

250.0

141.4

ST2

Total Level

Volume
Transferred
ST2 - CT1
ST2 - CT2

131.4

165.1

165.1

165.1

165.1

166.1

165.9

165.8

CT1

Total Level

Volume
Transferred
CT1 - CDU1

200.0

CT2

Total Level

Volume
Transferred
CT2 - Cbu1l

368.6

149.2

Ccbul

Total Level
Distilled

50.0

100.8

149.2

742.3 | 507.9
234.4 | 398.6

234.4 | 398.6

241.9

182.9

122.1

122.3

122.5

72.1

500.0

35.0

534.0

250.0

250.0

1000.0 | 1000.0

0.0

250.0

392.0

0.0

60.7

109.2

60.7

175.0

183.6

465.1

303.3

0.0

50.4

721

79.7

161.8

Figure 4 — Illustration of the solution computed for INS1.

303.3

392.0

0.0

387.2

387.2

0.0

0.0

0.0

392.0

MILP-NLP decomposition scheme with domain reduction. The approach obtained solutions in

a reasonable CPU time with reduced gap on small and medium size instances and found good

enough solutions for the larger instance. Despite that, it was clear the difficulty of solving the

non-convex MINLP scheduling problem specially because of the blending equation involving

bilinear terms, which renders the problem computationally hard. For this reason, relaxing these

bilinear terms has a potential to reduce significantly the effort to solve this problem.
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3 RELAXATIONS FOR BILINEAR PROGRAMS

From the previous chapter, it could be noticed that the OMCOS contains a blending
constraint involving bilinear terms. The current work seeks to solve the problem more efficiently
by relying on relaxation methods for bilinear terms. For this reason, in this chapter the necessary

theoretical background on relaxations for bilinear programs is provided.

3.1 OVERVIEW

The management of crude oil supply problem at the operational level is a nonconvex
nonlinear problem where nonconvexities arise due to bilinear terms. The work of Assis et
al. (2019) proposed to handle the nonconvex bilinear terms associated with the blending of
crudes. Blending constraints arise in crude oil operations in refineries (LEE et al., 1996; JIA;
IERAPETRITOU; KELLY, 2003; YADAV; SHAIK, 2012) and are required to model the mixing
of various streams, being the most common type of constraint in Chemical Engineering systems.
They are known for creating bilinear terms that are nonconvex and which give rise to multiple

local solutions.

For the purpose of finding rigorous global optimal solutions to bilinear problems, which
can be of the nonlinear or mixed-integer nonlinear type, alternative algorithms have been pro-
posed to generate linear or mixed-integer linear relaxations of the original problem. Therefore, it
is critical to achieve tight relaxations in order to obtain better solutions. Such bilinear terms appear
in distillation of diesel and gasoline when addressing the blending of different fractions (MORO;
ZANIN; PINTO, 1998; JIA; IERAPETRITOU, 2003; KOLODZIEJ et al., 2013), in mass and
property integration networks (NAPOLES-RIVERA et al., 2010), in problems associated with
operations of hydroelectric power systems (CATALAO; POUSINHO; MENDES, 2011; CAS-
TRO; GROSSMANN, 2014), and in the design of electric power converters (CAMPONOGARA;
SEMAN; GILI, 2019), among others.

The most simple strategy corresponds to applying the standard McCormick relaxation
(MCCORMICK, 1976), where a new variable substitutes the bilinear term along with four
sets of linear constraints for the lower and upper bounds. The convex McCormick envelopes
coupled with spatial branch-and-bound search frameworks have been the basis for many global

optimization techniques.

From the standard McCormick relaxation, further reduction in the feasible space of
the relaxed problem is possible, by partitioning the domain of one of the variables present in
the bilinear term. This approach known as univariate piecewise McCormick was proposed by
Bergamini, Aguirre and Grossmann (2005), Karuppiah and Grossmann (2006), being widely
studied in the work of Misener, Thompson and Floudas (2011), Hasan and Karimi (2010),
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and Faria and Bagajewicz (2012). Intending to improve partitioning, Wicaksono and Karimi
(2008) were the first to propose the domain partitioning of both variables, a strategy called
bivariate piecewise McCormick. Bivariate partitioning yielded a stronger relaxation comparably
to univariate partitioning in moderate-size problems in Wicaksono and Karimi (2008) and later
in Hasan and Karimi (2010). A more in-depth study on piecewise McCormick relaxation for
bilinear terms can be found in (GOUNARIS; MISENER; FLOUDAS, 2009).

Further, Teles, Castro and Matos (2012) have introduced a technique to approximate
polynomial constraints through discretization of a subset of variables. Applying this technique
to bilinear terms, Kolodziej, Castro and Grossmann (2013) have shown that the mixed-integer
constraints of the multiparametric disaggregation technique of Teles, Castro and Matos (2012)
can be derived from disjunctive programming and convex hull reformulation. This approximation
technique proved to drive the upper and lower bounding formulations to convergence as the
original nonlinear formulation does, considering an infinite number of discretization intervals. In
short, they can replace the standard McCormick relaxation to provide stronger bounds, at the cost
of higher computational effort from the solution of multiple MILPs instead of LPs (CASTRO;
GROSSMANN, 2014).

The comparison analysis between piecewise McCormick and multiparametric disaggre-
gation depends highly on each application and its characteristics. Some notable comparative
studies have shown that the former is tighter when having quadratic terms, but produces signifi-
cantly larger MILPs for the same number of partitions (KOLODZIEJ; CASTRO; GROSSMANN,
2013). In other words, the number of binary variables grows linearly in piecewise McCormick,
whereas for multiparametric disaggregation the growth is only logarithmic. This behavior allows
the solver to reach lower optimality gaps with multiparametric disaggregation due to a faster
computational performance as noticed by Castro and Teles (2013). In contrast, piecewise Mc-
Cormick notably allows for more freedom to choose the number of partitions, since accuracy in
multiparametric disaggregation can only change by one order of magnitude. Contributions on
bringing multiparametric disaggregation closer to piecewise McCormick, regarding how the num-
ber of partitions can be handled, were made by Castro (2016). He proposed the introduction of a
normalized parameter in [0, 1] to be discretized in the range between the lower and upper bound,
instead of all possible values that a variable can assume. As a result, normalized multiparametric
disaggregation became directly related to the number of partitions in piecewise McCormick,
allowing for a better comparison between the relaxation methods. Global optimization algorithms
for mixed-integer nonlinear programming (MINLP) in oil refinery planning are making use
of piecewise McCormick and Normalized Multiparametric Disaggregation as in (CASTILLO;
CASTRO; MAHALEC, 2017). This work showed that bound tightening using such methods is

essential for large-scale problems, even though it is computationally expensive.
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3.2 BILINEAR PROGRAMS

As seen, problems with bilinear terms have been studied by many researchers because of
their commercial importance and nonconvex characteristics, which makes this subject suitable

for evaluating distinct relaxation methods and algorithmic approaches.

From the OMCOS formulation, one can observe that the bilinear terms appear on both
sides of the equality and are of the form z;-x; = y;-y;. In this section, the properties of commonly

used relaxations for such bilinear problems are reviewed.

We consider the class of nonconvex, non-linear problems where all nonlinear terms are
of the bilinear type z; - x;, the continuous variables are denoted by x and the binary variables by
~v. lzx is the length of vector x, and [ is the length of vector . In (P), x is an m-dimensional
vector of non-negative variables that lie between given lower x” and upper 2V bounds. Set )
collects all functions f, , including the objective function f, and all the constraints. BL is an
(i, j)-index set that defines the bilinear terms x; - x; present in the problem and a;;, is a scalar.

Note that 7 = j can be allowed to accommodate quadratic problems.

(P)

max fo(z,7) (3.1a)

S.t. :

fo(,7) <0 Vg e Q\ {0} (3.1b)

folz,y) = Z a;jqriv; + Byx + Cyy + d, Vg e Q (3.1¢)
(4,7)€BL

et <w<al (3.1d)

reR" v e{0,1}" (3.1e)

A relaxation of (P) can be achieved by (PR), where the bilinear terms z; - z; are replaced
by variables w;;, thus linearizing f,(x,v) into f(x,7). A set of linear constraints is added
to determine the values of the w;; variables, while the feasible region of such constraints is

represented by W.

(PR)

max fi(x,) (3.2a)

S.t.:

fii@ ) <0 Vg € Q\ {0} (3.2b)

ff(% v) = Z aijqwi; + Byr + Cyry + d, Vge @ (3.2¢c)
(i,7)€BL

b <z <av (3.2d)

zeR? v e{0,1}",we W c RIPL (3.2¢)
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Because solving a non convex problem is a complicated task, relaxing the bounds as
performed in (3.2), transforms the baseline problem into a convex relaxation, decreasing the
computational difficulty at the cost of introducing solutions that do not correspond to the original

objective function.

The feasible region 1 of this baseline problem will be reformulated in the next sections

according to each linear relaxation method employed.

3.3 STANDARD MCCORMICK ENVELOPES

An established method to solving bilinear programs of type (P) is to apply a type of
convex relaxation to bound the bilinear terms using McCormick envelopes (MCCORMICK,
1976). In the standard approach, each bilinear term ;- is replaced by a new variable w;; = x;x;
and a set with four linear inequality constraints is added to the formulation, two representing the

overestimators and two underestimators (see Fig. 5).

A Convex Overestimators
| Convex Underestimators — |

Figure 5 — Graphical interpretation of standard McCormick relaxation.

In this case, the feasible region W will be given by inequations (3.3) as follows:

Wi > T xJL +ab xT;— zk x]L (3.3a)
wig 2w af + oy xy—ay -l (3.3b)
wiy < wp-ak +af oy —al ak (3.3¢)
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Here inequation (3.3) defines the convex envelope of w;; = x;x;, commonly referred to
as the McCormick Envelope. One can also observe that envelope induced by inequation (3.3)

can be obtained from the following four valid multiplications:

(3.4a)
(3.4b)

Using the McCormick envelope formulation relaxes a nonconvex problem into a convex
problem, resulting in an upper bounding LP if the only nonlinearities are bilinear. By making a
maximization problem convex, the maximum solution found will be a global maximum for the
relaxed problem. This solution is then an upper bound solution for the original problem (P). A
lower bound can be obtained by solving the original non convex problem using values obtained
from the relaxed problem and then checking for feasibility. McCormick Envelopes provide an
envelope that retains convexity while minimizing the size of the new feasible region. This allows
the lower bound solutions obtained by using these envelopes to be closer to the true solution than
if other convex relaxations were used. However, this lower bound can be weak depending on the

bounds on the bilinear terms.

3.4 PIECEWISE MCCORMICK ENVELOPES

The strength of the McCormick envelopes seen in Section 3.3 for a single bilinear term
is strongly dependent on the variable bounds. One can notice that tighter bounds could lead
to even stronger relaxations. Hence, instead of simply including equations with global bounds
for the entire interval, partitioning the intervals of variables and then constructing McCormick
envelopes in each interval leads to a much stronger relaxation. Considering that a bilinear term
has two variables, three possible options for partitioning are evident. Two options consists in
partitioning only one of the two variables, which is called uni variate partitioning. The third
choice is to partition both the variables, known as bivariate partitioning (see Fig.6). The number

of partitions will determine the strength of this new relaxation.

To enforce consistence of this relaxation, auxiliary binary variables must be added in
order to select the appropriate partition. In other words, the new binary variables turn on/off
each partition, with exactly one partition being activated. This gives rise to a MILP relaxation,

referred to as the Piecewise McCormick Relaxation.

Because this method requires the introduction of binary variables, there is a trade-off
between the quality of the relaxation and the computation effort required. In another words, is is
known that better relaxation quality implies more partitions which leads to more binary variables.
Given the maturity of MILP solvers, the current trend for solving nonconvex NLP and MINLP

problems with only bilinear and quadratic terms is to employ piecewise linear relaxations.
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Figure 6 — Graphical interpretation of piecewise McCormick relaxation for the bivariate case.

3.4.1 Univariate Piecewise McCormick Envelopes

A tighter MILP relaxation can be constructed by partitioning the domain of one of the
variables (x;) of the bilinear term into n disjoint regions, with new binary variables being added

to the formulation to select the optimal partition for ;.

In the seminal works by Bergamini, Aguirre and Grossmann (2005), Karuppiah and
Grossmann (2006), partitions are generated uniformly and there is a linear increase in problem
size with the number of partitions. A different uniform partitioning scheme featuring a logarithmic
growth in the number of binary variables was proposed by Misener, Thompson and Floudas
(2011) but the results failed to show major benefits. Other substantial evaluations involving
several piecewise under and overestimators have been performed by Wicaksono and Karimi
(2008), Gounaris, Misener and Floudas (2009).

The quality of the relaxation is influenced by the choice of variables z; selected for
partitioning. In general, there may exist an optimal set of variables that would lead to the best
relaxation, but such an analysis is beyond the scope of this study. In most engineering problems
as in OMCOS, bilinear terms involve two different sets of variables and so there are just a couple
of obvious choices. For instance, Hasan and Karimi (2010) chose to partition flow variables in
problems involving column sequencing for distillation and integrated water use and treatment

systems.

Let xfn and ngn represent respectively the lower and upper bounds of variable x; for
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partition n. If the value of x; does belong to such a partition, then binary variable y;,, = 1 and the
respective McCormick envelope holds. The Piecewise McCormick Relaxation can be formulated
as a Generalized Disjunctive Program (RAMAN; GROSSMANN, 1994), which is tighter due
to the use of the partition-dependent parameters x]Ln and a:JUn in the four constraints inside the
disjunction, instead of the global bounds x]L and :cgj The feasible region W will be defined by
Egs. (3.5).

(PR-UV-GDP)
- vin -
wij > @ af, + o xy - af -k,
N U U U, .U
Wi 2> T T, +x7 T — T T
\ W s i L 6,5) e BLY| Y5 | (4,5) € BL}  (3.5a)
n=1 Wi < X - xJLn + :c? S Xy — ZU ‘a:JLn
w@jgxi-ijn—i—:UiLwL‘j—xiL-ngn )
_ ek, <a; <af _
ol <a; <al v{i| (i,j) € BL}  (3.5b)
P (z¥ —af)-(n-1)
jn J e
v o @ —ab)n v{j | (i,j) € BL},n e {1,..,N} (3.5¢)
af, = af + ——
yjn € {0,1} V{j|(i,j) € BL},ne{l,..,N} (3.5d)

Since the linear GDP needs to be reformulated into a MILP, one alternative consists in
applying the big-M technique. However, this approach was proven to yield a poor relaxation,
specially when dealing with piecewise partitioning (WICAKSONO; KARIMI, 2008). For this
reason, the reformulation is carried out through a convex hull relaxation based on the works of
Karuppiah and Grossmann (2006), Castro and Teles (2013) as follows.

(PR-UV-MILP)

N
wij > Y (Zignwly, + Tjnrl — ymrtal,) ¥(i,j) € BL  (3.6a)
n=1
N
wij > (Tignaly + Tjnal — yjnai 25,) ¥(i,j) € BL (3.6b)
=1
N
wig <Y (Tignal, + Fjnal — yjnalah,) V(i,j) € BL (3.6¢)
n=1
N
wij < Z (:?Wngn + Zjpal — yjnxfar%) V(i,j) € BL (3.6d)
n=1
N
Ti= )Y Tijn Y(i,§) € BL (3.6¢)
n=1
N
Tj =) Tjn Vj | (i,j) € BL (3.6f)
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N
> Y =1 Vj| (i,§) € BL (3.69)
n=1
alyin < Zijn < 2Vyjn Y(i,j) € BL,n € {1,...,N} (3.6h)
ek yin < Tjn < 25 yn Vj|(i,j) € BL,n € {1,..,N} (3.6i)
U L n—
ob, = gb 4 GF=EPD |
. oy~ Vj| (i,j) € BL,n € {1,...,N} (3.6j)
Tip = :1: +
yin € {0,1} Vi | (i,j) € BL,n € {1,..,N} (3.6K)

Notice that if Yin = 1 for some j, then f;n

:EAE[

Jn

, x| whereas Z;;,, = 0 for all j # 7.

€ [m;n,

L

3.4.2 Bivariate Piecewise McCormick Envelopes

xgn ] and Z;, = 0 forall j # ;. Further,

the domain of both variables bilinear term domain of both variables forming the bilinear

term is known a priori, leading to a relaxation that is usually tighter

In bivariate partitioning, both variables are partiotinng to obtain a tighter relaxation
(HASAN; KARIMI, 2010). The binary variable responsible to select the active partition will
now be ¥y, The variable z; is bounded by xL and x¥) and the variable x; is bounded by x

U
and 7,

. The bivariate partitioning for the piecewise McCormick relaxation is formulated as a
Generalized Disjunctive Program (PR-BV-GDP).

If the Bivariate Piecewise McCormick Relaxation is used, then the feasible region W

will be given by Eqgs. (3.7).

(PR-BV-GDP)
[ Yinjn'
W5 = T+ x]Ln, + 9551 X
N N wij =T g']n’jo%'xj
\/\/ Jg ]Ln’—i_mgzxj
=1ln/=
n=In'=1 ’]S U,_|_x2.[;L.J;j
xﬁl < < xf),
L ]n’ < Tj < xjn’
ol = b+ (@ —af)-(n—1)
1Y, = o 4 @szthm
LUL o .’L‘L (xg-]f:rf)-(n’fl)
in 7 N
= af o+ S

Yingn' € {07 1}

L

R

in
U

— s .

m

U

— €T -

mn
L

— s .

m

V(i,j) € BL

v{i | (i,j) € BL},n € {1,...,N}

v{j | (i,5) € BL},n' € {1,...,N}

W(i.j) € BL,

(3.7a)

(3.7b)

(3.7¢)
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n,n’ €{1,..,N} (3.7d)

Applying the reformulation of the linear GDP into a MILP using the convex hull tech-
nique leads to (PR-BV-MILP). The variable Z;;,;,, corresponds to the value that z; assumes
considering the bilinear term x; - x;, partition n of variable z;, and partition n’ of variable j.
The constraints below ensure that Z;;,,;,,» Will be nonzero only if the bivariate partition (n, n') is
selected for the bilinear term x; - x;. Similar reasoning applies for 7 ;;,;,» regarding the second
variable x; of the bilinear term. Notice that the variables x; assume consistent values over all

bilinear terms where they appear.

(PR-BV-MILP)

N N
wij > Z Z (Ziinjn’ 'JSJLn/ + Bjingn - Tl — Tl - JJJLW Yingn’ ) V(i,j) € BL (3.8a)
n=1n'=1
N N
Wi, 5 > Z Z (':/U\iinjn’ : JZ‘;]n/ + /w\jinjn’ : l’% - l’% : x;']n’ . ymjn/) V(Z,]) € BL (38b)
n=1n'=1
N N
wij < Z Z (@'mjn' -mfn, + Zjinjn/ cal — a2l %Ln/ 'ymjn') V(i,j) € BL (3.8¢c)
n=1n'=1
N N
wij < Z Z (Biingn' - 5 + Tjingns - Tin — Thy - T Yingn?) V(i,5) € BL (3.8d)
n=1n'=1
N N
2 =33 Fingw V(i,j) € BL (3.8¢)
n=1n/=1
N N
n=1n'=1
N N
DD Yingw =1 ¥(i,j) € BL (3.89)
n=1n'=1
9551 Yingn! < Tignjn' < w% * Yinjn! V(i,j) € BL,n,n' € {1,..., N} (3.8h)
m]Ln’ * Yingn! < i'\jinjn’ < x;]n, *Yingn/ V(Z,]) S BL,TL,??/ S {1, ey N} (3.81)
U_ LY. (1
of, = of + Byl - .
U L, (@U—al)n v{i| (i,j) € BL},ne {1,..,N} (3.8))
T =27 +—x
xL o xL + (.’L’;jfrjl.’).(nlfl)
jnt = T N e
J/‘U J— .',UL + J J
g Ty N
Yingn' € 10,1} v(i,j) € BL,n,n' € {1,...,N} (3.81)

Here we briefly discuss the convex-hull reformulation above of the GDP (3.7). Let us

consider a bilinear term (i, j) € BL. From Eq. (3.8g), precisely one partition 7 is selected
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for variable z;, and one partition 7’ is selected for variable ;. Then Eq. (3.8h) ensures that

Tinjm € [z, 2], while the remaining variables T;;,, ;v = 0 for all (n,n’) # (n,n’). Likewise
Eq. (3.81) ensures that Z;7;7 € [x]Lﬁ,, x%,} while the remaining variables Zj;,;,» = 0 for

all (n,n’) # (n,n'). Now it can be seen that Eqs. (3.8e) and (3.8f) enforce x; = 75,7 and
xj = Tji7;» Which establish the consistency of the values of the variables x; and x;, over all

bilinear terms where they appear and their respective partitions.

3.5 MULTIPARAMETRIC DISAGGREGATION

Based on the general problem (P), with a nonconvex bilinear term w;; = x; - x;, the
multiparametric disaggregation described by Teles, Castro and Matos (2013) can be used to
obtain an upper bound on problem (P). Multiparametric disaggregation is a technique for
generating a mixed-integer linear relaxation of a bilinear problem by discretizing the domain of

one of the variables in the bilinear term according to a numeric representation system.

The method works by discretizing one of the bilinear terms over a set of powers [ €
{p,..., P}, where P = [log,, Y] (in case the discretized variable is z;) and p is selected by the
user for accuracy purposes. The formulation is obtained by deriving first a generalized disjunctive
programming (GDP) model followed by a convex hull reformulation and exact linearization.
Simplifying the notation, we assume the bilinear product w;; = z; - ; as a single bilinear term

w = wu - v. This product can be represented exactly with the following constraints and disjunction:

w=u-v (3.9a)
v=> X\ (3.9b)
LEZ
9
\ [N =10"-d] VieZ (3.9¢)
d=0

The term v is discretized through the disjunction in (3.9c¢) that selects one digitd € D =
{0,1,...,9} for each power in Z. Here we assume a basis of 10, although other bases can be
selected (MISENER; GOUNARIS; FLOUDAS, 2010). Note that since (3.9¢) is defined over the
domain of all the integer numbers, this implies an infinite number of disjunctions. Furthermore,

v can represent any positive real number.

First, let us consider the convex hull reformulation of the disjunction in (3.9¢) after which

the disaggregated variables will be introduced,

9
= A VieZ (3.10a)
d=0

Aay = 10" d- 24 VieZ,deD (3.10b)
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9

Y zq=1 VieZ (3.10c)
d=0
zq1 € {0,1} VieZ,de D (3.10d)

Substituting (3.10b) into (3.10a) and then into (3.9b) leads to the fully discretized (but

still exact) representation of v:

9
v=> ") 10'-d- zy (3.11)

Considering the product w = u - v by substituting (3.11) into (3.9a) leads to (3.12) which

involves nonlinear terms v - 24,

9
w=1u- [Z > 10t -d- sz] (3.12)

leZ d=0

Carrying out an exact linearization, additional continuous variables u; = u - z4; are

9
w=> "3 10" d- iy, (3.13)

introduced so that:

I€Z d=0
Since,
0, if =0
wezgg =4 0 LW (3.14)
u, if Zdl = 1

and %4, is non-negative, the following lower and upper bounding constraints are inserted, being

uY and u’ the non-negative upper and lower bounds on u respectively.

UL ©Zd) < ﬂdJ < UU © Zdl Vi € Z, de D (3.15)

Finally, multiplying equation (3.10c) by « and replacing the bilinear terms by the recent

added continuous variables, results in (3.16).

9
u=Y VieZ (3.16)

d=0
The full set of mixed integer linear constraints for the exact representation of the bilinear product
w = wu-v is thus given by Egs. (3.10c)—(3.11) and (3.13)—(3.16). For convenience, these equations

are brought together below:

Y =1 VieZ (3.17a)
d=0
za1 €{0,1} VieZ,de D (3.17b)

v=> ) 10'-d-zy (3.17¢)
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9
ZZ od - gy (3.17d)
€7 d=0
ub - zgy < gy <u¥ - zgy VieZ,de D (3.17e)
9
u= VieZ (3.170)
d=0

3.5.1 Lower Bounding Formulation

Since it is impractical to compute an infinite sum over all positive integers like in the
previous formulation, now v is limited to a finite level of representation v’, resulting into w’ as
an approximate continuous form of the bilinear term. This approximation is reached by setting p

and P as a minimum and maximum power of 10, respectively.

Further, the constraints in (3.11) and (3.13) are adjusted in (3.18a)-(3.18b) in order to
limit the maximum power of 10 (P) and the minimum power of 10 (p). For the remaining
constraints (3.10c)-(3.10d) and (3.15)-(3.16), it is sufficient to replace | € Z with [ € L =
{p,p + 1, ..., P}. This set of constraints correspond to the equations proposed by (TELES;
CASTRO; MATOS, 2013).

P
:22101 d- zq, (3.18a)

l=p d=0
P 9
w' =" "10"-d- g, (3.18b)
l=p d=0

Fig. 7 illustrates the lower bounding formulation using multiparametric disaggregation.
The solid curve denotes the feasible region for the bilinear term « - v = 0.1 while the dots

represent the discretization considering parameters p = P = —1.

Now incorporating them into the problem (P), being x; the variable to be discretized
and redefining w;; = x; - x;, the feasible region W will be given by the resulting equations
(MDT-MILP).

(MDT-MILP)
P 9
wi =Y > 10" -d- Tija, Y(i,j) € BL (3.19a)
l=p d=0
P 9
rp=> Y 10'd-zja Vi € {j|(i,j) € BL} (3.19b)
l=p d=0
ri =Y Tija, V(i,j) € BL,l € {p,p+1,..., P} (3.19¢)
:Ef’ * Zjdl < Eijdl < l‘? * Zjdls V(Z,j) € BL,d e {O, ...,9},

le{p,p+1,.. P} (3.19d)
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Figure 7 — Graphical interpretation of the multiparametric disaggregation relaxation with param-
etersp =P = —1.

9

> za=1, vj e {jl(i,j) € BL}, L€ {p,p+1,.., P} (3.1%)

d=0

Zjdl € {07 1}7 VJ € {]|(Z7j) € BL}7 de {07 ”'79}7
le{p,p+1,..,P} (3.190)

When we incorporate the MDT modeling (3.19) into problem (P), by redefining w;; =
x; - x5, and selecting x; as the variable on which discretization is performed, the resulting
problem (MDT-P) represents a mixed-integer approximation to the original problem. Further,
note that problem (MDT-P) is a restricted version of problem (P), or equivalently problem (P)
is a relaxation of problem (MDT-P). Notice that if (MDT-P) is a feasible problem, then the

resulting solution is a lower bound.

Although the user can freely set the parameters p and P, some common instructions
must be followed for ensuring feasibility of (MDT-P). The largest power of 10 (P) must be
sufficient large to allow 10” to represent the upper bound on z;, precisely P = [log,, xﬂ .In
regards to p, the guideline is to let it be small enough so that at least one discretization point lies
between the lower and upper bounds for x;. Thus, p < P is the absolute minimum requirement,
but better results and feasibility are more likely obtained decreasing p. However, even respecting

these rules, one cannot guarantee feasibility of (MDT-P) in all cases.
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3.5.2 Upper Bounding Formulation

In the discretized approximation problem (MDT-P) illustrated by Fig. 7, one can notice
the existence of a gap between discretization points. This will always exists for a finite p. Thus, in
order to obtain an upper bounding problem using multiparametric disaggregation, a slack variable
Az; can be introduced such that = = x;/ + Ax;, where z; is the discretized representation of
zj, xf“ is the continuous representation of z;, and the slack variable Az, is bounded between

0 and 10P. Again switching to the notation w = wu - v for the bilinear term, we have for the

continuous representation of v, denoted as vft:
P 9
V=310 d 2+ Aw (3.20a)
I=p d=0
0<Av <10P (3.20b)
For the continuous representation of the bilinear term, w’ , note that:
wl=u-vf=u-(V+A0)=w +u-Av=uw+ Aw (3.21)

where v and w’ are given by (3.18a)-(3.18b) respectively. The slack variable Aw replaces the
bilinear term v - Awv that can be relaxed using the McCormick envelope (3.22a)-(3.22b).

ulAv < Aw <u¥ - Aw (3.22a)
(u—uY) - 107 +u¥ - Av < Aw < (u—ub) - 107 +ul - Av (3.22b)
Introducing these constraints into Problem (P), and expressing the variables in terms of

the original variables w;; = x; - x;, the feasible region W will be determined by (MDT-MILP-
UB) foralld € D, € L.

(MDT-MILP-UB)

P 9
wij = Z Z 10" - d - By + Awi; V(i,j) € BL  (3.23a)
I=p d=0
P 9
x5 = Z 10l -d - Zjdl + ij V{]|(Z,j) S BL} (3-23]3)
I=p d=0
9
T = Fija V(i,j) € BL,l € {p,p+1,...,P}  (3.23¢)
d=0
J?ZL " Zjdl < i'\ijdl < .ZL'EJ  Zjdl V(Z,j) € BL,d € {0, ...,9}

{le{p,p+1,..P} (3.23d)
9
> zia=1 v{jl(i,j) € BL},l € {p,p+1,...,P}  (3.23¢)
d=0

l‘ZL Az < Aw;;j < a:? - Ax;
Awg; < (2 — le) 107 + le - Az; V(i,j) € BL (3.23f)
Awij > (x; — 2 ) - 10P + 2 - A
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0 < Az; <107 v{jl(i,j) € BL} ~ (3.23g)
zjar € {0,1} v{jl(i,j) € BL},d € {0, ..., 9}
le{p,p+1,..,P} (3.23h)

3.6 NORMALIZED MULTIPARAMETRIC DISAGGREGATION

Given the Multiparametric Disaggregation presented before, a normalized version of it
can be derived. This is obtained by discretizing \; € [0, 1], an auxiliary variable that serves to
compute x; as a linear combination of its lower :L‘JL and upper x? bounds:

L L ~
z; = xf + N(2] —2f), V) (3.24)

The exact representation of A\; can be achieved by considering an infinite number of

positions [ € Z~ in the decimal system,

y=3 (3.25)
ez~

and by picking the appropriate digit d € {0, 1, ..., 9} for each power [. This can be developed as

a disjunction, using binary variables z;4 to take the value of one if digit d is selected for position

[ for discretized );:

9
Zjdl . _
Vi lelZ (3.26)
AT

3.6.1 Lower Bounding Formulation

However, because it is impracticable to compute the infinite sums over all negative
integers [, we define a finite precision level by substituting [ € Z~ with [ € {p,p+ 1, ..., —1},

where p is a negative integer chosen by the user.
-1
A= A Vj (3.27)
l=p
For choosing the appropriate digit d € {0, 1, ...,9} for each power [, a disjunction is stated as

before, where binary variables z;4 decide whether or not digit d is selected for position [ of the

discretized variable \;:

9
Zjdl .
Vj (3.28)
d\/O[Alelold]
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The convex hull reformulation of the disjunction in (3.28) can be simplified in order to

generate a sharp formulation without disaggregated variables.

-1 9
A=Y 100 d -z Vj (3.29a)
l=p d=0
9
> za=1 Vi leZ (3.29b)
d=0

Multiplying variable x; by (3.24) and substituting x; - x; and x;A; with bilinear variables

w;; and v;; leads to,

wij = ziwy 4 vy —xk) V(i 5) (3.30)

J J

Substituting (3.29a) into the definition of v;; leads to the appearance of bilinear terms

involving the product of a continuous and a binary variable.
Uij =T; - )‘j

19
Vi = Zzlol'd'xi'z’jdz (i, ) (3.31)

l=p d=0

An exact linearization can be performed by introducing additional continuous variables

Tijar = Ti - Zja, resulting in:

1 9

vy = Z Z 10 - d - Ty (i, ) (3.32a)
I=p d=0

Ziar - Tf < Tijar < Zjar - 1Y V(i,j),d €{0,...,9}, 1 € {p, ..., —1} (3.32b)

Finally, multiplying (3.29b) by z; and replacing the bilinear terms by the recent added

continuous variables leads to,
9
7= ) i v(i,5),l € {p, ..., -1} (3.33)
d=0

The full set of mixed integer linear constraints for the exact representation of bilinear
terms w;; = x;x; is thus given by Egs. (3.24), (3.29b)-(3.30) and (3.32)-(3.33), leading to the
following optimization problem (NMDT-MILP-LB).

(NMDT-MILP-LB)

T = a:]L + )\j(:vg] — ZEJL)
= Vi € {jl(i, ) € BL 3.34

A= 3100d- 2 jejlij) e BL}  (3:34)
l

=p d=0
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— L U L
wij = 1,07 + vy (] — x7)

-19 . V(i,7) € BL 3.34b
Uij:lzzlol'd"rijdl ( j) ( )

=p d=0
9
T =Y Tija Y(i,j) € BL,l € {p,...,.—1}  (3.34c)
d=0
9
Y Ga=1 Vj e {jl(i,j) € BL},l € {p,....,—1}  (3.34d)
d=0
Zjay < Tija < Zjawy v(i,j) € BL,d € {0, ..., 9},
le{p,...—1}  (3.34e)
zjar € {0,1} vj € {jl(i,j) € BL},d €0, ..., 9},

le{p,...,—1}  (3.34f)

The problem that results by replacing the bilinear terms of (P) with the discretization
given above, also referred to as (NMDT-MILP-LB), is an approximation of the original problem.
In other words, (P) is a relaxation of (NMDT-MILP-LB). If (NMDT-MILP-LB) is feasible,
then the resulting solution is lower bound for (P).

3.6.2 Upper Bounding formulation

With the purpose of allowing A; to reach all possible values, it is required to close the
gap between discretization points. For this reason, a slack variable A); with bounds between 0

and 10” is introduced. The continuous representation of \; is then given by:

-1 9

A=) 100 d -z + AN Vj (3.35a)
l=p d=0

0< AN <10P V) (3.35b)

Following the same reasoning, the continuous representation of the bilinear term v;; =

x;\; is therefore determined as:

19
Vij = Z Z 10° - d - Tijar + 2 - AN V(i,7) (3.36)

l=p d=0

It can be noticed that an undesired bilinear term x; - A); appears in Eq. (3.36), which is
replaced by variable Av;; and the resulting equation is going to be relaxed using McCormick
envelope as follows:

-1

9
v = > 100 d - By + Avy V(i,5)  (3.37a)

I=p d=0

zp - AN < Avyy < a¥ - AN V(i,j)  (3.37b)
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Substituting Eq. (3.29a) by Egs. (3.35), and Eq. (3.32a) by Eqgs. (3.37), in (NMDT-
MILP-LB), a new optimization problem (NMDT-MILP-UB) is obtained, corresponding to
a relaxation of (P). In other words, (NMDT-MILP-UB) will be feasible for values of w;;, x;
and z; that not necessarily satisfy w;; = z; - ;. The objective value obtained by solving
(NMDT-MILP-UB) will not be lower than the optimal value of (P).

(NMDT-MILP-UB)

T = :I:JL + )\j(ugf — uf)

-1 9

A= 3100 d ez + AN vje{il(j) € BLy  (3.38a)
I=p d=0

0< AN <107

oL U_ L
wij = ;77 + vy (T] — T})

Uij = i 29: 101 . d . fijdl + AUU
I=p d=0

ok AN < Avyy <2V AN

Avy; < (z; — xF)10P 4+ 2F - AN

Avy; > (z; — 2¥)10P + 2 - AN;

V(i,5) € BL  (3.38b)

9
ri=Y Fija Y(i,j) € BL,1 € {p, ..., —1}  (3.38¢)
d=0
9
szdz =1 Vi e {jl(i,5) € BL},l € {p,...,—1}  (3.38d)
d=0
Ziawy < Tijar < Zjaxy V(i,j) € BL,d € {0,...,9},

Le{p,...—1}  (3.38¢)

3.7 SUMMARY

McCormick Envelopes are a particular class of convex relaxations for bilinear problems.
By maximizing a concave function subject to a convex set, the resulting optimal solution will be
a global maximum for the relaxed problem. This solution is then an upper bound for the original
problem (P). Instead of applying only one envelope for the entire space, one can partition and
apply a tighter envelope for each partition, using Piecewise McCormick. It involves partitioning
the domain of variable x; in (P) for the univariate case or x; and x; in (P) for the bivariate case.
Although bivariate partitioning does increase the size of the model, this is not the only factor that
affects the performance of a global optimization algorithm. The quality of results from a larger
relaxation model may be better comparatively to a smaller model (HASAN; KARIMI, 2010).

Since the number of partitions directly relates to the binary variables added, this is an important
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tuning parameter. Experiments by Misener and Floudas (2012) have shown that N = 2,4 and 8

are a reasonable choice.

Multiparametric disaggregation is a conceptually distinct class of MILP relaxations. It
operates by discretizing variable x; in (P) to a certain accuracy level p and subsequently adding
slack variables to achieve continuous domains. Accuracy in MDT can only change by one order
of magnitude since partitioning is based on a numeric representation system. For this reason the
number of added binary variables grows logarithmically, while with PMCK it grows linearly. For
this reason, smaller optimality gaps are expected to be achieved with MDT, since computational

performance is often orders of magnitude faster.

The normalized version of the MDT is known as Normalized Multiparamectric Dis-
aggregation and it seeks to bring multiparametric disaggregation closer to uniform piecewise
McCormick. This is done by considering a dimensionless domain for the discretized variables
in MDT. In other words, instead of discretizing all values that a variable can assume, the dis-
cretization happens in a range [0, 1] between the lower and upper bound. Doing so, the accuracy
level parameter p will be directly related to the number of partitions, allowing a more precise
comparison between the two alternative relaxation methods. The important feature of scaling

logarithmically with the number of partitions is kept.
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4 ALGORITHMS, MODELS AND APPLICATION

4.1 STRATEGY OVERVIEW

This sections detail the proposed solution strategy, which consists of applying the
relaxation methods discussed in this work to the Operational Management of Crude Oil Supply

problem stated in Section 2.2.

The approach solves the MILP relaxation of formulation (2.27), in which Eq. (2.22)
is dropped and replaced by the relaxation methods, which will provide an upper bound to the
MINLP maximization problem. Recalling the blending constraint (2.22) imposed in storage and

charging tanks.

UCti,v,c lcri,r,c

= Uiy iy = vt ler .
Uti,v lri,r

1€T,re RSURC,v € O,,ceC. (2.22revisited)

It is important to notice that the two sides of the equation have bilinear terms. However, the
MILP relaxation becomes hard to solve due to the large number of binary variables. Because the
OMCOS blending constraint has a unique structure, consisting of two bilinear terms linked by
an equality constraint, it is also proposed to tight only one of the bilinear terms, while the other

remains bounded by a simple McCormick envelope.

Therefore, the same linear relaxation method must be applied for both of them. In the
next sections, the left bilinear term will be referenced as Left-Hand Side with its respective
variables containing a superscript LHS, and conversely the right bilinear term will be referenced

as Right-Hand Side with its respective variables containing a superscript RHS.

By fixing the logistics decisions (i.e., binary variables) to the values obtained from the
solution of the MILP relaxation, a continuous non-linear program is obtained. Its solution yields
a lower bound for the MINLP problem.

The solution strategy adopted in this work is a MILP-NLP decomposition consisting of
the following steps:

e Step 1: Set initial parameters required by each relaxation technique.

e Step 2: Solve the MILP relaxation of the crude oil operational management problem,
obtained by relaxing the bilinear terms with the relaxation technique. Notice that an upper
bound for the objective function f of OMCOS is obtained when the relaxation is solved to

optimally.
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e Step 3: Fix the binary decision variables of the OMCOS MINLP formulation as the values
obtained from the MILP relaxation solution, namely the logistic decisions regarding the
operations (z;,) and vessel trips (s;,,,). By fixing the binary variables, the OMCOS
results in a continuous Non-Linear Programming (NLP) problem. A feasible solution to
this NLP yields a lower bound for OMCOS.

If Step 3 does not produce a feasible solution or the quality of the solution is not
satisfactory, the procedure can be repeated from Step 1 with new initial parameters. A key feature
of the MILP-NLP decomposition is the simplicity and the use of MILP algorithms, which are
more efficient and robust than MINLP algorithms. Such a strategy proved to be effective in other
applications (ASSIS; CAMPONOGARA; GROSSMANN, 2021).

4.2 STANDARD MCCORMICK ENVELOPES

A linear relaxation using McCormick Envelopes is derived replacing the nonlinear

blending constraints (2.22) by McCormick Envelopes as follows. To obtain the McCormick

envelopes, the left term of the equality (vct; , . - I1;,) is replaced by w!‘?ic and the right term
(vt;p - leriye) by wf,,lfic.
4.2.1 Left-Hand Side Term
For w!‘?ic = vct;yc - i, the McCormick envelope is derived from the bound con-
straints for the involved variables:
CAP, <lr,, < CAP, (4.12)
0 < wvetipe < FR, (4.1b)
Rearranging the first of these inequalities,
lri, —CAP, >0 (4.2a)
CAP, —lr;, >0 (4.2b)
and the second,
vctiye > 0 (4.3a)
FR, —vectiye >0 (4.3b)
and multiplying (4.2) with (4.3), we obtain the McCormick envelopes wﬁlic as follows:
Wiyt > CAP vcti (4.42)
wﬁfw > erctmc + ﬁvlm,r — FR,CAP, (4.4b)
wﬁic < mwctmc 4.4¢)
wf?ic < CAP, vcti . + mvlri,r — F_var (4.4d)
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4.2.2 Right-Hand Side Term

RHS

Similarly, for w;," .

= vt;, - ler e, the McCormick envelope results from the bound

constraints on the involved variables:

0<leri,. <CAP, (4.5a)
F_szi,v S Uti,v S ﬁivzi,v (45b)

Rearranging the first of these inequalities,

leripe—02>0 (4.6a)
CAP, —lcri; >0 (4.6b)
and the second,

tiw — R,z > 0 (4.7a)
FR,2p — vty >0 (4.7b)

and multiplying (4.6) with (4.7), we obtain the McCormick envelopes w; . . as follows:
U)E:LS%C Z Mvzi,vlcri,r,c (48&)
w?ﬁic > CAP,vt;, + FRyzlcri . — FR, 2, ,CAP, (4.8b)
wggis),c < FR vZiwlCTy e (4.8¢)
wis , < CAPwty, + FR 2z lery. — FR,2,,CAP, (4.8d)

It can be noticed that the bounds for variable vt;, contain the terms /'R, z; ,, and FR, Ziv
that involve the binary decision variable z;,, which add complicating bilinear terms in the
envelopes. This issue can be fixed by formulating the McCormick envelope as a Generalized
Disjunctive Program (GDP). Foreachi € T, r € RSURC, v € O,, c € C, the disjunction

between the following two equations is defined:
[ Ziw |
Wi e = ERler
Wity o > CAP,vt;, + FR,lcr;,.— FR,CAP,
Wit e < FRcr, , (4.92)
witS < CAP, vty + FR ey, — FR,CAP,
0<lery,. < CAP,

FR, <ut;, <FR,

(1= 2i0)
RHS _ )
wZ,T‘,U,C - , (4.9b)

0<lecri,. <CAP,
Utm} =0
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To solve a GDP problem using existing solvers, one has to first translate the problem into a MILP

problem by reformulating all the logic expressions into algebraic forms.
For the GDP related to Egs. (4.9), the convex hull reformulation is derived as follows,

( w]-RHS 2 F_vac'r]-i,r,c

2,7,V,C

1RHS Z CAPrUtliw + F_RUZCTL"T,C — F_RUCAPT : Zi,v

1,7,0V,C

wlRS < PR ler Lire

2,7,0,C

1RHS S CAPT'UtLL"U + lecrlmc — MUCAPT * Ziw

,7,0V,C

0<lerlyye < CAP, -z,

Mv * R S Ut]—i,v S mv * R (4103-)
woRlS =0

0-(1—2zy) <ler0;p. < CAP, - (1 — 2;,)

vtOi v = 0

wRHS _ woRHS + wlRHS

leripe = lerQ;p e + lcrliym
L Utm) = m‘Om + Utlm,

Alternatively, instead of using the GDP, we reformulated (4.9) introducing wz; ;.. . =

2o - lcr » . and further it is sufficient to apply the big-M strategy for simplicity as follows:

(. RHS
Wiro e > FR W2y c

wiiS > CAP PVt + FR Wi yve — FR,CAP, - Ziw

ZT'UC

wrS < FR,w2i 0 e

ZT’Q)C

wRHS < OAPrvti,v + Mywzi,r,v,c - @UOAPT " Ziw

1,7,0,C

0 S Wz w,c S blgM * R

(4.11)

_blgM(l - zi,v) + lcri,r,c S wzi,r,v,c S lcri,r,c

Notice that it suffices to use C'AP, as the bigM value for a constraint on the variable
Wz; rv.c. Additionally, the bound constraints on vt;, is already part of the original problem,
namely the constraint (2.20), F'R, 2, < vt;, < ﬁzvzi,v, which was reproduced here for

convenience.
Finally, after the bilinear terms are reformulated as wj;, . and wify ., the following
constraint must be added:
WS =’ e T reRCveO,,cel (4.12)

1,7,0,C w; 750,60

4.3 UNIVARIATE PIECEWISE MCCORMICK

To keep the presentation as short as possible, the univariate piecewise McCormick

relaxation is not explicitly developed here. However, this relaxation is derived from the bivariate



4.4. Bivariate Piecewise McCormick Envelopes 61

piecewise McCormick relaxation that follows below, by setting the number of partitions for one

of the variables to be equal 1.

4.4 BIVARIATE PIECEWISE MCCORMICK ENVELOPES

A tighter mixed-integer linear programming relaxation will be constructed by partitioning

the domain of both variables in each bilinear term.

4.4.1 Envelope for the Left-Hand Side Term

LHS

Forwzrvc

= vct; o l7i,, let the new binary variable pz;f;;,c indicate the active partition n.
for variable [r; . and n’ for variable vct; , .. The bound constraints with partitions n = {1, ..., N'}

and n’ = {1, ..., N’} for the respective involved variables will become,

CAP" <lr;, < CAP, (4.13a)
FR" <vct;,. < FR' (4.13b)

The piecewise McCormick relaxation corresponding to the bivariate partitioning case can be

formulated as the following Generalized Disjunctive Program.

The following equations are defined forall: € 7, r € RSURC, v € O,, c €.

n,n’
1,7,0,C

wS > CAP™ ety . + FR” Iy, — FRY CAP"

’L’T"UC

WS > CAP vty .+ FR, Ir;, — FR. CAP"

N N/ 1,7,0,C
\ 'V [wHS, < CAP vt + FR”/lri . — FRVCAP! (4.14a)
n=1n'=1

WS < CAPlvet,, .+ FR, Iry, — FR, CAP"
CAP" < Ir;, < CAP!

!

FRY <wvct;,. < FR,
in which

n __ (mT*CA;Pr)(nfl)
CAP" = CAP, + =

FR” FR, + (FR-—FR )(n ~1) (4.14b)
NI
(FR,—FR,)(n)
\ FR —FR +T

pr . € {True, False},n € {1,..,N},n' € {1,..,N'} (4.14c)
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Then, the linear GDP is reformulated using the convex-hull approach, leading to the

following MILP formulation:

N N’ ,
S >3 3 CAPrvet, + ERYI,  — FRY CAPY - i
n=1n'=1
N N’ [ S
14771:1,1S)c 2 Z CAP UCt:Lrnvc + FR l ?rnvc - FR’U CAP p?rnvc
n=1n'=1
N N’ f————n ’
1“71:11510 = Z Z CAP UCtzrvc+FRnl ?rnvc_ﬂz CAPT 'pz;:bv,c
n=1n/=1
N N’ )
wy?:lic = Z Z CAPTL’UCtzrvc + FR l ?rnvc - FR’U w: 'pi,r,v,c (4153)
n=1n'=1
N N’
lriﬂ“ = Z Z Ir ernvc
n=1n'=1
N N’
ZUC— Z Z UCtzrvc
n=1n'=
N N’ !
z Z pzrvc -
\ n=1n'=1
( CAP?p:Lrnvc S lrzn;"n;c S CAPT zrvc
FRn p?rnfu . S UCt:Lrnv ,C S FRn ernfu .
CAP" = CAP, + (CAP—CAP,)(n-1)
sl (Wr—c]jxp )(n) (4.15b)
CAP" = CAP, + CAP,
FRn’ = FR, + (FiRv*@u)(nlfl)
—pn (FR,—FR ») ()
| FR, = FR, + TRLR)
o e {01}, ne {1,., N},n' € {1,..,N'} (4.15¢)

4.4.2 Envelope for the Right-Hand Side Term

RHS __

Forwzrvc -

tiv-lcr; . o, let the new binary variable ql o indicate the active partition n
for the variable lcrmc and n’ for the variable vt; ,. When the variable [cr; .. is within a partition
n € {1,..., N} and respectively vt;, is within a partition n’ € {1,..., N'}, they will become

bounded as follows:

CAP" <lcr;,. < CAP, (4.16a)
FR" %, <vt,, <FR, 2, (4.16b)
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The following equations are defined forall: € 7, r € RSURC, v € O,, c €.

q:L'f‘n’U ,C
wilS > CAPMt;, + FRY leri oz — FRY CAPY - 2,
N N 5?36 > CAP vt + Fvalcri,,«,Czi,v — FRUIC'APT “Ziw
V'V i < caprot,, + FR ter oz, — FR CAP" -2, (4.17a)

n=1n/=1

w?}ﬂ—qu} c S CAP Utz v+ ﬂgllcri,r,czi,v - MZ/CAPT * Ziw
CAP! <lcr;,. < CAP,
F_RZ/ZM S Uti,v S FR@ Ziw

no__ (CAP,.—CAP, )(n—1)
CAP" = CAP, + =
5" (CAP,—CAP,)(n)
CAP! = CAP, + g

i (4.17b)
wo_ (FRo—ER,)(w'~1)
FR" = FR, + 2
' _ (FR-—ER,)(n')
q”vc € {True, False},n € {1,...,N},n" € {1,..., N'} (4.17¢)

By introducing the variables wz;" = lcri e - iy, this GDP is recast using the convex

1,T,0,C

hull method to obtain the following MILP reformulation:

(

N N’
RHS n, n,n n’ n,n’ n’ n n,n’
1,7,0,C 2 Z CAP Utzr’uc + FR U)Z,L ru,e Mv wr ' xi,r,v,c
n=1n'=1
RHS NN n,n’ n,n’ =5 AT n,n’
i,rv,c = Zl CAP tzrvc + FR "LUZZ RN FRU OAP’I‘ ' $i,;ﬂ,v,c
n=1n'=1
RHS X "N AP !
n,n’ n’ n,n’ n n,n
1,70, — Zl CAP tzrvc + FR wzzrvc - MU CAP’I‘ ' xi,r,v,c
n=1n'=1
RHS SR el '
n_ n,n n,n’ n n,n
9,70, — Zl ; CAP Utzrvc + FR wzzrvc - FR’U wr ' ‘Ti,r,v,c
n=1n/=1
N N’ ,
n,n
lcriﬂ“ = Z Z lcri,r,v,c
n=1n'=1
N N’
n,n
Vlipe = 2 20 Vi,
n=ln/=1 (4.18a)
N N’
Z Z qzrvc -
n=1n/=1
N N’
Z Z xzfrvc = Ziw
n=1n'=1
0 < wz™ < bigM - 2
%,7,0,C — g 2,V
n,n’
_blgM(l - Z“)> + lcrz'rvc < wzzrvc < lcrzrvc
n,n’ n,n’
i,r,0,c — qzrvc
n,n’
1,7,0,C S Zip
n,n’
L wzrvc - qzrvc+zlv -1
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q,m €{0,1}, ne {1, N}, 0 €{1,...N'} (4.18b)
ot e {01}, ne {1, N}n' e {1,..,N'} (4.18¢)

Notice that the big-M value for the constraint on wz; ., . can be replaced by CAP, in
order to produce a tigher big-M.

CAanzrvc S ZCTZ"ZC S CAP?“ zr’uc
Mgl‘z;fvcgvt?rnvchR zrvc

CAP; = CAP, + CAPT—%TM 1)
CAP! = CAP, + (CAL—CAR,)()
FRY = FR, + L))
FR, = FR, + IR-LR))

(4.18d)
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4.5 MULTIPARAMETRIC DISAGGREGATION

Here the Multiparametric Disaggregation Technique (MDT) is applied for the linear

approximation and relaxation of the bilinear terms.

4.5.1 Lower Bounding Formulation

4511 Left-Hand Side Term

The discretized term in the bilinear term vct; , . - Ir; » will be vct; ,, .. The formulation is

obtained deriving first a generalized disjunctive programming (GDP) model as follows:

Wirne = vctm o lriy (4.192)
i Z S (4.19b)
9
\ NS, =10'-d] Viel (4.19¢)
d=0

where we discretize vct; ,, . through the disjunction in (4.19c) that selects one digitd € D =
{0,1,...,9} for each power [ € L = {p,p + 1,..., P}. First, we consider the convex hull
reformulation of the disjunction in (4.19c¢), after which we introduce the disaggregated variables,

9

Aot = Z )‘ZLESCZd VieL (4.20a)
d=0
M a=10"-d -yl VieLdeD (4.20b)
9
nygscl i=1 Vie L (4.20c¢)
y??im € {0,1} VieL,de D (4.20d)

Substituting (4.20b) into (4.20a) and then into (4.19b) leads to the fully discretized (but still

exact representation) of vct; , .:

zv c = Z Z 10[ d- yﬂiscyl’d (421)

I=p d=0

Considering the product w1 = vct; , . - Ir; . by substituting (4.21) into (4.19a) leads to (4.22)

1,7,0,C
LHS

which involves nonlinear terms v, ; 4

: lri,rw

P 9

whs = 22101 Ay | iy (4.22)

l=p d=0
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Performing an exact linearization, we introduce new continuous variables I7; ., .14 = y:HS |

Ir;, so that:
9

ZLI:gc:ZZlOZ d- lrzrvcld (423)
l=p d=0
0 ifytis =0 | ~
Since yI1S - lry, = . Yiveld o A7 ... 18 nON-negative, the lower bound of
lriy  ifyie =1
lr;, is CAP, and the upper bound is C AP,, we introduce the bounding constraints:
CAP, -y | <Trippera < CAP, -y vie L,de D (4.24)

Finally, multiplying equation (4.20c) by [r; , and replacing the bilinear terms by the new contin-

uous variables, results in (4.25),
9 —~
ig = IFipweld; Viel (4.25)

The full set of mixed integer linear constraints for the exact representation of the bilinear product

WS — vetiy.e - lri, 18 given by Egs. (4.26).

1,7,0,C

(MDT—LHS-LB)

Wi . = ZZ 10 d - rs o eia (4.26a)
l=p d=0
ive = Z Z 10 d gy 1a (4.26b)
I=p d=0
9 —~
rip = IMipvcia Viel (4.26¢)
CAP, -y | <Iripyera < CAP, -y Vie L,de D (4.26d)
9
Zyﬂ;{i,l,d =1 Vie L (4.26¢)
yfffi,z,d € {0,1} VieLdeD (4.26f)

It can be noticed that the problem (MDT-LHS-LB) represents a mixed integer linear
program (MILP), which is a restricted version of the original problem and therefore its solution

yields a lower bound.

4.5.1.2 Right-Hand Side Term

The discretized variables in the bilinear term vt; , - lcr; . . Will be vt; ,,. The formulation

is obtained by deriving first a generalized disjunctive programming (GDP) model as follows:

RHS
Wiy e = Vtiy leriye (4.27a)
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P

vtip = > A (4.27b)
l=p
9
\ S =10 d] Viel (4.27¢)

where we discretize vt;,, through the disjunction in (4.27c) that selects one digitd € D =
{0,1,...,9} for each power [ € L = {p,p + 1,..., P}. First, we consider the convex hull
reformulation of the disjunction in (4.27¢) after which we introduce the disaggregated variables,

A = Z A viel (4.280)
Afﬂ?d =10"-d -y, Vie L,de D (4.28b)
Z yra = Viel (4.28¢)
yf??d € {0,1} VieLdeD (4.28d)

Substituting (4.28b) into (4.28a) and then into (4.27b) leads to the fully discretized (but

still exact representation) of vt; ,:
P 9
tiw=_ > 10'-d-yt, (4.29)
l=p d=0

Considering the product wiS = vt; , - ler; .. by substituting (4.29) into (4.27a) leads

1,7,0,C
to (4.30) which involves the nonlinear terms y1' ; - 7 e,

Wit = [ZZW d- yi‘i‘,?,d] ety (4.30)

l=p d=0

Performing an exact linearization, we introduce new continuous variables [cr; ;4 1.4 =

YR - ler g, so that:
P 9
wi,T‘,’U,c = E E 10 . d . lcri,?“,l),c,l,d (431)
I=p d=0
. 0 if yRHS =0 . . ‘
Since lcr; ;¢ - yEgid = . ;’;Qd ,lcry o 0.4 18 nON-negative, the lower bound
lerive fyrpra=1

of ler; . is CAP, and the upper bound is C AP,, we introduce the bounding constraints:

CAP, - yR  <lery,pe1a < CAP, - R85, VieLde D (4.32)

Finally, multiplying equation (4.28c) by lcr; , . and replacing the bilinear terms by the

new continuous variables, results in (4.33),

lcri,r,c = Z l/c;i,r,v,c,l,dy Vie L (4.33)
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The full set of mixed integer linear constraints for the exact representation of the bilinear

RHS

product w; . .

= vt - lcT; . is given by Eqgs. (4.34).

(MDT—RHS-LB)

?ES c = Z Z 10"-d - l/c;i,r,v,c,l,d (4.34a)
l=p d=0
P 9
tiv=> Y 10'-d-yi, (4.34b)
I=p d=0
9 —_~
lcri,r,c - Z lcri,r,v,c,l,d Vie L (434C)
CAP, -y <lcryyyeia < CAP, -y, Vie L,de D (4.34d)
9
Z yhta =1 Viel (4.34e)
yi‘iid e {0,1} Vie L,de D (4.34f)

Similarly to the left-hand side, the problem (MDT-RHS-LB) represents a mixed integer
linear program (MILP), which is a restricted version of the original problem and therefore its

solution yields a lower bound.

4.5.2 Upper Bounding Formulation
4.5.2.1 Left-Hand Side Term

Now we introduce a slack variable Avct;, . such that vctfr = vctiy . + Avctiye,
where vct; ,, . is the discretized representation of the original bilinear term vct; ,, ., vctfr is the
continuous representation, and the slack variable Avct; , . is bounded between 0 and 107. Thus,

the continuous representation vct . 1s denoted as:

vetfl, = Z Z 10 d -y |+ Avety (4.352)
—p d=0
vct::w
0 < Aveti,, < 107 (4.35b)
For the continuous representation of the bilinear term, wi} . , note that wits . =

vetf - Ir; . so we can derive:

LHS R /
w, = vctyh  ri, = (vetipe + Avctiye) - Iri,

i,7,0,C
= S i - Aveti, . = =wtS T AWM (4.36)

2,7,0,C 1,7,0,C zrvc
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The slack variable Aw}™> replaces the bilinear term Ir; . - Avct; ,, . that can be relaxed

?,T,v,C

using the McCormick envelope for:

CAP, - Avctyye < Awis . < CAP, - Aucty . (4.37a)
Awis > (Ir;, — CAP,) - 10° + CAP, - Avct; (4.37b)
AW < (Ir, — CAP,) - 10° + CAP, - Avct . (4.37c)

Introducing these constraints we obtain the new equations for the bilinear term:

(MDT-LHS-UB)

P
with . =Y Z 10+ d - 17 g0 + AwtES (4.382)
l—p d=0
tipe = Z Z 10+ d - yiyiepa + Avctie (4.38b)
l=p d=0
9 A~
lri,r = Z lri,r,v,c,l,d; Vie L (438C)
=0
CAP, -y | <lryypea < CAP, -S| Vie L, de D  (4.38d)
Z Yineid = VielL (438

CAP, - Avet; . < AwHS < CAP, - Avcty, .

?,T,0,C

Awits > (I, — CAP,) - 10P + CAP, - Avct;, . (4.38f)
Aw};fls)’c <(lr;, —CAP,)-10° + CAP, - Avct;,.
0 < Avet; e < 107 (4.382)
Yivera € 10,1} VieLdeD  (438h)

4.5.2.2 Right-Hand Side Term

Now a slack variable Avt, , is introduced such that vtR = vt;,' + Avt,,, where vt; '

RHS

i = Uiy - lerip e, vt ., 1s the

is the discretized representation of the original bilinear term w;
continuous representation, and the slack variable Avt; ,, is bounded between 0 and 10p . Thus,

the continuous representation vt ., 1s denoted as:

P 9
vtfv = Z Z 10" - d - yi&id +Avt;, (4.39a)
l=p d=0
vt‘;,’
0< Avtw < 10P (4.39b)

Notice that for optimization purposes, we now consider that vt; , = vtfv.
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For the continuous representation of the bilinear term, wi | note that wRlS =

1,7,0,C 2,7,0,C

R o
vt;*, - lerg - O we can derive:

RHS R /
Wi pw,e = Uti,”u ’ lcriﬂ“,c = (Uti,v + Avtiﬂ)) ’ lcrimc
_ RHS 7/ ) o RHS 7/ RHS
- wi,r,v,c + lCTZ,T,C ' Avti,’v - wi,r,v,c + A,wi,’/‘,v,c (440)

The slack variable AwRHS  replaces the bilinear term lcr; .. - Avt; , that can be relaxed

2,T,0,C

using the McCormick envelope that follows:

CAP, - Avt;,, < Awis < CAP, - Avt;, (4.41a)

?,7,v,C

(leriye — CAP,) - 10° + CAP, - Avt;,, < AwRS

1,T,0V,C

< (Ieripe — CAP,) - 10° + CAP, - Aut;, (4.41b)

Introducing these constraints, we obtain the new equations for the right-hand side bilinear

term:

(MDT-RHS-UB)

P 9
Wi = NS00 d - derpera + AwRS, (4.422)
l=p d=0
P 9
Vi = Z Z 100 d -y g + Avt, (4.42b)
I=p d=0
9 —_~
ITive =Y _leTipucia VieL  (4.42c)
d=0
CAP, -y <lcryyy e < CAP, -y, VieLdeD  (442d)
9
> =1 VieL  (442)
d=0
CAP, - Auvt;, < Awﬁ}fic < CAP, - Avt;,
Awih < (leriye — CAP,) - 107 + CAP, - Aut;, (4.42f)
AwRS > (lery, . — CAP,) - 10 + CAP, - Avty,
0 < Avt;,, <107 (4.42¢)

yrnra € {0,1} VieLdeD (442h)
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4.6 NORMALIZED MULTIPARAMETRIC DISAGGREGATION

Now we derive a normalized version of the multiparametric disagreggation presented in

previous section.

4.6.1 Left-Hand Side Term

For the left-hand side bilinear term vct; ,, . - Ir; -, the NMDT formulation is obtained by

discretizing A\F'S € [0, 1], an auxiliary variable that is employed to determine vct; , . as a linear

1,v,C

combination of its lower bound F'R, and upper bound F R,:

vetive = FR, + N2 (FR, — FR,) (4.43)
An approximate representation of /\H}Sc can be achieved by considering a finite number
of positions [ € {p,p + 1, ..., —1}, where p is a negative integer chosen by the operator.
—1
A = D A (4.44)
l=p

For choosing the appropriate digit d € D = {0,1,...,9} for each power | € L =

{p,p+1,..., -1}, adisjunction is stated, where binary variables y; '3 , ; are set to 1 if digit d is
selected for position [ for the discretized variable A[3:
\9/ [ yHis ]
o vieL (4.45)
LHS I
d=0 )‘i,v,c,l =10"-d

The convex hull reformulation of the disjunction in (4.45) can be simplified in order to

generate a sharp formulation without disaggregated variables.

-1 9
A=) "10d- s, (4.462)
l=p d=0
Z Y g = Viel (4.46b)

LHS

ZT"UC’

Multiplying variable (4.43) by [r; ,., substituting vct; ,, .- Ir; » with bilinear variable w;

and replacing A% - Ir; , with ;"> leads to,

with e = i PR, + viys (FR, — FR,) 4.47)
Substituting (4.46a) in V[ | = vct;, . - ALy, leads to the appearance of bilinear terms

involving the product of a continuous and a binary variable.

oS = ZZ 100 d -yt (4.48)

l=p d=0
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We can now perform an exact linearization by introducing new continuous variables as

LHS .
lrzrvcld yzvcld lriﬂ"'

?Ezszc ZZlOl d- lrw‘vcld (44921)
l=p d=0
YIS L FR, < rippera <y, FR, Vvde D,le L (4.49b)

Finally, multiplying (4.46b) by vct;, . and replacing the bilinear terms by the new

continuous variables results in,

9
lri,r = Z l/;di,r,v,ql,d Vie L (450)

The full set of mixed integer linear constraints for the approximate representation of
bilinear terms w1 = = vct; v ol 1s thus given by Eqs. (4.43), (4.46b)-(4.47) and (4.49)-(4.50),

1,T,0,C

leading to the optimization problem:

(NMDT-LHS-MILP)

vetive = FR, + NS (FR, — FR,) (4.51a)

AHS = Z Z 10'-d -yt (4.51b)
l=p d=0

with . m TFR + v (FR, — FR,) (4.51c)

zLijlic ZZlOl d- lrzrvcld (451d)
l=p d=0

lri,r = Z ﬁi,r,v,c,l,d VieL (4516)

nyﬁizd = Viel 4.516)

y}ﬁ‘il 4 CAP, <lry,pcra <y, CAP, Vvde D,l €L 4.51g)

LHS
)\z v,c

to reach all possible values, it is required to close the

LHS
)‘z v,c

With the purpose of allow

gap between discretization points. For this reason, a slack variable A with bounds between

LHS ;
1,v,C

0 and 107 is introduced. The continuous representation of A;>>. is then given by:

AHS — ZZlol d -y, + ANES (4.52a)

l=p d=0
0 < ANHS < q0p (4.52b)

2,v,C
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Following the same reasoning, the continuous representation of the bilinear term U}Eic =
Iriy - Xib% is therefore determined as:
-1 9
U =310 d T + D - AN (4.53)
I=p d=0
It can be noticed that a new complicating bilinear term [r;,. - AX[1'3 appears in Eq. (4.53),
which is replaced by variable Avkﬂic and the resulting equation is relaxed using McCormick
envelopes as follows:
CAP, - AN% < Avyly < CAP, - ANLE (4.542)
Avpt < (Iriy — CAP,) - 10" + CAP, - AN, (4.54b)
Avpl . > (Iriy — CAP,) - 107 + CAP, - AN (4.54c¢)

Substituting Egs. (4.46a) and (4.49a) in (NMDT-LHS-MILP) by (4.52a) —(4.54c¢), a
new optimization problem is obtained (NMDT-LHS-UB), corresponding to a relaxation of the
original problem. In other words, (NMDT-UB-MILP) will be feasible for values of w1

ety and Ir;, that not necessarily satisfy wis . = vcti o - 17,
(NMDT-LHS-UB)
UCti,v,c =0+ AI;S,SC(?RU - 0)
1 9
N = 22 25 100 d - yidf2 o + AN (4.552)
7 1=pd=0 T Y
0 < AN <107
WS = r,,0 + 0 (FR, — 0) )
-1 9 .
UZL:EIS),C = Z Z 10°-d- lri,r,v,c,l,d + AUZI.‘;{?S),C
I=p d=0
CAP, - ANHS < AQHHS < AP, - ANLHS (4.55b)
Avps < (Irg — CAP,)10P 4+ CAP, - AN
AUZ]:ETS],C > (lry,, — CAP,)10P + C AP, - A)\H}ISC )
9 ~
l'ri,r = Z lri,r,v,c,l,d Vlie L (4.55¢)
d=0
9
Sy ia=1 VieL  (455d)
=0
ykasc,l,dwr S l/’;i,r,v,c,l,d S ykgsc,LdCAPr Vd € D,l €L (4556)

4.6.2 Right-Hand Side Term

For the right-hand side bilinear term, the NMDT formulation is obtained by discretizing

Ary> € [0,1], an auxiliary variable that is employed to compute v1; , as a linear combination of
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its lower bound F R, and upper bound F R,

vty = FR, + A3 (FR, — FR,) (4.56)

The approximate representation of )\RHS can be achieved by considering a finite number

of positions [ € L = {p,p+ 1, ..., —1}, where p is a negative integer chosen by the operator.

ARHS — Z ARHS 4.57)

For choosing the appropriate digit d € D = {0, 1, ...,9} for each power /, a disjunction
is introduced, where binary variables yRHS take the value of 1 if digit d is selected for position [

of discretized variable A}
9 RHS
yz v,l,d
\/ b (4.58)
RHS I

The convex hull reformulation of the disjunction in (4.58) can be simplified in order to

generate a sharp formulation without disaggregated variables.

ARHS — Z Z 10" d -yt (4.59a)
l=p d=0
Z s g = Viel (4.59b)

Multiplying variable (4.56) by lcr; , ., substituting lcr; .. - vt; ,, with the bilinear variable

wgﬁfﬁ,a, and replacing lcr; .. - )\RHS with the variable Ufﬁ'ﬁ . leads to,
wirs . = lerip PR, + NS (FR, — FR,) (4.60)

Substituting (4.59a) into the definition of vRHS leads to the appearance of bilinear terms

1,T,V,C

involving the product of a continuous and a binary variable.

Esis)c =lcripe )‘RHS
lcerZZIOl d- yfﬁid
l=p d=0
9
= 22101 d-lers,e Yo, (4.61)
l=p d=0

We can now perform an exact linearization by introducing new continuous variables as

. _ RHS .
lcrizrvvvczl>d - lc/r.izr»c ’ yi,’l},l,d'

?71?[5 c = Z Z 1Ol d- l/c;i,r,v,c,l,d (4623.)

l=p d=0
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YRS FR, < leripuera < YRS, FR, Vde D,lel (4.62b)

Finally, multiplying (4.59b) by lcr;, . and replacing the bilinear terms by the new

continuous variables results in,

9
(cTipe = 3 1CTipuetd Viel (4.63)
d=0

The full set of mixed integer linear constraints for the approximate representation of
bilinear terms wiS = ler; . .-vt;, is thus given by Egs. (4.56), (4.59b)-(4.60) and (4.62)-(4.63),

1,7,0,C

leading to optimization problem (NMDT-RHS-MILP).

(NMDT-RHS-MILP)

vt = FR, + N3P (FR, — FR)) (4.642)
-1 9
AR =3y 10 d-yRl, (4.64b)
I=p d=0
withe = lerip PR, + 05 (FR, — FR,) (4.64¢)
-1 9
RS =100 deri e (4.64d)
I=p d=0
9 —_~
lcri,r,c = Z lcri,r,v,c,l,d Vie L (4646)
d=0
9
> oyita=1 Viel (4.64f)
d=0
RIS CAP, < leripera < YR, CAP, Vde D,leL (4.64¢)
With the purpose of allowing /\EES to reach all possible values, it is required to close

the gap between the discretization points. For this reason, a slack variable A)\EES with bounds

between 0 and 107 is introduced. The continuous representation of )\EES is then given by:
-1 9
A =310 d - Rl AN (4.65)
I=p d=0
RHS
0 < AN <107 (4.66)
Following the same reasoning, the continous representation of the bilinear term UE,{{,S,C =
ler; e - ARIS s therefore determined as:
-1 9
Ufs?l"{,zs;,c = Z Z 10[ -d- lcri,r,v,c,l,d + lcri,r,c ' A)‘EES (4.67)

I=p d=0
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It can be noticed that the new undesired bilinear term lcr; ;.- AN

RHS
1,7,0,C

appears in Eq. (4.53),
which is replaced by variable Av; and the resulting equation is relaxed using a McCormick

envelope as follows:

CAP, - ANSP < AvRE < CAP, - ANRP (4.68a)
AviS < (lergpe — CAP) - 10° + CAP, - AXSS (4.68b)
AR > (lery, . — CAP,) - 107 + CAP, - ARS (4.68¢)

Substituting Egs. (3.29a) and (3.32a) in (NMDT-RHS-MILP) by (4.65)—(4.68c), a new
optimization problem is obtained (NMDT-RHS-UB), corresponding to a relaxation of the

original bilinear problem. In other words, (NMDT-RHS-UB) will be feasible for values of
RHS RHS

2,7,0,C° 1,7,0,C

w leri . and vt ,, that not necessarily satisfy w; =leripe - Ut y.

(NMDT-RHS-UB)
vt;, = FR, + \"S(FR, — FR,)

)\RHS Z Z 10[ d - yz{ql;l,ls,d + A)\EES (4693.)

l=p d=0
0 < AN <107

wriS = Jer; . JFR, + VRS (FR, — FR)

1,7,v,C 1,7,V,C

vRHS Z Z 10 - d - lcr”wld—FAURHS

Virw,e i,rv,c
l=p d=0

CAP, - ANV < ARHS < TTAP, - ANRHS (4.690)

?,T,v,C

AVRES < (ler;,.. — CAP,)10P + CAP, - ANRHS

?,T,v,C

AVRHS > (lery .. — CAP,)10° + CAP, - ANRHS

ZTUC

9

lcri,r,c = Z l/c;i,r,v,c,l,d Vie L (469C)
d=0

Z YRt g = VieL  (4.69d)

yg‘gl?d CAP, <lcrsyyera < 48, - CAP, Vie D,le L  (4.69)
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5 ANALYSIS

This chapter presents the analysis of the previous presented relaxation techniques (see
Chapter 4) when applied to the OMCOS problem. In this sense, the bilinear terms that appear in
the blending constraints (2.22) are relaxed by means of Piecewise McCormick Envelops with
univariate and bivariate partitions, Multiparametric Disaggregation, and Normalized Multipara-

metric Disaggregation.

The original MINLP instances of OMCOS were solved to optimality as a benchmark;
this was done using a global solver (Gurobi and SCIP) with a maximum solving time of 10 hours.
The benchmark results will provide a reference to compare with MILP-NLP decomposition,

allowing the comparative analysis of the quality of the solutions and the computational time.

The analysis presented in this chapter employs the following steps:

(i) the relaxation technique is applied on both bilinear terms, that is the left-hand side

ihe e =0ty - Ir;,) and the right-hand side (W}l . = vt;, - lery,).

?,7,v,C

(w

(i1) the relaxation technique is applied only on the left-hand side, while a standard McCormick

envelope approximates the right-hand side.

(ii1) the relaxation is applied only on the right-hand side, whereas a standard McCormick

envelope replaces the bilinear term on the left-hand side.

For the MILP relaxations of the MILP-NLP decomposition algorithm, regarding the
piecewise McCormick technique, the bilinear terms were partitioned in 2, 4, 8 and 10 partitions
for the univariate and bivariate case. The number of partitions are set directly by parameter
N when univariate partition is used and parameters N and N’ when the bivariate relaxation is

employed.

When applying MDT, its parameters are set as follows. Since the upper bound on the
discretized variable is 500, we must set P = 2 to enable the selection of the hundredths, for
all instances. As for the smallest power of ten, we selected the precision level p = 2 (coarse
resolution), p = 1, p = 0 (highest resolution) for the MDT employed in the MILP. A greater
computation effort is expected on the lower values of p. Notice that because the upper bound is
500, the discretized variable in the MDT will have 5 partitions with p = 2, 50 partitions with
p = 1, and 500 partitions with p = 0.

The same can be inferred for NMDT, despite partitions not varying according to the
upper and lower bounds as in MDT. The accuracy level parameter p now directly relates to

the number of partitions NV, regardless of the lower and upper bound values. For our analysis,
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p = 1is set to create 10 partitions, allowing for a better comparison with univariate PMCK when
N = 10.

5.1 PROBLEM INSTANCES

For the computational experiments, three instances were designed regarding distinct
scenarios for the operational management of crude oil supply. Designing the instances it is not a
trivial task since it can easily lead to an infeasible problem. For this reason, they were similar
to the instances used by Assis et al. (2019), changing only the initial conditions and the CDU
constraints for the oil demand detailed in Table 3. The instances were named INS1, INS2 and
INS3 and contain 2 FPSOs, 2 vessels, 2 storage tanks, 2 charging tanks, 1 CDU, 2 types of crude
oil, and a planning horizon of 15 days. Although refineries usually contain far more resources,

the instances were designed to capture the essential elements found in a real scenario.

Besides the number of resources, some data are required for the bounds, initial conditions,

and distillation demands. Some key parameters will vary in the experiments, as discussed below.

Distillation is constrained by operating ranges of crude oil composition, which correspond
concretely to a feasible range for each property k of the crude oil transferred to the CDU. Property
k is defined by parameter P R, . which regards the weight fraction associated to crude c. Together
with the bounds DE M Cu . and WMC’M, parameter PR, . specifies the distillation demand

by the user for each CDU. Tighter bounds inevitably result in a harder problem to solve.

Additionally, over the planning horizon PH stipulated, the total volume of crude oil
delivered to be distilled in each CDU r is bounded by [DEM ., DEM,]. Adjusting these bounds
also affects the difficulty of solving OMCOS when maximizing the total volume distilled.

Finally, the initial level of each crude c in every resource is part of the initial conditions.
Since the blending constraints are the most complex constraints of the problem, and are affected
by the initial mixture of crude types in the tanks, we consider varying initial conditions for the

test scenarios.

The data regarding the crude types appear in Table 2, while the data with initial conditions

and resource bounds appear in Table 3.

Table 2 — Crude Types

Crude Types (c) Property Concentration (P Ry, )

A 0.010
B 0.030
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Table 3 — Data for Problem Instances

Instances INS1 INS2 INS3
CDU bounds on property concentration [DEMC',  / DEMC', k]
Lower bound / Upper bound (weight fraction)

from CT1 from CT1 from CT1
CDU1 0.005/70.015 0.005/0.025 0.005/0.015
from CT2 from CT?2 from CT2

0.020/0.030 0.010/0.040  0.020/0.030

CDU bounds on distillation demand [DEM ., DEM ]
Lower bound / Upper bound (10 bbl)

from CT1 from CT1 from CT1

CDU1 800 /1200 800/ 1700 1200 / 1800
from CT?2 from CT2 from CT?2

800/ 1200 800/ 1700 1200 / 1800

Initial Level Of Crudes (10° bbl)
(Crude type A, Crude type B)

FPSO1 (500, 0) (500, 0) (500, 0)
FPSO2 (0, 500) (0, 500) (0, 500)
Vessell (300, 0) (300, 0) (300, 0)
Vessel2 (0, 400) (0, 400) (0, 400)
ST1 (0, 300) (450, 50) (0, 300)
ST2 0, 0) (400, 100) 0,0
CT1 (500, 0) (500, 0) (500, 0)
CT2 (0, 500) (100, 400) (0, 500)

5.2 NUMERICAL RESULTS

The proposed mathematical programming models and algorithms were implemented in
AMPL. All instances were solved on a Ubuntu 20.04.1 LTS server, with two Intel Core Xeon
E5-2630 v4 Processors (2.20 GHz), adding up to 20 cores of 2 threads and 64 GB of RAM.
Gurobi Optimizer version 9.0.0 build v9.0.0rc2 and SCIP version 7.0.2 were employed to solve
the MINLPs, which establish the benchmark solution approach. Conversely, for the MILP-NLP
decomposition, the Gurobi Optimizer was used for solving the MILPs, while Knitro 11.1.2
solved the NLP problems. The termination criteria for the MINLP problems is reached with an
optimality gap of 0.01% or a time limit of 10 hours. MILP problems were set to an optimality
gap of 0.01% or 2 hours. Gurobi parallelism was always active with a maximum number of

threads equal to 20.

Table 4 shows the results regarding the solutions obtained by solving the MINLP directly,
with Gurobi and SCIP. The optimal solution and the respective computation time are presented
for each instance. In case the time limit of 10 hours is reached, the best feasible solution found

is reported. It is visible that Gurobi performs better solving the MINLP as expected due to the



80 Chapter 5. Analysis

recent improvement of its version 9, which features advanced techniques for solving MINLP
problems with bilinear terms. Also, Gurobi enables parallelism while SCIP runs only in one
core. Moreover, from the results one can observe that for INS2 it is easier to obtain an optimal
solution, since the bounds on distillation demand and property concentration (see Table 3) are

comparatively less restrictive.

Table 4 — Global Optimization results for the OMCOS

Solver |  INSI INS2 INS3

Gurobi 22798 32700 34045
(22673.0s)  (150.1s)  (36000.0s)
22565 32700 32522
(36000.0s) (6397.2s) (36000.0s)

SCIP

The complete results are in Tables 5, 6, 7 for INS1, INS2 and INS3 respectively. The
two best results for each instance are highlighted in bold.

First we analyze whether the relaxation method returns better results when applied only
to one side of the blending equation or both sides. The OMCOS blending constraint has a
unique structure, consisting of two bilinear terms linked by an equality constraint. One could
expect to obtain relaxation models that are harder to solve when relaxing both sides with refined
approximations (e.g., piecewise McCormick and MDT), in part due to the large number of binary
variables added, but this was not the case for the OMCOS. For all instances, the computational
time required to solve the MILP relaxation obtained with tighter approximations on both sides
was generally not comparatively greater than solving the relaxation with a refined model on just
one side, while using a standard McCormick envelope on the other side. However, it is clear that
the best lower bound found in the three instances did not come from the models with both sides
relaxed with refined models (PMCK and MDT). Thus, it was possible to enhance the results and
the computational time by tightening only one of the bilinear terms, while the other remained
bounded by a simple McCormick envelope. The MILP-NLP decomposition, when obtained
from refined relaxation methods applied to just one of the bilinear terms, produced solutions

comparable to the ones obtained by solving the baseline MINLP.

Further, we examine the effects of increasing the number of partitions. As seen in Tables
5, 6, and 7, the computational time raises proportionally to the number of partitions regardless
the relaxation method employed. In terms of quality of the solutions obtained, for univariate and
bivariate PMCK, the MILP tends to achieve a slightly tighter upper bound with the increase of
N. However, a better MILP result will not necessarily generate a better NLP primal solution
in the MILP-NLP decomposition algorithm. The likely explanation is that the binary decision
variables from the MILP are not always optimal and in some cases they are restricting the NLP
when these variables are fixed. Thus, in this case, increasing the number of partitions will not

bring significant improvements to the NLP. Although the NLP may obtain a slightly better lower
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bound when increasing the number of partitions, the computation effort spent for such small
gain does not support the choice of a high number of partitions. None of the three instances have
shown better results when N = 10, so the experiments suggest that NV = 4 and 8 are preferred,

which was also claimed by Misener and Floudas (2012) on their experiments.

For MDT and NMDT relaxations, the reader must recall that the number of partitions
can only change by one order of magnitude and the number of added binary variables grows
logarithmically, while with PMCK it grows linearly. For this reason, unlike PMCK, the numerical
results have shown better bounds with a higher number of partitions. For example, the best
solution found for INS2 and INS3 (see Tables 6 and 7) was obtained by applying the MDT
relaxation with 500 partitions (p = 0). Here it should be mentioned that an attempt to increase
the number of partitions was made by setting p = —1, resulting in 5000 partitions. However,
such a high number of partitions resulted in an MILP relaxation that was excessively large for
the solver, which failed to return a feasible solution as one would expect. For these reasons, we
conclude that p = 0 is expected to be the optimal MDT accuracy parameter for the OMCOS

problem based on the instances.

Regarding the different strategies of relaxation for bilinear terms applied in this study, we
analyze and compare the quality of the results and the computational effort to assess whether one
of the relaxation is more suitable for OMCOS. Comparing the univariate and bivariate PMCK, it
is noticeable that bivariate produces tighter bounds due to the greater number of partitions. Yet, it
introduces many binary variables to the model which requires more calculation. Clearly, there is
a trade-off between the quality of the relaxation and the computation work required. Examining
the results of INS1 in Table 5, when relaxing only the left side of the blending constraint and
applying univariate PMCK with 10 partitions, a solution of 22 749 was obtained in 44.22s. A
similar result could also be obtained by bivariate PMCK with 4x4 partitions, reaching a value
of 22750 but with a total time of 487.2s. Conversely, there are also examples of the contrary
occurring, as in INS2 (see Table 6), when relaxing only the left-hand side of the blending
constraint, the best solution found with univariate PMCK was 32 697 in 66.6s with 4 partitions.
With bivariate PMCK, a similar result of 32 698 was reached in 34.4s. These findings indicate
that a general rule for selecting the best relaxation method is not likely to be designed for the
instances of OMCOS. Nevertheless, we can state that univariate PMCK generally yields good
enough results in a shorter time, being the preferred choice. The bivariate PMCK approach
would only be advised in a situation where the end-user needs to prioritize quality of solution

regardless of computational effort.

From our current choice of univariate PMCK as the best relaxation method, we follow
to evaluate and compare it to MDT. An exact comparison between them is not possible since
MDT could only model 5, 50 or 500 partitions. In this study, we consider MDT with 5 partitions
(p = 2) to compare with univariate PMCK containing 4 partitions. The reader will note that

this approximation does not interfere on the conclusion, since MDT clearly outperforms PMCK
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under those conditions, even when considering a greater number of partitions on the MDT side.
MDT has reached better solutions in the experiments with a faster computational time for most
cases. This can be shown by examining the results when both sides are relaxed by MDT, against
both sides relaxed with PMCK univariate. For INS1 (see Table 5), MDT returned a solution of
22652 in 3.2s against 22 068 in 3.8s by PMCK. For INS2 (see Table 6) MDT obtained 32 696 in
76.5s versus 32 300 in 171.2s by PMCK. Lastly, for INS3 (see Table 7) MDT reached 33 391 in
77.9s, against 33 139 in 243.5s by PMCK. Moreover, MDT allowed to solve the instances within
a reasonable time, even when modeling bilinear terms with a high number of partitions. It can be
highlighted the optimal solution found in INS2 (see Table 6) using MDT only on the right-hand
side of the blending constraint with p = 0, which is equivalent to 500 partitions. The result was
similar to the optimal solution found by solving the MINLP directly, with Gurobi, within the
same computational time. When comparing it to the the global solver SCIP, the solution obtained

was considerably better and with a significant faster computational time.

Given that they are roughly the same method, NMDT is expected to perform similarly
to MDT. In essence, NMDT provides only an alternative means for the end-user to adjust
the accuracy parameter and consequently the number of partitions. For the experiments, the
parameter adjustment enabled an exact comparison between NMDT and univariate PMCK with
10 partitions by setting p = —1, which is equivalent to 10 partitions. From the findings one can
conclude that NMDT outperforms PMCK undoubtedly for all cases as expected. This conclusion
is inferred contrasting the results from both sides relaxed by NMDT against both sides relaxed
with PMCK univariate. For INS1 (see Table 5), NMDT returned a solution of 22 154 in 5.1s,
against 22 177 in 18.6s by PMCK. For INS2 (see Table 6) NMDT obtained 32696 in 220.1s
versus 32 327 in 307.0s by PMCK. Lastly, for INS3 (see Table 7) NMDT reached 33072 in
138.6s against 33 079 in 408.7s by PMCK.
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Table 5 — Solutions for the instance INS1.

Both LHS+RHS Only LHS Only RHS
Method Partitions MILP NLP MILP NLP MILP NLP
> 22800 21946 | 22800 22325 22800 22291
(1.7s) (0.5s) (0.8s) (0.1s) (4.0s) (0.3s)
4 22800 22068 | 22800 22540 22800 22603
Piecewise (2.7s) (1.1s) | (11.2s) (0.2s) (3.7s) (0.1s)
Univariate 2 22800 22595 | 22800 @ 22456 22800 22379
(17.9s)  (0.8s) | (12.9s) (0.2s) | (100.7s)  (0.1s)
10 22800 22177 | 22800 22750 | 22798 22638
(183s)  (0.3s) | (43.8s) (0.4s) (42.9s)  (0.5s)
%2 22800 22282 | 22800 22338 22800 22275
(3.3s) (0.1s) (3.3s) (1.9s) (11.0s)  (0.2s)
Axd 22799 22290 | 22798 22750 | 22799 22622
Piecewise (601.5s) (0.7s) | (486.9s) (0.3s) | (125.4s) (2.3s)
Bivariate 38 22800 22189 | 22798 22796 | 22800 22687
(155.7s)  (0.1s) | (3690.3s) (0.3s) | (1899.0s) (0.2s)
10x10 22800 22299 | 22798 22718 22798 22718
(5871.1s) (0.2s) | (6177.6s) (0.2s) | (3480.8s) (13.4s)
5(p=2) 22800 22652 | 22800 @ 22662 22800 22662
(2.8s) (0.4s) (1.0s) (0.1s) (0.7s) (0.1s)
22800 22666 | 22800 @ 22651 22800 22479
MDT N@=1 (33.0s)  (0.6s) | (100.0s)  (0.2s) (4.4s) (0.2s)
500 (p = 0) 22612 22200 | 22798 22479 22799 22666
(7206.9s)  (0.3s) | (299.6s)  (0.2s) (15.0s)  (0.4s)
22750 22154 | 22800 @ 22632 2250 22573
NMDT 0p=1 (4.4s) (0.7s) | (11.8s) (0.8s) (1.5s) (0.2s)
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Table 6 — Solutions for the instance INS2.

Both LHS+RHS Only LHS Only RHS
Method Partitions MILP NLP MILP NLP MILP NLP
32700 32209 | 32700 32209 32700 32300

2 (112.7s)  (0.2s) | (34.29) (0.1s) (68.6s) (0.2s)
4 32700 32300 | 32700 32697 32700 32460
Piecewise (171.0s)  (0.2s) | (66.5s) (0.1s) (60.2s) (0.1s)
Univariate 2 32700 32300 | 32700 32300 32700 32 587
(260.9s)  (0.1s) | (54.7s) (0.2s) | (220.3s)  (0.1s)
10 32700 32327 | 32700 32694 32700 32697
(306.9s)  (0.1s) | (295.6s) (0.1s) | (216.9s)  (0.2s)
252 32700 32695 | 32700 32698 32700 32695
(69.1s) (0.1s) (34.4s) (0.4s) | (200.2s)  (0.1s)
Axd 32700 32256 | 32700 32700 | 32700 32299
Piecewise (1628.9s) (0.1s) | (803.1s) (0.1s) | (322.6s) (0.2s)
Bivariate 28 32700 32256 | 32698 32305 32700 32379
(4608.9s) (0.5s) | (7066.9s) (0.2s) | (7201.0s) (0.5s)

10x10 32700 32295 | 32698 32695 X X

(3216.8s) (0.2s) | (7201.6s)  (0.2s) X X

5(p=2) 32700 32696 | 32700 32695 32700 32300
(76.3s)  (0.2s) | (97.6s) (0.1s) (44.8s) (0.2s)
32700 32256 | 32700 32695 32700 32698
MDT =1 (3689.6s) (0.2s) | (441.0s) (0.2s) | (233.5s) (0.1s)
X X 32694 32695 | 32700 32700
X X (7200.0s) (0.2s) | (152.1s) (0.2s)
32700 32696 | 32700 32578 32700 32697
(220.0s)  (0.1s) | (103.3s)  (0.1s) (55.09) (0.25)

500 (p = 0)

NMDT 10(p=1)
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Table 7 — Solutions for the instance INS3.

Both LHS+RHS Only LHS Only RHS
Method | Partitions MILP  NLP | MILP NLP MILP  NLP
5 34200 33352 | 34200 33735 | 34200 33714
(21.1s)  (0.58) | (9.2s)  (04s) | (26.8s)  (0.55)
A 34200 33149 | 34200 33751 | 34200 33777
Piecewise (242.95)  (0.6s) | (119.28)  (0.9s) | (133.1s) (0.2s)
Univariate o 34200 33003 | 34200 33976 | 34200 30524
(257.4s)  (0.3s) | (258.8s) (0.7s) | (267.2s) (0.7s)
10 34200 33079 | 34199 32799 | 34200 33771
(407.6s)  (1.1s) | (632.5s) (0.4s) | (328.0s) (0.2s)
e 34200 32771 34199 33962 | 34200 33825
(197.3s)  (0.58) | (171.9s)  (0.3s) | (126.1s)  (0.6s)
d 34108 33689 | 34200 33914 | 34200 33787
Piecewise (1345.8s)  (0.2s) | (1348.9s) (0.2s) | (2915.2s) (2.1s)
Bivariate 8x8 33900 31343 | 33853 33697 | 34200 33926
(7200.0s)  (1.6s) | (7200.0s)  (0.2s) | (7200.0s) (0.2s)
L0x10 30200 32072 | 33579 33550 | 33579 30439
(7200.0s)  (0.7s) | (7200.6s)  (0.4s) | (7200.0s) (0.4s)
— 34200 33391 | 34200 33993 | 34200 33209
(76.3s)  (1.6s) | (96.9s)  (0.3s) | (19.6s)  (1.2s)
33431 30400 | 34200 33863 | 34198 33396
MDT 0 =1 (7200.0s)  (1.3s) | (1139.2s) (4.2s) | (38.5s)  (0.3s)
X X 34198 34002 | 34200 28400
500 (p = 0) X x | (2611.5s) (0.5s) | (198.2s) (0.1s)
34150 33072 | 34200 33774 | 34150 32400
NMDT | 10(p = 1) (138.0s)  (0.6s) | (184.6s) (0.3s) | (18.7s)  (0.1s)
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6 FINAL REMARKS

This section presents a brief discussion and concluding remarks in Section 6.1. Future

work appears in Section 6.2 and the resulting publications in Section 6.3

6.1 DISCUSSION AND CONCLUSION

The objective of this thesis was to evaluate the performance of different relaxation
methods applied to bilinear terms that appear in the operational management of crude oil supply
problem. The problem of concern entails solving a computationally hard mixed-integer nonlinear

program which is faced by vertically integrated oil companies.

The evaluation strategy proposed to apply Piecewise McCormick Envelops with univari-
ate and bivariate partitions, Multiparametric Disaggregation, and Normalized Multiparametric
Disaggregation. Implementing these methods yield a mixed-integer linear programming relax-
ation, which was combined with a local nonlinear programming algorithm to reach a feasible
schedule of operations. Instances for the problem were designed for comparison among these re-
laxation methods, along with common MINLP approaches, in order to measure their performance

and quality of the results.

During the implementation of the relaxation methods, it was necessary to consider
the unique characteristic of one of the bilinear terms, which has bounds subject to a decision
variable. Thus, it was necessary to model modified McCormick envelopes considering this
peculiarity in one of the equality constraint sides. This property was not an issue when employing
Multiparametric or Normalized Multiparametric Disaggregation, given that only one of the
variables in the bilinear term must be discretized, so it was straightforward to discretize only the

variable with fixed bounds.

When analyzing the implemented methods, the choice whether to apply them only to
one side of the blending equation or both sides has proved to be the major decision affecting
the results. Since the Operational Management of Crude Oil Supply blending constraint has a
unique structure, consisting of two bilinear terms linked by an equality constraint, it was possible
to enhance the results and reduce the computational time by tightening only one of the bilinear
terms, while the other remained bounded by a simple McCormick envelope. To the best of our

knowledge, this is the first study to propose this alternative.

From the presented results, Multiparametric Disaggregation has reached better solutions
in the experiments with a faster computational time for most cases, allowing to solve the
instances within a reasonable time, even when employing a high number of partitions. For

one instance of the problem, Multiparametric Disaggregation reached the optimal solution
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within the same computational time taken by Gurobi to solve the MINLP directly. When
comparing Multiparametric Disaggregation to the the global solver SCIP, the solution obtained

was considerably better and with a significant faster computational time.

Although a global optimum can be reached given sufficient computational resources
and time, it was noticed that relaxation procedures can yield nearly-optimal solutions using less
computational resources. Thus, the results have shown that the solution based on the proposed

relaxation compares favorably with commercial global solvers.

6.2 FUTURE WORK

Besides showing that MDT can achieve tighter bounds than a global optimization solver
within a given computational time, the results indicate that one can take advantage of the relaxed
formulation for restrict the variable domains and further reduce the optimality gap as in Castro
and Grossmann (2014).

6.3 PUBLICATIONS

This research led to the scientific article titled “Multiparametric Disaggregation Re-
laxation of Bilinear Terms for the Operational Management of Crude Oil Supply,” which was
accepted for presentation in the /7th IEEE International Conference on Automation Science and
Engineering (CASE), to be held in Lyon, France, during August 23-27, 2021.
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