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Resumo

O objetivo deste trabalho é implementar modelos de programagao matematica que permitam o
planeamento estratégico e tatico de Cadeias de Abastecimento de Petroleo (CAP), no seu
segmento downstream, visando maximizar os lucros, e minimizar 0s custos e riscos,
considerando as incertezas nos precos de crude, produtos derivados e procura dos clientes. O
problema considera um conjunto de empresas de petr6leo que produzem ou importam
produtos petroliferos e comercializam-nos a varias regides de clientes, através de
infraestruturas participadas: refinarias, centros de armazenagem, transportadores e retalho.
Consideram-se redes multinivel, multiproduto e multimodais, uni e multiempresas que podem

ser reestruturadas partindo de redes de CAP existentes, ou planeadas integralmente.

Ao longo da tese, sdo desenvolvidos quatro modelos de programacdo linear inteira mista
(PLIM), concretamente os modelos individualista, colaborativo, estocastico multiobjectivo, e
otimizacdo robusta. Foi desenvolvida uma estrutura generalizada e detalhada da formacéo de
precos e de custos para a CAP, e uma funcédo de linearizagdo de precos para determinar os
custos, tarifas e pregos de servicos multiempresa com economia de escala por localizacdo ou
rota, entidade, produto e tempo. Foi desenvolvido um modelo de risco neutro utilizando a
programacao estocastica (PE) de dois estégios, e cenarios de incerteza na procura dos clientes
a fim de maximizar o valor atual liquido esperado (VALE). Foi implementado um modelo da
otimizacdo estocastica multiobjectivo (MO), recorrendo ao algoritmo augmented e-constraint,
para maximizar o lucro esperado e minimizar uma das varias medidas de risco: a variancia, o
indice de variabilidade, o risco de incumprimento e o valor-em-risco condicional (CVaR). Dado
gue a definicdo de mdltiplos cenérios de incerteza faz aumentar a dimensao do problema, sdo
desenvolvidas formulagfes de otimizacdo robusta (OR) que maximizam os lucros totais da CAP
para 0s sucessivos aumentos dos niveis de incerteza nos custos de crude, nos precos de
produto, e nas procuras de clientes. Finalmente, € construido para a CAP Portugués uma base
de dados real com localizacdes, coordenadas geogréficas, distancias, custos, tarifas, precos e
procuras, entre 1999 e 2013, que é utilizada para validar os modelos, e apresentados os
resultados. Os métodos desenvolvidos sendo generalizados, podem ser utilizados para planear

redes semelhantes noutras inddstrias.

Palavras-chave: Cadeias de abastecimento de petréleo, Planeamento estratégico e tético,

Gestao de incerteza e risco, PLIM estocéstico, Otimizagédo robusta.



Abstract

Petroleum Supply Chains (PSC) are a strategic sector made up of complex infrastructure
networks, which are strongly influenced by globalization, lean thinking and uncertainty. As costs
escalate, margins flatten and product demands stagnate due to competition and environmental
regulation, PSC managers are forced to build efficient and flexible networks while integrating
multi-entity installations. Here, the strategic and tactical planning delivers an important
competitive edge given today’s uncertainty. The use of mathematical programming tools for

advanced decision support is crucial to improve profits and reduce the PSC costs and risks.

This thesis follows along this need and develops strategic and tactical planning models for the
multi-entity, multi-echelon, multi-product, and multi-transportation PSC, under the context of
crude costs, product prices, and customer demand uncertainties. The strategic decisions
concern the installation, expansion, operation and closure of depots, resource capacities and
transport routes. The tactical decisions involve the time-dependent crude oil and derived
products’ production, storage, primary and secondary transportation, importation and
exportation volumes and multi-stage inventories. The models developed determine the network
topologies for the current, grassroots and retrofit designs where the total PSC profits are

maximized by incorporating the revenues of refineries, bulk storage, transporters and retailers.

This research developed four mixed integer linear programming (MILP) models, specifically the
individualistic, collaborative, stochastic, multi-objective stochastic, and robust optimization
MILPs. In these works a generalized and detailed price formation and cost structure is proposed
for the PSC, and a piecewise linearization function is developed to determine the collaborative
economy of scale multi-entity costs, tariffs and prices per localization, route and product.
Considering demand uncertainty, the stochastic programming MILP maximizes the expected
net present value (ENPV), whereas the multi-objective model implements the augmented ¢-
constraint algorithm in order to maximize the expected profits and minimize one of many risk
mesasures: the variance, variability index, downside risk, or the conditional value-at-risk
(CVvaR). As the PSC planning under uncertainty is a large scale problem, numerical complexity
are observed in the stochastic models, hence, it is proposed a robust optimization approach in
order to reduce the problem size when considered the crude oil costs, product prices, and
customer demand uncertainty. A real world database is constructed, based on the Portuguese
downstream PSC, including locations, geographical coordinates, distances, costs, tariffs, prices,
and customer demand between 1999 to 2013, which is used to validate the models, and
presented the results. These methods are generalized and may be used to plan similar

networks for other industries.

Keywords: Petroleum supply chain, Strategic and tactical planning, Uncertainty and risk

management, Stochastic MILP, Robust optimization.
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CHAPTER 1. Research Objectives and Contributions

1.1 Introduction

The Petroleum Supply Chain (PSC) is a highly competitive sector, which influences the
countries’ economies and hence is constantly under pressure to make available oil products to
markets, timely, cost efficiently, with minimum resources and the lowest risk. The PSC is a
sequence of activities that source, transform and deliver petroleum products. This involves huge
volumes of product, and therefore implies substantial investment and complex infrastructures, in
order to guarantee profitable and stable operation in spite of uncertainty. As shown in figure 1.1,
the PSC has two distinct supply chains: one that comprises the activities dealing with the crude
oil, which is known as Upstream; and the second that encompasses the activities related to the
derived petroleum products, which is known as Downstream. The Upstream consists of the
prospection, exploration, production, marine transportation and trading of the crude oil, whereas
the downstream comprises of the refining, primary and second transportation, storage
terminals, and retail commercialization of the petroleum products. There is a formation though
of a new sector called midstream, due to the convergence of natural gas and shale oil, and the
importance of trading, which involves the long distance transportation and wholesale storage of
crude and petroleum products. This activity is not undertaken by the petroleum companies but
by pipeline players such as OAO Transneft, Plains All American, TransCanada, Kinder Morgan.
It should be clarified though that some authors refer to refining as midstream (Leiras, Lima),
which actually is part of the downstream (API, APETRO, EIA). In this thesis, we use the classic
definition from EIA “Upstream refers to crude oil exploration, production, and other operations

prior to refining. Downstream refers to refinery operations, product sales, and marketing”.

In the upstream, prospection involves identifying world reserves and legal access to drilling
sites. Exploration involves prospection, digging and connecting oil wells to production platforms.
Production involves startup, shutdown and operating of oil fields and production facilities with
safety and profitably. Environmental health and safety regulations, and drilling and recovery
technology, and crude oil prices play a major role here. Trading involves buying and selling
crude oil and petroleum products, in order to overcome the imbalances between their

availability, production, capacities, specifications, demand, and prices.

In the downstream, the refineries buy crude oil, produce petroleum products, and either sell the
product to petroleum companies for national consumption or export the product at wholesale
market prices, thereby collecting a refining margin. Refineries support the cost, insurance and
freight (CIF) charges in case of exportation. The petroleum companies then transport the
product up to a storage depot of convenience using the primary distribution which involves the
refinery to depot and inter-depot transportation, and is generally undertaken by pipeline,

maritime or railway. Companies may import products, where they pay the wholesale prices and
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support the CIF charges up to their depots. The products are held at storage depots on behalf
of the companies, until their transportation using the secondary distribution to retail clients. The
latter comprise of petrol stations or direct clients in the transportation, heating, residential,
industrial, commercial, electrical utilities, factories, airports and hospitals wherefrom is

recovered a retail profit margin.

Exploration Production

Prospection Crude transportation Trading

Upstream

< Crude K Fuel Oil Diesel Biodiesel Jet Gasoline 98 Gasoline 95 Butane
Downstream |

Alrport

E, ﬁ,

Petrol Station
Al

: —_—— Petrol Tanker
Refinery Storage Depot Pipeline

Figure 1.1. The Upstream and Downstream Petroleum Supply Chains

This is an investment intensive industry where specifically the downstream PSC needs to build
or rely on physical infrastructures such as wholesale hubs, refineries, bulk or primary transport,
storage depots, secondary transport and retail stations. These infrastructures may be owned by
a single company or multi-company consortiums and may be designed to manage various
products of a single company, products of various companies or a single product for various
companies. Although the installations may be owned by various companies and frequently
competitors, product is handled as batches belonging to a single petroleum company until it is
sold to the retail client. Transportation routes are strategic to the PSC and are normally maritime
to link with the wholesale markets, could be pipeline, maritime or railway between refineries and
storage depots as well as inter-depot transportation, and finally pipeline, railway or road
between the depots and the retail stations. Recently, logistics operators have emerged to
provide one or more of these activities as external services. However, it is common that their
capital is totally or partially owned by the petroleum companies. Finally the retail stations may
be company or dealer owned and/or operated, and will normally but not compulsorily receive
products from an exclusive company. However, this involves a truly collaborative network, and
for all entities to benefit, it is crucial to have the right locations, sizes, prices, quantities and
participations in the different infrastructures. Consequently, a fundamental activity of the
petroleum companies is to design, construct and manage collaborative networks that maximize
the profits and reduce risks for the entire PSC, which constitutes the scope of the developments

presented in this thesis.
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1.2 The PSC Planning Paradigm

The strategic positioning of this sector creates significant dynamics for the PSC whose
underlying fundamentals must be understood. We synthesize, in figure 1.2, the main
opportunities and challenges, which drive the complex task related with the PSC planning
activities. The challenges come from the increased competition, unbundling of services, huge
investments, reduced profits, and alternative energy competition; and the crude costs, product
prices and demand uncertainties; as well as the regulatory changes, increased taxation,
emission reductions, political, financial instabilities, law reforms, and fair price controls.
Nevertheless, significant opportunities result from the rise in the oil products’ demand due to
fleet renewals, increased trucking and aviation, improved operating conditions, new investments
in inter-modal facilities, and the availability of geographic information systems. With respect to
uncertainties, the product demand is significantly influenced by price levels, economic growth
trends, and weather conditions. Demand is directly proportional to the economic expansion and
inversely to the product prices. Price variations result from the seasonal and short-term high-
demands and not from tax changes, manufacturing and marketing costs, which although

significant are fairly stable.

Increased competition Oil products’ Demand
Unbundling of services Fleet renewal & Engine efficiency
Opening to new competitors Increased trucking

Product flow changes . Increased air traffic

Huge Investments Opportunities Reduced product importation
Reduced Profits Competency of depots
Alternative energies Inter-modal loading facilities
Uncertain Cost, Price, Demand & Geographic Information Systems
Regulatory changes ‘ Very large scale problems

. Improve efficiencies
Corporate and excise taxes . .
Entity Collaboration

Emission reduction policies . .
Integration of planning levels

Political Instability Challenges Integration of multi-echelons
Financial Turmoil Efficient Inventories

Reforms of petroleum laws Timely Procurement

Fair price controls Risk Management

Figure 1.2. The PSC Planning Paradigm

Concerns relating to the issues identified above and consequent impacts on the PSC demand,
production and profit margins have already been highlighted by academic and sectorial
publications (Relvas et al., 2013 APETRO, API, DR, CLH, EIA). This competitive environment
creates significant opportunity for the improvement of the PSC efficiencies, through the
collaboration between entities, the integration of planning levels and multi-echelons, efficient
use of inventories, timely procurement, and risk management methodologies. However, this
results in very large scale problems, which provide an important incentive for the optimization

theory and advanced PSC planning models, in order to efficiently design and plan flexible multi-
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entity PSC networks, integrating the refining, trading and distribution activities and respective

uncertainties.

This thesis focuses in the development of integrated models for the planning activities in for the
PSC, as well as in solution methods for tackling complexity. Notwithstanding, both the upstream
and downstream PSCs are long supply chains, and although they are complementary, both
have a whole range of differences in their localizations, equipment, legalities and business
environment. Considering the main concern of this research, from this point forward, we close

up only on the downstream PSC.

1.3 State of the Art

The fabric of the PSC industry changed dramatically in recent years with the hike in crude oil
prices in 2009, which created opportunities to develop pre-salt crude oil and shale oll
production, but then the recent oil price meltdown upturned their viability and has resulted in
costs, prices and demand volatility. Consequently, companies and academia are again trying to
improve the PSC efficiencies as seen in the recent developments synthesized in figure 1.3.
Notice that our attention has converged to the focus of our research, as we look at the main
areas explored in the downstream PSC. Notice also the identification of niche research areas,
wherein the Downstream PSC Strategic and Tactical Planning, which had been forgotten for
some time, is now in the limelight with renewed interest. Moreover, the focus is on integrating
various PSC activities, decision levels and modelling approaches, and hence some of these
developments are presented so as to support the research objectives. Each topic is analyzed

further in this section, providing an historical review of achievements collected from the scientific

literature.
PSC Literature ) Leiras et al. Shah et al. Sahebi et al. Lima et al.
N\,  Reviews (2011) (2011) (2014) (2016)
OE:I;:?C:\I‘IIM ’ Neiro and Kim et al. Al-Othman et I Guyonnet et
N, Planning Pinto (2004) (2008) al. (2008) al. (2009)

o
“ Downstream PSC
Operational

\ _ Planning (1999) al. (2000)

Escudero et al. | Dempster et MirHassani Guajardo et al.
(2008) (2013)

e —
"# Downstream PSC

Strategic Oliveira et al. |[Fiorencio et al.[l| Fernandes et
BN, Planning (2013,2014) (2014) al.(2013,2014)

Figure 1.3. Developments in the Downstream PSC research

The PSC design and planning models have been recently reviewed in Leiras et al. (2011) with
respect to upstream, midstream, and downstream PSC planning while Shah et al. (2011)
addressed oil refinery scheduling and planning. In a recent review, Sahebi et al. (2014) refer to
crude oil supply chain management as a flourishing research area. They identify some

unaddressed avenues of research: full vertical integration of strategic and tactical decisions; full
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horizontal integration of the complex crude oil supply chain; dealing with nonlinear models
essential for the formulation of refinery operations; development of efficient solution techniques
for multi objective modelling as a result of global factors including international taxation, transfer
prices and environmental impacts. Multi-stage stochastic modelling to study uncertainty
problems has been identified as a key area for investigation. Lately, Lima et al. (2016) reviewed
the strategic, tactical, operational downstream PSC planning literature, identifying the decision
levels, uncertainty features, formulation approach, sustainability and objective functions, entity
collaboration. They identify opportunities for developing more robust optimization decision-
support tools to integrate decision levels and the PSC characteristics in order to simultaneously

deal with uncertainty, risk, resilience, sustainability and collaboration between entities.

As we study the downstream literature, a concentrated focus is observed for the refinery
operational planning, multiproduct pipeline scheduling, the downstream strategic planning and
the downstream operational planning. Together these areas constitute the downstream PSC,
which is the focus of this thesis. Hence, we review the main developments in these areas with a
view to grasp the big picture and comprehend the underlying fundamentals of the downstream

PSC that will better allow us to define the main research objectives.

Refinery operational planning is modelled in Neiro and Pinto (2004) using a mixed integer non-
linear program (MINLP) to determine stream flow rates, properties, operational variables,
inventory and facility assignments, considering aggregate nodes of production units, tanks and
pipelines, interconnecting refineries, terminals and pipelines. Decomposition methods allow
increased time periods and scenarios. Kim et al. (2008) proposed a supply network and market
planning MILP to determine the refinery production rates, and transportation routes from
distribution centers to markets. The maximized profits are the differences between revenue and
depot and transportation fixed and variable costs. Al-Othman et al. (2008) later proposed a two-
stage stochastic model for operational planning of crude oil production, processing and
distribution to maximize resource utilization and profits. Crude production plans are the first-
stage decisions while refinery and petrochemicals production and shipment, storage, lost
demand and backlog quantities are the second-stage decisions. Guyonnet et al. (2009)
integrate the crude oil unloading, refinery production planning, and product distribution models

using penalties for unsatisfied demand, optimizing the overall PSC profits.

Multiproduct pipeline scheduling is modelled in Cafaro and Cerda (2004) using a MILP for
transportation between an oil refinery and depots, adopting a continuous time and volume
representation. This reduces the model size and processing time, thereby permitting longer time
horizons and increased slug pumping flexibility compared to the discrete representations. Later,
Cafaro et al. (2004) improved the continuous-time MILP to reduce energy consumption and
pump maintenance costs by incorporating heuristic rules to select the receiving terminal and
minimize the total flow restart volumes and the number of single-delivery pumping runs. Relvas

et al. (2006,2007) propose a MILP to integrate multiproduct pipeline scheduling and
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rescheduling with depot inventory management of petroleum products. Product sequences,
pumping schedules and batch volumes are determined with customer demand, quality control
and operating constraints. Boschetto et al. (2010) studied through an optimization model a real-
world pipeline network, by addressing the associated network scheduling activities. A
hierarchical approach is developed which explores the integration between a MILP model and a
set of heuristic modules. Later, Relvas et al. (2013) propose an alternative and holistic
modelling concept to obtain faster solutions within reduced time frames through a single
efficient model so as to avoid decomposition approaches.

Operational planning of the downstream PSC was first modelled in Escudero et al. (1999), using
a 2-stage stochastic scenario analysis and a deterministic equivalent model. Later, Dempster et
al. (2000) developed deterministic and stochastic models for the logistics tactical and
operational planning to minimize overall costs. MirHassani (2008) proposed a MILP for the
operational planning of a capacitated transportation network of existing refineries and depots, to
satisfy customer demand. MirHassani and Noori (2011) extend the MILP to a two-stage
stochastic model for capacity expansion to minimize transportation and investment costs. Total
inventory and transportation costs are minimized, determining inventory shortages and
excesses. More recently, Guajardo et al. (2013) proposed a tactical planning model to minimize
the production, transportation and inventory planning, hubs and depots costs. Vendors’

contributions are maximized with distribution planning and decentralized sales.

Strategic planning of downstream PSC is modelled in Oliveira et al. (2013, 2014) using a two-
stage stochastic MILP initially using Lagrangian and later the Benders (L-Shaped)
decomposition methods. Investment and logistics costs are minimized while the portfolio and
timings of network capacity expansion projects and inventory decisions are determined for
varying demand. They identify that few works have analyzed the presence of uncertainty in oil
supply chains when dealing with important characteristics of the PSC. Later, Fiorencio et al.
(2014) develop a deterministic MILP decision support system (DSS) that maximizes the NPV
while determining an investment portfolio and installation times of vessel and transportation
capacity expansions. Fernandes et al. (2013, 2014) presented two strategic and tactical
planning MILPs (one individualistic and the other collaborative) to design current, grassroots
and retrofit uni and multi-entity PSC networks while maximizing the network profits. Depot
locations, resource capacities, transport modes and routes are installed and operated and the
multi-stage crude oil and petroleum products inventories and the import, export, production,
storage and transportation volumes are determined. Piecewise linearization is used to

determine the economy of scale costs and tariffs.

The status quo of the literature in terms of research in planning within the PSC, namely at the
downstream level, suggests the need to select adequate techniques so as to cope with the
complex pool of decisions and large scale problems at hand. These techniques are presented in

figure 1.4 and the specific developments reviewed thereafter.
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Figure 1.4. Developments in the modelling methods

Stochastic programing has been extensively used to model uncertainty in production planning,
location, transportation, logistics, finance, and engineering design (Sahinidis, 2004). Despite the
progress in two-stage stochastic programs, the authors identify multistage and stochastic
integer programming as conceptually and computationally challenging. Shapiro et al. (2009)
present the practical application of stochastic modelling with uncertain parameters, by
presenting various modelling concepts such as recourse actions, chance probabilistic
constraints, the nonanticipitivity principle, two stage and multi-stage SPs, and risk averse
optimization. They propose the sample average approximation (SAA) problem to replace the
expected value problem, and the Monte Carlo sampling techniques that use the complexity
analysis to constrain the size of the stochastic scenarios. Birge and Louveaux (2010) have
presented two-stage recourse, multi-stage stochastic and stochastic integer programming
methods and Monte Carlo, approximating expectations and multistage approximation sampling
methods for scenario generation. The expected value of perfect information (EVPI), value of
stochastic solution (VSS), expected value of the wait-and see problem (WS), expected recourse
problem solution value (RP) and expectation of the expected value problem (EEV) are solved to
evaluate the quality of the stochastic solution. Al-Qahtani and Elkamel (2010) propose a two-
stage stochastic MILP using robust optimization for multisite refinery network capacity
expansion planning considering crude cost, product price and demand uncertainties. A sample
average approximation (SAA) method with statistical bounding techniques is used to obtain
economic benefits and process flexibility. A deterministic model minimizes the total installation
and operating costs and the stochastic model minimizes variance, mean-absolute deviation,

value-at-risk or conditional value-at-risk.

Multi-objective models have been proposed to maximize the expected profits and minimize the
risk measures either in the objective function or in constraints to provide tradeoff solutions.
Carneiro et al. (2010) propose a two-stage stochastic model to maximize the expected net
present value ENPV and reduce the conditional value-at-risk (CVaR) for the PSC network
design with oil supply, cost, final price and demand uncertainty. Conejo et al. (2010) presented
stochastic programming models for price, cost, supply, demand and equipment uncertainties in
the electrical markets. Variance, variability index, downside risk and value at risk are identified
as non-coherent risk measures and CVaR as coherent. Later, Mavrotas (2009) and Mavrotas
and Florios (2013) propose an augmented e-constraint method, to determine the trade-offs

between two objective functions. Using this method, Cardoso et al. (2015) maximize NPV and
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minimize risk for a closed-loop supply chain while determining the installation, sizing and

location of plants, warehouses and processes, inventory levels and forward flows to retailers.

Robust Optimization (RO) was first introduced by Soyster (1973) by extending the generic
(nominal) linear programming model to incorporate the worst-case deviations of the uncertain
parameters. Later, Ben-Tal and Nemirovski (1998, 1999) presented a less conservative non-
linear optimization problem to control the trade-off between robustness (feasibility) and
performance (optimality). More recently, Bertsimas and Sim (2003, 2004) proposed a new RO
methodology to ensure solution robustness by also varying the degree of conservatism of the
solution, which can represent the risk attitude of the decision-maker. Several papers have
employed this methodology as it maintains the computational tractability of the robust
counterpart. Alem and Morabito (2012) use RO with production planning of typical furniture
companies where cost uncertainties are modelled in the objective function and demand
uncertainty in the constraints using polyhedral uncertainty sets. The authors show that beyond a
certain level of the budget of uncertainty, there is no further deterioration of the objective
function values and the probability of constraint violation tends to zero. Kouvelis and Yu (1997)
presented a different RO Min-max regret approach which is modelled in Ribas et al. (2010) for
the PSC strategic planning with crude oil production, refined product demand and market price

uncertainties.

Although many areas of the downstream PSC have been researched with more related to the
refinery planning and pipeline planning problems, most of the authors refer to the vertical
integration of various levels of decision, the horizontal integration of the various activities of the
PSC, and the modelling of uncertainty and risks as important areas of investigation. This has
motivated our interest in developing design and planning models for the PSC, in order to
integrate various PSC echelons and planning levels, besides new modelling approaches from
the operational research community. Specifically, after developing the PSC models, these could
be improved to consider uncertainty and risk management in order to build efficient and resilient
PSCs. Given the multi-entity operation of the PSC, integrated and collaborative strategic,
tactical and operational planning under cost, price and demand uncertainty are the main goals
of this research, as will be presented in the following sections. It is noteworthy to relate that a
vast majority of works invariably use the exact solution methods of MILP and MINLP as the

base planning methodology.

1.4 Research Objectives and Motivation

Motivated by this investigation, and to obtain a focus on the objectives of the current research,
we develop a modelling framework, as presented in Figure 1.5, that summarizes the
characteristics of the PSC planning problems. The planning problem may be considered at the
three strategic, tactical and operational planning levels; by considering a wide range of
uncertainties that affect the PSC, which may be modelled using various solution strategies that

have been identified in the literature, thereby maximizing or minimizing some solution metrics.
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Using the framework, we define the scope of this thesis, before presenting the main research
objectives. Specifically, the thesis will develop the strategic and tactical planning mathematical
programming models, considering the costs, prices and demand uncertainties, using mixed
integer linear programing (MILP), stochastic programming (SP), multi-objective optimization
(MO) and robust optimization (RO), in which we propose to maximize the profits and the eNPV
and minimize the costs and the risk measures variance, variability index, downside risk, VaR

and CVaR with increasing levels of uncertainty. Operational planning will not be covered in this

thesis and is proposed for future research.

Planning Uncertainty Solution Solution
level strategy Metrics
Strategic planning (Yearly) Price Mixed integer | TeNPV
fluctuation linear program | ‘I Profits
Cost volatility | Stochastic
Demand programming | | Costs
uncertainty | Multiobjective
Process yield modeling JVariance
. . Supply delay | Robust J Variability
Tactical planning (Monthly) Incentive & optimization index
policy Goal J Downside
| I | I | | | | | I | Tecnology programming risk
| | evolution Scenario J-VaR
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weather Chance
’ Operational planning (Daily) ‘ Facility constraint 1 Level of

Figure 1.5. The PSC Planning modelling framework

The current research establishes five major objectives. The first is to develop a mathematical
model for a individualistic multi-entity, multi-echelon, multi-product and multi-transportation PSC
in order to determine the strategic planning decisions. On the strategic decisions it will be
considered entities installation, operation, resource capacities, expansion and closure of
storage depots and definition of multi-modal routes. On the tactical decisions of crude oil,
refinery production, import, export, transportation and customer fulfilment volumes at various
locations are to be studied. Current, grassroots and retrofit designs, and associated network
flows are to be generated considering the customer demand, production, and depot and
transportation resources capacity restrictions. The model should maximize total network profits,
incorporating refinery revenues and gross retail margins while deducting the transportation,

storage, importation, exportation and product costs.

A second objective of the thesis is to expand the model into a collaborative strategic and tactical
planning model that will determine the earlier strategic decisions for a multi-entity PSC network
where the entities may utilize competitor installations without limitation. The product and service
tariffs are to be distinctly determined per entity and product using formulations that must

incorporate economies of scale for calculating costs and tariffs. The strategic and network flow
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decisions are improved with the tactical decisions relating to the periodic crude oil and multi-
stage product inventory volumes whereas the piecewise linearized entity tariffs must be
determined in order to improve the grassroots, retrofit and current network designs. The model
should maximize the total network profits, comprising the oil company direct profits and

consolidated revenues from participated PSC member infra-structures.

The third objective is to implement a stochastic planning model and a multi-objective model to
reduce risk, wherein the network designs will respond to various uncertainties including crude
cost, product price and customer demand. The stochastic planning model will improve the
earlier collaborative planning model, incorporate uncertain demand scenarios and maximize the
expected net present value. A multi-objective model will then be developed for the PSC
strategic and tactical planning, by incorporating risk measures into the stochastic model, in
order to simultaneously improve the total profits and reduce risk under cost, price and demand
uncertainties. Risk measures from the supply chain and financial risk management literature,
such as, variance, variability index, probabilistic financial risk, downside risk, conditional value

at risk and worst-case revenue will be modelled for the PSC planning problem.

The fourth objective is to implement a robust optimization approach for the collaborative
planning in order to incorporate immunization against crude oil cost, product price and customer
demand uncertainties. Specifically, RO is seen to have the advantage of not increasing the
problem complexity when compared to its deterministic equivalent problem. Hence it will be
used to model the three uncertainties simultaneously as the earlier presented stochastic and bi-
objective approaches have been seen to cause numerical difficulties even with a small number
of scenarios. It is aimed to solve the RO model for varying levels of uncertainty where after the
decision-maker may choose among the resulting trade-off solutions which will vary from the
worst-case solution to the deterministic optimal solution.

A final objective is to study in detail the real case downstream of the Portuguese PSC network
in Portugal and build an information and decision support model for this chain. The developed
real case database will be used to validate the models for different design settings wherein the
obtained results and model responses, specifically the objective values and risk measures, will
be compared for various entities, refineries, depots, customer locations and products with
respect to costs, tariffs, profits and network volumes in order to evaluate the practical

contributions of this research.

1.5 Problem Description

To pursue the objectives proposed for this research, we devise a general representation that
characterizes the integrated downstream PSC strategic and tactical planning problem as shown

in figure 1.6, followed by the problem description.
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Figure 1.6. The Downstream PSC Strategic and Tactical planning problem
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The aim is to develop optimization models for individualistic and collaborative strategic and

tactical planning of the downstream PSC under uncertainty, which may be defined as follows:

e Given a set of petroleum companies that produce or import a set of petroleum products at a
known set of refineries, and commercialize them to a set of customer regions of the
Portuguese PSC;

o Determine the optimal current, grassroots, and/or retrofit PSC network designs for
the multi-echelon, multi-product, and multi-modal transportation PSC network;

o Strategic decisions of installation, operation, expansion, or closure of storage
depots, resource capacities, and multi-modal routes;

o Strategic-tactical decisions of entity investment participations and the economy of
scale costs and tariffs per location, route, entity and product;

o Tactical decisions of time-dependent and multi-stage transfer volumes and
inventories for crude oil and derived products at the production, storage, primary
and secondary transportation, importation, exportation, and customer fulfillment
stages;

e So as to maximize the total network profit, comprising the oil company direct profits and
their consolidated revenues from participated PSC member infrastructures: refineries,
depots, transporters, and retailers; and simultaneously reduce the risk of not attaining such
profits under the context of uncertainty;

e Subject to the production, depot, transportation, resource capacity, inventory, and demand
restrictions;

e Considering uni-entity and multi-entity networks; pipeline transportation as product flow per
time period restricted to the pipeline physical capacities; and ship, truck, and wagon
transportation as discrete product flow blocks, where the total transported volume for the
allowed products and between origin-destination pairs, is restricted to the modal fleet
capacity per time period;

Such that the solution is always feasible and near optimal within a pre-defined range of

uncertainty in the crude costs, product prices, and product demand.
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The development of the downstream PSC planning models has been motivated by the
emerging need in Portugal in recent years, following the public awareness of the necessity to
restructure the Portuguese PSC and the absence of a benchmarking and decision support tool.
Hence the models will be appropriately designed so as to assist the different decision makers,
specifically at the level of the PSC regulators, PSC operators as well as petroleum companies
(main producer and other major companies that share the physical network), which constitute

the stakeholders of the problem under study.

One important aspect is that the petroleum companies are full or partial owners of the refineries,
storage depots, transportation infrastructures and retail stations, and therefore incorporate a
relevant share of their profits. The representation of the problem within a model will therefore be
developed and implemented so as to be configurable, in order to permit designs and analysis of
the PSC network based on the profile of the decision-maker. Hence, the decision maker may
analyze parts of the network, or the network in the perspective of an individual company, or as
an integrated collaborative network, where the petroleum companies earn revenues by
commercializing products and also aggregate profits from their participations in refineries,
depots and transportation infrastructures. These plants have the autonomy to purchase and
manage the crude oils and petroleum products; nevertheless, they serve the needs and the
objective of improving the consolidated profits of their parent petroleum companies. In order to
overcome the above difficulties and explicitly take into account the different decision makers,
existing and partially owned infrastructures, the PSC is modelled as a multi-entity network,
thereby determining the contract tariffs per location/route, entity, and product, which are based

on the model’s decisions of committed volumes and entity capacities.

The structures of the PSC are greatly influenced by the country dimensions and trade practices.
In general, bigger countries have efficient networks, managed by single entities which may be
public or private companies. Non-integrated installations of different companies who generally
adopt individualistic strategies through self-owned installations are seen in smaller countries,
which is not very efficient. However, due to free trade and environmental regulations and the
EIA guidelines, many countries have created regulatory bodies and have taken the step to
create collaborative infra-structures which are owned by a single entity or logistic operator, and
whose installations may be used by several petroleum companies. This is the case in most

member states of the American and European continents.

As the models are multi-entity, the notion of individualistic operation and entity collaboration is
introduced. The former assumes that the petroleum companies individually own or participate in
shared infra-structures, and may transfer product volumes that are restricted by their invested
capacities per infra-structure, for which they pay non-differentiated tariffs determined by the
model. The latter provides a collaborative environment wherein the companies may freely use
competitor installations, and the model will calculate the economy of scale free trade costs,
tariffs and profits determined per location or route, entity and product. Hence, in both cases, the
physical installation and capacities are shared; however, the denominated capacities are not. In

the first case, an entity may not resell its unused capacity to a competitor, so both loose an
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opportunity to earn more revenue. In the second case, entities allow competitors to use their
unused capacity by paying a tariff, so both gain and earn a profit from this activity. Here, the
collaboration is at the strategic level. The same could also be performed at the tactical level
where entities could share inventories, and any excess inventory could be used by a competitor
at a premium. However, collaboration at the tactical level is not modelled in this thesis. Entities
could also use competitive strategies to negotiate their installation capacity and inventories on
the spot market, but such competitive strategies occur mainly at the operational level and are
not within the scope of this work. They are proposed for further research. The collaborative
models that will be proposed increase the efficiency of the network by increasing profits, and
reducing the costs and risks for the infrastructure owner as well as for the two competitor

entities.

The proposed models must design the current, grassroots and retrofit network, wherein the first
takes an existing network and determines the tactical decisions, the second designs a
completely new network without considering the existing network, and the third takes an existing
network and redesigns it considering the set objectives and parameters. The investment quotas
per entity in existing installations are assumed not to change, whereas for the new installations
these are assumed to be equal to their market share quotas which are known. The investment
quotas will be used by the model to determine the distribution of the profits per entity. The
objective function will maximize the total network profits, however, the objective terms are
distinctly determined per entity. Although not explored in this thesis, the objective function has
been so defined so as to allow multi-objective optimization wherein may be defined a weight per
entity in the objective function which could be their market share quotas. The objective function
structure can also be easily explored using a goal programming approach wherein an entity
establishes a minimum profit threshold. These settings will directly impact the model determined
strategic and tactical decisions, costs, tariffs and profits per location or route, entity and product.
The entity tactical decisions in the individualistic model, therefore, will depend directly on the
strategic decisions as the entities may only use self-owned installations up to a maximum of
their participations. This is not the case in the collaborative models, where both the strategic
and tactical decisions are free trade decisions, which are determined based on each entity’s

demand capitalization.

1.6 Costs, Tariffs, and Profits formation

Within the PSC, the costs, tariffs, and profit determination are important issues that need to be
well defined. A motivational example is developed in figure 1.7 to illustrate a three echelon
downstream PSC considering one refinery, one depot and four clients that are located in the
same client zone. Two entities or companies operate this network, distributing two products (P1
and P2) to the final clients. The refinery uses a 95 km pipeline to supply a depot, which then

supplies, using a 40 km road, a single client zone. Entity E1 owns refinery R1 and client petrol
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stations C1 and C2, while entity E2 owns the petrol stations C3 and C4. Using this illustrative

example the detailed costs, tariffs, and profits were determined per product and entity.

: Client
Refinery Depot

B

QClt QPt Qst C3
—_— Q
95km 40
Pump c2
Interface
Vessels
Arms 4

Figure 1.7. An lllustrative Downstream PSC

Some basic concepts are defined based on the assumptions in the industry. An entity is a
petroleum company, which may interact with the PSC as an owner entity (infrastructure owner)
or/and as a client entity (product owner). The infrastructures are independent managed
generating costs related to their activity, equipment and resources. The infrastructure serves the
clients and hence, these costs must be imputed to the product volumes of each entity client. By
adding a price markup, are determined the infrastructure’s tariffs per entity and per unit volume
of product that is payable by the entity client. The infrastructure thus makes a profit which is the
difference between the determined tariff and the costs incurred. This infrastructure profit is

incorporated into the entity owners’ profits.

The crude oil prices, ex-refinery product prices and the retail product prices are parameters, that
are assumed to be the spot market prices for the different products based on the WTI Crude Oil
and Brent Crude Oil indexes, which are reported by the price benchmarking agencies (Platts
and Argus) and the European and American statistical agencies (EuroStat and EIA). The
benchmarked prices are formed by the summation of the crude or product costs and the various
activity costs; hence it is critical for companies to minimize all costs in order to stay profitable

and maximize revenues.

As the multi-stage integration is proposed, the total PSC profits are maximized. This is the sum
of the refinery profits, depot storage profits, transportation profits, and retail profits for all entities
and their participated infrastructures. In the case of the refinery and the retail segment, are
considered service tariffs which are the model parameters. The refinery margin (profit) is
determined as the difference between the ex-refinery prices and the sum of crude costs and
refinery tariff. In the retail segment, the gross retail margin (profit) is considered, which is
determined as the difference between the retail prices and the sum of the ex-refinery prices and
the retail tariff. To determine the net retail margin, it is still required to subtract, from the gross

retail margin, the depot storage tariffs and the transportation tariffs that the client entities have
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to pay to deliver the product to a retail location. These are determined by the model as they are

required to study the profitability of these infrastructures per product and per client entity.

Now, considering the storage depots, the depot fixed costs, the resource (equipment) fixed
costs, the depot operating costs, and the resource operating costs are first determined, unitized
and imputed per product (P1 and P2) based on their expedited volumes per client entity.
Volume based costs are also obtained by multiplying the product volumes by the infrastructure
unitary cost. This detailed cost breakdown is performed in order to determine the costs per
product (P1 and P2) and per entity (E1 and E2). The depot tariffs are then calculated as the
depot costs indexed by a depot markup percentage. Consequently, the depot profit per entity
and product is the difference between the aggregate depot tariffs and the total depot costs. A
similar procedure is followed for the costs, tariffs and profits computation for the transportation
infrastructures, however here, are consider additionally, the distance based costs, which again

may be fixed, operational or volume based (for example energy).

Note that these infrastructure profits revert to the owner entities, proportionally to their capital
participation. The total PSC profits per entity are consequently the sum of their participation in

the refinery, transportation, storage depot and retail profits.

Hence the infrastructure pays the costs and bills the tariffs to the client (product owner) entities,
whereas their differences that determine the profits are incorporated by the owner entities
based on their capital participation. Hence, if entity E2 transfers product through a depot owned
by E1, then the depot operator pays the costs, E2 pays the depot tariff, while E1 collects the

profits.

These are calculated per infrastructure, owner entity, client entity, and product in order to
determine the cost, tariff and profits per entity and product in order to obtain their profitability.
One issue here is the imputation of the costs to entities and products. Those costs that are
directly related to an entity and product, as is the case of unitary costs, are directly allocated to
a product and entity. When not directly related, these are allocated to entities and products,
using their ownership participation, volume based piecewise cost linearization or other criterion

as presented in this thesis.

1.7 Structure of the Thesis

This thesis is structured along six chapters. The first chapter proposed the main objectives,
which guided our research plan, resulting in the production of four different development
studies, which are the following four chapters of the PhD thesis. Two of these have been
published in International Journals, one is in the review process, and the final one will be
submitted after further improvement. As these articles were written independently for
publication, some repetition may be perceived and the candidate apologizes for this fact.
Nevertheless, wherever possible, effort has been made to eliminate parts of the published

articles so as to avoid redundancy. Table 1.1 synthesizes the research that has been published
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in books, journals and proceedings, and presented at International and National Conferences.
This has been accomplished through continuous research by the candidate, who constantly

improved the quality of the work under the guidance of the supervisors.

The second chapter presents a individualistic strategic and tactical planning model that
considers a multi-entity, multi-echelon, multi-product and multi-transportation downstream PSC
network, involving companies having financial participation in shared refinery, transportation
and storage depot installations, while considering the supply sources, production, resource
capacities, and customer demand requirements. A deterministic mixed integer linear
programming (MILP) model is developed to determine: the strategic planning decisions of
installation, operation, closure, and locations of storage depots, their capacities and expansion,
and the multi-modal transportation routes; and the multi-stage tactical decisions of crude ail,
refinery production, importation, exportation, transportation and customer fulfillment volumes at
various locations. The multi-echelon total profits are maximized, by incorporating the refinery
revenues and gross retail margins while deducting the transportation, storage, importation,
exportation, product, and retail operator costs. A bi-level transportation network flow formulation
is proposed, using primary and secondary distribution. A parameter database, covering a twelve
year period, is constructed for the Portuguese PSC, built from official data obtained from the
Portuguese Economics Ministry, the European Commission for Energy and Google Maps. The
MILP is validated for the real-case Portuguese PSC, which is supplied by local refineries or by a
regional hub. Uni-entity networks as well as multi-entity networks with individualistic operation

are modelled, presenting the current, grassroots and retrofit designs.

The third chapter presents a collaborative and dynamic MILP for the strategic and tactical
planning of downstream PSCs, in order to allow collaborative utilization of competitor
installations without limitation. This study extends the earlier model from chapter 2 by adding
collaborative design, operator-profit incorporation, and generalizes the modelling of resources
using transport mode and product families. The model determines the optimal design and
tactical decisions relating to the periodic multi-stage crude oil and derived products inventories
for a downstream PSC with multi entities, echelons, transportation modes and products, by
including competitor installations, resource sharing and supply in order to fulfill customer
demands. Collaborative planning permits multi-echelon profit maximization where the entities
incorporate profits from partly owned refineries, storage depots and transportation and retail
infrastructures. The multi-entity investment values, product and service costs and tariffs are
determined individually per entity and product using piecewise linearization in order to reflect
economies of scale. These may be based on total investment costs or only non-amortized
costs. Current, grassroots, and retrofit network designs with respect to the real case Portuguese
PSC, are studied for the strategic decisions of installation, expansion, closure and affectation of
depots, transport modes, routes and resource capacities; the time-dependent tactical decisions
concerning the crude oil and product importation, exportation, refining, storage and
transportation volumes besides multi-stage inventories; and the fair trade product costs, tariffs

and profits per PSC design, location and route.
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The fourth chapter develops a stochastic MILP for the strategic and tactical planning of the PSC
considering demand uncertainty. The expected net present value is maximized considering the
optimistic, realistic and pessimistic scenarios of the uncertain multi-period, multi-product
customer demand. As the multiple scenarios result in larger number of variables and equations,
a compact stochastic model formulation is developed in order to reduce its size and improve the
model performance. The stochastic model is then further enhanced to a multi-objective MILP for
risk management, wherein are simultaneously maximized the expected net present value and
minimized one or more risk measures including variance, variability index, downside risk and
conditional value at risk, while satisfying uncertain product demand. We incorporate modelling
approaches from the supply chain risk management literature, specifically techniques from
Conejo et al. (2010) and Mavrotas and Florios (2013) who proposed the augmented e-constraint
method, to determine the trade-offs between two or more objective functions. The PSC strategic
and tactical decisions are thus obtained by simultaneously minimizing the economic risk of the
PSC. The stochastic and the multi-objective MILPs are tested for the real case Portuguese PSC
considering the current, grassroots and retrofit designs. In the first case are obtained the
stochastic solutions and the respective performance indicators whereas for the multi-objective
model are obtained the Pareto-optimal solutions. Model improvements are proposed in order to

improve the scenario generation, decomposition techniques, and robust optimization.

The fifth chapter extends earlier research by presenting an improved PSC strategic and tactical
collaborative planning deterministic MILP and robust optimization (RO) model formulations by
simultaneously considering crude oil costs, product prices and customer demand uncertainties.
Recent historical data for the real case PSC in Portugal is analyzed and constructed the cost,
price and demand uncertainty sets based on their minimum, maximum and standard deviations.
Three robust counterparts are formulated for uncertainties in the objective function and the
demand parameters, using polyhedral uncertainty sets, in order to develop an uncertainty
planning model as tractable as the deterministic MILP. The RO formulations implement
protection against the crude costs, product prices, and customer demand uncertainties.
Considering the Portuguese PSC and the above uncertainties, are determined: the PSC
infrastructures, capacities to install, operate, and close; the strategic fair price costs and tariffs
per location/route, entity and product; and the multi-stage product transfer and inventory
volumes per period. Trade-off solutions as well as their probabilities of constraint violation are
obtained for the total profits maximization objective for varying levels of uncertainty, thereby
obtaining numerous solutions between the deterministic optimal and the worst-case solutions,
so the decision-maker may exercise his/her choose. The solutions are compared with respect to
the changes in the network structure and the objective function values. The RO models’
performance statistics are compared with respect to the deterministic, and the scenario-based
stochastic and multi-objective approaches, confirming that the RO methodology obtains

tractable robust and trade-off solutions, considerably faster than the stochastic models.

Finally, chapter six presents the conclusions and the main contributions of this PhD thesis, as

well as some guidelines for future developments based on the work developed.
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Table 1.1 shows the division of the thesis structure into chapters, each of which aggregates the
related papers that were published in international peer reviewed journals and presented either

in oral or in poster presentations at international and national conferences.

All the work leading to the publishing of the papers, was essentially developed by the candidate.
This included the generation of the ideas, the development of the models, the construction of
the test cases, the testing of the models, the documentation of the results and writing of the
articles. The supervisors contributed here to the discussion of the ideas, the test results, and to

the analysis and first round of review of the articles.

Table 1.1: Thesis Chapters, Journal papers, Conference papers and Presentations.

Ch.2. Strategic Network Design of Downstream Petroleum Supply chains: Single versus

Multi-entity Participation

Strategic Network Design of Downstream Petroleum Supply chains: Single versus Multi-
entity Participation, Fernandes LJ, Relvas S, Barbosa-Pévoa AP, 2013, Chemical
Engineering Research and Design, 91, 1557-1587.

Optimal Network Design of Petroleum Supply Chains, Fernandes LJ, Relvas S,
Barbosa-Pévoa AP, 2011, in INESC-Coimbra (eds.) Proceedings of 10 2011, 15t
Congress of APDIO, Faculty of Economics, University of Coimbra, ISBN: 978-989-
95055-4-4, 129-140.

TJ 10 2011, 15" APDIO Congress, University of Coimbra, 2011.

Strategic Planning of Petroleum Supply chains, Fernandes LJ, Relvas S, Barbosa-
Pévoa AP, 2011, Computer-Aided Chemical Engineering, 29b, Proceedings of
ESCAPE 21, Elsevier, 1738-1742.

LI ESCAPE 21, 21t European Symposium on Computer Aided Process Engineering,

Chalkidiki, Greece, 2011.
7 EURO XXIV, 24" European Conference on Operational Research, University of

Lisbon, 2010. Network Design of Petroleum Supply Chains

Ch.3. Collaborative Design and Tactical Planning of Downstream Petroleum Supply
Chains
Collaborative Design and Tactical Planning of Downstream Petroleum Supply Chains,
Fernandes LJ, Relvas S, Barbosa-Pévoa AP, 2014, Industrial & Engineering Chemistry
Research, 53, 44, 17155-17181.
Design and Planning of Downstream Petroleum Supply chains, 2012, Computer-Aided
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Uncertainty
Downstream Petroleum Supply Chain Design Planning and Risk Reduction with

Uncertainty. Fernandes LJ, Relvas S, Barbosa-Pdvoa AP, Paper to be submitted to an




CHAPTER 1. Research Objectivos and Contributions 19

international journal with peer review.
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CHAPTER 2. Strategic Network Design of Downstream
Petroleum Supply Chains: Single versus Multi-entity

Participation

2.1 Abstract

This chapter considers the multi-entity, multi-echelon, multi-product and multi-transportation
downstream PSC network with shared installations, resource capacities, supply sources and
demand requirements. A deterministic mixed integer linear program (MILP) is developed for
strategic design and planning of the downstream PSC network that determines optimal depot
locations, capacities, transportation modes, routes and network affectations for long term
planning. The MILP maximizes the multi-echelon total profits for the petroleum companies along
the supply, refining, distribution and retail stages. A multi-entity PSC network is considered,
involving companies’ financial participation in refineries, transportation and storage depots. The
MILP is tested with the real-case Portuguese PSC network involving production at local
refineries and supply from a regional hub. Uni-entity networks as well as multi-entity networks
with individualistic operation are modelled, presenting the current, grassroots and retrofit

designs.

2.2 Introduction

The downstream Petroleum Supply Chain (PSC) represents a major economic sector that
surmises production and delivery of petroleum products to consumers in a cost-efficient
manner. Until recent times, PSC network structures have been fairly static and scarcely
investigated due to the lack of detailed information and reduced competition. However,
nowadays competition has increased and is currently driving PSC strategic planning with a
strong focus on cost reduction. To answer to this new challenge the optimization of the supply
chain structures and resources is emerging and has been recognized recently as a topic to
explore (Al-Qahtani and Elkamel 2008; Guajardo et al. 2013). The key issue is to determine the
optimal network design using geographical information and considering long-term supply,
demand, prices and costs. Few works have addressed such problem, which constitutes a
research field with high potential. Nevertheless, some literature has been seen to tackle various

stages of the PSC, as reviewed below.

lyer et al. (1998) developed a MILP for offshore crude oilfield capacity planning and operations
scheduling to decide reservoir, wellsite, drilling and platform installation schedules and
capacities, besides time-dependent oil production rates. A piecewise linear approximation
models the reservoir performance, resource, and surface pressure constraints. Cheng and

Duran (2004) develop a dynamic programming based simulation model, that determines the
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crude oil inventory and transportation control strategies that minimize the expected total cost.
Later, Al-Othman et al. (2008) propose a two-stage stochastic model for operational planning of
crude oil production, processing and distribution to maximize resource utilization and profits.
First-stage decisions are the crude production plans, while the second-stage decisions are
refinery and petrochemicals production and shipment, storage, lost demand and backlog
quantities. Sinha et al. (2011) use multi-agents to improve the PSC performance with co-
evolutionary particle swarm optimization based on Cauchy distribution. Agents simulate
processes and negotiate to share resources and reduce crude oil inventories.

Pinto and Moro (2000) use a nonlinear model to address refinery operations’ scheduling.
Production planning considering market demands is identified for improving profits. Later, Mas
and Pinto (2003) minimize refinery operating costs using two continuous-time MILP models.
The first considers aggregated pipelines and intermediate tanks to schedule oil tankers to piers
assignment, and tanker and pipeline loading and unloading operations. The second MILP uses
the aggregate plans to schedule the loading and release of individual tanks and pipelines. Neiro
and Pinto (2004) extend earlier work with a mixed integer non-linear program (MINLP) for
operational planning of the midstream PSC considering aggregate nodes of production units,
tanks and pipelines, that interconnect refineries, terminals and pipelines. Stream flow rates,
properties, operational variables, inventory and facility assignments are determined.

Decomposition methods are identified to allow extension of time periods and scenarios.

Integrated refinery scheduling and shipment planning is proposed in Persson et al. (2005), to
transfer products by ship to storage depots while considering inventories, process schedules
and depot demands. Their method uses column generation, valid inequalities, and constraint
branching while proposing rolling time horizon, safety stocks and continuous time formulation
for future research. Li et al. (2005) develop a non-linear model for production planning of fuel
products at multi-refinery sites. This is later integrated by Kim et al. (2008) into their MILP for the
supply network and market planning. Refinery production rates, and transportation routes from
distribution centers to markets are determined while maximizing profits, these being the
difference between revenue and depot and transportation fixed and variable costs. Al-Qahtani
and Elkamel (2008) propose a strategic MILP for planning of multi-refinery networks with
process integration and capacity expansion, to minimize total costs, with deterministic
availability, crude oil prices, feedstock, chemicals, production costs and market demand. The
State Equipment Network (SEN) representation is used to model the tactical intermediate
material flows between processing units under different operating modes. Khor and Elkamel
(2010) develop a MILP using a state—task network (STN) representation to determine the
refinery process topology to produce fixed product guantities from available crude oil while

maximizing profits and minimizing environmental impacts.

The downstream PSC was first researched in Sear (1993) who presented a qualitative and
partly mathematical formulation for its strategic planning. Planning needs for logistics
infrastructure and transportation, focusing fixed and variable costs for road vehicle delivery were

discussed. Ronen (1995) identifies significant cost saving potential for transportation and
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inventory. Their set packing and set partitioning models allocate deliveries to carriers. Escudero
et al. (1999) develop a two-stage model for supply, transformation and distribution scheduling of
multi-operator multi-product PSCs considering product demand, spot supply cost and spot
selling prices. Two objectives are minimized: i) over and under supply, production and
transformation, using penalties and slack variables for excess and deficit quantities; ii)
difference between product supply, transportation, depot stock, transformation and spot supply
costs and the spot selling revenue. Capacity usage is maximized for continuous flow capacity of

pipelines, capacity blocks of ships, wagons and trucks, and the transportation time.

Relvas et al. (2006) present a MILP for pipeline transportation scheduling and inventory
management of petroleum products’ depots. Continuous-time volume representation obtain
product sequences, pumping schedules and batch volumes, that satisfy client demands, quality
controls and operating restrictions. Later, MirHassani (2008) considers a capacitated PSC
network and proposes a linear programming model for operational planning of the transportation
network between the existing refineries and depots to meet customer demand, minimizing total
inventory and transportation costs. The static modelling approach also computes inventory

shortages and excesses in the presence of transportation route capacity bounds.

Later, Cornillier et al. (2008) develop a heuristic for petrol station replenishment to determine
product delivery quantities per vehicle and route to each petrol station, to maximize the total
profit including revenue minus routing costs. Recently, Guajardo et al. (2013) develop a tactical
planning model for the downstream PSC where vendors’ contributions are maximized with
decentralized sales and distribution planning, whereas company costs are minimized with
centrally managing production, transportation and inventory planning at refineries, hubs and
depots. While total contribution is higher, the individual vendors' contribution can be
considerably lower, hence suggest contribution sharing rules to achieve better outcome for

company and vendors.

Two reviews have focused on PSC strategic, tactical and operational planning models.
Fernandes et al. (2011) review the SCM literature with insights for the PSC and An et al. (2011)
review the PSC models to adopt them for the biofuel industry. Considerable research related to
the PSC has focused on refinery planning, while recent literature show an increasing interest in
the distribution network. However, such research mainly concerns single company networks.
Business needs though, have changed and with it new multi-company PSC configurations and
logistic operator networks are arising, bringing in focus new paradigms of competition and cost
efficiency involving strategic and tactical planning. This clearly identifies network design and
tactical planning for multi-company networks as a new unexplored topic, which in our opinion
could be modelled as a single physical network however using multi-entity planning, with

important cost benefits and profit improvement for the entities involved.

The strategic MILP model proposed in this chapter is, to the best of the authors knowledge, the
first model to consider a general multi-company, multi-echelon and multi-product mathematical

formulation for optimal design of downstream PSC networks. At the strategic level, the model
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determines optimal depot locations, resource capacities, transportation modes and routes while
at the tactical level, network affectations of product volumes are determined. Furthermore, the
model considers companies’ financial participation in refineries, transport and storage depots,
while deciding the network planning. Besides the downstream network, refining, importation and
exportation are also considered as they play an important role in PSC dynamics. By considering
uni-entity and individualistic multi-entity networks, the MILP maximizes the total profits of the
entire PSC while assuming jointly-owned installations. Resource utilization and profit-sharing in
the multi-entity networks is determined for each entity by their ownership percentages in these
structures. We now present the problem description, the MILP formulation, a real-world
illustration based on the Portuguese PSC network, presenting associated MILP solutions and a

sensitivity analysis, finally concluding with proposals for future research.

2.3 Problem Description

The downstream PSC can be defined as a network of petroleum companies, which act over a
system comprised by refineries, distribution depots, transportation modes and routes that
cumulatively satisfy the retail customer demands for multiple petroleum products in various
regions under study. The downstream PSC network comprises the refining, logistics and
commercialization of the petroleum products as presented in Figure 2.1, whereas the upstream

PSC includes the activities that allow crude oil to be explored and transformed.

REFINERY / RESOURCES - PRIMARY TRANSPORT > DEPOT / RESOURCES —> SECONDARY TRANSPORT > CUSTOMERS

Figure 2.1. Downstream Petroleum Supply Chain

The Petroleum companies are the main stakeholders of the PSC network, as they produce
and/or trade petroleum crude and derivatives, transform crude into petroleum derivatives and
commercialize them to the retail segment clients. They rely on physical infrastructures, which
are wholesale markets, refineries, bulk or primary transport, storage depots, secondary
transport and retail stations. These infrastructures may be owned by a single company or multi-
company consortiums. Transportation routes are strategic to the PSC and are mainly maritime
between wholesale markets and refineries, whereas the primary distribution involves pipeline,
maritime or railway transportation between refineries and storage depots, and lastly the
secondary distribution is undertaken by pipeline, railway or road transportation between the

depots and the retail stations.

The design of a downstream PSC network involves the installation and operation of storage
depots and primary and secondary transportation infrastructures that comprise the network. The
product transportation volumes are relevant here as they determine the necessary resources
and their capacity in the network at refineries and depot installations. These resources may be

considered as grouped items such as pump stations, interfaces, vessels and loading bays or
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individualized as manifolds, arms, pumps, valves, etc. Besides the installations, the resources
also imply considerable fixed and operating costs and hence the importance of their being

considered separately.

The strategic planning problem associated with the downstream PSC network, involves
determining the logistics network topology for the distribution of petroleum products and can be
defined as follows:
Given a set of petroleum companies who produce or import a set of oil products at/from a
known set of refineries, and commercialize them to a set of customer regions through
available and possible sets of depots and transportation connections;
Determine the optimal multi-company, multi-echelon, multi-product PSC network
consisting of installation or closure of storage depot locations, connecting primary and
secondary transportation modes and routes, the storage capacities, and the allocation of
volumes for crude oil, refinery production, import and export, depot transfer volumes and
customer fulfillment;
Subject to customer demands, production, storage depot, transportation and capacity
restrictions;
In order to maximize the total network profit, comprising the oil companies’ revenues

minus the transportation and storage costs along the network.

The PSC downstream network may be broken down into activity stages comprising the refining
stage, primary distribution, depot storage, secondary distribution and the retail stage. The first
stage of the downstream PSC is the refinery, which buys crude oil on the international market
and yields the petroleum products. Here the known ex-refinery free on board (FOB) prices for
each product and the crude oil and refining costs are used to determine the refining margins.
The refineries may utilize their maximum crude processing capacity, thereby trading the product
to the petroleum companies for national consumption at the FOB price or may export the
product at the wholesale market price, in which case the refinery must support the cost,
insurance and freight (CIF) charges to a central wholesale market hub. One such example is
the European hub at the Amsterdam-Rotterdam-Antwerp (ARA) refinery cluster in the
Netherlands. The product once exited from the refineries is under the ownership of a petroleum
company and will stay so until the retail stage. Local and foreign refineries may be considered,
whereby foreign refineries are allowed to import product, nevertheless they may not export

products. Local refineries, on the other hand, are free to supply locally as well as to export.

The petroleum companies purchase petroleum products from the refineries at the FOB
wholesale market price and transport the product up to a petroleum storage depot of
convenience in the country. This first transport activity is known as the primary distribution,
which involves the refinery to depot and inter-depot transportation, and is generally undertaken
using pipeline, maritime or railway transportation mode, since large volumes are involved. The
inter-depot transportation for specific product transformation related activities may also be
carried by road using tank trucks, as in the case of liquefied petroleum gas bottle-filling,

common in southern Europe and other parts of the world. The petroleum companies may also
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import the products from the wholesale market hub where again the FOB prices are considered

and the companies will support the CIF charges up to the depots.

The petroleum storage depots comprise an important stage of the PSC where these depots are
allowed to receive the product from local, regional or international refineries on behalf of the
companies and will hold the product at their storage facilities until the product is expedited by
the petroleum companies to their retail clients. Depots are considered as shared resources by
the companies and the stored product is under the ownership of each company. Here, the
product is stored in vessels, which are configured using typical vessel capacities that may vary
according to the product. The depots are also characterized by the number of vessel rotations
per product, which is the number of times a product vessel is refilled in a year. The depots need
to be rightly dimensioned in order to maximize the number of rotations within a given inventory
management policy, thus implying reduced relative fixed costs, thereby resulting in higher

efficiency.

The secondary distribution stage involves the petroleum products transportation from the
storage depot to the petrol station or customer zone. This transportation is normally undertaken
by road using tank trucks, where the travelling distance and travelling time are determinant to
the route profitability. Occasionally, this distribution may also be undertaken using pipeline or
railroad transportation, when large volumes are transported to a specific destination, as in the

case of Jet Fuel to airports.

Finally, the retail stage comprises of petrol stations, factories, airports, and hospitals, which
supply the final consumer. The retail segment receives the product by tank trucks, stores the
product in local tanks and sells the products to the end-user, recovering a profit margin from this
retail commercial activity. These retail stations may be company owned company operated
(COCO), company owned dealer operated (CODO) or dealer owned dealer operated (DODO).
Hence based on their vertical integration, the petroleum companies also receive a profit share

from the retail activity in addition to a defined product sales margin.

As known, demand curve fluctuations are norm in PSCs, hence the network design must be
flexible and adapt over time in order to stay profitable. Yearly operating costs amounting to 20%
of the installation cost, can be greatly reduced by re-dimensioning networks. Being a strategic
model, the optimal network designed, considers the customer demand for a long time horizon
aggregated for large time periods. However, demand previsions may change, leaving some
installations with excess capacity and others short. The model's retrofit design capabilities
permit the determination of location and capacity expansion or closure by performing
subsequent runs with the changed data. Demand uncertainty management could be modelled
with periodic inventory planning, which although not considered in the current model, is
identified for further research. Another important aspect is the duration for transportation and
product reposal. Specifically, if product pumped into a pipeline requires 36 hours to arrive and 8
hours to repose at the destination depot, the product would be released after 44 hours.

Although these can have significant impact on the PSC network capacities, they are more
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relevant in terms of operational planning and thus lower decision levels and shorter time
horizons. By using a capacity fill factor as a design parameter, we allow for an additional
capacity buffer to cover the time delay between the product supply and availability at the
demand location. Integrating operational planning with time constraints, although not addressed

in this chapter, is considered for future research.

The PSC as described above results in the product price formation that is synthesized in Figure
2.2, the PSC value chain. The current study includes all costs, prices and margins at the various
activities of the PSC, with exception to the crude price formation, the petroleum excise tax and
the value added tax. Also, in this study, the petrol station costs are not broken down into retail
station costs and dealer margin but considered aggregately as a service. Cross-country sales

and taxation policies are identified as an opportunity for future study.

Activity Stages Exploration costs .
=Crude Oil Spot

t+Production costs

L N Price
Crade Ol +Maritime transport
t+Refinery costs =Refinery Spot
t+Refining margin Price
Refinery 9 g
t+Primary transport costs ) .
C. ) =Primary Spot Price
Heoll #Primary transport
Pipeline

t+Storage costs )
~Rack Price

Sy

’ +Storage margin
Storage Denot

+Secondary transport

)

=Tank Wagon Price

Tanker Trunle  COStS

tRetail station costs

b

~Retail Price

Fetrol Station  [FDealer/Operator margin

Figure 2.2. PSC value chain

The above division of the PSC together with the petroleum products price formation is the basis
for the development of the structure of costs, tariffs and profits as well as the strategic and
tactical planning model. In this study, all downstream activities including purchase of crude ail,
refining, sale of product to petroleum companies, delivery of product, and the retail segment

commercialization are modelled following a set of assumptions.

2.4 Problem Representation Assumptions

In this section we provide the assumptions taken in consideration when developing the
mathematical model. These translate how the real problem is tackled and thus represented in

the proposed model formulation. The key idea behind the assumptions presented bellow is to
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effectively represent a general real PSC, maintaining flexibility for the design and planning of

different networks.

The PSC network considers multiple companies, echelons, products and
transportation modes;

Uni and multi-entity PSC networks are modelled for existing, grassroots and retrofit
scenarios;

Refinery locations, capacities and yields are given and may not be changed;
Transportation may be undertaken using pipeline, maritime, railway or by road;

New depots and transportation resources including pipelines, rail stations and
maritime docks may be installed at refinery and/or demand nodes or between them;
Existing storage depots and transportation resources and capacities may be
increased or reduced by considering the capacity for operation or closure;

A fixed flow rate and rotation is considered per depot, transportation resource and
product;

Storage vessels located at depots are configured with typical capacities and rotations
per product;

Company participation percentages in existing refineries, storage depots and
transportation facilities are known and will remain unchanged under the scope of the
time horizon modelled;

Company participation percentages in new infrastructures will follow market quotas;
Depots and transportation resources are shared by owner companies;

Company participation percentages define the installed and operating resource
capacities per entity and product;

Deterministic customer demand is known and may be grouped by district or
municipality capitals and may be converted on the required time basis, such as on
yearly or monthly basis;

Refineries import crude oil, and supply derived products to depots, or may export
derived products;

Refineries as well as depots may import derived products;

Any exportation/importation action is considered as a trade to/from a region/refinery
located outside the boundaries of the region modelled;

Several refineries and transportation modes may supply a storage depot which then
supplies the product to various customer zones;

Fixed, variable, installation and operating costs are known per resource type while
crude oil and product prices are considered per echelon and period;

Bottle-filling of liquefied petroleum gas and excise and value added taxes are beyond

scope.



CHAPTER 2. Strategic Network Design of
Downstream Petroleum Supply Chains: Single versus Multi-entity Participation 29

2.5 Mathematical Formulation

The problem as defined in section 2 considers the strategic and tactical planning for the PSC
aimed at defining the PSC multi-entity and multi-echelon network design and transfer volumes
for an existing, a grassroots and a retrofit network. Individual revenues and costs for competing
entities in a shared network must be computed. To achieve that, a MILP model is developed
that maximizes the multi-echelon entity profits, which correspond to the aggregation of the profit
margins along the supply chain. At each stage of the PSC value chain presented in figure 2.2,
are calculated the stage costs, tariffs, prices and profits, which are aggregated to give the total
PSC profits. Total costs include individually the crude supply and refining, importation,
exportation, storage, primary and secondary transportation and the unsatisfied demand costs.
Fixed tariffs per unit volume of product are assumed for the refining and retail activity stages.
The MILP uses these costs, tariffs and final product prices at each activity stage to design an
optimized PSC network that consequently reduces the individual activity costs, resulting in lower

amounts of tariffs, and hence increased entity profits.

The remainder of this section presents the MILP formulation in detail explaining the notation

used, the network constraints, the objective function and lastly the pre-processing.
2.5.1 Notation
2.5.1.1 Sets/Indices

aceA set of petroleum supply chain activity stages A={CRUDE, REFINING,
IMPORT, EXPORT, PRIMARY, STORAGE, SECONDARY, RETAIL }

ceC set of product characteristics, C={ DENSITY, TYPICAL_M3}

deD set of route characteristics, D={ DISTANCE, DURATION }

g,eleE set of petroleum entities/companies E={E1, E2, ..., EN },

geG set of GPS coordinates, G={ LATITUDE, LONGITUDE }

noeN set of all nodes,

peP set of products P={ P1, P2,..PN },

rrleR set of resources including services and equipment, R={IMPORT, EXPORT,

RETAIL, PIPELINE, MARITIME, RAIL, ROAD, REFINERY, DEPOT,
VESSEL, PUMP, INTERFACE, DOCK, STATION, ARM}

teT set of time periods, T={1,2,..N}
veV Set of costs,
V={TARIFF,FIXED,FIXVAR,OPERATING,OPERVAR,UNITARY}

yeY set of amortization periods, Y={1,2,...,.N }

2.5.1.2 Subsets /Indices

ielcN set of refinery nodes,
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ILc | set of local refinery nodes which are allowed to export,
jeJcN set of depot nodes,
keKcN set of customer nodes,
m,mle M c R setof transport modes, M={ PIPELINE, MARITIME, RAIL, ROAD }

2.5.1.3 Subsets unions / Indices

heH=1UJ

set of refinery and depot nodes,

leL=JJK setofdepot and customer nodes,

2.5.1.4 Parameters

BN
BQ
HPP
MNA
NCR
ND
NFF
NR

TPP

Fn‘g
§k,p,e,t

gi,p
P,

77n,o,r,e

K,
Krnm,n,r,y,p

MD.rys

Kfm,n,r,y

big number for number of resources,

big number for product volume,

hours per period,

maximum number of amortization periods,

number of secondary routes in concentration set,

maximum number of depots,

fill factor in percentage,

GPS coordinate degree to radian conversion coefficient for distance
time aggregation in period, TPP=1 for monthly data, TPP=12 for yearly data,
operator margin percentage per activity a,

GPS (global pointing system) coordinates g for each location node n,
customer demand in m2 at customer node k, product p, entity e and period t,
fraction yield of product p per unit measure of crude oil at refinery i,

price of product p after activity a (Crude, Ex-refinery, retail) at time t,

capital participation percentage by entity e in resource r between nodes n,0;

consider r = m in case of transport mode and n=0 in case of depots,

number of completed amortization periods y for each existing depot at

existing resource units per transport mode m and product p, per resource r at
refinery or depot n, per completed number of amortization periods vy,

existing resource units per product p, per resource r at refinery or depot n,
per completed number of amortization periods y,

existing resource units per transport mode m, per resource r at refinery or

depot n, per completed number of amortization periods vy,
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Ktn,o,m,y

:Un,o,m

number of completed amortization periods y for existing transport
infrastructures between n,o for mode m; road routes are considered as
travelling distance between any two nodes (n,0) including refineries, depots

or customer zones, using transport mode m. The condition (h,|,m)53,uh|mis

used to indicate tuples (h,m) with available routes referred by travelling

typical capacity of resource r for transport mode m and product p,
typical capacity of resource r associated with product p,
typical capacity of resource r associated with transport mode m,

crude processing capacity at refinery i in m3 per day,

maximum permitted distance for activity a by transportation mode m for the
petroleum product p; example: fuel-oil transportation by pipeline,
characteristic ¢ per product p, e.g. density,

number of vessel stock rotations per product p,

cost component v for resource r independent of product, example pipeline,

cost component v for resource r dependent of product p, example vessel,

market quota per entity e,

2.5.1.5 Binary Variables

The binary variables determine the strategic decisions where the prefix | indicates decisions for

installation of depot locations and the transportation routes, the prefix O indicates decisions for

their operation, and finally A associates products to routes. It is assumed that these variables

once selected (installed or operating) will stay selected in all periods.

APh,j.m‘p
A'S J.k.m,p
D,

I Toen

OD;

OT.on

1, if primary route from refinery ordepot h todepot j with transport mode m is available for product p
0, otherwise

1, if secondary route from depot j to customer kwith transport mode mis available for product p
0, otherwise

1, if depot jistobe installed

0, otherwise

{1, if route usin gtransport mode m is tobe installed between node n and node o
0, otherwise

{1, if depot jistobe operated
0, otherwise

1, if route usin g transport mode m is tobe operated between node n and node o
0, otherwise
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2.5.1.6 Integer Variables

The integer variables determine the depot capacities. The | variables determine the installed

resources, which include those already existing and defined in the K parameters above. To

save costs, existing resources may be closed, hence resources strictly required to operate are

determined by the O variables. A positive difference between corresponding | variables and K

parameters provides the number of new resources to install, whereas a positive difference

between | and O resource variables provides the number of such resources to close. Capacity,

once installed is assumed to be constant along all periods of the time horizon.

IRAn,n,r
IRM

mnr,p

IRP

nr,p

ORAn,n,r
ORM

mnr,p

ORP

nrp

number of resources r to install per transport mode m at each depot node n,
number of resources r to install per transport mode m per depot n for product
number of resources r to install per depot n for product p,

number of resources r to operate per transport mode m at each depot node n,

number of resources r to operate per transport mode m per depot n for product

number of resources r to operate per depot n for product p,

2.5.1.7 Positive Variables

These are tactical time-dependent decision variables which determine the product volumes (Q)

at various activity stages, nodes and operating routes of the PSC.

QCR;
QB

Qlj per
QR imper

QRi,p,t
Qsj,k,m,p,e,t

QU k,pet

volume of crude processed by refinery i, in period t,
volume exported by refinery i of product p in period t,
volume imported by depot j of product p and entity e in period t,

primary distribution volume transported from refinery/depot h to depot j using
transport mode m of product p by entity e in period t,
planned production volume per refinery i of product p in period t,

secondary distribution volume transported from depot j to customer zone k
using transport mode m of product p by entity e in period t,

unsatisfied demand volume per customer Kk, for product p, entity e and period t,

2.5.1.8 Continuous Variables

The following continuous variables determine the sub-values of the objective function.

Pr ofit
CDFDM
CDG,,

objective function = total PSC profits,
depot fixed costs for depot h in period t,

depot operating costs for depot h in period t,
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CDU depot unitary costs at depot h for product p, for entity e in period t,
h,p.et
CE, exportation costs per refinery i, product p, entity e in period t,
i,p.et
Cl importation costs per depot j, product p, entity e in period t,
jpet
CRFDh depot resources fixed costs for depot h in period t,
|t
CRO depot resources operating costs for depot h in period t,
hit

CTFDn,,m: transportation fixed costs between nodes h,l for transport mode m in period t,
CTOn,,m,: transportation operating costs between nodes h,l for transport mode m in

CTUnimpet transportation unitary costs from nodes h,l for transport mode m product p in

|\/|Lk retail margin per customer location k, product p, entity e in period t,
et
MR, refinery margin per refinery i, entity e in period t,
et
storage depot tariffs at depot h for entity e in period t,
TDE, .,
TTE transportation tariff between nodes h,l for transport mode m for entity e in
h,l,met

2.5.2 Constraints

The model considers various constraints that govern the installation, operation and capacity
requirements of depots and transportation infrastructures. Moreover, volume balance equations
secure the production and transportation volumes at each PSC stage, thereby influencing the

strategic decisions for the PSC.
2.5.2.1 Volume balance equations

Refinery mass balance: The various volume balance equations pull the final customer demand
to higher stages, thereby determining the crude oil necessary for refinery production. The crude

processed at each refinery and period QCP,, is restricted by eq. (2.1) to its crude processing

capacity L. Besides, each refinery has a known fractional yield, which determines the

petroleum product volumes obtained from a unit measure of crude oil. Consequently, eq. (2.2)

restricts the refined volumes QR, ,, derived per refinery, product and time to the processed crude

QCP, . multiplied by fractional yield €i,p .

QCPi,tspi’ Viel,teT (2.1)
QRi,p,t SQCPi,txgi,p’ Viel,peP,teT (2.2)

Secondly, for each refinery, product and period, the sum of the refined volume QRi,p,t and the

sum of the import volumes for all entities >’ __Ql,,.. is enforced by the import/export balance
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equations eq. (2.3) to equal the sum of the total traded volumes Z _

(J,m):EI‘ui‘jvm,esEQpivjvmvpvevl and the

total exported product QE, .. The condition expressed in the summation of the first term of the

right hand side of equation (2.3), (h,l,m);aluhlm, implies summations only over tuples (h,l,m)

present in available routes L/

QRip‘_'_ZQIipet_ z Q Limped QEieILpt’ ViEI,pEP,tGT (23)

I3, ;e

Product exports: Exportation of surplus production QE; .. is permitted by constraints (eq. 2.3)

above. However, it is sometimes required to study the network from the importation perspective
or to analyze the network for a single country or region. This is achieved by prohibiting

exportation to refineries other than the local ones i« ILas enforced in eq. (2.4).

QE, . =o Vi IL (2.4)

Individualistic operation: Entities may only distribute products through self-owned or partially
owned depots and may not exceed the volume determined by their participation. While the
participation in existing depots is known, the percentage participation per entity for the new
depots is assumed to be equal to the market quota. Eq (2.5). enforces this for existing depots,
where the total secondary volume supplied by depot k per entity, transport mode, product and
period, may not exceed the product of the number of operating vessels, the vessel flow capacity
per hour and the percentage participation of the entity in that depot. Eq. (2.6) enforces the entity
capacity limits for newly installed depots.

QS (2.5)
wSORP % «TPPxp |
(k,m)%ljkm a)rnm’p jrp a)r,p UJ,,,rl,e
Vjel S /APRLE M,reR,rl=DEPOT,pePA(r,p)c Qpryp,ee EteT
QS’k t (26)
— 2 <ORP,, , X xTPPx (",
(k.m)gﬁ:li‘k‘m amm,p O jrp @r,p é/e

‘v’jEJANOTnjjrle,meM,reR,r1=DEPOT,peP/\(r, p)cﬂ)rp,eeE,teT

Storage Depot balance: In either case, the depot must fulfill the secondary distribution demand
coming from the customer balance equations. The PSC may be modelled as a direct

transportation network as presented in Figure 2.3 or a routed network as shown in Figure 2.4,

=

Figure 2.3. Direct Refinery-Depot Figure 2.4. Inter-depot transportation
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Constraints (2.7) enforce this for the direct network. At each period, the sum of primary volume

received by each depot QP, ;. ... and the imported volume QI; .. terminating at the depot
must be equal to the sum of the secondary distribution volume QS;, ., ... originating from that

depot. In this case, the depot receives product from the refinery and supplies directly to the

customer.
z QI:)h t+ZQI' t: Z st ¢ VjEJ,DEP,EEE,teT (27)
(hetm3gy dmpet e E Ipe (mg, juk,m,pe

The model can be easily altered to handle routed networks. This could be particularly relevant

for big multi-country networks. In this case, eq. (2.7) will be rewritten as (2.8) and (2.9). Eqg. (2.8)

is the same as eq. (2.7), except that they are only valid for refinery located depots jcl . Eq.

(2.9) is only valid for non-refinery depots | , In which case, the right hand side must add

primary distribution volumes ... exiting the depot.

. . 2.8
> QPhijmvpveyt+gE:Q|]_YW: > QSj,k,m,p,e,t’ VielJajcl,peP,ecEteT (2.8)

(hcl,m):a/uh‘j.m (k,m):ﬂluj.k‘m

> QPh‘j,m‘p‘e‘l*—ezEQlj,p,e,‘: > QPj,h,m,p,e,t+ > QSjvklm‘p‘e‘t,VjeJ/\jal,peP,eeE,teT (2.9)

(hcl,m)ﬂluh‘i‘m € (hnzl‘m):ﬂ'ul‘hm (k,m)ﬂlujvk‘m

Customer Demand balance: At the retail activity stage, the satisfied demand is enforced by

equations (2.10) to be equal to the sum of the demand J«,p.er minus the unsatisfied demand
QU, ,.. for each customer zone, product, entity and period, which is the sum of the secondary

distribution volumes QS;, ., ,..coming from all depots and transport modes.

y m)'%:z (DSJ_’k‘m‘p‘e‘t =5k,p,e,t—QUk’p’e’t, VkeK,peP,ecEteT (2.10)

2.5.2.2 Transportation network

Transportation route retrofit installation: Transportation restrictions play an important role in the
selection of transport modes and routes. The transportation network comprises of the primary
and secondary distribution where the former transports the petroleum product from refinery to
storage depots and the later transports the product from the depot to the petrol station or
customer zones. All strategic decisions regarding transportation installation and operation are
made considering a single network whereas the tactical decisions of transported volumes are
modelled distinctly per entity. Retrofit design is considered, hence existing transport routes and
capacities are installed as enforced by constraint (2.11).

D Ktuimy < 1T himx BQ, VheHleLmeMa(hlm:3y —  (211)

yeY

However, an existing route may be closed (not operated). Hence, constraint (2.12) enforces that

only installed routes may be operated.
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OTun<ITww vheHleLmeMa(lm:3y (12

Distribution route operation: The primary and secondary distribution volumes activate primary
and secondary product allocations on transportation routes as in egs. (2.13) and (2.14).
Constraint (2.15) enforces that product allocations are made only to operating routes. For each
product, a route between two nodes will use at most one transport mode, which will be selected
either for primary or for secondary distribution. Eqgs. (2.16) implement these cuts, thereby greatly

reducing the model size and time. It is assumed that the route once selected will be operating in

all periods.
ZZQPhjmpetSAPh,;,m,pXBQ’ VheH,jeJ,meMA(h,j,m):aﬂhjm,pep (2.13)
ecE teT e h
ZZQSjkmpetSASjkam‘prQ, Vield,keK,meM /\(j,k,m):Ellujkm,peP (2.14)
ecE tel R 'Y
APh,|,m,p+ ASh,I,m,pSOTh,I,m’ YheH,leLmeM /\(h,l,m):EIluhvlvm,peP (2.15)
Y (AP, 0o AS )<t wheH,leLalal, peP (2.16)

meM

The transportation network equations are created only for available routes (h]lym);alu .
hl,m

2.5.2.3 Storage Depot Capacities

Installation, operation and sizing of resources: The main focus of strategic decisions at the
storage depots, is the installation, operation and capacity modelling of resources. Resources
are typified as dynamic or continuous flow equipment having a typical flow capacity in cubic
meters per hour as in the case of pumps and arms; and static or non-continuous flow equipment
with typical volume capacity as in the case of storage vessels. The later are characterized by
number of capacity rotations which in the case of vessels is the average number of times it is
refilled per period. The model is provided with the typical capacity of resources related to

transport mode (e.g. pipeline) in &rm,r, those related to transport mode and product (e.g. arm)

in @, and those related to product (e.g. vessel) in Hpr,p. Constraints (2.17), (2.18) and

(2.19) therefore determine the resource units needed to operate per depot, transport mode
and/or product based on the transport volumes. Here, the product volumes transferred from the
depot per period must be less than the installation’s

Z Z ZE:QPh,j,m‘ pet * k;a% Z ZQSh,k,m‘ pet

ji P ec P ecE
],Sﬂh jm P hk.m P

operating resource capacity which is the product of the resource units ORAm,h,r, the resource

capacity & and the hours per period HPP . In the case of product dependent static
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ORP..,

resources , this capacity is augmented by dividing the transfer volumes by the

number of resource rotations @M.

> ZZQPNW‘M > ZZQShkamvpye‘[SORAﬁh.rxa‘mxHPP, vmeM,heH,reRteT,(mn):34,  (2.17)
kﬂ/_l

. PecE PecE
J.allh‘]‘m pe < h.k,m pe <

> ZQPthpet+ > Z“QSMmpﬂsOR]\Amm‘pxa'nm‘r‘pxHPP,VmeM,heH,reR,peP,teT,(m,r,p):EIa'nmp (2.18)
E k-qﬂhk‘mesE

&
B0t

QPh'm et Qshkm et
DI I LT ZﬁgORphvrvpxﬂijTPP,vheH,reR,peP,teT,(m,r,p):Hﬂ)rvp (2.19)

(J‘m):E/[MmeQE a)fT'Im,p (k‘m)ﬂ#"km%E m,p

As expected, resources may only operate if installed as enforced by constraints 20, 21 and 22.

ORA... < IRA... vmeM,heH,reR,mr):3¢r, (2.20)
ORM nhepS IRM s vmeM,heH,reR,peP,(mr, p):Elgmmp (2.21)
ORP..,<IRP,., vheH.reR,peP,(r.p):36p, (2.22)

Equations (2.17), (2.18) and (2.19) above determine the resource units to operate and
consequently their installation through (2.20), (2.21) and (2.22). Retrofit design guarantees the
installation of the existing resources through (2.23), (2.24) and (2.25). A positive difference

between installed IRAmnr and existing ZerKfm,h,r,y resources gives the number of new

resources to open and a positive difference between the installed IRAmnr and operating

ORAnnr resources gives the number of such resources to close.

Zyl(rm,h,r,ys IRA... vmeM,heH,reRteT,(mr):36, (2.23)
ye
2 KMuneys < IRM mnror vmeM,heH,reR,peP,teT,(mr,p):36M,,, (2.24)
yeY
ZY‘,KI%WS IRP:.. o vheH.reR pePteT(mr,p):360 (2.25)
ye

Eq. (2.17) through (2.25) are defined per depot for transport mode, resource and product
combinations defined in the resource capacities &m’r, Qmmyr‘p and ﬂ)r’p. The operating

resources determined above require that the source depot be operated. This is enforced by
constraints (2.26) up to (2.28).

ORA...<OD,*Ns, vYmeM,heH,reR (2.26)

ORvahyrvaOth NB, vmeM,heH,reR,peP (2.27)

ORP,,,<OD,xNB8, vheH,reR peP (2.28)
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Furthermore, constraints (2.29),(2.30) and (2.31) enforce that resources are installed only in

installed depots.

< x NB, vYmeM,heH,reR (2.29)

hr h
IRM ..., < 1D, % NB, vmeM,heH,reR,peP (2.30)
IRP.,,<1D,xNB, VheH,reR,peP (2.31)

Storage Depot installation and operation: Secondary distribution volumes obligate that the

originating depot be operating as enforced by constraint (2.32).

2 2 Q5. <ODxBN, vheH (2.32)

(h,k,m)ﬂ/,[h‘k‘m peP ecE teT
Moreover, existing and operating depots must be installed as enforced in constraints (2.33) and
(2.34).

ZI(dh,ySIDh’ VheH,er,(h,y):Hth’y (2.33)

yeY

OD;<ID;: Viel (2.34)

Total depots: Finally, constraint (2.35) imposes an upper bound on maximum installed depots.
2. ID;<ND (2.35)
jed

The constraints presented here provide the feasible solutions wherein the optimal solution is

determined by the objective function presented in the following section.

2.5.3 Objective Function

An important feature of this MILP model is that it considers various entities along the PSC,
thereby adding to its complexity but also utility in that it can design and analyze the PSC
network under distinct business settings. Such a network design has three interesting
challenges. The first is to analyze various business partnership strategies between the entities
and operators. The second is to define an imputation model for the product, operator and
service costs among the various entities. Finally, the third is to develop a model that maximizes
the total network profits while providing some considerations for optimizing individual entity

profits.

The first problem is considered using an individualistic or non-collaborative strategy. Here, the
petroleum entities are in strict competition with each other thus may only use the capacity
determined by their percentage financial participation in self-owned or partially owned
structures. Current and retrofit networks consider existing infrastructures. The fixed, operating
and unitary costs are calculated per infrastructure and resource and imputed to the product

owner entities based on the transported volumes. The fixed costs are amortizations per
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equipment which are imputed only in non-amortized periods. The operator tariffs are then

calculated by adding an operator markup «” defined per activity, to the abovementioned costs.

The cost structure allows the definition of an activity as an entity-owned infrastructure or as a
service. In the first case, the fixed, operating and unitary costs must be defined while in the later
it would suffice to define only the unitary tariff. Typically, depots and pipelines are entity-owned
while maritime, railway and road transportation are considered as services. Nevertheless,
installation and operating costs with resources required at the originating depots or refineries

need to be considered.

Another innovation of the MILP is the computation of petroleum company earnings along the
supply chain that is determinant to the resulting design of the PSC network. Although the model
can design a single network maximizing individual entity profits, a key advantage is the
possibility to design and optimize a multi-entity PSC network, including various entities and
logistic operators. Here the main difficulty is how to distribute the fixed installation and operating

costs that are calculated per installation and must be allocated per entity.

The fixed and operating cost allocation per entity could follow either of three criteria: using
market quotas; infrastructure capital participation quotas, or a flat fee. The flat fee criteria for
fixed cost allocation could negatively influence the utilization of a participated infrastructure that
generates good returns. Here, an entity with significant participation in the capital and
alternative logistic options could tend to lower its utilization to reduce the imputed fixed costs,
while simultaneously taking advantage of the infrastructure generated profits due to its
participation in the capital. In contrast, a harmonious design could be expected if the market
guota is used as criteria for fixed cost allocation as the model would thus generate solutions
where expedited volumes would follow market quota distributions and not be inversely biased
by the capital participation. Finally, the capital participation criteria could result in increased
entity tariffs if lower volumes were transferred through a depot, and inversely reduced tariffs if

were transported higher volumes than their market quotas or capital participation.

The current model distributes the fixed, fixed variable, operating and operating variable costs,
based on the market quota and affects the unitary costs directly to the entities as per the
expedited volumes. The model assumes market quota defined globally per entity, however it
can be easily modified to consider the market quota per customer zone and per product. The
market quota may be calculated based on planned volumes per entity or on the basis of
statistical market data. The entity participation in current depot and transportation infrastructures

is assumed to be known.

The model maximizes the PSC global profits being the difference between the total revenues
and the total costs computed per stage and per entity. Entity profits are individually accounted
as the constraints force the entity distribution planning to be performed in competition.
Furthermore, the customer demand volumes are given per entity and per product, hence all the
volumes, revenues, costs and consequent margins for refining, retail, importation and

exportation are calculated individually per echelon node per entity, and whenever possible per
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product. Allocation of profits and costs to entities is important to obtain various insights for the

calculation of individual profits, costs and tariffs.

Eq. (2.36) provides the objective function that maximizes the total PSC profits, which is the

aggregation of six terms: the refinery margins MRie; minus the exportation costs CEip., the
importation costs Clj,..; plus the retail segment margin MLk pet minus the transportation tariffs
TTEnime: and the storage depot tariffs TDEj:. The objective function terms are hereafter
described in full detail.

> Y MR -SESCE,,. -SY3Cl,,..

- -M iel teT iel peptel jed pepteT
Profit =Ma ) s s S ML ¥ STTE.. SYTDE,.

keK peP teT (h"’m)ﬂﬂm teT jed teT
m

(2.36)

2.5.3.1 Refinery margin (MR)

Each refinery produces derivatives that are either traded to the petroleum entities for local
consumption or exported when production is surplus. Hence, the refinery margin given by eq.

(2.37) is the difference between refining revenue: product of the refined volume and the

REFINING v=t
difference between the ex-refinery price #rt and the refining costs P reriervp ; and the

CRUDE
crude oil supply costs given by QCP; X Pesuve: | This margin is distributed per entity based on their

REFINERY

participation percentage 7iie  in the refinery capital.

REFINING v=t CRUDE REFINERY
MR :[;QRi,pt(wm &’r-REFINERVD)QCPi,tchRUDEthni,i,e vieleeEteT (2-37)

2.5.3.2 Exportation costs (CE)

As inventories are not considered, assuming a lean supply chain, excess production not traded
to entities for national consumption, is considered to be exported. This implies an exportation
cost, which is the product of the export volume and the unitary export tariff and the entity
participation as given in eq.(2.38). The export tariff is the cost of insurance and freight for

transporting the product to the nearest wholesale market hub.

REFINERY

v=t
— i P | 2.
CE per QEi,p,tXé:Pr=Expom,pX77 , Viel,peP,ecE,te (2.38)

iie

2.5.3.3 Importation costs (Cl)

Refineries and depots may import product that can be economically sourced from refineries
external to the network. Also, product volumes that are not economically viable to produce due
to the refinery yield of product mix or capacity restrictions, may be imported. Importation costs
are computed as per Eq. (2.39) being the product of the import volume and the cost of product

insurance and freight (CIF). The later is the sum of the ex-refinery or wholesale cost of product
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and the unitary importation tariff for transporting the product from the nearest wholesale market
hub.

B REFINING v=t . 2.39
Cliper = Ql j,p,e,tx(¢p,t + §Pr_IMPORT,p)’ Vjel,peP,ecE,teT (2.39)

2.5.3.4 Retail Margin (ML)

At each customer zone and period, the product supplied by an entity is the customer demand
less the unmet demand; the unitary retail value is the difference between the retail price and
retail tariff, and the supply cost is the supplied product evaluated at the product’s ex-refinery
price. The retail margin per customer location, product, entity and period is given by eq. (2.40)
which is the difference between the product of the supplied product and the unitary retail value

and the product supply cost.

REFINING

RETAIL V=t
MLk‘Pxev‘ :(ékvpyeyl_QUk,p,e,[)(wp,l _aDr:RETAILp)_ z QSj,k‘m,p,e‘tx¢p.t ! Vke KY Pe P,EE Eﬁt €T (240)

(j‘m):ayt.k.m

Unsatisfied demand cost: The cost of unsatisfied demand is already considered in eq. (2.40) as

the unmet demand implies lost revenue.

2.5.3.5 Transportation tariff (TTE)

The transportation tariff which is payable by the product proprietor is computed in eq. (2.41) per

transport route, mode, entity and period. This is the sum of the unamortized fixed costs

CTFD“'W, operating costs CTOnimt angd unitary costs CTUnimpet which is then indexed by

TRANSPORT
the operator margin ¢ percentage. In the case of secondary transportation, which is

realized by road, the installation and operating costs are not incurred, however the formulation

permits all transportation modes. Tariff components are calculated only for available transport

(hhm):3g,

routes and modes

e - (1+aTRANspoRr)X[gex(CTFDhIm+CTohvlvmvl)+ YCTU h,l,m,p,e.x} vheH leLmeMa(nlm:dy, ecEteT (2.41)

The installation of a transport mode between two nodes incurs a fixed installation cost, its
operation incurs a fixed operating cost and the volumes transported will incur a linear variable

cost. Eq. (2.42) determines the fixed installation cost where the binary expression

Toim— Zm,.my gives the difference between installed and existing routes and is true only for
yeY

new and existing non-amortized routes. The second term Zkth,|,m,y with the condition
yeY

teTAt<MNAAY+t>MNA js true only in the amortized periods. Moreover, the route installation



CHAPTER 2. Strategic Network Design of
42 Downstream Petroleum Supply Chains: Single versus Multi-entity Participation

v=f v=fv
cost is given by éng T Hhim Xme which is the sum of the fixed installation cost and the

fixed variable installation cost per kilometer multiplied by the route distance.

CTFDhV,Im”l:[IThvlvm-ZKthlmyj( “ep Xﬂf”) VLM teT AtSMNAAY+t> MNA (2.42)
yEY va "m

Secondly, an operating route incurs a fixed operating cost as in eq. (2.43). This is calculated per

available transport route, mode and period, as the sum of a fixed operating cost ¢Rn ~and the

product of the route distance and its operating cost per kilometer u,,,x&R,*", for operating

routes OTh,l,m .

CTO,mi =0Ty m X (‘fRXf" + U, X gRXfOV) v(him):3 el (243)

Finally, the volume dependent unitary transportation cost given by eq. (2.44), is the product of
the transported volume (primary and secondary), the route distance and the unitary cost per

product and transport mode.

CTUh,I,m,p,e,t = (QPh,I,m,p,e,t +Qsh,l,m,p,e,t )X ﬂh,l,m x rxz;’ V(h, I ’ m) : EI/Llh,I,m’ p € Pae € E,t ET(244)

2.5.3.6 Storage Depot tariffs (TDE)

These are modularized so resource capacities can be added as needed by transported
volumes. Transporting volumes through a depot incurs fixed installation and operating costs
related to the depot; fixed installation and operating costs concerning the depot resources and
variable costs related to the transferred product. The decisions: install a new depot only implies
the fixed installation cost; operate the depot adds a fixed operating cost; transport product
volumes through a depot adds the resource capacity fixed and operating costs and a unitary
cost linearly dependent to the transported volume. Inversely, an installed depot does not
obligate its operation, neither installation of capacity resources nor transfer of volumes. Such
decisions result from the objective function. The product owner entity pays the depot tariffs as
per eg. (2.45). This is calculated per depot and period, by indexing with the storage percentage
margin, the product of the entity market quota and the sum of the depot fixed and operating

costs, resource fixed and operating costs plus the depot unitary costs.

TDE, . = ﬁJraSTORAGE)X[;eX(CDFDh‘(+CDOM+CRFDM+CROM)+ ;CDU hp,el]‘ VheH,ecE,teT (2.45)

Likewise eq. (2.42), the depot fixed installation cost is calculated in eq. (2.46) only for periods

where the installation costs have not been amortized. Parameters fRperor defines the depot

fixed installation cost and the binary expression |D, —Zy o Ky gives the difference between
. :
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installed and existing number of depots and is true only for new and existing depots in the non-

amortized periods.

CDFD,, = [ID y thijanEPOT, VheH,teT At<MNA (2.46)

yeY,(y+t)>MNA

An operating depot incurs a fixed operating cost per depot node and period, as per eq. (2.47),

which computes the fixed depot operating cost only for operating depots.

CDQ,, =0D, x&Rogrom VheH,teT (2.47)

The costs for installing and operating storage resources are considerable. Resource installation
incurs additional fixed and operating costs for the required number of typical capacity resources.
The fixed cost calculated per installed resource is imputed to the product proprietor entity by
inclusion in the tariff. These are only incurred if the resource has not been amortized in that
period. This cost is calculated per entity as the product of the number of installed resources per
depot and a fixed resource installation cost, defined per resource or per product. Eq.(2.48)
computes the fixed resource costs payable by the product proprietor.

CRFDM :;[IRA“J’\V Z’(rmhry]éRv f

yeY a(y+t)>MNA

v=f v=f v=f v=f
+ZD[Z[IRM R Kmm‘h‘r,y,p]{lRPm— P MNA"ph-wj](wa +R)heHteT At P!V R
r m yeY a(y+t)>|

yeY A(y+)>MNA

(2.48)

An installed resource does not imply that it must be operated. However, if operated eq. (2.49)
calculates a fixed operating cost which is the product of the resource’s operating cost and the

number of operating resources per depot and resource type, transport mode and/or product.

- . V=0
The resource cost is given in &R and when product dependent, in §Pr,p .

CRO, = > ORA,, R+ (ZORMW+0RPhrpj(&rV;°+4R:'°), vheH teT, P v R-2:49)

meM,reR reR,peP \ meM

The total volume dependent unitary cost is specified in eq. (2.50). It is the product of the depot'’s

transported volume and the depot unitary cost é:PDEPOTp .

Uppee = ZZQSMMHX S EroT ps vheH,peP,ecEteT (2.50)

leL meM

2.5.4 Pre-processing

2.5.4.1 Secondary route candidates

As the problem is large-scale, a p-median concentration set is constructed as per Rosing and
ReVelle (1997), to reduce the problem size, by defining a restricted set of routes which are good

candidates in the final solution. A concentration set of possible secondary transport routes is
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defined for each customer location. A list of depots is created in ascending order of their road
distance to the customer location. The first lowest distance NCR routes are enrolled into the
secondary route concentration set. The heuristic is produced below in egs. (2.51).
V(k e K){
V(jed Anm=' ROAD'/\orderby/ujvkvm){
If (LCR <= NCR){
:Llj,k,m Z/u;,k,m; I*add secondary route

LCR=LCR +1, (2.51)
Yelse{

=0 1%
My 0; I*drop secondary route

Route suppression: Route distances between any two nodes per transportation mode are
obtained forefront. Similarly, distance estimates for new pipelines are computed based on GPS

coordinates. Zero distance routes (n,jm:-3, , are non-valid routes and hence constraint
m

(2.52) suppresses their installation.

OTh,j,m: IT,n=0 VheH,jeJ,meM,(h,j,m):ﬁﬂlulyjym (2.52)

2.5.4.2 Transportation stage, mode and product restrictions

Although a valid route may be installed, not all transport modes are available to all products.

Parameter vm, pdefines the upper bound for the transport distance per transport stage, mode

and product. For example, road transportation is not permitted for primary distribution, as also
pipeline transportation for fuel-oil without heating is limited to small distances. Similarly, only
road transportation may be used for secondary distribution. However, Jet Fuel may be
transported by pipeline or railway to airports. Both situations can be modelled with permitted

distances per product for primary and secondary distribution as in constraints (2.53) and (2.54).

QPh,j,m,p,e,t =0 VheH,jeJ meM,peP,ecE,t ET’A(/'lh,j,m > U;?;MARY) (2.53)
QS =0 VjeJ,keK,meM,peP,eeE,teT,/\(/j_ >USECONDARY) (2.54)
jk,m,pet j.k,m m,p

Pre-processing considerably reduces the model size and execution time for large-scale
instances. The MILP model is now illustrated using the Portuguese PSC to study its response to

real-world situations, identifying insights and opportunities for further research.
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2.6 A Case-Study example

A real case scenario, based on the Portuguese downstream PSC network is now used to test
the strategic MILP presented in section 4. The network under study comprises refineries,
distribution centres and customer zones in Portugal as shown in Figure 2.5. Two national
refineries currently supply the petroleum products’ consumption in Portugal. One is located on
the north coast at Matosinhos and the other at the south coast at Sines. Portugal may also
import product from regional refineries in neighboring Spain or from the Amsterdam-Rotterdam-
Antwerp (ARA) refinery cluster. The PSC market in Portugal is currently operated by four major
petroleum companies which include national and multinational companies. These also supply
the smaller companies and hypermarket chains, hence their demand is included in the major
company market quotas. The companies purchase the oil products from the local refineries or
import them from external sources. The product is then transported first using the primary
distribution to eleven currently operating storage depots where it is stored and then transported
to the retail segment using the secondary distribution channels. The retail segment is organized
as customer zones, corresponding to the eighteen districts in Portugal. The GPS coordinates of

district capitals are used for the localization, land route and distance computations.

VILA REAL

BRAGANGA
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BRANCO

LISBOA

m¥

Figure 2.5. The Portuguese PSC

The PSC network considers the distribution of 8 oil products in Portugal (GO, A1, U8, U5, C4,
C3, FU, B5), including liquefied petroleum gases (LPG — C3 and C4). However, particularities
relating to the LPG bottle-filing and the archipelagos of Madeira and Azores have not been
included in this study. Transportation is undertaken by pipeline, maritime or railway for the

primary distribution and by road for the secondary distribution. An exception is JET Al which
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may be transported by pipeline or railway. Crude oil is purchased to feed refinery production
plans, which are restricted by their production capacity. Excess production is exported and

deficit products are imported to fulfill the market requirements.

In order to perform this study, a statistical database is constructed from the quantitative data
published by the economics ministry of Portugal through the Direccdo Geral de Energia e
Geologia (DGEG, 2015), Instituto Nacional de Estatistica (INE, 2014) and Autoridade de
Concorréncia (AdC 2014,2015); and the performance indicators published by the European
Commission’s Directorate-General for Energy (Eurostat, 2015) and Purvin & Gertz Inc. (2014).
The Google Maps application program interfaces (Google Inc., 2014) provide the road, rail and
maritime travelling distances, whereas the pipeline distances are calculated using the GPS

coordinates and the big circle formula (Weisstein, 2014).

The real world parameters are provided in Appendix A and cover a twelve year period from
1999 to 2010, being the most recent available data, collected from Portuguese and European
statistics This has been specifically collected from Portuguese and European statistics and
when not directly available, inferred and standardized with respect to their monetary and
measurement units. The documentation and correlation of the PSC data by itself is an important
contribution which has involved substantial effort and to the best of our knowledge has not been
realized before. It is therefore presented here and will be refined in future articles so as to make
available such a database for use in future research developments for the PSC. These include:

i) the product characteristics such as density used for mass to volume conversions and

vessel typical dimensions;

i) the demand per product, customer district and period in cubic meters;

iii) the current market quotas per entity used to calculate demand volumes per entity;

iv) the crude processing capacities per day per installed refinery in cubic meters;

v) each refinery’s typical yield of product mix per unit of crude oil;

vi) each entity ownership percentages per refinery, storage depots and transportation

infrastructure;

vii) paid amortization periods per existing depot infrastructure;

viii) paid amortization periods per existing transportation infrastructure in order to address the
retrofit network problem;

ix) installed transport mode dependent resource units; X) installed transport mode and
product dependent resource units; xi) installed product dependent resource units; -
defined per location, resource and per number of paid amortizations;

xii) typical capacities of transport mode dependent resources; Xxiii) typical capacities of
transport mode and product dependent resources; xiv) typical capacities of product
dependent resources; - given in cubic meters as vessel capacity or the flow rate per hour;

xv) the vessel rotations per product;

xvi) product dependent resource costs typified as fixed, fixvar (fixed variable), operating,
opervar (operating variable) and unitary;

xvii) product independent resource costs;
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Xviii) price per product at the exit of each activity stage;

xix) maximum distances per distribution stage, transportation mode and product;

xX) rail distances; xxi) pipeline distances xxii) maritime distances xxiii) road travelling
distances; - between refinery, depot and customer locations;

xxiv) the GPS latitude and longitude for each customer district, depot and refinery location.

The MILP results based on this data are now presented.

2.7 Computational Results

The MILP model is implemented using GAMS 23.7.3 64-bit and solved with MILP commercial
solver CPLEX 12.3 using 4 parallel threads on a dual-core AMD Opteron 2.4 Ghz CPU with
8GB RAM. The stopping criterion is 0.1% optimality gap or 8 hours of CPU time. The MILP
models six different possible networks for the Portuguese PSC maximizing profits for each

setting.

2.7.1 Strategic decisions for the PSC

Figure 2.6 presents the Portuguese PSC current (a), and MILP generated grassroots (b) and
retrofit (c) designs. The MILP first models each of these designs as uni-entity networks where all
resources and product demand are assumed to be owned by a single entity; and later as multi-
entity individualistic networks where the resources are owned by various entities who are in
competition. The current network (a) uses existing eleven depots, while networks (b) and (c)
depart from twenty-six possible locations (the ones used in the current depots plus the district
capitals). The current network permits the operation of only existing depots, capacities and
routes, however transfer volumes may be freely assigned. The grassroots starts from scratch
and designs the optimal network of depots and transportation routes for the given conditions.

The retrofit permits opening, expansion and closing of existing depots, capacities and routes.

04 =
Matosinho
O ¥ %
aveircd ¢ O 0 X X%
O
0. O . Leiria)X
; O
Azambuj
Banatica %P * Lisboa
Barreiro O >K'='
Setuba
Sines 0 O X X BXeja
Faro == ¥ = -

J‘lRefineries O current depots O Customers; Grassroots I='Uni—entity>|< Multi-entity depots; Retrofit = Uni—entity>I< Multi-entity depots
Figure 2.6. Depot locations for Current(a), Grassroots(b) and Retrofit(c) networks
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The current Portuguese PSC can be observed in Figure 2.6(a), where some particularities are
worth a mention. Some depots are owned by multiple entities, whereas some locations harbor
various depots owned by one or more entities. For instance, 4 depots are currently located at a
single location, Matosinhos, Here the major entity E1 owns two depots, one for liquid products
and another for LPG gases, E2 and E3 share the third depot, and yet E4 owns the fourth depot.
Also around the Lisbon area, three depots (Banatica, Barreiro and Setubal) are owned or
contracted by E2, E3 and E1 respectively. Another reality is that not all depots maintain storage
facilities for all products. Liquid fuels are present at most depots however LPG gases and fuel-
oil vessels are infrequent. Also, the build dates vary for existing depots and resources, hence
the incurred amortizations will differ. For the current network modelling, product volumes may

only be affected to existing refineries, depots, transport routes and customer zones.

Figure 2.6(b) shows the grassroots design results, where it may be observed that only six of the
eleven existing depot locations are selected in both uni-entity and multi-entity networks. Setubal
is switched to Barreiro in the later. The selection of existing depots re-validates these locations.

All depots are seen to be located in high demand districts.

Figure 2.6(c) shows the retrofit design where only seven existing depots are selected in the uni-
entity network. However, in the multi-entity network, thirteen depot locations are selected,
including ten current locations, and three new ones at Lisboa, Beja and Leiria. Differences in

selected transport modes, routes, resources, transfer volumes and profits will be seen later.

The above results identify that the current network is not efficient as both grassroots and uni-
entity retrofit use less depots, whereas the multi-entity retrofit opens more depots. Some
existing depots are not selected due to their lower profitability to the PSC as a whole. This is
because the model does not permit changes to entity participation percentages in existing
depots. Hence new depots are opened where participation percentages assume market quotas.
The later is also the rule for the depot participations in grassroots design. Changes to entity

participation percentages, is therefore identified as a research opportunity.

It may be observed that operating depots and connecting routes are more numerous in multi-
entity networks when compared to uni-entity networks. This implies higher operating costs as is
confirmed later in Figure 10. Another observation is that rail transport is only selected in the
current network, clearly identifying its inefficiency therefore closure in the grassroots and retrofit
redesign. Under the multi-entity retrofit design, the new depots Lisboa, Leiria and Beja are
connected by pipeline to Sines. This is due to the percentage mismatch and lower efficiency of
transporting the product from Sines to other existing entity depots by maritime and thereafter by
road to the customers. It may also be noted that the current networks mainly undertake
maritime transportation for primary distribution and road transportation for secondary
distribution. However, in the Grassroots and Retrofit networks, pipelines are opted for primary
transportation, and in the case of JET also for secondary distribution. Hence, the pipeline

transport is seen to be better choice when considering a long term project.
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Figure 2.8 represents the vessel units (number along the color bars) operated per depot and
product for all six networks. The multi-entity retrofit network is seen to significantly resemble the
current network capacities, thereby confirming the multi-entity and individualistic nature of the
current Portuguese PSC. In contrast to the current network, the grassroots design shows
significant reduction in the number of depots, consequently increasing the number of vessels
per product. The retrofit design revalidates current depots, and vessels per depot are greatly

reduced in both (uni and multi-entity) indicating excess capacity in the current network. The
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number of depots increases in the retrofit from uni-entity to multi-entity network. In the former,
depots Perafita and Real are combined into Real. Both Grassroots and the uni-entity retrofit
show increased influence of Aveiro, Matosinhos and a relative augment of capacities at
Azambuja. In the Lisbon area, Setubal increases its influence and Barreiro considerably
reduces in the uni-entity networks and the inverse for the multi-entity networks. The main
reason here is that Barreiro is affected to a single entity while other multi-entity facilities exist in
that area. Finally, it may be observed that only depots with maritime access such as Banatica,
Barreiro, Setubal, Sines and Matosinhos are selected for fuel-oil (FU) storage while the
remaining depots show a regular distribution of other products. Finally, the grassroots and

retrofit designs show a reduction of depot capacities for most products except C3 and FU.
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Figure 2.8. Depot storage capacities (number of vessels) per product
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Changes in depot locations alter the selection of transportation routes. Figure 2.7 shows the
transport mode allocations from refineries to depots and depots to customer districts for each
network. Sometimes various modes are selected due to transport mode restrictions on some
products. This is especially true for primary transportation between the refineries and Setubal or
Aveiro where maritime is selected for fuel-oil and pipeline for other products. The same occurs
with secondary transportation for the depot/district pairs Matosinhos-Porto, Azambuja-Lisbhoa

and Beja-Faro where JET is transported by pipeline and other products by road.

2.7.2 Tactical decisions for the PSC

The processed crude, refined, imported, primary, secondary, exported product and unsatisfied
demand volumes are compared in Figure 2.9. The imported crude and the refined product
volumes are seen to use maximum refinery capacities as inventories are not considered,
identifying that the difference between the product and crude prices cover the refining and
transportation costs. Imported product together with the primary (refinery) volumes, feed the
secondary volumes (i.e. satisfied demand). Comparatively, the secondary volumes increase
from multi-entity to uni-entity and significantly from current to grassroots and retrofit design with
unsatisfied demand following an inverse trend. The imported product although low, is seen to
increase from current to grassroots to retrofit design, whereas export and unsatisfied demand
decrease. The later is higher when compared the multi-entity to the uni-entity network. Hence,
the current design primary and secondary distribution volumes are lower when compared with
grassroots and retrofit designs. This is true in some cases where the gross retail margin does
not cover the depot and transport costs, based on the defined costs.
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Retrofit Multi-entit 100 P urrent Multi-entity = == Imported crude
\ N~ ‘ \-\ ‘ == W= Refined product
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E‘ 0\ 7 / ‘ .' = == Primary distribution
, E' / \ ‘ ‘ eeeXee Secondary distribution
A Exported product
N
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L J
\
~
“\ 4,
Grassroots Multi-entity Millions of cubic meters
) Imported | Refined | Imported | Primary |Secondary| Exported | Unsatisfie
Design Network o o
crude product product |distribution|distribution| product |d demand
Uni-entity 207.871 203.505 0.795 103.887 104.682 100.414 44.413
Current
Multi-entity 207.103 202.754 0.670 87.428 88.098 115.997 60.997
Uni-entity 208.994 204.605 5.319 123.129 128.448 86.795 20.647
Grassroots
Multi-entity 208.937 204.550 5.317 122.977 128.294 86.890 20.801
Uni-entity 208.937 204.550 5.283 123.144 128.427 86.690 20.668
Retrofit
Multi-entity 209.159 204.766 4.415 120.350 124.765 88.831 24.330

Figure 2.9. Volumes per network in millions of cubic meters
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2.7.3 Value contributions and Performance Statistics

In all six networks, significant product volumes are exported. Note that the demand and price
parameters cover a twelve year period from 1999 to 2010 (latest available), where product
demand in the initial years was considerably low. As current refinery capacities are used, which
in reality were lower in the early years, higher export volumes are generated. It would have
been interesting to compare the model results with real distribution volumes, however such
information is not available. Besides, the network has considerably changed in the course of the
twelve year period.

Figure 2.10 presents the objective function (total profits) and its components, namely the
refinery margin, exportation costs, gross retail margin, transportation costs, depot tariffs,
importation costs, and the dealer transport and depot margins. The gross retail margin is the
difference between the retail price, the ex-refinery price and the retail station cost. This excludes
the transportation and storage costs which are shown separately. Non-tangible costs such as
the entity publicity and trading costs are not considered. As inventory holding efficiencies are

not considered, the refinery margins are fairly constant.
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Figure 2.10. Value contribution per network in millions of monetary units
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The current networks have a little higher total refinery margin and relatively higher total
exportation costs, when compared to the grassroots and retrofit, which have significantly higher
gross retail margins, depot and transport tariffs. The last two are higher in grassroots and retrofit
when compared to the current design as the satisfied volumes are also higher, however the
retrofit uni-entity show relatively low tariffs as existing depots are operated. Highest total profits
are observed for retrofit design in uni-entity networks, and for grassroots design in multi-entity
networks. Uni-entity margins and costs are higher than in multi-entity networks as the satisfied
demand is also higher.

The model statistics are presented in table 2.1. The number of equations, continuous variables
and CPU time are considerably higher in multi-entity when compared to uni-entity networks.
CPU time increases from current, to retrofit to grassroots design. The MILP solution or overall
profits are higher in the uni-entity networks than the multi-entity counterparts. Differences
between retrofit and grassroots profits range within 5%, however are 6-16% better than the
current design. Although the retrofit would be expected to perform better, they are observed to
be tied up by existing entity participation percentages which may not be changed. The
grassroots designs are more efficient as their infrastructure participations resemble entity
market quotas. As the right costs are crucial for the performance of the PSC, a sensitivity

analysis to cost variations is now presented.

Table 2.1. Performance results

) Equation ) ) o
Design Network Variables | Discrete | Objective | GAP (%) | CPU (s)
s
Uni-Entity 33766 87891 12103 | 10.383 x10° 0.00 9
Current
Multi-Entity 45454 313953 12103 | 9.408 x10° 0.00 19
Grassroot | Uni-Entity 49976 90289 14501 | 10.968 x10° 0.09| 11915
s Multi-Entity 61664 316351 14501 | 10.922 x10° 1.36| 28821
Uni-Entity 47261 90260 14472 |11.509 x10° 0.10 1865
Retrofit
Multi-Entity 58949 316322 14472 |10.727 x10° 0.57| 28823

2.8 Sensitivity Analysis

The PSC is characterized by large volumes and small margins. Crude and product prices are
interdependent and highly volatile, influenced by the international markets and petroleum
reserves. PSC configurations and profits are highly sensitive to the infrastructure and resource
installation and operating costs which do not vary. The above study was based on regional cost
estimates, which have reduced in recent times. Hence, it would be interesting to study the effect

of cost reduction on the network.
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2.8.1 Impact on Volumes

A sensitivity analysis is performed for three scenarios where depot, transport and resource
costs are reduced by 0%, 10% and 20%. The comparison of resulting networks against earlier
designs is presented for volumes in figure 2.11 and objective function components in figure
2.12. While refined, primary and secondary volumes increase when cost is reduced by 0% up to
20%, the unsatisfied demand decreases. The imported and exported volumes do not vary much
with cost reduction. An additional depot Leiria supplied by pipeline from Sines, is opened for
Grassroots design with 20% cost reduction in both uni-entity and multi-entity networks. Depot
Viseu supplied by pipeline from Matosinhos, substitutes Aveiro and Perafita, in multi-entity
retrofit with 10% and 20% reduced costs. Depot Leiria substitutes Real in uni-entity retrofit with

20% cost reduction.
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Figure 2.11. Impact on volumes with 0-10-20% reduction of actual costs

Figure 2.12 shows the evolution of MILP volumes for the current network during twelve years. A
steady increase in primary and secondary distribution volumes is observed with simultaneous
decrease in the unsatisfied demand. The refined and exportation volumes remain constant and
near maximum production for all years, except 2000, where they fall drastically for 0% and 10%
cost reduction, although for 20% cost reduction, they are comparable to other years. This only
occurs in 2000, as the difference between the refined product prices and the crude oil prices
does not compensate the refinery cost plus transportation cost. Hence, the model decides not to

export product, thereby reducing refined volumes.
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Figure 2.12. Yearly volumes with 0-10-20% cost reduction
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2.8.2 Impact on Value Contributions

Figure 2.13 shows the objective value variation, where a 10% cost reduction increases the total
profits by 8% to 9.5% for all networks. From benchmark costs to 20% cost reduction, the total
profits increase between 16.8% and 19.5%. The profit variation is lowest for the current
networks, and highest for the uni-entity grassroots and the multi-entity retrofit networks. In all
cases, the reduction of resource costs reflects in increased refinery margins and significantly
better gross retail margins, as a result of reduced installation and operation costs. The total
storage, importation and exportation costs are comparatively stable under the 0%, 10% and

20% scenarios, meaning that the cost reduced supports the increased volumes.
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Figure 2.13. Value creation with 0-10-20% cost reduction

While the model maximizes total PSC profits, it would be interesting to study the impact of cost
reduction on individual entity profits and contributions in the multi-entity network. Figure 2.14
presents the profits and costs per entity and network with cost reduction. In all networks, the
refinery margins are affected only to the main entity. However, and importation costs for other
entities are also observed in current and grassroots networks. Individual entity profits and costs
are seen to follow an increase or decrease trend in consonance with the total profits. As the

model maximizes total profits, this may not always be true.
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Finally, figure 2.15 below shows the model results for the current network for a 12 year horizon
considering benchmark costs. Refinery margins are seen to decrease sharply following the fall
in product prices in 2000, then rise gradually along with product prices until 2005, and decrease
again until 2010. The gross retail margin initially increases along with the refinery margin
beyond 2005 until 2008 favored by the increase in demand, after which it reduces as the
demand falls. The total transport tariffs thereby increase steadily following expedited volumes.
However, the total depot tariffs are constant as most installations are already amortized. The
depot and transport dealer margins have little impact on overall profits as they are indexed to
the tariffs which are relatively low for the current network as the investments have been
amortized. The entity incorporated depot margins are higher than transport margins as entities

may only incorporate pipeline margins.
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Figure 2.15. PSC stage yearly value contributions with actual costs

Overall, the sensitivity analysis results imply that the right entity participation percentages and
the fixed, operating and unitary costs play a significant role in network topologies and profits.

Another implication is that inventory buffers could be used to hedge against fluctuating prices.

2.9 Conclusions and future research

The current chapter presents a new MILP model for strategic planning of downstream PSC
networks without considering inventories. The model determines depot locations, transport
modes, routes and resource capacities and network affectations besides crude oil and
petroleum products’ importation, exportation, production, storage and transportation volumes.
The MILP solves the design of uni-entity and multi-entity networks, permitting existing,
grassroots and retrofit redesign. The model test runs for the Portuguese PSC create better
network designs with higher total PSC profits when compared the existing network to grassroots

and retrofit design for uni-entity and multi-entity networks under individualistic operation.
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Uni-entity networks are common in big countries where PSC networks are built and managed
by a single entity. However, in smaller countries as in Portugal, the market is small and
petroleum entities are in competition. Hence, multi-entity networks with individualistic strategies
have been built in Portugal. Here, the logistic costs are observed to be higher than in uni-entity
networks. The results suggest that a network owned and run by a single entity improves overall
profits implying lower tariffs. The MILP sensitivity analysis to cost reduction, installs additional
depots with a positive effect on product volumes and total profits with reduction of unmet
demand.

Several insights have been identified along this study: First, collaborative design and planning
could significantly improve the PSC performance. Secondly, the crude oil and petroleum
derivative prices vary significantly with time. Hence, various stage inventories could improve the
PSC profits, thereby optimizing the procurement and exportation costs. Thirdly, the PSC entities
have participation in transportation and depot operator capital. It would be interesting to study
the effect of entity incorporation of operator profits, on the design of the PSC networks. Finally,
most existing PSC facilities were built for multi-entity individualistic operation. Some
inefficiencies and rigidity of the current network has been identified, due to misaligned entity
participations in depot and transportation infrastructures. It would be interesting to study the

network efficiency by changing entity participations in existing depots.

The above considerations could significantly improve the costs, tariffs and profits for the PSC
members and hence are identified for further research. Future model improvements will focus
collaborative network design, tactical planning concerning time-dependent inventories,
incorporation of participated logistic and transport operator profits, entity financial participation,

cross-country sales and taxation policies, and treatment for uncertainty.
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CHAPTER 3. Collaborative Design and Tactical

Planning of Downstream Petroleum Supply Chains

3.1 Abstract

In this chapter, a dynamic MILP is presented for the PSC collaborative design and tactical
planning with multi-stage inventories, extending the work presented in the previous chapter. The
model determines the optimal design with multi-entity supply, installations and resource
capacity sharing with prices incorporating economies of scale while fulfilling customer demands
for a multi-entity, multi-echelon, multi-transportation and multi-product downstream PSC.
Collaborative planning permits multi-echelon profit maximization where the entities incorporate
profits from partly owned refineries, storage depots and transportation and retail infrastructures.
The dynamic MILP is tested for the real-case Portuguese PSC network, considering production
at local refineries and supply from a regional hub, obtaining current, grassroots and retrofit

designs for the uni and multi-entity networks.

3.2 Introduction

The Petroleum Supply Chain (PSC) as the basis of modern economy, influences global and
national economies. The PSC comprises of upstream - exploration and production of crude oil -
and downstream -refining and delivery of petroleum products to consumers. Although the
upstream has been fairly researched, the downstream remains much unexplored as competition
was low and detailed information unavailable, hence PSC networks seldom changed. However,
high crude costs, dynamic markets and stiff competition have awakened an interest for flexible
PSC networks. Recent investigation Al-Qahtani and Elkamel (2008), Shah et al. (2011), and
Guajardo et al. (2013) identify the study of downstream PSC design and planning as an
opportunity for improving costs and competitiveness. Its importance increases with the surge of
new operators, fractioned markets, new product specifications and plant change requirements
due to environmental regulations. Therefore, collaborative multi-entity network design with
tactical planning, incorporating existing networks, long-term supply, demand, prices, costs and
geographical information has become a key issue. Although literature has focused various

stages of the PSC, few articles specifically address the network design problem.

In the downstream PSC, a qualitative and partly mathematical strategic planning formulation
was first presented in Sear (1993). Using road vehicle delivery fixed and variable costs,
planning needs for logistics infrastructure and transportation were discussed. Later on,
Escudero et al. (1999) presented a two-stage model encompassing the supply, transformation
and distribution scheduling of multi-operator multi-product PSCs activities. Product demand,
spot supply cost and selling prices were considered. As main objectives the work aimed at

minimizing the under and over amounts of the different considered activities (supply, production
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and transformation). Ross (2000) studied the incorporation of performance criteria to the PSC.
A maximization of profit was considered for the resource allocation in the downstream PSC
distribution planning. Order performance criteria for distribution centers and delivery vehicles
are used to illustrate its benefits. Dempster et al. (2000) propose deterministic and stochastic
programming approaches for the depot and refinery tactical optimization problem. They use
STOCHGEN, a general purpose stochastic problem generator for generating a scenario tree
with product demand and supply cost uncertainties. Later, Cornillier et al. (2008) presented a
heuristic approach applied to the replenishment problem of petrol stations which determines the
product delivery quantities per vehicle and route to each petrol station. As main objective the
heuristics aims at maximizing the total profit. Recently, Guajardo et al. (2013) studied the
tactical planning model at the downstream PSC. Vendors' contributions are maximized with
distribution planning and decentralized sales while costs are minimized. Different costs are

considered namely, production, transportation and inventory planning, hubs and depots.

In the transportation problem within the downstream PSC, Cafaro and Cerda (2004) developed
a MILP for transportation scheduling of a multiproduct pipeline from an oil refinery to several
supply points, adopting a continuous time and volume mathematical representation. The result
is a problem description where the model size and processing time are much lower when
compared with discrete representations, thereby permitting longer time horizons and increased
slug pumping flexibility. Integrated pipeline transportation scheduling coupled with inventory
management of petroleum products’ depots is modelled in Relvas et al. (2006). The
mathematical modelling representation aims at obtaining product sequences, pumping
schedules and batch volumes, that satisfy customers’ demands, quality control constraints and
operating restrictions. The same authors, Relvas et al. (2007) addressed the rescheduling
problem where variability of real ordering plans or production changes were studied and their
influences in the pumping schedule and inventory management were explored. Boschetto et al.
(2010) studied through an optimization model a real-world pipeline network, by addressing the
associated network scheduling activities. A hierarchical approach is developed which explores
the integration between an MILP model and a set of heuristic modules. More recently, Cafaro et
al. (2011) improved the continuous-time MILP formulation for detailed schedule of single-source
to multiple distribution terminals pipelines to minimize the total flow restart volumes and the
number of single-delivery pumping runs, by incorporating heuristic rules for selecting the
receiving terminal, thereby obtaining substantial savings in energy consumption and pump
maintenance costs. Recently, Relvas et al. (2013) studied the planning of oil derivatives
distribution through a multiproduct pipeline, using an alternative and holistic modelling concept
S0 as to obtain faster solutions within reduced time frames. The proposed approach allows the
possibility of obtaining medium planning term solutions through the solution of a single model in
efficient form avoiding decomposition approaches.

When considering the effect of uncertainty and contingency planning, different works arise.
MirHassani (2008) proposed a linear programming model for operational planning of a

capacitated transportation network. The system considers existing refineries and depots to meet
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customer demand, minimizing total inventory and transportation costs. The modelling approach
also computes inventory shortages and excesses in the presence of transportation route
capacity bounds. Mota et al. (2013) propose a MILP model to integrate tactical decisions of
determining influence areas per distribution center and operational decisions of daily distribution
planning. Contingencies of the Portuguese PSC are studied, providing distribution decisions for

abnormal scenarios of product shortage or reduced fleet availability.

Concerning the petroleum products supply chain investment planning problem, Oliveira et al.
(2013) proposed a two-stage mixed-integer linear stochastic program for planning under
demand uncertainty. They use a Lagrangian decomposition based approach to generate
scenarios considering network design and discrete capacity expansion under demand
uncertainty. Later, Oliveira et al. (2014) developed acceleration techniques using stochastic
Benders decomposition to strengthen the generated cuts, in order to improve the quality and

performance of the solutions.

Recently, four reviews have discussed the strategic, tactical and operational planning models
for the PSC. While An et al. (2011) study PSC models for application to the biofuel industry,
Leiras et al. (2011) categorize oil chain planning models as per their segment (upstream,
midstream, or downstream), planning level (strategic, tactical, or operational), and problem type
(linear, non-linear, mixed integer linear, or mixed integer non-linear) and model type
(deterministic or stochastic). Shah et al. (2011) focus on the methodologies used to address
scheduling, planning, and supply chain management of oil refinery operations. Fernandes et al.
(2011) study the SCM literature for insights to the PSC. The paper analyzes different
publications in the area and identifies the future challenges to be addressed: improve models
for refinery operations; integrated models for supply chain management. The potential on the
use enterprise-wide optimization is clearly recognized and the need of developing
comprehensive optimization models and computational tools to address the complex problems
present in PSC was identified. On these reviews it can be concluded that refinery planning has
been the main focus, nevertheless recent literature has targeted the distribution network.
Strategic-tactical collaborative planning for multi-company PSCs and logistics operator networks
was identified as an opportunity. Following this challenge, Fernandes et al. (2013) developed a
novel MILP formulation for the strategic planning of multi-company, multi-echelon and multi-
product downstream PSC networks. Strategic decisions including depot locations, resource
capacities, transportation modes and routes, and tactical decisions of network affectations of
product volumes including crude importation, refining, and product importation and exportation
were determined. PSC total profits were maximized for uni-entity and individualistic multi-entity
networks with jointly-owned installations. Resource utilization and profit-sharing was achieved

through companies’ financial participation in refineries, transport structures and storage depots.

In comparison to the individualistic strategic MILP presented in the chapter 2, the current
chapter extends the base model to a dynamic model for collaborative design, resource sharing,
economy of scale tariffs, operator-profit incorporation and tactical inventory planning of the

downstream PSC. Resource modelling is improved and the depot and transportation tariffs now



CHAPTER 3. Collaborative Design and
62 Tactical Planning of Downstream Petroleum Supply Chains

incorporate piecewise cost linearization, based on total investment costs or only non-amortized
costs. Considering collaborative multi-entity networks, the consolidated PSC profits are
maximized, incorporating shared profits from financially participated members who operate the
individual infrastructures. The new MILP is tested for the Portuguese PSC, wherein the
networks are compared with respect to the strategic decisions of depot locations, resource
capacities, and transportation route selection as well as tactical decisions of dynamic
inventories and product transfer volumes. The resulting costs, tariffs and profits as well as the

resource capacities per depot and route are analyzed.

The following sections present the problem description, the dynamic MILP formulation, a real-
world example based on the Portuguese PSC network, used to test the proposed MILP,

wherein the results are presented, concluding and presenting proposals for future research.

3.3 The Downstream PSC Problem in Study

The downstream PSC is defined as a complex network managed by petroleum companies,
encompassing refineries, distribution depots, transportation modes and routes that act in
coordination to satisfy the retail customer demands for multiple petroleum products in various
regions under study. Such a network comprises the refining, logistics and commercialization of
the petroleum products as presented in Figure 3.1.

Company 1 —Pipeline T Product 1
Company 2 Maritime 7 Product 2
Company 3 - — — -Railway Product 3
Multi-company Road Product 4

Figure 3.1. The downstream Petroleum Supply Chain

At the heart of the PSC network are the Petroleum companies, who produce and/or trade
petroleum crude and derivatives, transform these into petroleum products and commercialize
them to the retail clients. To realize this, they rely on physical infrastructures which are
wholesale markets, refineries, bulk or primary transport, storage depots, secondary transport
and retail stations. These infrastructures may be owned by a single company or multi-company

consortiums and may be designed to manage various products of a single company, products
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of various companies or a single product for various companies. Although the installations may
be owned by various companies and sometimes competitors, product is handled as batches
belonging to a single petroleum company until it is sold to the retail client. Transportation routes
are strategic to the PSC and are normally maritime to link with the wholesale markets, could be
pipeline, maritime or railway between refineries and storage depots as well as inter-depot
transportation, and finally pipeline, railway or road between the depots and the retail stations.
Recently, logistics operators have emerged to provide one or more of these activities as
external services, however, it is common that their capital is totally or partially owned by the
petroleum companies. Finally the retail stations may be company or dealer owned and/or
operated and normally, but not compulsorily, receive products from an exclusive company. To
achieve a truly collaborative network where all entities benefit, it is crucial to have the right
locations, sizes, prices, quantities and participations of the different infrastructures. Hence the
mission of the petroleum companies is to design, construct and manage collaborative networks

that maximize the profits and reduce risks for the entire PSC.

The design of a downstream PSC network concerns the installation and operation of storage
depots and primary and secondary transportation infrastructures. The determination of the
necessary product transportation volumes affects the selection of the required resources and
dimensioning their optimal capacity in the network at refineries and depot installations. These
resources may be considered as grouped items such as pump stations, interfaces, vessels and
loading bays or individualized as manifolds, arms, pumps, valves, etc. Like the installations, the
resources also imply considerable fixed and operating costs and hence the importance of being

considered separately.

The downstream PSC strategic and tactical planning problem therefore consists of determining
the logistics network topology for the distribution of petroleum products, considering a set of
petroleum companies who produce or import a set of oil products at/from a known set of
refineries, and commercialize them to a set of customer regions through available and possible
sets of depots and transportation connections. The objective is to determine the optimal network
involving the closure, installation and operation of storage depot locations (under a retrofit
solution), individual costs and tariffs, the storage capacities definition, the establishment of
transportation modes and routes (primary and secondary), and the allocation of volumes for
crude oil, refinery production, import, export and depot transfers, various stage inventories, and
customer fulfilment; accounting for production, storage depot, transportation and capacity
restrictions and satisfying customer demands while maximizing the total network profit
comprising of the oil companies’ revenues in addition to their shared revenues in participated
infrastructures minus the crude, refining, transportation, storage and retail costs along the

network.

Fundamental to these decisions is the product price formation that is synthesized in Figure 3.2,
the PSC value chain. The current study includes all costs, prices and margins at the various
activities of the PSC, with exception to the crude price formation, the petroleum excise tax and

the value added tax. Also, in this study, the petrol station costs are not broken down into retail
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station costs and dealer margin but considered aggregately as a service. Cross-country sales

and taxation policies are identified as an opportunity for future study.

AN il 8 e 5 =0 =5

~Crude price . Wholesale price . PrimarySpot . Rackprice . Secondary Spot . Retail price

. . - . Primary distribution . Secondary
4 Trading margin 4 Refining margin +* margin 4 Petroleum excise tax 4 distribution margin 4 Vvalue added tax
4 Maritime transport 4 Refining cost 4 Primary distribution 4 Storage margin 4 Secondary 4 Retail margin
cost distribution cost i i
4 Production cost 4 Storage cost + Marketing & retail

cost
4 Exploration cost

Figure 3.2. PSC value chain

The cost structure and tariffs as well as profits, are based on the value chain of the PSC
depicted in Figure 3.2 and considering how the price of petroleum products is formed. Along
with our previous work (Fernandes et al. 2013), all downstream activities are considered.
Although the strategic decisions for installation and operation of equipment, resources and
network affectations involve investments, the inventory decisions also have considerable impact
on the total costs of the PSC. These tactical decisions relating to dynamic multi-stage inventory
planning, play an important role in increasing efficiencies and can improve the strategic
decisions. Inventory buffers also mitigate against price and supply uncertainty, and improve the
procurement savings by purchasing crude oil at lower prices and trading the derivatives at
better prices. The MILP developed, models many of the PSC activities whose assumptions are

presented in the following section.

3.4 Model Development Assumptions

When addressing the above described problem a set of assumptions had to be considered.
These specify how the real problem is tackled and thereafter represented in the proposed
model formulation. Multi-entity PSC networks are modelled for current, grassroots and retrofit
designs in order to compare with previous uni-entity network. The key idea behind the
assumptions presented below is to effectively represent a general real PSC while maintaining
flexibility for the design and planning of networks under different contexts.
e The PSC network considers multiple companies, echelons, products and
transportation modes;
o Refinery locations, capacities and yields are given and may not be changed;
e Product yields per refinery are fixed as a single type of crude oil is considered;
o Different transportation modes may be considered: pipeline, maritime, railway or by
road;
e New depots and transportation resources including pipelines, rail stations and
maritime docks may be installed at refinery and/or demand nodes or between them;
e Existing storage depots and transportation resources and capacities may be

increased or reduced by determining the capacity for operation or closure;
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e Storage vessels located at depots are configured with typical capacities and rotations
per product;

o Fixed flow rates and inventory rotation are considered per depot, transportation
resource and product; Deterministic customer demand per product, grouped by
district or municipality, is known on the required time basis, namely yearly or monthly
given the focus of the problem;

e Crude oil is imported by refineries which supply derived products to depots, or may
export them;

o Refineries and depots may import derived products;

e Any exportation/importation flow is considered as a trade to/from a region/refinery
located outside the boundaries of the region modelled;

e A storage depot may receive product from several refineries and by various
transportation modes and supply it to various customer zones;

e Depots and transportation resources are shared by owner companies;

o Fixed, variable, installation and operating costs are known per resource type as well
as crude oil and product prices per echelon and period;

e Each infrastructure resource capacities and consequently costs are determined per
location based on total multi-entity transfer volumes;

o Entity service tariffs are determined per product and storage depot location or
transportation route based on existing participation, resources and economies of
scale;

e Installation and fixed operating costs per infrastructure are incorporated into entity
tariffs using a piecewise linearization function, based on coefficients related to
transfer volume thresholds;

e Infrastructure profits are computed per depot location or transportation route as the
difference between the multi-entity revenues and costs. Company participation
percentages determine the profits incorporated by the owner entities;

e Participating and non-participating entities may transfer volumes through
infrastructures, not limited by their participation, but must pay the corresponding fixed
installation and operating costs;

¢ Bottle-filling of liquefied petroleum gas is considered as bulk. Excise and value added
taxes are considered beyond scope;

e Time is assumed to be represented in a discrete time scale, where the evolution of
product volumes and inventories along the network occurs at the fixed time intervals
boundaries;

e Company participation percentages in existing refineries, storage depots and
transportation facilities are known and will remain unchanged under the scope of the
time horizon modelled;

o Company participation percentages in new infrastructures will follow market quotas.



CHAPTER 3. Collaborative Design and
66 Tactical Planning of Downstream Petroleum Supply Chains

3.5 Model Mathematical Formulation

The strategic and tactical planning problem defined in the previous section, was first modelled
for the PSC using a MILP in Fernandes et al. (2013) to obtain multi-entity, multi-echelon and
multi-entity PSC designs with transfer volumes for existing, grassroots and retrofit networks.
The current formulation extends the model in Fernandes et al. (2013) by adding collaborative
design, operator-profit incorporation, standardized resources, multi-stage and dynamic
inventories, and piecewise price linearization. The current model improves also transportation
generalization and uses transport mode families and product families associated with
resources. The families may contain one or many transport modes or products. A resource
independent of transport modes will be defined associated with a transport mode family that
includes all transport modes. An example is resource VESSEL associated to transport family
ANY that includes all transport modes. The same is the case for the product families. This
standardization simplifies and reduces the nhumber of parameters, variables, equations and the

objective function constructs.

Secondly, in a multi-entity network, unit tariffs should be inversely proportional to the transfer
volumes per entity and infrastructure. Diverging tariffs have been modelled in Baumgartner et
al. (2012) using a piecewise linearization approach. The current multi-entity and collaborative
MILP permits entities flexible utilization of each other’s infrastructures. Consequently, the tariff
includes imputation of piecewise linearized installation and operating costs, in addition to the
volume-dependent unitary cost. This motivates ownership participations in infrastructures as

well as maximization of capacity utilization.

Figure 3.3 illustrates our piecewise cost linearization function. We consider a depot construction
that has a nominal capacity of 100,000 m® with a fixed cost of 200,000 monetary units (m.u.)
and a variable cost of 1.6 m.u/m3. The capacity is divided into 10 volume thresholds that
increase linearly from 10 to 100%. Only one threshold may be selected per entity implying a
fixed cost that varies from initial 20% to maximum 100% of the resource installation cost. Hence
for 10% utilization (10,000 m3), a 20% fixed cost is imputed, resulting in the total fixed cost of
40,000 m.u., or a unitary fixed cost of 4 m.u which when added to the variable cost of 1.6

derives the tariff of 5.6 m.u./m3. If an entity uses 100% capacity, its tariff would be 3.6 m.u./m3.

resource | volume | % fixed | variable |instalation| fixed |variable [tariff|[ © 200000
fraction| m3 costs |unit cost |fixed cost| cost | cost 5 f:]ig
1| 10000 0.2 1.6| 200000| 40000| 16000| 5.6 140000
2| 20000 0.36 1.6/ 200000| 72000 32000 5.2 e ! T 0000
3| 30000 0.49 1.6| 200000 98000 48000| 4.9|3 * 100000
4 40000 0.6 1.6| 200000/120000 64000 4.6| |, zii
5| 50000 0.69 1.6/ 200000138000 80000 4.4 20000
6| 60000 0.77 1.6] 200000({154000] 96000] 4.2| ' W oo
7| 70000 0.84 1.6| 200000|168000| 112000 4.0 o 0
g 80000  09] 16 200000]180000[ 128000 3.9) ¢ & & & o & & & & &
9 90000] 095  1.6] 200000|190000] 144000 3.7 Volume m3
10| 100000 1 1.6| 200000{200000f 160000| 3.6 —t— %oficed COSts e tariff == fixed cost variable cost

Figure 3.3. Piecewise cost linearization function
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The problem here is therefore to assign an entity to its respective threshold at each depot,
resource and transport route (in the case of pipelines, docks or rail stations which imply
installation costs). This is achieved by creating binary variables, ZD and ZT, that define the
threshold for installation and operation of depots and transport routes respectively. An index u
defines the number of linearly increasing volume thresholds per infrastructure. Besides, each
resource is considered to be partitioned into u partitions each with capacity fraction of 1/u.
Integer variables ZR determine the number of resource capacity partitions required per entity. In
either case, a capacity threshold or number of resource partitions is assigned to each product
entity based on the transported volumes. Consequently, entity tariffs will include a
corresponding percentage of installation and operating fixed costs. The above variables
determine the capacity used, thereby implying a coefficient for the resource cost to be imputed.
Also, installation and operating costs are imputed to the product entities, whereas the profits are
collected by the owner entities as per their participation in the infrastructure, thereby motivating
their utilization. Product entities without participations are imputed installation costs as per the
transferred volumes. Secondly there are two methods for imputing the installation costs into
product entity tariffs: differed project costs or non-amortized costs. The differed project cost is
the fixed amortizations during the amortization period, whereas the latter includes only the non-
amortized costs. Hence, the product entities will pay the installed and operating (Z) percentage
costs by way of tariff as determined above, whereas the profits are incorporated by the

infrastructure owner entities based on their ownership percentages in the infrastructures.

We now present the dynamic MILP formulation in detail explaining the notation used, the model

decisions, the network constraints, the objective function and lastly the pre-processing.

3.5.1 Notation

3.5.1.1 Sets/Indices

acA set of petroleum supply chain activity stages

ceC set of product characteristics, C={ DENSITY, TYPICAL_M3}

eeleE set of petroleum entities/companies E={E1, E2, ..., EN }

fce FC set of trip atributes, FC={CAPACITY, WORK, DAYS, BEFORE, AFTER,
WAYS}

geG set of GPS coordinates, G={ LATITUDE, LONGITUDE }

noeN set of all nodes

peP set of products P={ P1, P2,..PN }

r,rieR set of resources including services and equipment

teT set of time periods, T={1,2,..N}

ueU set of volume thresholds U={1,2,..N} for piecewise price linearization
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veV set of costs, V={ TARIFF, FIXED, FIXVAR, OPERATING, OPERVAR,
UNITARY }
yeY set of amortization periods, Y={1,2,...,.N}

3.5.1.2 Subsets/Indices

ielcN
ILc

jeJ <= N
ke K< N

mmleM <R

MCcM
MPcM

set of refinery nodes

set of local refinery nodes which are allowed to export

set of depot nodes

set of customer nodes

set of transport modes, M={ PIPELINE, MARITIME, RAIL, ROAD }
set of continuous flow transport modes MC={ PIPELINE }

set of participated transport modes MP={ PIPELINE }

3.5.1.3 Subset unions /Indices

fmeEM =M U{ANY } set of transport mode families,

foe FP=PU{ANY} set of products families FP={ P1, P2,..PN, ANY }

heH=1UJ
leL=JUK

set of refinery and depot nodes
set of depot and customer nodes

3514 Parameters

BC i
BD j.p.e

BL

BR

BN

HPP
MD

m

k,p.e

i,pe

MNA
MV
FM fmm
FP tp.p
FR m,
NCD
NCP
NFF
NP

NR

beginning inventory of crude at refinery i,

beginning inventory at depot j, for product p, entity e,
beginning inventory at customer Kk, for product p, entity e,
beginning inventory at refinery i, for product p, entity e,

big number for number of resources

hours per time period

distance multiplicator per transportation mode to account for route curves,
maximum number of amortization periods

medium velocity per transportation mode m

association of transportation mode family fm with transportation mode m
association of product family fp with product p

trip parameters per transportation mode m and trip characteristic fc
number of depots in concentration set

number of capacity partitions per resource available to entity

fill factor in percentage

total number of periods

degree to radian coefficient for distance calculations
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OocCcC operating cost coefficient
RCD radius for concentration set for demand at depot
TPP time aggregation in period, TPP=1/ 12 for monthly / yearly data
a’ operator margin percentage per activity a
B ‘;Mn minimum safety stock percentage per activity a

77n,o,r,e

Kdn,y

Kn, fm,r,y, fp
Ktn,O,m,y
ﬂn,o,m

1
ILl n,o,m

afm,r,fp
Pi

@WMm c,p

P
S

maximum safety stock percentage per activity a

working average cost of capital (WACC) coefficient for inventory costs

GPS (global pointing system) coordinates g for each location node n
customer demand in m? at customer node k, product p, entity e and period t
fraction yield of product p per unit measure of crude oil at refinery i

price of product p after activity a (crude, ex-refinery, retail) at time t

capital participation percentage by entity e in resource r between nodes n,o;
consider r = m in case of transport mode and n=0 in case of depots
number of completed amortization periods y for each existing depot at

current resource units per transport mode family fm and product family fp,
per resource r at refinery or depot n, per completed number of amortization
number of completed amortization periods y for current transport

infrastructures between n,o for mode m; road routes are considered as

transport distance between any two nodes (n,o0) including refineries, depots

or customer zones, using transport mode m

transport duration between any two nodes (n,o) including refineries, depots
or customer zones, using transport mode m

typical capacity of resource r for transport mode family fm and product family
crude processing capacity at refinery i in m3 per day

piecewise linearization function coefficients per step u

piecewise linearization function thresholds per depot h and step u

maximum permitted distance for activity a by transportation mode m for the

petroleum product p; example: fuel-oil transportation by pipeline

characteristic ¢ per product p, e.g. density

characteristic ¢ per transport mode m per product p

cost component v for resource r independent of product, example pipeline
cost component v for resource r dependent of product p, example vessel

market quota per entity e
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3.5.2 Model Decisions

The model supports strategic decisions which are constant throughout the model time horizon,
and tactical decisions that are time-dependent. The decision variables are briefly synthesized
and then presented.

i) the strategic binary decisions determine the depots and transportation routes to install (I
prefixed) and to operate (O prefixed), besides determining the tariff and fixed cost
linearization coefficients (Z prefixed) per depot or transportation route, entity and
product;

i) the strategic integer decisions determine the expansion and reduction of capacities,
determining the number resources to install (I variables) and to operate (O variables)
per depot. Note that the K parameters define existing resources, hence a positive
difference between corresponding | variables and K parameters determines how many
new resources are installed, and a positive difference between | and O variables
determines the number of resources to close. Besides, the tariff and fixed cost
linearization coefficients (Z prefixed) are determined as the number of resource
partitions per depot resource, entity and product;

iii) the non-negative tactical decisions determine the transfer volumes (Q prefixed) and the
inventory volumes (S prefixed) per activity stage, node and transportation route;

iv) the continuous objective sub-function variables determine the activity stage profits and
margins per node, transportation route and time period;

v) the non-negative objective sub-function variables determine the tariffs and costs per
activity stage, node, transportation route and time period.

3.5.2.1 Binary Strategic Decision Variables

|D . L if depot jistobe installed
J "o, otherwise
IThim B 1, if route usin g transport mode m is to be installed between node h and node |
"o, otherwise
OD L if depot jistobe operated
~ o, otherwise
OT him L if route usin g transport mode m is to be operated between node h and node |
w "o, otherwise
ZDjeu Bt if 240 1< QP per T QS imper< diu
0, otherwise

ZT hlmeu _ L if hu< QPh,I,m,p,e,t+QSh,|,m,p,E,t< thu
0, otherwise
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3.5.2.2 Integer Strategic Decision Variables

IR j, fm,r, fp
OR j,fmr, fp
ZR j, fmr fpe

number of resources r to install per depot j per transport mode family fm for
product family fp,

number of resources r to operate per depot j per transport mode family fm for
product family fp,

number of resource partitions to impute installation and operating costs per
entity e, resource r, depot j, transport mode family fm and product family fp,

3.5.2.3 Non-negative Tactical Decision Variables

QCl
QCP,
QE .

Qlj pex

QP h,j,m,p.et

QR i,p.t
QS jkmpet

QU k,pet
SC
SD j,p,e,t

SL k,p.et
SR

i,pet

Crude volume imported by refinery i, in period t,

crude volume processed by refinery i, in period t,

exported volume by refinery i of product p in period t,

imported volume by depot j of product p and entity e in period t,

primary volumes of product p transported by mode m from refinery/depot h to
depot j by entity e in period t,
production volume per refinery i of product p in period t,

secondary volumes of product p transported by mode m from depot j to
customer k by entity e in period t,
unsatisfied demand per customer k, for product p, entity e at end of period t,

crude inventory at refinery i at end of period t,
inventory at depot j, for product p, entity e at end of period t,
inventory at customer k, for product p, entity e at end of period t,

inventory at refinery i, for product p, entity e at end of period t,

3.5.2.4 Continuous Objective Sub-function Variables

Profit

MDE et
ML «pet
MR et
MTE him.e.t

objective function or total PSC profits,

margin per depot j, entity e in period t,

margin per retail customer k, product p, entity e in period t,
margin per refinery i, entity e in period t,

transportation margin between nodes h,| for mode m and entity e in period t,
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3.5.2.5 Non-negative Objective Sub-function Variables

CDD : depot costs at depot h in period t,
t

CDFD ,,  depot fixed costs for depot h in period t,

CDFE depot fixed costs to entity e for depot h in period t,

het

CDOD,, depot operating costs for depot h in period t,

CDOE depot operating costs to entity e for depot h in period t,

het

CDUpet Unitary costs at depot h for product p, for entity e in period t,

CE ped exportation costs per refinery i, product p, entity e in period t,

Cljpet importation costs per depot j, product p, entity e in period t,

CNC, ..  inventory costs for crude at refinery i, product p, and entity e in period t,
CND | . inventory costs at depot j, product p, and entity e in period t,

CNL, ,..  inventory costs at customer k, product p, and entity e in period t,

CNR, ..  inventory costs at refinery i, product p, and entity e in period t,

CRFD , (. resources fixed costs for depot h, resource fp in period t,

CRFE , (.. resources fixed costs to entity e for depot h, resource fp in period t,

CROD, ,, resources operating costs for depot h, resource fp in period t,

CROE resources operating costs to entity e for depot h resource fp in period t,

h,fp,et

CTD,,m: transportation costs between nodes h,| for mode m in period t,
CTFD ,, n: transportation fixed costs between nodes h,| for mode m in period t,
CTFE ) mes transportation fixed costs to entity e between nodes h,| for mode m in period t,

CTOD . transportation operating costs between nodes h,| for mode m in period t,

CTOEnimex transportation operating costs to entity e between nodes h,l for mode m in
CTU him pettransportation unitary costs between nodes h,| for mode m and product p in
TDE .. depot tariffs at depot h for entity e in period t,

TTE |, ne¢ transportation tariff between nodes h,| for mode m for entity e in period t,

3.5.3 Constraints

Strategic and tactical decisions are enforced at each stage through installation, operation,
capacity and volume balance equations. Customer demand transfers to higher stages of the
PSC through volume balance equations, thereby determining the crude oil and product supply
needs at various nodes and periods. The current model improves our earlier model with new

constraints for multi-stage inventories, transportation and storage depot entity price linearization
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thresholds, minimum and maximum inventories, routed networks and collaborative design and
operation. With the exception of equations (3.3), (3.4), (3.13), (3.25), (3.71), (3.72) and (3.73)
which were originally proposed in Fernandes et al. (2013), all other equations are newly created

or modified.
3.5.3.1 Volume balance equations

Crude volume balance: For the crude oil procurement, the initial time period eq. (3.1) enforces

for each refinery that the sum of the initial crude inventory gc, and the imported crude QCI;,
provides the sum of the processed crude QCP,; and the crude inventory SCit transiting to the

next period. In eq. (3.2), for the remaining time intervals, the previous period crude inventory
sCi. IS added to the LHS.

BCi +QCI,, =QCP, .+ SCi;, VielteT at<1 (3.1)
SCi,t—1+QCIi,t:QCPi't'I_SCi,U Vie I,tET At>1 (3.2)
Refinery mass balance: Eq. (3.3) enforces at each refinery and period, that the processed crude

QCP,, may not exceed the refinery capacity #i. Besides, eq. (3.4) restricts the refined volumes

QR ,: per refinery, product and period to the product of the processed crude QCP; and the

refinery fractional yield & ; .

QCP;, < p;, VielteT (3.3)
QR; , =QCP; xg; s Viel,peP,teT (3.4)

Besides, for each refinery, product and period, the import/export balance equations eq. (3.5) at
initial time period and eg. (3.6) at remaining periods, enforce that the sum of the previous period

inventories Sri,.1 (O beginning inventory BR; , in case of the initial period), the refined volumes

QR;,. and entity imported volumes >..Ql,.. equals the sum of the traded volumes

Z(j,m)H‘u ece QPiimper» the exported product QE; .. and the inventory SR.,.transiting to the

following period. The traded volumes only exist where a route is available, hence the condition

G.m 13, - Exportation of surplus production QE; . is restricted to local refineries i< IL, in

order to study the network from an importation, single country or single region perspective.

BRi» +QR, , + >.Ql i pat = ZQP”vm’pve’t +QE i+ SRipi Vil pePteT atsl (3.5)
ecE (j,m):aluivj‘m,eeE
SRipiat QR+ 2.Ql o= DL QP o +QE b+ SRipViel pePteT at>1 (3.6)

ecE (j,m)|3[uI Jm,esE
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Storage Depot balance: The MILP allows modelling of the PSC as a direct network (refinery-
depot-customer) as well as a routed network that includes inter-depot transfers. If a direct
network is chosen, constraints (3.7) enforce the initial period balances, where the sum of the

beginning inventory BDj , . , the primary volumes QP mper @and imported volumes Q. at each
depot equate to the sum of the secondary volumes QS . ,.. expedited from that depot and the
inventory SDjpet transiting to the following period. Eq. (3.8) enforces the remaining period

balances by adding the previous period inventory spj,p.e.-

BD;pe+ ZQPvapye't +Ql; o= ZQSij'm'pveyt +SDj pessVicd, pePecEteT,t<1 (3.7)

(heHtmi3gy, (mi3ge,,

SDj,p,e,t—lJ’_ ZQPh,j,m,p,e,t+Q|j,p,e,tz ZQSjykvm’pye’l-l—SDj'pye't,VjeJ,peP,eeE,teT,t>1(3-8)

(heHALm)i3gg (kemi3ge,,

While the above equations are still valid for refinery depots j<n ~1 in the routed network

formulation where inter-depot transportation is permitted, egs. (3.31) and (3.32) will be

additionally defined for the non-refinery depots je H\I.

Customer Demand balance: For each customer, product, entity and period, the initial period
customer demand balance equations (3.9) enforce that the sum of the beginning inventory

BLk.pe . the secondary volumes QS;, ... received from all depots and modes equate to the
sum of the satisfied customer demand OJ«pet-QU, ,..and the inventory Slcpeitransiting to the

next period . In the following period balance equations (3.10), the retail inventory transiting from

the previous period SL«.pet-1 is added to the LHS.

BLk,pet+ ZQSj,k,m,p,e,t = Ok pet -QU kpett SLipet VkeK,pePecEteT at<1 (3.9)
Gmiag

Sl pet1Tt ZQS fbompet — Ok, pet -QU k,p,e,t+ SLi,pet:VkeK,pePecEteT at>1 (3.10)
GmiEsg,

3.5.3.2 Transportation network

Distribution route operation: The binary variables zT..».. determine the entity thresholds per

transportation infrastructure. On each route, at most one Zl nineu variable is selected per entity

based on the threshold parametethh,u. For each entity transport route and mode having fixed

or operating costs, eg. (3.11) enforces that the average product volumes on this route are lower

than the threshold volume Tth,u of the selected threshold zT ... and higher than the previous

threshold volume Tth,u—l-
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ZTth,u—l T hlmeu < ZteT Zpgp (Qph,l,m,p,e,t + QSh,I,m,p,e,t)/NP < ZTth,u T hl,m.e,us

ueU ueU (311)

v(h L) 3 g A Elnge{FIXED,FIXVAR,OPERATINGQPERVAR},m eckE

Constraint (3.12) enforces at most one operating capacity threshold per entity and operating

route.

ZZTh,I,m,e,u <OThim: V(h1,m) |3ﬂh,|,m A Elgrve{FIXED,FIXVAR,OPERATINGOPERVAR},m .eckE (3.12)

uel

Moreover, for all available routes (hL.m)[3x,,, constraints (3.13) enforce that only installed

routes may operate while egs.(3.14) enforce that operating routes and modes have

corresponding resources operating at the originating depot.
OThim =IThim> V(h, I, m) |3, (3.13)

OThim < Z fm:m,r,fpoR h, fm,r, fp’ V(h,l,m) |E|:uh,l,m (3.14)
Likewise, for each available transportation route and mode, constraints (3.15) enforce that
installed routes are only present when the originating depot node has corresponding installed

resources.

Thim< D e Rimew w(hLm) 3, (3.15)

Route retrofit installation: To permit retrofit design, at least current capacity is installed, as
enforced by constraint (3.16). However, this capacity may be selected for closure (not operated)

as explained above.

Kth,l,m,y < ITh,I,m1 V(h, I y m) |3:"lh,|,m’ y EY (3.16)

3.5.3.3 Storage Depot network

Resource capacity, installation and operation: Strategic decisions at storage depots involve the
capacity installation and operation of two types of resources. Dynamic or continuous flow
equipment capacities are specified as flow in cubic meters per hour as in the case of pumps
and arms. Static or non-continuous flow equipment are specified as volume capacities and
number of rotations or refills per period, as in the case of storage vessels. Resource capacities

O tm.r.1p are defined per transport mode family and/or per product family. As presented in

figure 3.3, each resource capacity is dividing by parameter NCP to obtain NCP resource

partitions of equal capacity. Entity operating resource partitions ZRn, i, fo.e per depot, transport

mode family and/or product family are determined by constraints (3.17) based on the
transported volumes. The sum of the depot transfer volumes (divided by the number of resource

rotations @Mm,p for static resources) and the carry forward inventory volumes divided by the

number of periods, determines the resource partitions strictly required per product and entity.
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This is the product of the resource partitions ZR , 1, .. , the resource capacity & imr.fo and HPP

(hours per period) for dynamic resources or TPP (times per period) for static resources divided

by parameter NCP. The resource partitions operating per entity ZR, 1, +,. iIMmply their installation
and operation costs, thereby their inclusion into entity tariffs.

(ZRn. tmr. tpe =L)X OF . 1o (L—K) x HPP + k x TPP )/NCP <

ZQPh,j,m,p,e,t + ZQSh,k,m,p,e,l ((l_ k)+

J+ SDhperK | /NP < (3.17)
teT peFP(, »meFM ¢ jEILlh,J,m ke/’lh‘k‘m

@Mm,p

ZRb tmr. fpe O tmr. 1o (L= K)HPP + k xTPP)/NCP, vh e H,e e E,k =1, (fm, 1, fP) |36 v, 1p 4 fm = ANY

Although the resource partitions required to operate per entity are determined in equations
(3.17), the number of physical resources to install and operate per depot are determined in

IRn, fmr.fp @D ORn tmr.fp rESPECtively. A positive difference between installed |Rp tmr ¢, and
existing > | &t m.,.» €SOUrCEs gives the number of new resource to open and a positive
difference between the installed |Rp tm, , and operating ORp mr 1 resources gives the

number of resources to close. As retrofit design is considered, eq. (3.18) enforces that at least

the current resource capacities are installed.

yev Krh, fm,r,y, fp < IRh,fm,r,fpv vh e H, fme FM,r e R, fp € FP, (fm, r, fp) |Ha-fm,r,fp (318)
At each depot, eq. (3.19) enforces the sum of entity operating resource partitions to be

contained in physically operating resources.
ZeeE ZRn fmr, fpe < ORh'fm’,’fp x NCP, vheH, fme FM, r e R, fp e FP, (fm, r, fp) |3 a’fm’r'fp (3.19)

Likewise, constraints (3.20) enforce that resources operate only in operating depots.
Constraints (3.21) enforce that resources are installed only in installed depots. Constraints
(3.22) enforce that resources are installed in order to operate. Eqgs. (3.19-3.22) are defined per
depot and only for the transport mode families, resources and product families with associated

resource capacities & fm.r.fp .

ORh, fmr. ip < ODn < NB, VheH, fme FM,r <R, fp < FP, (fm,r, 1) 36K fmr fp (3.20)
IRh, fmr.1p < 1Dn X NB, heH, fme FM,r <R, fpe FP,(fm.r, 1) 36K myr, g (3-21)
ORn, tmr, tp < IR, fm.r, fps vh e H, fme FM,r e R, fp e FP,(fm,r, fp) |3¢9rfm,r‘f|{3_22)

Depot installation and operation: Constraints (3.23) determine the volume thresholds per entity

Zthevu, such that these accommodate the entity’s resource partitions at the depot. The volume

thresholds are used to impute the depot installation and operating costs to entities.
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ZTth u-1 ZDh,e,u < ZZRh,fm,r,fp,e Hffm,r,fprPP/ NCP < Z’Z‘th u ZDh,e.ur VheH,eeE,r ='VESSEE
ueU ’ fm,r, fp ueU ! 323)

Eq. (3.24) enforces that at most one depot volume threshold is selected per entity per operating

depot. Likewise, eq. (3.25) enforces that only installed depots may operate.

002D, <0D, VheH,ecE (3.24)

oD,<ID,, vheH (3.25)

The variables ZD, ZT and ZR implement the imputation of piecewise linearized installation and
operating costs to product entity tariffs. These variables may be set for entities even in non-

participated depots, thereby providing collaborative design.

3.5.3.4 Minimum and Maximum inventory constraints

Crude working stock: Parameters Sy, and Su.., defined per activity, enforce safety stocks per

PSC stage. These may be adjusted to enhance entity profits and improve PSC efficiency.

Equations (3.26) and (3.27) enforce the crude oil inventory SCi: at each period, within a
percentage of the refinery’s crude processing capacity p. .
SCie = 0% B VielteT (3.26)

SCi; < p; % ﬂf,'F:XJDE, VielteT (3.27)

Refinery safety stock: Equation (3.28) enforces a minimum for the processed crude based on

the refinery’s production capacity p, . Constraints (3.29) enforce for each refinery, product and

period, a maximum inventory based on the refinery’s product yield é&ip.

QCP; . 2 p, XﬂﬁlelNG, Viel,teT (3.28)
SRipt <P P Viel, pePteT t>Iat<T-1 (3.29)

Retail Working Stock: Equations (3.30) enforces that inventory buffers Sli.pe: at each retail

station, are limited to a percentage of the following period customer demand §, ...,
RETAIL

SLk,p,e,tS 5k,p,e,t+lXﬂMax , VkeK,peP,eeE,teT,t>1At<T (3.30)

3.5.3.5 Model extensions

Routed networks: An alternate routed network formulation is proposed for use with large

networks. Here, eqs. (3.7,3.8) are still valid for refinery depots, however initial period egs. (3.31)
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and following period egs. (3.32) are defined for the non-refinery depots je H\Il. The later

account for the inter-depot transportation volumes QP ;1 pe:.

BDj’p’e+ ZQPh,j,m,p,e,t +QI et~ ZQPj,h,m,p,e,t + ZQsj,k,m,p,e,t + SDj,p,e,ta (3.31)

(hEHm'm)H/uh,j,m (hEH\I'm)H:uj,h,m (kym)laﬂj,k‘m
VjeH\Il,peP,ecE,teT,t<1
SDjpetat zQPh,j,m,p,e,t +QlI ipet ZQPj,h,m,p,e,t + ZQS j.k,m,pet +SDjpets (3'32)
(hEHN'm)B/Jh,,,m (heH\I,m)Hlthm (k,m)\a/_lm.m

VjeH\Il,peP,ecE,teT,t>1

Individualistic operation: The PSC may be studied from the individualistic perspective where the
entities may only distribute products from participated depots, not exceeding the volumes
determined by their participation. Egs. (3.33-3.35) enforce the depot, transportation and

resources operating thresholds per entity to their respective participation percentages.

ZDh,e,ufthuth,e! VhEH,eE E,UEU (3.33)
ZRn i, fpe S Kl imr 1o e VheH, fmeFM,reR, fpeFPecE  (3:34)
ZTh,I,m,e,uTthugnh’Lm'ea VheH,leL,meM,ecE,uecU (3.35)

3.5.4 Objective Function

The current model objective function includes many features: i) the analysis of various business
objectives, namely maximize profits, maximize revenues, and minimize costs. ii) The PSC can
be optimized for all individual entities as the cost, tariff and profit components per entity are
obtained individually and finally aggregated. Here, a weighted multi-objective function based on
entity market quotas could aggregate entity objective values. iii) Entities play two roles in PSCs:
product entities are product owners who utilize the network services and hence pay service
tariffs to the logistics operators; and capital entities who own logistics operator installations and
hence incorporate a share of their profits. iv) Costs, tariffs and profits are determined per depot
or route, and product for each product entity. A detailed cost structure is modelled using fixed,
fixed variable, operating, operating variable and unitary (volume based) costs. The fixed

variable and operating variable costs may be defined per unit of distance or duration or both.

The model is versatile and its structure permits granular cost and profit imputation per activity,
depot, route, entity and product; and when not directly imputable, secures their distribution
based on the entity/product market quotas. v) Tariffs per product entity, depot or route, and
product are calculated based on the determined costs per product entity, indexed by a markup

margin «® defined per activity. vi) The tariffs calculated above are paid by the product entities

to the logistics operators, and hence constitute their revenue. The logistics operator costs are

calculated per depot or transportation route and product. The difference between the revenue
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and costs provide the logistics operator profits for each depot or transportation route and
product. vii) The capital entities incorporate the logistics operator profits based on their capital
participation in the depot and transportation infrastructures. viii) The disaggregation of the
objective function into individual costs, tariffs and profits per product entity, depot, route, and
product, makes them available for further study or direct use. ix) As entities use shared
resources, the individual entity costs and consequently tariffs must be properly calibrated so as
to reflect economies of scale. Here, a piecewise linear approximation approach is used to affect
the fixed and operating costs to the product entities. Product entities are expected to select
wholly or partially owned structures. x) Finally, the model permits study of the PSC and
definition of the costs and tariffs using either the projected costs or only the non-amortized
costs. In the first case, the tariffs and consequently the incorporated profits are higher, whereas
in the later both will be lower. The net profit (incorporated profits minus tariffs) for uni-entity
networks are the same for both cases, however, in a multi-entity network, the net profit in the
projected case will benefit entities with major capital participations. Note that depots and
pipelines are entity-owned, therefore will incur fixed, operating and unitary costs while maritime,
railway and road transportation are third-party services where only unitary costs are defined.

Z MRi,e,t - Z ZCEi,p,e,t - Z ZC| j,pet
iel iel pep jed pep
- Z[ZCNCi,p,e,t+ZCNRi,p,e,t+ZCND et T ZCNLk,p,e,tJ
Proflt _ Max peP\ iel iel jed keK 336)
te';eeE + ZZMLk*p'e't - ZTDE het ZTTE hl,met ™ ZZCSk,p,e,t
keK peP heH (hv|’m)‘3/’thIvm keK peP
+ D MDEnet+ D MTEnimer
heH (h'l’m)‘alum.m

The objective function in eq. (3.36) maximizes the total PSC profits, which is the sum of

individual entity profits, each aggregating thirteen terms: the refinery margins MRie; less the
exportation Cti,.. and importation costs Cljpet; less the crude CNCipet, refinery CNRipet,
depot CNDjpet, and retal CNLk,p.et inventory costs. plus the retail segment margin
MLk pet minus the transportation tariffs TTE n1.m.e.t the storage depot tarif's TDE jt and the

product shortage cost CSk.pet; plus the entities’ participation in the storage depot operator

MDj.: and the transportation operator MThimet profits. The objective function maximizes

revenues if only M-prefixed terms are included; or minimizes costs if only the C-prefixed and T-

prefixed terms are included. The function can accommodate weight parameter . for the

different objective terms which could take equal weights, or entity market quotas, or include only
one entity, or exclude any entity to study the impact of new entries, closures and fusions. The

objective function terms are hereafter described in full detail.
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3.5.4.1 Refinery margin (MR)

The refinery products are either traded to the petroleum entities for local consumption or
exported when production is surplus. Eqg. (3.37) provides the refinery margin which is the

difference between refining revenue: product of the refined volume and the difference between

; i al : v=t a2 .
the ex-refinery price ¢\ and the refinery costs &P/, :and the crude costs QCl; x @y, - This

margin is directly incorporated by entities based on their participation nirlie in the refinery capital.

MRie: = (ZQRW (- Pt )-Qal,, (pjlet] 7. Viel,ecEteT, al=rl=REFINERY a2 = p2 = CRUDE3 37)

peP

3.5.4.2 Exportation costs (CE)

Besides production for trading to entities and replenishing inventories for national consumption,
refineries may produce for exportation. Eq. (3.38) gives the exportation cost, which is the
product of the export volumes and the export tariff and the entity participation in refinery. The
export tariff is the cost of insurance and freight (CIF) for transporting the product to the regional

wholesale market hub.

CEivpec=QE, . Prip e Viel,peP,ecE,teT,rl=EXPORT,r2 = REFINERY(3.38)

3.5.4.3 Importation costs (CI)

Refineries and depots may import product from refineries external to the network. Besides,
refinery yields of product mix and capacity restrictions may imply product importation. Eq. (3.39)
provides the importation costs as the product of the import volume and the cost of product,
insurance and freight. The latter is the sum of the ex-refinery or wholesale cost of product and
the unitary importation tariff that covers the transportation costs from the nearest wholesale

market hub.

Clipe: = Ql h'pyeytx(ﬁﬁ@vﬁj"p) VheH,peP,ecE teT, al=REFINING, rl= IMPORT  (3.39)

3.5.4.4 Inventory costs (CN)

Every stage (procurement, refinery, depot and retail) and location hold inventories to improve
production and distribution efficiencies, besides securing safety stocks. Inventory costs per
location, entity and product are calculated in eqgs. (3.40-3.43) as the product of the inventory
tariff 7, the inventory volume and the product stage price. At all stages, the inventory costs are
imputed to the product owners with exception to the refinery, where they are imputed as per the

entity participation ;.
CNCiper=p X SCi,QX(pT;;,t X & px77ir,]é, Viel,peP,ecEteT,al=pl=CRUDErl= REFINERY(3'4O)

CNRW:Q/XSRi,p,txq);{txn{i, Viel,peP,ecE teT,al=rl=REFINERY  (341)
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CNDj,p,e,t:y XSDj’p'e’tXQ)’:l’t, Vjeld,peP,ecE,t eT,al=REFINERY (3.42)
CNLk,p,e,t:]/ XSLk,p,e,tX(D?jt, VkeK,peP,ecE,teT,al=RETAIL (3.43)

3.5.4.5 Retail Margin (ML)

The retail margin per customer location, product, entity and period is obtained in eq. (3.44) as
the product of satisfied demand and unitary retail value, minus the product supply cost for each
customer zone and period. The satisfied demand is the difference between customer demand
and unmet demand; the unitary retail value is the difference between the retail price and retail

tariff; and the supply cost is the supplied product valued at the product’s ex-refinery price.

1 =t 2
MLk‘P‘e‘I:(ﬁkvp.E,t_QUk,p,e,t ¢:,1_§P‘:1,p)_z(j‘m)|3# ) Qsj,k,m,p.mx@:,p
J.km

VkeK,peP,ecE,teT,al=rl=RETAIL a2 = REFINERY

(3.44)

3.5.4.6 Unsatisfied demand cost (CS)

Lost revenue for unsatisfied demand is accounted for in eq. (3.44), however, eq. (3.45) provides

a penalization if the cost minimization objective is considered.

CStper = QU po X P Yk eK,peP,ecE teT,rl=UNMET (3.45)

rip?

3.5.4.7 Transportation tariff (TTE)
Eq.(3.46) computes the transportation tariff per product entity, transport route, mode and period
as the sum of the fixed costs CTFE met: Operating costs CTOEnime:. and unitary costs
CTU nimee:. These are estimated per entity and marked up by the operator margin ¢". Egs.

(3.46-3.49) are defined only for available transport routes and modes (hIm)3 g, -

TTE | et = £L+ aﬂ{CTFE nimes T CTOE + ZCTU

peP

\WheH,leLmeMA(hlm)34, ecEteT, al=TRANSPORT (3.46)

hlmet hlmpet

The fixed installation cost per product entity and route is determined in eq.(3.47) for the

amortization period teT At<MNA_ The expression hI (ZTh.I.m,e‘uZCu) gives the entity cost

threshold coefficient and &RY™" + 1, , xRy " is the route installation cost which includes the

fixed and the distance variable fixed installation cost.
CTFE pymet = Do (T nimes CIRET + 110w x RE™) V(M 1,M) 341, e € EiteT At< MNA (3.47)

The operating cost per product entity and route is determined in eq. (3.48) as the product of the

entity cost threshold coefficient >, ZT ... 7C.and the route operating cost. The later is the



CHAPTER 3. Collaborative Design and
82 Tactical Planning of Downstream Petroleum Supply Chains

sum of the fixed resource operating cost ¢Ry°and the distance-based resource operating cost

My X R
CTOEn i met= ZUEU ZT himeuTC, (é:R::o g m > éRr\;:OV)y v(hLm) | Fu,,.e€EteT (3.48)

The volume dependent cost is given by eq. (3.49), as the product of the transported volume

(primary and secondary), the route distance and the transport unitary cost.

CTUnimpet :(QPMMGYt +QSh,|,m,p,e,t)>< JTRPRE njfp“, v(h,1,m)|3 Hyim PE P,ecE,teT (3.49)

3.5.4.8 Storage Depot tariffs (TDE)

Depots initially have no storage, where resource capacities are added as justified by
transported volumes. The storage depot tariffs per product entity, depot and period are
computed in eq. (3.50), by marking up with the storage margin, the aggregate of the depot fixed

and operating costs, resource fixed and operating costs and the depot unitary costs.

TDEne; = (H aal{CDFEh,e,x +CDOEne:+ . (CRFER fpes + CROEn o)+ .CDU h,p,el} VheH,ecE,teT,al=STORAGE  (3.50)
peP

fpeFP

The depot fixed installation cost per product entity and depot is calculated in eq. (3.51) during

the amortization periods. The expression >’ . ZDn..7C, IS the product entity cost threshold

uel

coefficient and parameter ERT" is the fixed cost per depot.

CDFEne: =Y, ZDneu* 7C, ¥R vheH ecE teT t<MNATL=DEPOT (5,

Likewise, eq. (3.52) gives a depot operating cost per product entity, depot node and period.

CDOE e = Zueu ZDne X 7C, % &R, vVheH,eeE,teT,rl1=DEPOT (3.52)

Eqg. (3.53) calculates the entity resource fixed cost per product entity and depot as the product

of the installed entity resource partitions > zR...,. @and a resource partition installation cost

fm,r

(aDpr' +¢Rﬁ:f)/ NCP, defined per resource and product.

CRFE | et = 2 2R m,h‘r,p:fp,ex(5PZ;Lm+§R::‘)/ NCP, vheH,fpeFP,ecE teT t<MNA P, ngf(fg_S?’)

Similarly, the entity resource operating cost per product entity and depot is computed eq. (3.54)

as the product of the operating entity resource partitions > > ZRum.p. and a resource

fmeFM

V=i

0 V=0
partition operating cost (épr,p "'er )/NCP defined per resource and product.

CROE et =Y. D(ZRnimr s/ NCP)X (152, + R} WheH, fpeFPecEteT B VR™ (554

reR fmeFM
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Eqg. (3.55) provides the volume dependent cost as the product of the transported volume and a

V=u
depot unitary cost éprl,p .

COUnper =Y, D QPo g + Q0 1mpea <P, VheH,pePecEteT,ri=DEPOT (3.55)

leL meM

Unamortized costs: Product entity tariffs computed in the eqgs.(3.46) and (3.50) reflect the
projected costs as determined in (3.47)(3.51)(3.53). The tariffs can be lower if only unamortized
costs are used as in egs. (3.56-3.58). Here, the fixed cost per product entity is calculated by
egs. (3.56,3.58) only in the unamortized periods as the product of the difference between

installed and existing thresholds ZTm,m‘E‘uzcu(l—nh‘.,m,eZ Kth,lmy) and the resource cost. Note that the

yeY

second term is subtracted only in the amortized periods t<MNAAy+t>MNA

CTFE |00 = Z[ZT h,.,m,e,uzcu[l—nh,l,m,e;mh,.,my]](ﬂ_f + g R (3.56)

ueU

W(h1,m) 3, e e EteT Alt<MNAv (=, Ay+t>MNA))

CDFE e = Z[ZDW C, {1—;7hme Z,(dh,yDgﬁylf ,VheH,ecE teT Alt<MNAv-p,, . )ri=DEPOT (3.57)

ueU (y+t)>MNA

CRFEn pec = Xy, (KX ZR0me e (2P + R )/NCP,

e (3.58)
VheH, fpeFPecEteT k=1/t<MNAV=3Y s, MypuelPr, VER)  r1=DEPOT

3.5.4.9 Transportation operator margin (MTE)

The capital entities consolidate operator profits proportional to their financial participation in
transportation infrastructures which are participated modes me mMP. EqQ. (3.59) calculates the
logistics operator’s transportation cost which is the sum of the fixed, operating and unitary costs.
Eq. (3.60) calculates the consolidated profits per entity as the product of the difference between

the transportation tariffs and the logistics operator’s costs, and the entity capital participation

Th1me if existing route or the entity market quota {e if new route.
CTDhimt = (CTFD ni,mt + CTODh1,mt + ZpEPZeEECTU h,I,m,p,e,I) v(h,I,m) |3y, t €T (359
MTEnimes =D, TTE nimeze — CTDh,I,m,t)X (ﬂh,l,m,e + Cfe), v(hI,m) |3y, ,ArmeMP,ecEteT,n,, .V, (3.60)
The installation of a transport mode between two nodes implies a fixed cost to the logistics

operator for new and non-amortized routes as determined in eq. (3.61). For installed routes, the

binary expression I1Tu.~2, . kt,., With the condition t<T At<MNA Ay +t>MNA s true in

the non-amortized periods. The route installation cost is the sum of the fixed cost and the

distance variable fixed installation cost as given by the second expression.

CTFDnims = (|Th,l,m_zyey ’dh,l,myxa?xd +yh‘|‘m><§Rr‘:|:W), v(h1,m) |3y, teT AtSMNAAY+1> MNA (361)
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Finally, eq. (3.62) determines the logistics operator fixed operating cost per operating route

OTnim Which is the sum of the route operating cost gr¥-°and the route distance variable

operating cost 4 m < Ry .

CTOD, 1y =OTnimx (R + 11, x RY™) V(h,1,m) |3, o teT (3.62

3.5.4.10 Storage depot operator margin

The depot operating fixed costs are given by eq. (3.63) as an aggregation of depot and
resources fixed installation and operating costs and depot unitary costs. Eq. (3.64) determines

the capital entity consolidated profits, incorporated from the depot margins which is the product

of the difference between the depot tariffs 3 TDE , , and operator costs CDD ,,, and the

he2t
entity capital participation 77, _pepore if €Xisting depot or the entity market quota {e if new
installation.

CDD# = CDFDh+CDODh i+ Yo (CRFDp o+ CRODn ip)+ D p D« CDUn e vheH,teT (3.63)

MDEhe: = (ZEZEETDEh'EZ‘l — CDDm)x (ﬂh,h,rl,e + g’e) vVheH,ecE t €T nnreV $eiIl=DEPOT (3.64)

Eq. (3.65) calculates the depot fixed cost for the logistics operator where the binary expression

ID, -, «dny, @mounts to 1 for new depots as well as for existing depots during the non-

amortized periods. Parameter sRY.L . defines a depot fixed installation cost.

COFD ,, =(IDh= 3., makny X R, VheH,teT At<MNA rl= DEPOT (3.65)
Eq. (3.66) provides the logistics operator’s fixed operating cost per operating depot and period.

CDOD,,, =0D xR 1", vheH,teT,rl=DEPOT (3.66)

Eqg. (3.67) computes the logistics operator’s fixed resource cost per depot, product and period,

as the product of the number of resources |R, ...~ >. , installed or existing in the

(y+t)>MNA’(r h, fm,r,y, f

y=f y=f
non-amortized periods teTAt<MNAAy+t>MNAand the resource fixed cost &P +¢R

defined per resource or product.

v=f v=f v=f v=f
CRFD =Y, (I h‘fm‘r‘fp—Z(WMNA,MWVYYW)X (PR | heH, fpeFPLeT At<MNAPY VR (3.67)

Finally, eq. (3.68) gives the logistics operator’s resource operating cost per depot, product and

period which is the product of the number of operating resources ORp, im,r,7p and the resource

. =0 =0
operating cost ézpr\ylp +éR: defined per resource or product.

CROD hfpt = meeFM,reR ORb, fmy o (§P \::r?-l_ R \rlzo)' VheH,teT, fpeFP, &P \;:f(;v ¢R \r,:O (3.68)
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3.5.5 Model Reduction

Depot location candidates: As location problems are large-scale, a p-median concentration set
is constructed as per Rosing and ReVelle,?* to reduce the problem size. A list of depot
candidates is created in descending order of the customer demand within distance RCD divided
by the road transport distance. The top NCD depots then comprise the depot concentration set

as presented in eq. (3.69).

S
V| ne N Adescending order of z %
KEKigL | | ron<RCD ,Unvkvm

If {(LCD< NCD)or[Zp: p..> OJO{mZM Kooy > O]J (3.:69)
J=N; *add depot

{LCD =LCD +1; }

else

{ I*drop depot}

Secondary route candidates: Similarly, a p-median concentration set of potential secondary
routes is constructed for each customer location. The secondary route concentration set is
formed as a list of depot routes within RCD distance from each customer location. The heuristic

is produced below in (3.70).

If (m e{ RAIL","MARITIME '}v (m =" ROAD‘/\IuJ_ S RCD)
v(meM;leL;heH {/Llj,k,m =H I*add secondary route (3.70)

elsejyy. o= 0; I*drop secondary route}
J,K,m

Route suppression: Route distances between any two nodes per transportation mode are

obtained forefront. Similarly, distance estimates for new pipelines are computed based on GPS

coordinates. Constraints (3.71) suppress inexistent routes having zero distances z,,,=0.

OTnom=ITnom=0, vneN,0eO,meM,Ap, =0 (3.71)

Transportation stage, mode and product restrictions: The installation of a transportation mode

on a route, does not imply that all products use this transport mode. Parameter vm.» defines the

maximum allowed transport distance per transport stage, mode and product. Road
transportation, for instance, is not permitted for primary distribution, while pipeline transportation
for non-heated fuel-oil is limited to small distances. Similarly, secondary transportation by
pipeline or railway is only permitted for transporting Jet fuel to airports. Either situation can be
modelled with distance bounds per product for primary and secondary distribution as in
constraints (3.72) and (3.73).
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QP g =0 vheH, jed,meM,pePecEteTaly, > of) (3.72)
QS pei =0 Vel keK,meM,pePecEteT Ay, > i) 3.73)

Maritime, rail and road distances in kilometres are obtained using the Google API whereas

distances for new pipelines are calculated using the Weisstein?! Big Circle formula given in eq.
(3.74). The transport duration in minutes ﬂ'm is given by eq. (3.75) where ,Llhlmis the
m n

distance.

1L, soeane = 8571.01C s " (5in (NRx [ in (NRx [+ Cos (NRx T foos (NRx [ os (NRx ([ -5 ) (3.74)

: = 3.75
/uh,I,PIPELINE /uh,I‘PIPELINE X MVm ( )

Reduction of the model size and execution time are thus achieved through pre-processing for
large-scale instances. The response of the MILP model to real-world situations based on the
Portuguese PSC is now studied in the following sections presenting results, insights and new

research directions.

3.6 The Portuguese Real Case

The MILP presented above is now validated using a real case network based on the
downstream PSC in Portugal for which we construct a comprehensive parameter database as
detailed in table 3.1. The current PSC network is presented in figure 3.4 where two refineries
import crude oil and produce the derived products for the local market consumption. Product
may be exported or imported as required. The refined product is then commercialized by four
petroleum entities operating in Portugal, which distribute the product through eleven existing
storage depots to customers which may be arranged into eighteen districts using their capitals
as reference points. Here the GPS coordinates are crucial to identify available land routes and
known distances or compute possible new routes. The commercial entity market shares are
known per product and these include the smaller companies and hypermarket demands which
are also cumulatively supplied by them. The transportation network is divided into two: the
primary distribution that delivers product from refinery to depots and the secondary distribution
responsible for the delivery of product from depots to the final customer which are airports,
petrol stations, factories and utilities. Distant districts may receive product across the frontier

from Spain.
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Figure 3.4. The Portuguese PSC

The present study focusses on the distribution of 8 oil products in Portugal (C3, C4, U5, U8,
GO, FU, Al, Bb5), including liquefied petroleum gases (LPG — C3 and C4). Transportation is
undertaken by pipeline, maritime or railway for the primary distribution and by road for the
secondary distribution. JET Al is however an exception where pipeline or railway transportation
may be used. Crude oil purchases and refinery production is planned in accordance to refinery
capacities. Excess production is exported and deficit products are imported to fulfill the market
requirements. Particularities relating to the LPG bottle-filling and the archipelagos of Madeira

and Azores have not been included in this study.

The MILP parameters are a statistical database, specifically constructed from the quantitative
data published by the economics ministry of Portugal through the Direccdo Geral de Energia e
Geologia (DGEG, 2015), Instituto Nacional de Estatistica (INE, 2014) and Autoridade de
Concorréncia (AdC 2014,2015); and the European performance indicators in the European
Commission’s Directorate-General for Energy (Eurostat, 2015) and Purvin & Gertz Inc. (2014).
While Google Maps application program interfaces (Google Inc., 2014) provide the road, rail
and maritime transportation distances, the pipeline distances are calculated using the GPS

coordinates and the big circle formula (Weisstein, 2014).

3.7 Real case parameter data

As the current model is an improvement of the individualistic model presented in chapter 2, both
chapters use the same test data for the purpose of comparison. The parametric data covers a
twelve year period, collected from Portuguese and European statistics, encompassing the
period 1999 to 2010, currently being the most recent available. Due to the enhancement of this

model, the structure of some parameter tables have evolved while new ones have also been
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created. Table 3.1 synthesizes the model parameters used in the collaborative MILP which
represent some changes when compared to those presented in chapter 2 as well as the new
tables B.9, B.12 and B.25 to B.29 created to support the model improvements presented earlier.

These are the basis of the results presented hereafter and are provided as Appendix B.

Table 3.1. Model Parameters

Parameter? comment

A.1 | product characteristics such as density for mass to volume conversions and vessel
dimensions

A.2 | demand per product, customer district and period in cubic meters

A.3 | market quotas per entity used to calculate demand volumes per entity

A.4 | crude processing capacities per day per installed refinery in cubic meters

A.5 | refinery typical yields of product mix per unit of crude oil

A.6 | entity ownership percentages per refinery, storage depots and transportation

infrastructure

A.7 | paid amortization periods for current depot infrastructures

A.8 | paid amortization periods for current transportation infrastructures

A.92 | installed resource units per location, transport mode family, resource, product family
and paid amortization periods; replaces tables A9, A10 and A1l from Fernandes et
al. (2013)

A.122 | resource typical capacities in cubic meters given as volume capacity for static

resources or flow rate per hour for continuous resources, defined per transport mode
family, resource and product family; replaces tables A12, A13 and A14 from
Fernandes et al. (2013)

A.15 | vessel rotations per product

A.16 | product independent resource costs typified as fixed, fixvar (fixed variable), operating,

opervar (operating variable) and unitary

A.17 | product dependent resource costs

A.18 | price per product at the exit of each activity stage

A.19 | maximum distance allowed per distribution stage, transportation mode and product

A.20 | rail distances (in kilometers between refinery, depot and customers)

A.21 | pipeline distances (")

A.22 | maritime distances (")

A.23 | road transport distances (”)

A.24 | GPS latitude and longitude per refinery, depot and customer location

Parameter® comment

B.92 | installed resource units per location, transport mode family, resource, product family
and paid amortization periods; replaces tables A.9, A.10 and A.11 from Fernandes et
al. (2013)

B.122 | resource typical capacities in cubic meters given as volume capacity for static

resources or flow rate per hour for continuous resources, defined per transport mode
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family, resource and product family; replaces tables A.12, A.13 and A.14 from
Fernandes et al. (2013)

B.252 | product families

B.262 | transport mode families

B.272 | transfer volume thresholds

B.282 | tariff linearization coefficients

B.292 | transportation mode capacity characteristics

aTable parameters in reference to those given in chapter 2. P Table parameters newly created in chapter 3.

The following section presents the performance results of the dynamic and collaborative MILP,

comparing it with respect to the earlier static and individualistic model.

3.8 Case-Study Results

The MILP model is implemented using GAMS 24.1.3 64-bit and solved with MILP commercial
solver CPLEX 12.5.1 using 4 parallel threads on a dual-core Pentium 2.4 Ghz CPU with 8GB
RAM. The stopping criterion is 0 % optimality gap or 24 hours of CPU time.

The MILP models six different possible networks for the Portuguese PSC maximizing profits for
each setting. Current, grassroots and retrofit network designs are generated, first modelled as
uni-entity networks where all resources and product demand are assumed to be owned by a
single entity; and subsequently as multi-entity collaborative networks where the resources
owned by various entities are shared. Here, the current network selects eleven existing depots
while the grassroots and retrofit networks consider twenty-six possible locations - the current
depot locations plus the district capitals. The model simplification only considers node to node
affectations below 250 kilometer distances. The project is amortized in 12 years each
encompassing 12 month periods of 22 days with 16 hours. A 15% margin is considered per
activity, with 5% WACC, where the operating cost is 20% of the installation cost, and each
resource is divided into 10 capacity partitions for price linearization. In the current network, only
existing depots, capacities and routes are operated, however transfer volumes may be freely
assigned. The grassroots provides an optimal network design of depots and transportation
routes beginning from scratch. The retrofit design allows the opening of new and expansion and
closure of existing network depots, routes and capacities. This study is based on demands and

prices over twelve years from 1999 to 2010 (latest available at the time).

Table 3.2 presents the model statistics for the real case example. The number of equations,
continuous variables and CPU time for the multi-entity networks are about four times that of the
uni-entity networks. CPU time increases from current, to retrofit to grassroots design. The MILP
total PSC profits are higher in the uni-entity networks than in the multi-entity counterparts.
These improve from the current to grassroots by 2.5% and to retrofit design cumulatively by 7%

under both uni-entity and multi-entity collaborative networks.
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Table 3.2. Performance results

Network Design Equations Variables Discrete Objective Gap (%) CPU (s)
Current 177667 235145 5484 11.047 x10° 0 10
Uni-entity Grassroots 186494 237133 7472 11.312 x10° 0 44688
Retrofit 186302 237106 7445 11.834 x10° 0 69705
Current 586429 830927 19944 11.046 x10° 0 277
Multi-entity Grassroots 595256 832915 21932 11.426 x10° 1.6 86422
Retrofit 595064 832888 21905 11.882 x10° 0.43 86515

3.8.1 The PSC network strategic decisions

Figure 3.5 shows the selected depots and the operated primary transportation between refinery
and depots in the uni and multi-entity MILP designs for current, grassroots and retrofit networks.
The depots Aveiro, Azambuja, Faro, Matosinhos, Setubal and Sines are opened and operated
in all designs. Banatica, Barreiro, Leixfes, Perafita and Real are operated only in the current
networks, hence closed in the grassroots and the retrofit networks. No new depots are opened
thereby confirming some existing locations and simultaneously identifying their importance as
they are selected in all networks. Excess existing capacity is evidenced for the Portuguese PSC
as the less efficient depots are closed.

Design Network Aveiro Azambuja Banatica Barreiro Faro Leix6es Matosinhos Setubal Sines Perafita Real

Current  Multi-entity e L= N PR 11111 R = L= - | T e -
Uni-entity ik — -y e, THHHT L= - e s e
Multi-entity e L L = | == - =

Grassroots . .

Uni-entity = = L= | =8 L= -
. Multi-entity = = L - L= - |

Retrofit . .

Uni-entity e L= L~ L =8 -,

Refineries Sines & * * * * —_—t .t
Matosinhos 'S * * * t* it wt =t

Figure 3.5. PSC depots operated by MILP with transportation routes (rail, maritime, pipeline)

Rail transport is selected between Sines and Faro for the current networks. Maritime transport is
selected between Matosinhos or Sines to Aveiro, Banatica, Barreiro and Setubal in both current
networks and to Setubal in both retrofits and uni-entity grassroots. Pipelines transfer product
from Matosinhos refinery to Leix8es, Matosinhos, Perafita, Porto and Real depots in both
current networks, and from Sines refinery to Azambuja and Sines in all networks and to Setubal
in the multi-entity grassroots. Pipeline transportation is also selected from Matosinhos refinery to
Aveiro and Matosinhos, and from Sines refinery to Azambuja and Sines in the grassroots and
retrofits. Besides, Jet Al is supplied by pipeline from Azambuja to Lisboa and Sines to Faro in
the two retrofits and uni-entity grassroots and from Matosinhos to Porto in all networks except

multi-entity grassroots.

Table 3.3 presents the objective function components, including the total profits, refinery
margin, exportation and importation costs, gross retail margin, depot and transportation tariffs,

margins and fixed and total costs for each network design for the twelve-year period.
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Table 3.3. Value contribution per network in millions of monetary units

. i Resource| Depot
. Total | Refinery] Exporf Retail | Transporf Depot| Import| Transporf Depot § . Transport | Depot | Transport
Design | Network ) X . i . X . fixed fixed |
profits | margin| costs| margin| tariffs | tariffs| costs| margin | margin| fixed cost | costs costs
costs costs
Multi | 11,046 | 4,912 247 | 10,435 2,967 1,888 | 171 200 1,081 21 115 0 807 2,450
Current
Uni 11,047 | 4,912 | 248 | 10,434 | 2,877 |[1,318| 171 111 511 21 115 0 807 2,449
Multi | 11,246 | 4,912 223 | 12,114 3,217 1,888 | 853 156 556 240 435 184 1,332 2,757
Grassroot:
Uni 11,312 | 4,912 | 216 | 12,262 | 3,135 | 1,451 | 884 36 99 246 435 147 1,352 2,777
Multi | 11,831 | 4,912 216 | 12,275 3,260 2,012 | 878 208 1,116 107 115 91 897 2,730
Retrofit
Uni 11,834 | 4,912 215 | 12,296 3,151 1,463 | 891 94 567 106 115 91 896 2,735

The gross retail margin is the difference between the retail price and the ex-refinery price and
retail station cost, excluding the transportation and storage costs which are shown separately
and are influenced by the expedited volumes. Non-tangible costs such as the entity publicity
and trading costs are not considered. The total profits and contributing margins, resulting from
the collaborative design, operation and inventory holding, are significantly improved as
compared to our earlier model. Total profits and retail margins are seen to improve from current
to grassroots to retrofit designs. Uni-entity profits and retail margins are marginally better than
multi-entity profits. Importation and exportations costs are lowest respectively for the current and
retrofit designs. Depot and transportation costs increase between the current to retrofit, being
the highest in grassroots design due to the amortization of new installations. Transportation
tariffs are observed to be higher than depot tariffs. Tariffs and consequently margins are highest
in the retrofit designs being maximum for the multi-entity network. In conclusion, retrofit design
obtains the best result, at the expense that the grassroot designs require total investment in

infrastructures.

Table 3.4 presents the total refined, primary, secondary, exported and imported product and
crude volumes, inventories and unsatisfied demand for the twelve-year period. Multi-stage and
periodic crude oil and product inventories are generated by the MILP in all designs evidencing

that considering their utilization improves the network efficiency.

Table 3.4. Volumes per network in millions of cubic meters

. Refined Primary | Secondary | Exported | Imported | Crude Refinery Depot Retail |Unsatisfied
Design |Network o L . . . .
product | distribution | distribution | product | volumes | inventory | inventory | inventory | inventory | demand

Multi | 195.331 99.266 100.261 96.961 0.995 3.772 0.317 1.139 18.497 48.834
Current

Uni 195.331 99.242 100.237 96.985 0.995 3.772 0.447 1.009 18.497 48.858

Grassro| Multi | 195.331 113.216 118.332 87.232 5.116 3.772 0.511 0.722 18.829 30.763

ots Uni 195.331 115.939 121.251 84.704 5.312 3.772 0.403 0.442 18.993 27.844

Multi | 195.331 116.121 121.432 84.522 5.311 3.772 0.219 1.061 19.014 27.663
Retrofit

Uni 195.331 116.265 121.621 84.422 5.356 3.772 0.511 0.754 18.975 27.474

Uni-entity networks in general outperform the multi-entity networks. Imported volumes increase
from current to grassroots and retrofit designs whereas the depot inventories decrease. With

stable production, the exported volumes and unsatisfied demand which are highest in the
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current network decrease respectively 13% and 45% for both grassroots and retrofit designs
with a consequent increase in primary and secondary product volumes. As current refinery

capacities are used which have expanded from the initial years when product demand was low,
hence the MILP generated export volumes are high.

3.8.2 Resource installation and capacities at depots

The installation of transportation modes at depots implies the installation of resources which
may or may not be product specific. Figure 3.6 shows the product independent resources
installed per depot per network design. All designs show single maritime docks at Matosinhos
and Sines while the current networks show a railway station at Sines. Two Pumpl6 and
interfaces are installed at Sines and Matosinhos in all networks, which contrasts with the current

network at Sines where three are installed. Finally, a Pump16 and interface is installed at
Azambuja in the grassroots and retrofit networks.
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Figure 3.6. Number of product independent resources per network design and depot

Vessels and loading arms are product dependent resources whose operating numbers per
depot for the six networks are presented in Figure 3.7. The number of resources to operate in
each case is determined by the product transfer volumes, resulting in their installation and
operation costs. The number of operating arms per depot and per product, which is larger than
that of vessel units in the current networks, is reduced in the retrofit and grassroots network,
thereby determining cost savings. In current networks, all installed resources are selected for
operation hence uni and multi-entity network operating resources are equal. However, the
grassroots and retrofit designs show fewer depots with a higher concentration of operating
resources which are greater in multi-entity when compared to uni-entity networks. Curiously the
same depots are selected for operation in these four networks but the retrofit designs operate
more resources when compared to the grassroots designs. The resulting depot configurations
show that the MILP generates depot capacities closer to the client locations as in the case of
fuel oil at Setubal, driven by higher costs of secondary distribution. Another positive effect in the
MILP designs is that the depots operate more products. Hence, there is a natural shift of

product capacities from current depots having fewer products to full-fledged depots offering the
majority of products.
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Figure 3.7. Product dependent resources per network design and depot

Figure 3.8 presents the tank trucks operating per product, depot and transport route for the uni-
entity retrofit. Significant changes are also observed in truck numbers for the remaining five
designs, the reason being the differences in product volumes and the determination of truck
numbers per entity. Two shifts of 7 hours are considered per day with 30 minutes expedition
and unloading times. The transport duration per trip is also known between any two nodes. The
number of tank trucks is observed to be higher for GO, followed by U5 and FU. However,
Setubal is an exception where FU supersedes GO. No trucks are present for Al in the uni-entity

retrofit, as pipeline transport is selected between Azambuja and Lisboa.
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Figure 3.8. Operating trucks per product, depot and route for uni-entity retrofit
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3.8.3 Product Volumes and Inventories at depots

Figure 3.9 presents the volumes expedited per depot and entity for the six networks.
Aggregates of multi-entity volumes at each depot are observed to approximate the uni-entity
network volumes. Entity utilization of currently operating depots is uneven as compared to the
grassroots and retrofit designs where these volumes are fairly distributed among depots.
Besides, volumes are not restricted to entity participations in depots where entities use non-
participated depots in all network designs, hence denoting an improvement in collaboration as
compared to our earlier model. While depots Banatica, Barreiro, Leixdes, Perafita and Real
have low volumes in the current networks, they are closed in the grassroots and retrofit designs.
Volumes from Banatica and Barreiro are reallocated to Setubal. Likewise, the volumes from
Leixoes, Perafita and Real are re-affected to Matosinhos. The highest volumes are observed at
the Azambuja depot followed by Matosinhos, Setubal, Aveiro and Faro. Expedited volumes are
comparable between the grassroots and retrofit in the uni-entity, however, they increase

considerably in the multi-entity retrofit.
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Figure 3.9. Volumes expedited in thousands of cubic meters per depot and entity for each network design.

Figure 3.10 shows the MILP generated inventories per design, depot, product and entity in each
period of the study. Considerable differences are observed between current, grassroots and
retrofit inventories where the sum of multi-entity inventories (A,B,C,D) approximate the uni-entity
inventories. Inventories vary between the network designs, being very low in 1999, 2000, 2006

and 2007, are absent for grassroots and retrofits, and inexistent for 2001, 2005 and 2010. This
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is due to the hike in product ex-refinery prices, following the world trade center bombings in
2001 and the Irag war in 2005 which was followed by a drop in prices in the next year, and
finally due to disinvestment in inventories in the closing year. Grassroots and retrofit inventories
are generated in similar years whereas the current network inventories are spaced. Inventories
are generated for all depots for the grassroots and retrofits except for Setubal and some
periods. In the current networks, inventories are not generated for Barreiro, Leixoes,
Matosinhos, Setubal and Sines, and year 2009. Inventories are higher for Matosinhos and
Azambuja and involve more products. Additionally, the inventory volumes are higher for entity A

and product GO in consonance with the higher demand.
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Figure 3.10. Inventories in cubic meters at depots per design, year, product and entity.

3.8.4 Transportation and depot profits

When analysing the obtained results, figure 3.11, it can be seen that the operator and entity
profits increase from grassroots to current, being highest for retrofit designs. Uni-entity operator
profits are lower when compared to multi-entity. They are highest for the Sines-Azambuja
pipeline in the current and retrofit networks as they transport higher volumes and besides are
already amortized. The Sines-Setubal maritime profits increase in both retrofits and the
grassroots uni-entity networks as volumes increase. The new Azambuja-Lisboa pipeline in the
grassroots and retrofit designs and the Sines-Faro pipeline in the uni-entity networks yield
negative profits due to the transported volumes and cost structure that take longer to
breakeven. However, the multi-entity networks generate profits as the tariffs are higher due to
the piecewise linearization. Operator profits and losses are seen to be distributed among the

installation owner entities.
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Figure 3.11. Logistics operator and entity profits per transport route

Figure 3.12 presents the depot operator and entity profits per network design. Multi-entity profits
are higher than uni-entity profits due to the piece-wise linearization of tariffs which cumulatively
have higher pricing thresholds. Individual profits are highest for the major and older depots
namely Azambuja, Matosinhos and Sines and tend to be negative in the newer low-volume
depots namely Faro, Barreiro and Aveiro, being lower in the uni-entity networks. The profits
increase from the grassroots designs to current and are highest for retrofits as most depots are
already amortized besides concentration of depots leads to higher volumes. Losses are
observed for Faro in the grassroots due to low volumes and unpaid amortizations and for
Barreiro in the retrofit design, due to its closure prior to amortization. Entity profits are observed
to follow their participation at each depot. Being fully amortized, depot Leixoes shows
considerable profit for operator and entity D in the current multi-entity network due to volumes
expedited to other entities. However, it is closed in the collaborative grassroots as the operator
and entities would have to bear the cost of opening a new depot. It is also closed in the retrofit
as the profits of Matosinhos rise substantially with its closure driving the total PSC profits much
higher than if Leixoes were to stay open. Although negative profits are observed at some
depots, the total PSC profits are improved.
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Figure 3.12. Logistics operator and entity profits per depot and network design

3.8.5 Piecewise linearized Costs and Tariffs

Figure 3.13 compares the depot thresholds and average depot fixed costs per entity and
network for the twelve year period. The storage and transportation fixed costs vary significantly

based on the transported volumes, thereby incorporating economies of scale into the entity
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tariffs. The entity threshold coefficients should totalize 100% or the depot must be significantly
amortized to be sustainable. Currently, the lowest aggregate is observed for Faro contrasting
with a 100% aggregate for Azambuja, Matosinhos and Sines in the uni-entity network, and for
Setubal and Real in the multi-entity network. Note that operators and not entities bear costs at
Barreiro due to its closure. The multi-entity threshold aggregates and consequently entity fixed
costs are greater than the uni-entity thresholds and fixed costs. Depots are less numerous and
thresholds cumulatively lower in the grassroots and retrofit, proving their efficiency to the current
depots. With the exception of Aveiro, Azambuja, Barreiro and Setubal whose infrastructures
are not yet amortized, the operator fixed costs are inexistent for the current network. These
increase for the retrofits as depot capacities are expanded, and are highest in the grassroots
where depots are installed from scratch. Hence, the current network has the biggest difference

between operator and aggregate entity costs.
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Figure 3.13. Depot thresholds and fixed cost per entity and logistics operator.

Figure 3.14 presents the twelve-year average transportation route thresholds and the fixed
costs per entity and network design. These thresholds are instrumental to affect the logistics
operator pipeline fixed costs, to uni and multi-entities tariffs. Fixed costs and entity participation
are considered only for pipeline transportation. The lowest thresholds observed for the
Matosinhos-Perafita pipeline in current networks and for Matosinhos-Porto pipeline in all
networks, imply highest unitary tariffs with implicit lower profits for the PSC. The Matosinhos-
Porto pipeline transports Jet to the airport which is still cheaper than transportation by other
modes, besides the pipeline is already amortized. Uni-entity thresholds are lower than the
aggregate of multi-entity thresholds which is notorious for Leixoes. The thresholds significantly
improve from the current network to the grassroots and retrofit designs. Operator fixed costs are
inexistent in the current network where all pipelines are amortized, increase in the retrofits with
the installation of new pipelines for Azambuja-Lishoa, Matosinhos-Aveiro and Sines-Faro, and

are highest for grassroots with the installation of Sines-Azambuja and Sines-Setubal pipelines.
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Figure 3.14. Pipeline thresholds and fixed cost per entity and logistics operator.

The average transportation tariffs per transportation mode, network design and operated route
are shown in Figure 3.15. The transportation tariffs by pipeline are significantly lower to those of
maritime and road transport. The road tariffs are based on the distance, being the same for all
entities and products. The maritime and rail transportation tariffs are directly proportional to the
distances, however vary according to the product density, being higher for FU when compared
to low density products like C3. Rail tariff to Faro is higher than the pipeline tariff, hence only
selected in the current network. The pipeline tariffs depend on the distance, the product and the
transported volumes. The Sines-Azambuja, Matosinhos-Aveiro and Matosinhos-Porto pipeline
tariffs are highest in the current network followed by grassroots and lowest in retrofit where the
increase in volumes provides the economies of scale. The transportation tariffs are based on
the investment costs which vary between entities based on the transfer volumes. The tariffs
could be calculated based on unamortized costs, which would be significantly lower for the
owner entities. Although not plotted, tariffs are inversely proportional to volumes, being lowest
for the uni-entity, followed by entity A, B, C and finally D.
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Figure 3.15. Average transportation tariffs per network design

Figure 3.16 shows the depot tariffs per product, entity and network design. Sines and

Matosinhos show the lowest tariffs, followed by Azambuja, Real, Setubal, Aveiro, Banatica,
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Perafita and finally Faro. Barreiro and Leix8es show excessive tariffs. For all products, the
depot tariffs are highest in current networks, significantly lower in the grassroots and lower in

the retrofits. Faro and Setubal show high tariffs for most products.
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Figure 3.16. Depot tariffs per network design, product and entity.

Figure 3.17 presents for year 2006 the cost per cubic meter of product along the PSC,
specifically at the ex-refinery, ante-depot, ex-depot, ex-retail and retail stages for the multi-entity
retrofit design. We choose year 2006 for simplicity as the price evolution is stable, however
these charts change considerably between years driven by price variations showing high
profitability in some years and losses in others. As referred earlier, publicity and trading costs
are not included. As expected, the product cost is lowest at the refineries and increases as it
moves forward through the various stages of the PSC. In this particular year, ex-retail costs
approximated the retail prices for GO, B5, U5, U8 and FU, whereas Al, C3 and C4 had the ex-
retail costs much lower to the retail price, thereby identifying a higher commercial margin for
these products. Product retail cost is higher at locations such as Castelo Branco, Portalegre,
Viseu, Guarda and Braganca which are distant locations. At times and based on the cost
parameters, the distribution costs to these locations push the ex-retail costs above the retail
prices, hence these locations observe high unsatisfied volumes. The ex-retail costs are also
high when product is transported first by maritime and later by road as in Aveiro and Coimbra
where we note that the ante-depot and ex-depot costs for Aveiro are higher than those for
Setubal. The later compares in costs to Azambuja, being lower than Faro and significantly

higher than those at Sines and Matosinhos.

As can been seen in the results presented, the current MILP minimizes costs and maximizes
revenues thereby maximizing profits of the PSC networks through -collaborative and
strategic/tactical planning with inventories for the current, grassroots and retrofit designs. Multi-
entity profits are seen to approximate the uni-entity profits, which is a major benefit, made
possible by the collaborative design with inventories and piecewise linearization of entity tariffs.
The results and test data are based on the cost benchmarks of the Mediterranean region. The
accuracy of the results could be improved by using company negotiated costs, however, such

data is confidential.
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Figure 3.17. Product cost determined for year 2006 at each stage of the multi-entity retrofit.

3.9 Conclusions and future research

In this chapter, we present a MILP for strategic and tactical planning of collaborative
downstream PSC networks, considering a piecewise linearization function for company tariff
differentiation and multi-stage dynamic inventories. The MILP decides the current, grassroots
and retrofit designs for the uni-entity and multi-entity networks, determining depot locations,
transport modes, routes, resource capacities and network affectations, crude oil and petroleum
products’ importation, exportation, production, storage and transportation volumes, and various
stage dynamic inventories. Efficient network designs with higher total PSC profits are achieved
for the Portuguese PSC, where the model generated grassroots and retrofit designs for the uni-
entity and multi-entity networks supersede the current networks. The profits improve when

compared to those in Fernandes et al. (2013) where individualistic operation was considered.

While big countries like Spain construct uni-entity PSC networks which are built and managed
by a single entity, smaller countries like Portugal have preferred multi-entity networks where
petroleum entities are in competition for the smaller market. However, the logistics costs and
consequently tariffs in multi-entity networks with individualistic strategies, are higher (while
overall profits are lower) than those in uni-entity networks. Collaborative multi-entity designs
generated by the current MILP, however, approximate the results of the more efficient uni-entity

designs.

Several improvements have been achieved along this study compared to the earlier
individualistic and static model presented in (Fernandes et al. 2013): i) collaborative design and
planning significantly improve the PSC performance. ii) the various stage dynamic inventories
improve the PSC profits by optimizing the procurement and exportation costs by taking

advantage of the crude oil and petroleum derivative price variations. iii) current entity
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participation percentages in existing installations were a barrier for flexible utilization of
competitor installations. By using the piecewise linearization function for entity price
differentiation, the current MILP permits collaborative utilization of competitor installation
capacity by determining entity prices based on economies of scale. Hence, considerable
improvements are achieved in costs, tariffs and profits for the PSC members. Future research
will proceed with the study of results by company specialists, suggesting future model
improvements, including cross-country sales, taxation policies, risk and uncertainty

management, as also identifying cuts to improve the model performance.
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CHAPTER 4. Downstream Petroleum Supply Chain

Design, Planning and Risk Reduction with Uncertainty

4.1 Abstract

The current chapter addresses the PSC design and planning and improves the collaborative
design and tactical planning mixed integer linear program (MILP), presented in chapter 3, by
presenting two developments: i) a stochastic program (SP) for PSC design and planning under
demand uncertainty that maximizes the expected net present value (ENPV) of a multi-entity
multi-product PSC network; ii) a multi-objective MILP that simultaneously maximizes the ENPV
while minimizing the risk measures such as the mean variance, the variability index, the
downside risk, the value-at-risk and the conditional value-at-risk (CVaR) under demand

uncertainty.

The MILP determines the strategic decisions related to the installation, sizing and operation of
infra-structures, the fair price costs and tariffs; and the tactical decisions concerning periodic
depot and route product affectations and inventory levels. Pareto-optimal solutions are obtained
for the multi-entity retrofit network design of the real-case Portuguese PSC network, considering
three scenarios: the optimistic, realistic, and pessimistic scenarios of customer demand. The
resulting designs, decisions, expected profits, and risk measures are discussed thereby

obtaining relevant insights and research directions.

4.2 Introduction

The PSC attracts much attention as it shapes the living standards and prices of nearly all goods
(World Economic Forum, 2012). In recent years, the fabric of this industry has changed
dramatically. As crude oil prices doubled since 2009, many global companies invested in the
pre-salt crude oil production where higher production costs were sustained by the increased
prices. In recent years, however, the technology improvement accompanied by cost reduction in
hydraulic fracking has made shale oil development economically viable. Investors hence moved
into shale oil production in Northern America and many other countries. However, the recent fall
in oil prices, which sharply reverted to the 2009 prices, has changed the economic equation and
consequently the viability of these investments. Even shale oil whose production costs lowered

significantly following the introduction of new technology is being hit by the collapse of oil prices.

While world economies struggle amidst financial crunches and volatile crude oil prices, the
strain on the reduction of the petroleum products’ costs has increased for companies to stay
competitive and sustain sales. Market condition adjustments have created volatility among the
petroleum prices, margins and product demand. Consequently, inefficiencies resulting from

crude oil price fluctuations that are transferred down to the final product prices and customer
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demand misbalances that scale up the distribution, inventory, production and procurement
stages have adversely affected PSC profitability. This has created cost, price, and demand
volatility in the PSC, where companies and scholars try to improve the PSC efficiencies and

manage uncertainties as seen in recent developments.

In this context there is a need to look into the presence of uncertainty and risks in PSC, namely
on the downstream PSC the focus of this thesis. To do so is important to look into the Supply
Chain (SC) literature, which has undergone considerable developments. Here, literature shows
three levels of planning: strategic or long-term above-year planning, tactical or mid-term up to a
year planning, and operational or short-term day-to-day planning. Uncertainties are identified
related to demand, price, supply vyields, lead times, supply capacity, supply cost, new
technologies, production capacities, information, interest rates, taxes, breakdowns, disasters,
terrorism and financial crisis. Resilient strategies such as demand shift across time, markets
and products; supplier have been identified to manage these risks (Cardoso et al. (2014) .

Within the PSC and being an investment intensive and highly structured process industry, has
long been under focus for supply chain optimization. Considerable research has focused
refinery and the distribution network planning, more related to process design and operational
planning, however, more lately, some work also on network design. Recently, integrated
downstream PSC design and planning under uncertainty has been identified for research in
many works. Interesting directions for the strategic, tactical and operational planning levels
under several types of uncertainties were identified. While upstream optimization has focused
decisions related to the selection and design of prospection, exploration and production sites,
the downstream PSC modelling has focused two distinct areas: i) refinery process design and
operational planning and ii) design and planning of the distribution network. This research has
been extensively reviewed in Fernandes et al. (2011) with respect to the supply chain and PSC
risk management, An et al. (2011) with planning models applied to the biofuel industry, Leiras et
al. (2011) with respect to upstream, midstream, and downstream PSC planning models, and
Shah et al. (2011) focusing the oil refinery scheduling and planning.

In a recent review, Sahebi et al. (2014) while referring to the PSC as a flourishing research
area, identify several unaddressed research directions, such as: full vertical integration of
strategic and tactical decisions; full horizontal integration of the complex crude oil supply chain;
dealing with nonlinear models essential for the formulation of refinery operations; development
of efficient solution techniques for multi objective modelling as a result of global factors including
international taxation and transfer prices as also environmental impacts. Future research to
study uncertainty with multi-stage stochastic models rather than with two-stage problems has
also been identified as a key area for investigation. In the following sections, are specifically
reviewed the uncertainty and risk management methodologies and models with relevance and
appeal to the Downstream PSC. Lately, Lima et al. (2016) reviewed the strategic, tactical,
operational downstream PSC planning literature, identifying the decision levels, uncertainty
features, formulation approach, sustainability and objective functions, entity collaboration. They

identify opportunities for developing more stochastic and robust optimization decision-support
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tools to integrate decision levels and the PSC characteristics in order to simultaneously deal

with uncertainty, risk, resilience, sustainability and collaboration between entities.

In continuation to the developments in chapters 2 and 3, and with the objective of introducing
the topic of uncertainty in these models, we now focus our attention to the works found in the
literature relating specifically to the treatment of uncertainty and the management of risk, which

are reviewed in the following two subsections.

4.2.1 Stochastic Modelling for Uncertainty

Uncertainty is a particularly important issue that arises when dealing with complex networks.
Stochastic programing has been extensively used in production planning, location,
transportation, logistics, finance, energy, and engineering design (Sahinidis, 2004). Despite the
progress in two-stage stochastic programs, the authors identify multistage and stochastic
integer programming as conceptually and computationally challenging. Birge and Louveaux
(2010) discuss several SP methods such as two-stage recourse, multi-stage stochastic and
stochastic integer programming methods; and methods for scenario generation such as Monte
Carlo, approximating expectations and multistage approximation sampling methods. More
important, they propose some solution evaluation measures such as the expected value of
perfect information (EVPI), value of stochastic solution (VSS), expected value of the wait-and
see problem (WS), expected recourse problem solution value (RP) and expectation of the

expected value problem (EEV) to evaluate the quality of the stochastic solutions.

In the SC design under uncertainty problem, Azaron et al. (2008) propose a stochastic model to
minimize the total operation cost and the variance or the financial risk, which is the probability of
exceeding the budget. An interesting application is the hydroelectric generation scheduling,
where Garcia-Gonzélez et al. (2007) present a MILP formulation using lower bounds for profit
and CVaR. Later, Guillén et al. (2005) propose a two-stage stochastic multi-objective MILP to
simultaneously maximize ENPV and demand satisfaction, and minimize financial risk. Pareto
stochastic curves are obtained for the SC trade-off design configurations. More recently,
Cardoso et al. (2013) propose a stochastic MILP to maximize the ENPV for the strategic
planning of supply chains with integration of reverse logistics. The model’s decisions are the
installation, sizing and location of plants, warehouses and processes besides the inventory

levels and the forward and reverse flows to retailers.

4.2.2 Multi-objective Risk Optimization

A research stream emerged following the development of risk measures. Risk management has
significant appeal in the financial and other industrial sectors, which has motivated the
development of various risk measures, which include: the mean variance in Mulvey et al.
(1995), the variability index or upper partial mean in Ahmed and Sahinidis (1998), the
probabilistic financial risk in Barbaro and Bagajewicz (2004), the downside risk in Eppen and
Martin (1989) and You et al. (2009), the risk premium in Applequist et al. (2000), the Value-at-
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Risk (VaR) and the Conditional Value-at-Risk (CVaR) in Rockafellar and Uryasev (2000, 2002),

and the real-options valuation portfolio framework in Gupta and Maranas (2003).

At this point it is important to discuss the fundamental properties of risk measures. According to
Artzner et al. (1999), risk measures are classified using a particularly interesting and important
characteristic known as coherence. They identify four necessary and desirable properties that
define whether a risk measure is coherent: i) translation invariance where the risk of the sum of
a scalar and a random variable is equal to the sum of the scalar and the risk of the variable; ii)
subadditivity where the risk of making two possible investments is lower than the sum of their
individual risks; iii) positive homogeneity where the product of the risk of a random variable and
a scalar is equal to the product of the scalar and the risk of the variable; iv) monotonicity where

a variable with lower returns implies lower risk than another variable with higher returns.

An important reference for modelling production, cost, demand and price uncertainty for
electrical markets is Conejo et al. (2013), who recur to multiobjective optimization in order to
maximize the net profits and simultaneously minimize a risk measure, either directly as a
second objective or indirectly as an upper bound constraint. The variance, variability index,
probabilistic financial risk, downside risk, risk premium, VaR and CVaR were precisely the risk
measures modelled. Conejo et al. (2010) identified that all above risk measures except CVaR
are not coherent. The variance reduces the probability of a profit different from the expected,
however, it penalizes both the higher as well as the lower profit scenarios. The shortfall
probability and the downside risk are linear risk measures where the first is the probability of the
profit being lower than a profit value target, and the latter is the expected value of the profit
being lower than the target. Although easy to implement, they require an arbitrary target, as
they are not expressed in profit units, and consequently, may result in “fat tail” profit
distributions. The VaR does not satisfy the subadditivity property and hence may discourage
diversification, as different levels of losses are not distinguished. Instability and numerical
difficulties are observed when the loss distribution is not “normal”, resulting in “fat tails” or
empirical discreteness. All these drawbacks are not present in CVaR, which is coherent and can

be expressed using a linear formulation, and hence has been extensively used.

Associated with the PSC, Barbaro and Bagajewicz (2004) develop two-stage stochastic
formulations to manage financial risk with planning under uncertainty. Cumulative risk curves,
which are used to compare the risk versus profitability trade-offs, show a close relationship
between the downside risk and the financial risk. Soon after, Aseeri and Bagajewicz (2004)
develop the upside potential or opportunity value measure as an alternative to the VaR. The risk
curves are used to analyse the solutions, obtained using SAA and chance constraints. Later,
Pongsakdi et al. (2006) present a stochastic model for refinery crude purchases and derivatives
production planning, which maximizes profits. The solutions obtained using SAA show lower
losses in expected profit as measured by the upside potential. Following these works,
Lakhanawat and Bagajewicz (2008) model the demand and cost uncertainties, using a non-
linear program (NLP) for refinery operations planning, in order to determine the final product

prices and the crude purchase and production quantities that maximize profits. The stochastic
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model incorporates the upper-bound risk curve, opportunity value, and VaR, which shows

higher expected gross margin and lower risks, when compared to the deterministic solutions.

In an interesting development, Mavrotas (2009), propose an augmented e-constraint method, to
simultaneously optimize two objective functions, which was later improved in Mavrotas and
Florios (2013) to optimize more than two objective functions, so as to determine the trade-offs
between two or more objective functions. This method has been successfully implemented in
many works, one such being Cardoso et al. (2013) for a closed-loop supply chain, where they

simultaneously maximize the NPV and minimize a risk measure.

The remainder sections present the stochastic MILP modelling framework and formulation, the
multi-objective formulation, the PSC real case scenario construction, the MILP computational
results for the stochastic and multi-objective models, the ongoing research and future outlook,

and finally conclusions.

4.3 The Stochastic MILP modelling framework

The PSC comprises of a network of petroleum companies, refineries, distribution depots,
transportation modes and routes that purchase crude oil, produce or import petroleum products
and export or commercialize and distribute the petroleum products to retail customer districts.
The mission of the petroleum companies is to design, construct and manage PSC networks that
maximize the profits and reduce risks under uncertainty for the entire PSC. Considering multi-
entity networks, entities must collaborate to balance participations and install and operate
optimal depot and transport route locations, storage and transport capacities, determine efficient
product transfer volumes, service tariffs and cost synergies, thereby improving the network

efficiency and making the PSC member patrticipation cost-effective for all entities.

The downstream PSC strategic and tactical planning problem, was first modelled as a static
MILP in chapter 2, to obtain multi-entity, multi-echelon PSC network designs with transfer
volumes for existing, grassroots and retrofit networks and later as a dynamic collaborative MILP
in chapter 3, to provide entity collaboration, multistage inventories, piecewise cost linearization

and entity/product service tariff differentiation.

The contributions of the current research are:
1) Development of a stochastic PSC strategic and tactical planning MILP which is an
extension of the deterministic MILP model presented in chapter 3.
2) Incorporation of storage depot level product importation and stochastic scenarios for
demand uncertainty.
3) The stochastic model is extended to a multi-objective model for simultaneously

maximizing the ENPV and minimizing one of the risk measures.
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The modelling framework for the PSC Strategic and Tactical planning MILPs is shown in figure
4.2. A detailed description of the mathematical formulation of the deterministic PSC planning

MILPs and the model assumptions can be found in chapters 2 and 3.

Given
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* oil products
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* storage depots

Capital
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e transport modes Parameters -
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Figure 4.2. The Downstream PSC Design considerations

The current chapter extends two additional works which were published with the objective of
modelling demand uncertainties within this planning context. A two-stage SP model presented
in Fernandes et al. (2015) is proposed in the current section for the strategic and tactical
planning under demand uncertainty, considering optimistic, realistic, and pessimistic scenarios.
The ENPV is maximized for the Portuguese PSC real case, whereby are presented the test
results and evaluated the solution quality using performance indicators. Numerical difficulties
are identified as a result of the multi-dimension scenarios and the size of the model.
Simultaneous modelling of costs, prices and demand uncertainty using decomposition
techniques and robust optimization are identified for future research, see chapter 5 of this
thesis. Thus as presented in Fernandes et al. (2015) in the current chapter, section 4, we
integrate the two-stage SP model for the PSC strategic and tactical planning under demand
uncertainty with the augmented e-constraint method, for simultaneously maximization of the
ENPV and minimization of the CVaR risk measure. By considering the Portuguese PSC, the
stochastic model developed, generates Pareto-optimal network design solutions by varying the
demand scenarios. On one side we consider the maximization of the ENPV while on the other
side we minimize the CVaR. The developments of the mathematical formulations are now
presented. The stochastic and the multi-objective MILPs use the compact node-variable
mathematical formulation which performs better than the scenario-variable formulation as
identified in Conejo et al. (2010) In contrast, if it was intended to use decomposition methods,

then the preferred approach would be the scenario-variable formulation, in order to exploit the
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scenario structure of the model variables. The stochastic MILP formulation is now presented in

the following sections.

4.3.1 Nomenclature

The main characteristics of the PSC can be identified or defined using the nomenclature found

in the subsequent sections, hamely sets, subsets and indices, and parameters.

4.3.1.1 Sets/Indices

acA set of petroleum supply chain activity stages

ceC set of product characteristics, C={ DENSITY, TYPICAL_ M3}

eeleE set of petroleum entities/companies E={E1, E2, ..., EN }

fce FC set of trip attributes, FC={CAPACITY, WORK, DAYS, BEFORE, AFTER,
WAYS}

geG set of GPS coordinates, G={ LATITUDE, LONGITUDE }

noeN set of all nodes

peP set of products P={ P1, P2,..PN }

rrieRr set of resources including services and equipment

teT set of time periods, T={1,2,..N}

seS set of scenarios, S={1,2,..N}

ueU set of volume thresholds U={1,2,..N} for piecewise price linearization

veV set of costs, V={TARIFF,FIXED,FIXVAR,OPERATING,0OPERVAR,
UNITARY}

yeY set of amortization periods, Y={1,2,...,.N}

4.3.1.2 Subsets /Indices

ielcN set of refinery nodes

ILc | set of local refinery nodes which are allowed to export
jeJc=N set of depot nodes

keKcN set of customer nodes

mmleM cR set of transport modes, M={ PIPELINE, MARITIME, RAIL, ROAD }
MCcM set of continuous flow transport modes MC={ PIPELINE }
MPcM set of participated transport modes MP={ PIPELINE }

4.3.1.3 Subset unions /Indices

fmeFM=MU{ANY } set of transport mode families, FM={PIPELINE,MARITIME,RAIL,ROAD
LANY}
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fpe FP =PU{ANY} set of products families FP={ P1, P2,..PN, ANY }

heH=1UJ
leL=JUK

set of refinery and depot nodes

set of depot and customer nodes

4.3.1.4 Parameters

SC 0,
DO,
SLO,,,
RO,

BN
HPP
MD
MNA
MV m
FM tmm
FP tp.p
FR m, fc
NCD
NCP
NFF
NPS
NR
occC
RCD

TPP

a
ﬂ Min
a
ﬂ Max

beginning inventory of crude at refinery i

beginning inventory at depot j, for product p, entity e

beginning inventory at customer Kk, for product p, entity e

beginning inventory at refinery i, for product p, entity e

big number for number of resources

hours per time period

distance multiplier per transportation mode to account for route curves,
maximum number of amortization periods

medium velocity per transportation mode m

association of transportation mode family fm with transportation mode m
association of product family fp with product p

trip parameters per transportation mode m and trip characteristic fc
number of depots in concentration set

number of capacity partitions per resource available to entity

fill factor in percentage

number of periods multiplied by number of scenarios

degree to radian coefficient for distance calculations

operating cost coefficient

radius for concentration set for demand at depot

time aggregation in period, TPP=1/ 12 for monthly / yearly data
operator margin percentage per activity a

minimum safety stock percentage per activity a

maximum safety stock percentage per activity a
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Ei,p

a

? i

77n,o,r,e

Kdn,y

Kfn,fm,r,y,fp

@WMm c,p

P
Se

working average cost of capital (WACC) coefficient for inventory costs
GPS (global pointing system) coordinates g for each location node n

customer demand in m3 at customer node k, product p, entity e, period t,
scenario s

fraction yield of product p per unit measure of crude oil at refinery i
price of product p after activity a (crude, ex-refinery, retail) at time t

capital participation percentage by entity e in resource r between nodes n,0;
consider r = m in case of transport mode and n=0 in case of depots

Completed amortization periods y per existing depot at location n

current resource units per transport mode family fm, product family fp,
resource r, refinery or depot n, and completed amortization periods y

Completed amortization periods y for current transport infrastructures on
route n,0,m; road routes are considered as existing and fully amortized

transport distance between any two nodes (n,0) including refineries, depots
or customer zones, using transport mode m

transport duration between any two nodes (n,0) including refineries, depots
or customer zones, using transport mode m

typical capacity of resource r for transport mode family fm and product family
fp
crude processing capacity at refinery i in m3 per day

piecewise linearization function coefficients per step u
piecewise linearization function thresholds per depot h and step u

maximum permitted distance for activity a by transportation mode m for the
petroleum product p; example: fuel-oil transportation by pipeline

characteristic ¢ per product p, e.g. density

characteristic ¢ per transport mode m per product p

cost component v for resource r independent of product, example pipeline
cost component v for resource r dependent of product p, example vessel

market quota per entity e
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4.3.2 Model Decisions

The decision variables are approached distinctly as the first stage decisions which are
independent of scenarios; and the second-stage decisions which are scenario dependent and
determined after the uncertainty is revealed. The model’s decisions presented below are divided
into six groups of variables, wherein the first four groups are the strategic decisions and the last
two are tactical decisions.

e Binary variables |D; for the depots to install, 0D ; for the depots to operate, Ty, for
the transport routes to install, and QT , for the transport routes to operate.

e Binary variables 7D ;. determine the operating depot thresholds per entity, whereas
ZThimeu determine the operating transport route thresholds per entity, in order to

impute the piecewise linearized costs into the respective product entity service tariffs.
e Integer variables |R ., @and OR jm. fOr the depot resource types and capacity
(number) to install and operate per depot, transport mode family and product family.

e Integer variables 7R ;. are the number of operating resource partitions to impute

into product service tariffs, which are determined per depot, transport mode family,
resource, product family and entity.
e Non-negative variables prefixed by Q determine the multi-stage transfer volumes.

¢ Non-negative variables prefixed by S determine the multi-stage inventory volumes.

The variables are now presented in deeper detail.

4.3.2.1 Binary Strategic Decision Variables

|D . L if depot jistobe installed
: o, otherwise
ITh m L if route usin g transport mode m is tobe installed between node h and node |
. "o, otherwise
OD ) it if depot jistobe operated
: o, otherwise
OT hlm L if route usin g transport mode m is to be operated between node h and node |
v o, otherwise
ZD j.eu = L it 7t < QPjimpet T QS impet< diu
0, otherwise

1, if < QPh,I,m,p,e,t +Qsh,l,m,p,e,t <thu
0, otherwise

ZT h,l,m,eu {



CHAPTER 4. Downstream Petroleum Supply Chain
Design, Planning and Risk Reduction under Uncertainty 113

4.3.2.2 Integer Strategic Decision Variables

IR i me i number of resources r to install per depot j per transport mode family fm for
product family fp

ORjme  number of resources r to operate per depot j per transport mode family fm for
product family fp

ZR j,fmr, fp,e

number of resource partitions to impute installation and operating costs per
entity e, resource r, depot j, transport mode family fm and product family fp

4.3.2.3 Non-negative Tactical Decision Variables

QCl s Crude volume imported by refinery i, in period t and scenario s

QCP its crude volume processed by refinery i, in period t and scenario s

QE, his exported volume by refinery i of product p in period t and scenario s

Qlj pers imported volume by depot j of product p and entity e in period t and scenario s
QP jmpes

primary volumes of product p transported by mode m from refinery/depot h to
depot j by entity e in period t and scenario s

QR i pits production volume per refinery i of product p in period t and scenario s

Qsj,k,m,p,e,t,s secondary volumes of product p transported by mode m from depot j to
customer k by entity e in period t and scenario s

QU unsatisfied demand per customer k, for product p, entity e, end of period t,
kPeLs  scenario s

SC . crude inventory at refinery i at end of period t and scenario s
iIt,s

SD ipets inventory at depot j, for product p, entity e at end of period t and scenario s
SLkpets inventory at customer Kk, for product p, entity e at period t and scenario s

SR . t inventory at refinery i, for product p, entity e at end of period t and scenario s
L,pets

4.3.2.4 Continuous Objective Function Variables

The objective function terms per PSC stage and location or transportation route, product, entity,
time periods, and scenario, are determined as continuous and non-negative variables as
defined below. These include the PSC profits, the multi-stage revenues the multi-stage costs
and the multi-stage tariffs that are defined per stage, location or route. These terms are derived

using auxiliary equations that are part of the formulation.

Profit, PSC profits in period t and scenario s

MDE; e, margin per depot j, entity e in period t and scenario s
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CDD,

CDFD ,,

CDFE

het

CDOD,,

CDOE

het

CDU h,p.et,s

CE

i,pets

Chp&m

CNC

i,pets

CND

j.pets

CNL

k,p.et,s

CNR

i,pets

CRFD

h,fp,t

CRFE

h,fpet

CROD

h, fp,t

CROE

h,fpet

CTD
CTFD

CTFE

hlmt,s

hlmgt
h,l,me,t

CTOD

h,I,m,t

CTOEnimet

CTu

hl.m,pets
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ML k. pets margin per retail customer k, product p, entity e in period t and scenario s
MRiets margin per refinery i, entity e in period t and scenario s
MTE h,l,met,s

transportation margin between nodes h,l for mode m, entity e, period t and
scenario s

4.3.2.5 Non-negative Objective Function Variables

depot costs at depot h in period t and scenario s

depot fixed costs for depot h in period t

depot fixed costs to entity e for depot h in period t

depot operating costs for depot h in period t

depot operating costs to entity e for depot h in period t

unitary costs at depot h for product p, for entity e in period t and scenario s
exportation costs per refinery i, product p, entity e in period t and scenario s
importation costs per depot j, product p, entity e in period t and scenario s
inventory costs for crude at refinery i, product p, entity e, period t, scenario s
inventory costs at depot j, product p, and entity e in period t and scenario s
inventory costs at customer k, product p, and entity e in period t, scenario s
inventory costs at refinery i, product p, and entity e in period t and scenario s
resources fixed costs for depot h, resource fp in period t

resources fixed costs to entity e for depot h, resource fp in period t
resources operating costs for depot h, resource fp in period t

resources operating costs to entity e for depot h resource fp in period t
transportation costs between nodes h,l for mode m in period t and scenario s
transportation fixed costs between nodes h,l for mode m in period t
transportation fixed costs to entity e between nodes h,| for mode m in period t
transportation operating costs between nodes h,l for mode m in period t
transportation operating costs to entity e on route h,l,m and period t

transportation unitary costs on route h,I,m, product p, period t and scenario s
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TDOE .. depot tariffs at depot h for entity e in period t and scenario s
TTE

himets  transportation tariff on route h,I,m for entity e, period t and scenario s

4.3.3 Objective Function

The stochastic model maximizes the Expected Net Present Value (ENPV) while considering

uncertain demand scenarios. The ENPV obtained in eq. (1), is the sum of the multiplication of

each scenario NPVs and its probability of occurrence ¥,. In eq. (2) the NPVs for each

scenario is calculated as the summation of the discounted profits obtained in each time period,

using an arbitrary interest rate jrr .

Max(ENPV )=>" 7, x NPV, (4.1)

NPV, =>" Profit,, /(L+irr)' .2)

The multi-echelon PSC profit per scenario and time period Profit,, , provided in eq. (3),
aggregates: 1) the refinery profit MR...less the export CE; petsand import Clj pet.s
costs; 2) minus the inventory costs at the crudeCNCipers, refineryCNRi pets. depot
CNDj petsand retail CNLk, pet,s Stages; 3) plus the gross retail margin MLy ,..sless the
depot TDEh s and transportation TTE  me.stariffs and the shortage CSy .5 COSts; 4) plus
the participation in depot MDE,.s and transportation MTE .. Profits the later calculated only

for possible transport links (h, 1, m) |3 z,,, .-

z MRi,e,t,s - Z Z CEi,p,e,t,s - Z Z Cl j,pets
iel iel pep jed pep
- Z[Z CNCi,p,e,t,s + ZCNRi,p,e,t,s + ZCNDj,p,e,t,s + ZCNLk,p,e,t,sJ
Prof|t = Max peP \_iel iel jed keK 43
" ; + ZZMLk,p,e,t,s_ ZTDEh,e,t,s_ ZTTE h,I,m,e,t,s_chsk,p,e,t,s ( )
keK peP heH (hyl,m)BluM.m keK peP
+ Z MDEh,e,t,s + Z MTEh,I,m,e,t,s
heH (hYI’m)lalLlh,lvm

Each of the function terms are obtained using the sub-function expressions that are detailed in
the current and following subsections (3.3.1-3.2.4). The objective function terms are all
determined per time period and scenario, however, some of the expressions, especially relating
to the fixed costs are determined per location, entity, product and time period. These decisions

do not change between scenarios.

All these costs, tariffs, revenues and profits are determined individually per entity e, per product
p, per PSC stage location (refinery i, depot storage j, transportation m and retail k), per time

period t and per scenario s for the shared network. The stochastic design and planning MILP
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considers market product prices, fixed refining, retail markups, and detailed benchmarked costs,
which are used in the piecewise linearization function in order to determine individual activity

fair-price tariffs, per entity, so as to reduce the costs and increase entity profits.

MRisss = [ZQR,‘W((/;?[ —t)-qel,. ij)i‘]q{}ve,w elecEteT,seS,al=rl=REFINERY ,a2= p2=CRUDE  (4.4)

peP

CEipers =QE; s Prrp Ml ier Viel,peP,ecE,teT,seS, rl= EXPORT,r2=REFINERY (4.5)

c|h,p,e,‘vs=Q|hlp'evtvsx((p§'+§PV:t) VheH,peP,ecE,teT,seS,al=REFINING, rl= IMPORT (4.6)

rLp

CNCipess = XSCius* P X6, M Viel,pePecEteT seS,al=pl=CRUDEr1=REFINERY  (4.7)
CNR pets =Y XSRipesX@p X7, Viel, pePecEteT,seS,al=rl=REFINERY  (4.8)

CNDjpets =) *SDjpersX@hy,  Vield,pePecEteT,seS,al=REFINERY (4.9)

CNLapers =Y X SLic pess X Py VkeK,peP,ecE,teT,seS,al=RETAIL  (4.10)
1 V=i 2
MLk pets = (5k,p,e,t,s_QU Kopets §0€;,t _gprl'tp)_z(j'm)‘axu,,k mQSj,k,m,p,e,t,sX(ﬂ;t, (4.11)
vk e K, peP,ecEteT,se S,al=rl=RETAIL,a2 = REFINERY
CSkpets =QUy pors X Prrn vkeK,peP,ecE,teT,seS, ri=UNMET (4.12)

4.3.3.1 Scenario-wise Multi-entity Transportation route tariffs

hlmet

TIE h_lymve“:(Haal{CTFE pime;+CTOE +YC1U hyl_mW}Vh eHleLmeMa(hlm3y ecEteT,seSal=TRANSPORT  (4.13)

peP

CTFE 1y mee = 2o (ZT nimen 7CIERY " + sty x RE™) V(1L M) |44y, e cEteT ALSMNA  (4.14)
CTOE himes =, ZT himes 7C, (R + g1y, ¥ R) V(0L M) (3 gy, e €EteT (415

CTUh,I,m,p,e,t,s = (Qph,l,m,p,e,t,s +QSh,I,m,p,e,t,s)X :uh,l,m X rxz;’ V(h, I’ m) |E|/uh,l,m’ p € P’ €e E’t ET’ S€ S (4'16)

4.3.3.2 Scenario-wise Multi-entity Storage Depot tariffs

TDEhers= (1+ a“ICDFEm +CDOEne:+ (CRFEn e+ CROE o) + D CDUhpess | TheH,ecE teT,seS,al=STORAGE (4.17)

fpeFP peP

CDFEhe: = ZUEU ZDh,e,uXZ'CUXé:R:l:f , vVheH,eeE,teT,t<MNA rl=DEPOT (4.18)

CDOE e = ZUEU ZDhe X 7C, ¥ e, VheH,eeE,t €T, rl= DEPOT (4.19)

CRFE | o=, 2ZR myhyr,pzfp,e(@f;ﬁp+ﬁff)/NCP,Vh eH,fpeFPecEteT t<MNASP VR (4.20)

reR fmeFM

CROEn =Y. 3 (ZRn imr. e/ NCP)X (P10 + R°) VheH, fpeFPecEteT, P v R
reR fmeFM (4.21)



CHAPTER 4. Downstream Petroleum Supply Chain
Design, Planning and Risk Reduction under Uncertainty 117

CDUn pors = ZE( Pumpess h,m‘p‘eytys)xﬂfg, VheH,pePecE teT,seS,rl=DEPOT

leL meM 422)

4.3.3.3 Scenario-wise Transportation operator Margins

(4.23)

ueU

CTFE hlmet Z[ZT h,l,m.e,u ZCU [1_ nh‘l‘m.eZKth,l,m,y]]( m + Hpjm > é:Rv fv)
yeY

V(hLm) 3, e EteT Alt<MNAv (5, AY+t> MNA))

ueU (y+t)>MNA

CDFEpe: = Z[ZDh,e,u 7C, [l_nn,h,m,e deh,y]ij:lf VheH,ecE,teT A (t <MNA v—\nh‘hn‘e) rl1=DEPOT (4.24)

CRFEh,fp,e.t = me,r(k x ZRh,fm,r,p,e)(ﬁD:,:pf +SgR‘r/:f) NCPv

e (4.25)
VheH fpeFPecEteT k=1t<MNAV=3) s, 7hnuelPr, VAR, 1= DEPOT

CTDh,.,m,Ls=(CTFDh,.,m,t+CT0Dh,.,m,1+ZZCTUh,.,m,p,e,t,sj v(hI,m) |3, teT,seS  (4.26)

pePecE

MTEh,I,m,e,!,s = (ZWE hlme2ts 7CTDh‘I,m.I‘Sj(nh,I,m,e+é’e)’v(h' I' m) |EI/'lh‘I,m AMe MP,E € E‘t € T’S € S’nh,hmyev é/e (427)

e2cE

CTFD e = IThim = 2y K KR + 1y xR )01, M) 31 €T ALSMNAAY+1> MNA  (4.28)

CTOD,,, . :OTh,.,mx(ﬁ?X;" + yh,.,mxéﬂ:"“) v(hL,m) |3, o teT (4.29)

4.3.3.4 Scenario-wise Depot operator Margins

CDD 15 =CDFD 1 +CDOD ; + Y (CRFD 15+ CROD )+ 2. 0. COU npersheHteT €S (4 50

fpeFP pePecE

e2eE

MDE (s = ( > TDE neors - CDDMSJ < (Tapret S VheH,ecEteT,s€S,7,, .V <, rl=DEPOT (4.31)

CDFD mz(th— thy]ngﬂ, whe H,teT At<MNA, rL=DEPOT (4.32)
(y+t)>MNA
CDOD ,,=0D xR VheH,teT,rl=DEPOT (4.33)

CRFD | .= ZZ[ e S P ]( R heH, e FPteT At<MNA YTV RY @30

fmeFM reR (y+t)>MNA

CROD (= D DTOR, 1, o[ 1+ R°)  VheH,teT, fpeFP.PIVRY (435

fmeFM reR

4.3.4 CONSTRAINTS

The PSC system is governed by four groups of constraints. The second and third groups are
the scenario independent first stage constraints. These determine respectively the

transportation route as well as the depot installation and operation decisions. The installation
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and operation of the resource capacities per product and entity, may only exist in installed and
operating storage depots and network infrastructures, and are enforced by the network volumes
determined below. The first and fourth groups are the scenario dependent second stage
constraints. The first group includes the scenario dependent volume balances at the crude,
refinery, storage depot and the retail stages. Here, the first and second time period crude

volume balances, at each refinery, the sum of the previous crude inventory SC . .

1sand the

imported crude volumes Qcj (e minus the processed crude volumes QcP,,, determine the
transiting crude inventory SC , . Similar volume balance constraints are defined for the other

stages. Besides, the retail volume balance constraints also determine the unsatisfied demand
QU pecs” The fourth group includes the minimum and maximum bounds for the multi-stage

inventories and the transfer volumes.

4.3.4.1 Multi-stage Volume Balance constraints

SCO0s+QCI,, =QCP,, ,+SCiys: VielteT at<lseS (4.36)
SCiz-15+QCl, =QCP,  +SCis, Viel,teTat>1se$S (4.37)
QCP, < p;, Viel,teT,seS (4.38)
QR; ;s =QCP X g s Viel,peP,teT,se$S (4.39)
SROpsTQR e= D QP oers T QE L prsT SRipes: Vil pePteT at<ises (4.40)

(j,m):ﬂ/ui ; r“,eeE

_ , 4.41
SRipr1s+QRpe= D QP impers T Qi pus T SRipesi Vel pePteT at>1ses (4.41)
(j,m)HIUiVJ_‘m,eeE

SDOjpes + ZQPh,j,m,p,eVLS‘FQI jipets = ZQPJ,h,m,p,e,t,s"' ZQSj,k,m,p,e,t,s+ SDjpedts: (4.42)

(hEHm’m)lalun,j,m (heH\I,m)lEIlujvh‘m (k,m)lalujvk.m
VieH\l,peP,ecE,teT,t<lseS
SDJ'VPYGYFLS-’_ ZQPh,j,m,p,e,t,s+Q| ipets ZQPj,h,m,p,e,t,s+ ZQSj,k,m,p,e,t,sJ’_ SDjlpvevtvS’ (443)
(herot iy, (hertmias (mig,

VjeH\Il,peP,ecE,teT,t>1seS
SLOkpest  2.QS | mpers = Okpets—QUy pors+Slipers ke K pePecEteT at<LSe 94.44)

miEg,,

Sl pet1st ZQSj.k,m,p,e,t,s = Okpets— QU kpets T Slkpets:VkeK, pePecEteTat>1S€ S (445)
GmiE,
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4.3.4.2 Multi-entity Transportation Route Installation and Operation
ZTth,u—lz-r h,I,m,e,u < ZZ Z(Qph,l,m,p,e,t,s +QSh,|,m,p,e,t,s)/NPS < ZTth,u ZT h,I,m,e,us
ueU teT seS peP ueU (4.46)
V(hELm) 3ty m A E]frVe{FIXED,FIXVAR,OPERATINGOPERVAR},m eck
ZZTh,I,m,e,u <OThim, V(h,1,m) |E|/uh,l,m A EIngE{FIXED,FIXVAR,OPERATINGOPERVAR},m eckE (4.47)
ueU
OTh,I,m S ITh,I,m’ V(h, Il m) | H,Uh‘hm (4.48)
OThim < Z fm=m,,,prR h, fm,r, fp? V(h,l,m) |E|/uh,l,m (4.49)
ITh,I,mSZ fmem.r. fp IR h, fmyr, fp! v(h’lim)H/uh,l,m (4.50)
Knimy < 1T him v(h,L,m) |3, mYEY (4.51)
4.3.4.3 Multi-entity Depot Installation, Operation and Capacities
(ZRn e, tpie = 1) X K tmr. 1o (L= k) x HPP + k x TPP)/NCP <
k
ZZ Z Z [[ ZQPh,j,m,p,e,t,s+ ZQSh,k,m,p,e,t,sJ[(l_k)"' J"'SDh,p,e,t,skJ/\lPS (4.52)
teT seS peFP meFM jg/un,jm keﬂh‘k‘m a)rnm,p
< ZRn. tmr. 0.0 OF tmr.1p (L= K)HPP + k x TPP)/NCP, vh e H,e e E,k =1, (fm, 1, ) |36 tmr.1p A fm = ANY
yey KTh, fm.r.y, fp < IR, fm.r, fp s vheH, fme FM,r R, fp e FP, (fm, 1, 1) 136X fmr, p (4.53)
ZEEE ZRn, tmr, fpie < ORp, fm,r, fp x NCP, VheH, fme FM,r e R, fp e FP, (fm 1, 1) 3EK tmr fp (4.54)
ORn fmr.fp < ODyx NB, WheH, fme FM,re R fpe PP (1, ) 36K fmr 1o (4.55)
IRh, fmr.1p < 1D x NB, vheH, fme FM,r e R, fp e FP,(fmr, 1) 36K fmr. 1p (4.56)
ORn, tm.r, fp < IRnh, fmyr, fps vheH,fme FM,reR,fpeFP,(fmr, 1) 136X tmr, fp (4.57)
Zﬁh,u—lZthe’u < ZZRh,fm,r,fp,e&fm,r,prPP/ NCP S Zﬁh,u ZDh,e,UIVh e H,ee E,r ='"VESSEL (458)
ueU fm,r, fp ueU
Y .,ID,,,<0D,, VheH,eek (4.59)
oD, <ID,, vheH (4.60)
4.3.4.4 Multi-stage Inventory Bounds
SCis 2 p; x,[)’f,ﬁ:DE, VielteT,seS (4.61)
SCirs <P % BreF, VielteT,seS (4.62)
QCP; .= p; xﬂfﬂf:'N'NG, Viel,teT,seS (4.63)
SRi’pYLSSpngi’pxﬁ;i';'N'NG, Viel,peP,teT t>IAt<T-1seS (4.64)



CHAPTER 4. Downstream Petroleum Supply Chain

120 Design, Planning and Risk Reduction under Uncertainty
SLk,p,e,t,sSak,p,e,t+1,sxﬂ;iIAlL' VkeK,peP,eeE,teT,t>1At<T,seS (4.65)
OTn,o,m = |Tn,o,m = 01 vne N,O € 01 meM W\ ;un,o,m =0 (466)

_ H PRIMARY
QPhjmpeIS—O, VheH,jel,meM,peP,ecEteT,seSA in> Unp (4.67)
QSi,k,m,p,e,t,s:O’ ViedkeK,meM,pe P,eeE,teT,seS,A(yLk‘m>Uﬁf§°ND“RY ) (4.68)

The stochastic MILP presented thus far, maximizes a single objective considering uncertain
demand, the ENPV, which may be referred to as the risk-neutral objective. The stochastic
scenario dependent MILP uses the compact node-variable formulation as explained in Conejo
et al. (2010) Test results for this stochastic MILP which maximizes the ENPV are shown in
section 8. Whereas in the scenario-variable formulation, all of the scenarios are defined in each
time period, in the case of the node-variable formulation, all the scenarios are defined only in
the last time period, and in the preceding time periods are defined only the parent node
scenarios as in the nodes of a the scenario tree. A parameter table is used to configure the

scenario and time period associations.

4.4 Multi-objective Uncertainty Modelling

In the approach presented in this section, the PSC network is modelled by considering a risk
measure objective. In its basic form, the network may be modelled to optimize a specific
objective, for example to maximize the ENPV or to minimize a risk measure. The maximization
of the ENPV is straightforward and has already been presented in the earlier sections. The
minimization of the financial risk, however, is new and can be modelled through the adoption of
the risk measures that have been discussed in the literature review. In the current chapter, we
model specifically four risk measures: 1) the mean variance of the NPV; 2) the variability index
that are related with the variability of the NPV; 3) the downside risk that measures the NPV
being inferior to a specific target; and 4) the conditional value-at-risk that measures the
expected value of the profit being inferior to a specific target. A comparison of these risk
measures is shown in figure 4.3.

Objective Characteristics

Red u Ce th e Va ria nce Symetric risk measure

. HH Includes quadratic terms
variability of )
. pe Linear programming problem
the NPV Variability Index presRmmrEP
Only penalizes results lower than
the expected
. . . Only facus on the target
Achieve a Downside risk ’ f
. Requires the decisor to choose a
NPV higher arget ‘
th an ta rget CVa R R:v?qa;s\’,f? ta‘illjs that may appear in
the istribution
Va | ue Coherent risk measure

Figure 4.3. Comparison of Risk Measures
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We now take the methodology presented in Conejo et al. (2010), and the improved augmented
ge—constraint method algorithm presented in Mavrotas and Florios (2013) in order to
simultaneously maximize the ENPV and minimize a risk measure. The mathematical
formulations of the specifically modelled risk measures of the mean variance, variability index,

downside risk, and CVaR, are now presented.

4.4.1 Variance

The mean variance of the scenario profit is the average of the squared differences from the

expected value as shown in equation (69).
Variance=Y" w, x(ENPV - NPV, (4.69)

This includes quadratic terms that make the model hard to solve for large scale problems. Thus,
a linearized formulation was derived in equations (70) and (71) based on the linearization

proposed by Pan and Nagi (2010).

ENPV —NPV, =Q, -Q, VseS (4.70)
Variance=Y" v, x(Q! +Q;) (4.71)
Q..Q, R, (4.72)

Here, two new non-negative variables are defined, Q: representing the amount by which the

NPV, of each scenario is greater than the expected value and QS_ that is the amount by which
the expected value is greater than the NPV, of each scenario. This is first modelled in eq.(70),

and subsequently, the equation (71) calculates the mean variance as the product of the
summation of the values of these new variables for each scenario, and the probability of

occurrence of the respective scenario.

4.4.2 Variability index

While the variability index is similar to the variance, it only takes into account the positive

deviation between the ENPV and the scenario NPV, as modelled in the following equations.

Varindex= " w, x AVI, (4.73)
AVI, > ENPV — NPV, AVI, >0AVseS (4.74)
AVI, e R; (4.75)

The objective function for this risk measure VarlndeXis the product of the summation of the
variability index of each scenario and its probability, as given in equation (73). In equation (74)

the variability index per scenario is defined as a positive continuous variable AVI which is the

difference between the ENPV and NPV, for each scenario.
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4.4.3 Downside risk

The downside risk, measures the positive deviation between a given NPV target (Q) defined by

the decision maker and the NPVS obtained for each scenario.

DRisk = > w, x AD, (4.76)
AD, > Q- NPV, seS (4.77)
AD, € R; (4.78)

The value of the downside risk, hence, is the summation of the product of the positive deviation
variable determined per scenario and the probability of occurrence of each scenario, as

calculated in equation (76). The new variable AD, introduced in equation (77), defines the
positive deviation between the target profit Q and the scenario’s NPV, . Should the scenario
NPV, be greater than the established target, AD, will be equal to O, otherwise it takes the value

of the deviation between ENPV and NPV .

4.4.4 Conditional value-at-risk (CVaR)

The CVaR is the likelihood that an ENPV will be lower than the NPV given by the VaR with a

specific confidence level & and can be expressed using a linear formulation. For continuous
demand distributions, CVaR is defined as the expected profit when lower than VaR (Rockafellar
and Uryasev, 2000). For discrete distributions it is defined as the weighted average between
VaR and the expected profit lower than VaR. Rockafellar and Uryasev (2002) defined the

following linear approximation of CVaR for discrete distributions:

CVaR, =VaR+1/(1-a)x " (v, xAV,) (4.79)
AV, 2VaR - NPV, SeS (4.80)
AV, e Ry (4.81)

The CVaR is given in equation (79), where X represents the confidence level, between 0 and

1, defined by the decision maker. A positive variable AV, which measures the positive
difference between the VaR and the NPV, obtained in each scenario, is calculated in equation
(80). A probability(l—a) references the part of the profit distribution that is desired to be
managed in order to secure the risk. Here, the VaR is the (1—a)-quantile of the profit

distribution, whereas the CVaR is the expected value of the profit distribution below that (1—a)-

quantile.
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4.4.5 The augmented &-constraint algorithm

The stochastic model is integrated with the improved augmented e-constraint algorithm from

Mavrotas and Florios (2013) to determine the Pareto-optimal trade-offs solutions, which are

derived in eq. (82), considering the two objective functions fl and f2, The first function is the

ENPV and the latter is one of the risk measures presented above. The method begins by first

optimizing each objective function individually, thereby obtaining the optimal values A and Z.
Then, we add a constraint to fix fl to ZI and optimize f2 wherein the optimal solution of the

second optimization is fZMax . A similar procedure is followed to obtain flMaX where is fixed fz .

This is the general procedure, however if the objective functions are conflicting objectives, that
is one maximization and the other minimization, which is our case, then the second objective

function is also maximized by multiplying its expression by -1. Hence, the extreme points of the

Pareto-optimal curve are determined, which correspond to (Z1 fZMax ) and (flMax ,Z;,). The
remaining points of the curve are obtained by solving the problem (82) where fZMaX is the upper
bound of f2 , Slack is a non-negative surplus variable; and r is given by the expression fZMax -
Zo which is the range of objective function fz, and k is the number of efficient solutions to

determine between 1 and N, .

Max(f, +10°(slack/r) ) | f,+slack = f,,, —k(r/n,) (4.82)

As these are two-stage stochastic models, the strategic distribution network is determined as
the first stage decisions independent of the scenarios, whereas, the multi-stage inventories and
product flows are determined at the second stage decision variables, which can change in each
scenario. Integrating the two levels of decisions is therefore crucial to obtain the optimal
solutions, by properly linking the information between the two decision levels. As the PSC
reveals high demand uncertainty, it is especially important to develop an adequate integration

approach and an appropriate scenario tree.

The formulations and methodology presented above, allow for simultaneous maximization of the
ENPV and the minimization of a risk measure. In the following section, is presented a real case
example, which will be used to test first the stochastic model presented, which maximizes the
ENPV, followed by the multi-objective risk model that maximizes simultaneously the ENPV and

a risk measure.
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45 A Real Case PSC Network

Figure 4.4 presents the Portuguese downstream PSC wherein are shown the two national
refineries R1 and R2 along with their MILP determined production throughputs for the petroleum
products produced. These are located at Matosinhos and Sines. The companies purchase the
oil products from the local refineries or import them from external sources at a premium of
insurance and freight. Currently, four major petroleum companies, including national and
multinational companies, operate the PSC market in Portugal. Their demands are known and
include that of smaller companies and hypermarket chains as they are also supplied by them.
The product is then transported using the primary distribution to eleven storage depots, D1-D11,
where it is stored and consequently transported, using the secondary distribution channels, to
the retail stations. Figure 4.4 shows the depot capacities, accounting for the number of typical
capacity tanks, for each of the 8 products (C3, C4, U5, U8, GO, FU, Al, B5), which are
considered in this study. Companies may also import product at depots paying the cost of

product, insurance and freight charges from a regional refinery cluster.

Note that the PSC retail segment is organized in customer zones corresponding to the eighteen
districts of Portugal. The retail stations are aggregated into customer zones corresponding to
the eighteen districts of Portugal. The model generated satisfied demand, considering the
current network, is shown in the figure. The transportation is undertaken by pipeline, maritime or
railway for the primary distribution and by road for the secondary distribution. JET Al is however
an exception where pipeline or railway transportation may be used. The district capitals’ GPS
coordinates, obtained using the Google maps application program interfaces, are used in the
locations, land routes and distance computations. Particularities relating to the LPG bottle-filling
and the archipelagos of Madeira and Azores have not been included in this study.
2189625

o2 = .
foa o A '

4145283

149130

101379
331801
484219
——————— 137610
192390
595954

679281

84233

i R2 D8 [0/0]2]2]1]0]0]

7658579

2561587

741135

1685984

~
——Pipeline . 167656

Malritime \\4 133768
- - - -Railwa
Rola‘év Yy D11 Emﬂmm 755666

Figure 4.4. A Real Case PSC network
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The stochastic and multi-objective MILPs for the collaborative, strategic and tactical planning of
the PSC, may consider an existing network, a retrofit network or a grassroots network. Hence
the network initial conditions for the infrastructure may begin with the existing depots and
transport infrastructures with known entity participations which may not change (Current), may
begin with the current and are allowed to change (Retrofit), or need to be constructed from
scratch (Grassroots).

4 5.1 Scenario Construction

The stochastic MILP presented earlier is now tested using the real example based on the
Portuguese downstream PSC network, whose real case data has been presented in chapters 3
and 4. To test the stochastic MILP, the customer demand scenarios are required per entity,
product and customer zone. Figure 4.5 presents the scenario tree for the demand uncertainty
which is constructed based on the market demand evolution in recent years, which has
increased for some products and decreased for others. After the recent economic crisis, the
market evolution is expected to be favourable, so the scenarios are constructed considering an
optimistic growth of 10%, a realistic growth of 5% and a pessimistic growth of 0%. These
scenario probabilities, considered for the stochastic MILP were respectively 0.25, 0.5 and 0.25,
whereas for the multi-objective MILP were considered the probabilities 0.35, 0.5 and 0.15. The

product demand per period and scenario 5, .iS given by expression 5p,t71,sX(1+dp)><(1+?S)

where 4, is the product trend per period and Bis the market tendency per scenario. This

provides 9 scenarios over the three periods with cumulative probabilities as shown in figure 4.5.
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Figure 4.5. Demand scenario tree construction

The stochastic MILP performance will be now compared for various settings including risk

neutral ENPV as well as optimizing for minimizing one risk measure and finally simultaneous
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maximizing ENPV and minimizing risk. The MILP is tested for current, grassroots and retrofit

designs and for the single-entity and multi-entity networks.

4.5.2 Implementation of the Stochastic MILP

The stochastic MILP is implemented using GAMS 24.4.3 64-bit and solved with MILP
commercial solver CPLEX 12.6 on an Intel Xeon 2 GHz CPU with 16GB RAM and 16 parallel
threads. The stopping criterion is 0.1% optimality gap or 24 hours of CPU time. The MILP is
tested for a real example based on the Portuguese PSC data that was presented in Fernandes
et al. (2014). In the current study, the demands, costs and prices are averaged into three five-
year periods. To evaluate the stochastic MILP, a grassroots design is modelled for the
Portuguese PSC considering demand uncertainty. Besides the strategic and tactical decisions,
the stochastic solution values are evaluated, following which is executed the multi-objective

stochastic model integrated with the augmented ¢-constraint algorithm.

WS = Mean Deterministic Solution; RP = Two-stage Solution

EV = Solution of mean value problem; EEV = Second stage reactions

Figure 4.6. Solution methodology and comparison

Figure 4.6 illustrates the methodology that was presented in Birge and Louveaux (2010), and
that is used to obtain the quality of the stochastic solutions, and the relationships between the
stochastic solution values and the respective evaluation measures. The WS solution is the
expected value obtained after solving each scenario using the deterministic model. The RP
solution is the expected value obtained after solving the recourse problem. The EEV solution is
the expected value obtained after fixing the first-stage variables to the deterministic solution for
the average scenario. Hence to obtain the VSS measure, we solve the deterministic model
where all stochastic parameters are replaced by their expectations and after that we evaluate
that solution (which we fix) against all the scenarios, computing its average performance. We
then compute VSS as the difference between the optimal stochastic solution and the
average performance of the deterministic solution. To compute the EVPI, each scenario is
solved individually and then computed the average of the individual optimal solutions. This
would be the average performance in case the perfect information was available (perfect
foresight). The EVPI is then computed as the difference between the average performance with

perfect information and the optimal stochastic solution.
4.5.2.1 Stochastic MILP solutions

As shown in Figure 4.7, the first period has a single demand scenario with probability 1; three

second period scenarios S1-S3 with 0%, 5% and 10% demand growth and probability 0.25, 0.5
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and 0.25; and nine third period scenarios S11-S33 with cumulative growth 0%, 5% and 10%

and conditional probability 0.25, 0.5 and 0.25 based on the second period scenarios.
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Figure 4.7. NPV results for varying demand scenarios

The above methodology is used model the grassroots uni-entity network for the Portuguese
PSC, and compared the wait and see (WS), the recourse problem (RP) and the evaluation of
the expected value (EEV) solutions. It is seen that the NPV varies between 1.276,8 and 1.311,7
billions of monetary units (bmu), for the recourse solution and between 1.279 up to 1.312,4 bmu
for the wait and see solution. The ENPVs obtained for the EEV, RP and WS problems are
respectively 1.286, 1.295 and 1.297 bmu. On the network design Aveiro, Matosinhos,
Azambuja, Sines and Barreiro are the depots selected in the EEV and RP solutions whereas

Lisboa is additionally selected in the WS solution.

4.5.2.2 Quality of Stochastic Solutions

Figure 4.8 compares the ENPV obtained for the WS, RP and EEV solutions. Here, the EVPI is
the difference between the RP and EEV solutions which is the value a decision maker is willing
to pay for perfect information. The VSS is the difference between the WS and RP solutions
which measures the value of the stochastic solution over the deterministic equivalent. Based on
the data used, significantly low improvement is observed with the stochastic solution, as the
VSS measure shows 88.24 mmu and the EVPI obtained is 22.93 mmu. The explanation for
these small values is because the major contributor to the ENPV is the refinery margin which
has been the least affected by the domestic demand variations. The equidistance of the
scenarios’ probabilities and the growth rates in comparison to the average scenario S22 is yet
another reason. This suggests a detailed study of the demand history, in order to construct

more realistic market scenarios so as to improve the quality of the stochastic solutions.
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EEV 1.286E+10 8.824E+07
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Tens of billions of monetary units(bmu)

Figure 4.8. Quality of the stochastic solution
4.5.2.3 Performance Statistics

Table 4.1 presents the model statistics for the execution of the WS, RP and EEV problems. The
stochastic MILP is executed nine times for each scenario to obtain the WS solutions and is
solved in 70280 seconds, the RP is solved in 86408 seconds and the EEV is solved in 29340
seconds. With only 3 periods and 9 scenarios, the problem is quite large as seen by the number
of equations and variables. To increase the scenarios to correctly capture the stochastic
information of the problem, it will be necessary to deploy decomposition methods. However,
given the dimension of the problem and as the distribution of the various uncertainties is not
precisely known, robust optimizing methods are seen to be more suitable to such a problem.

This option was hence selected to continue the PhD studies, as will be presented in Chapter 7.

Table 4.1.Model Statistics

Model Problem Equations Total Variables Binary Variables Gap (%) CPU(s)

. WS x 9 30149 101841 4259 0.00 1005 - 27799
Stochastic
MILP RP 134785 415685 4259 0.67 86408
EEV 88610 368053 3971 0.00 27799 + 1541

4.5.3 Multi-objective Stochastic MILP results

In the previous section, were presented the implementation results for the stochastic MILP,
wherein were optimized the real case network’s total ENPV and evaluated the quality of the
solutions using the stochastic solution indicators. In the current section, are presented the
results for the multi-objective stochastic MILP. The four risk measures implemented are first
optimized individually and observed the effect of this optimization on the remaining objectives.
The multi-objective stochastic MILP is then executed within the augmented ¢-constraint
algorithm framework to obtain the Pareto-optimal solutions that simultaneously maximize the
ENPV and minimize a risk measure for a set of grid points on the efficient frontier. The ENPV
cumulative probability distribution curves, while optimizing each risk measure individually, are

also presented.
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4.5.3.1 Optimization of a Single Objective

The single-entity current network design is first optimized for a single objective which is the
maximization of the ENPV or minimization of a single risk measure. While specifically optimizing
one of the following objectives, ENPV, Variance, Variability index, Downside risk, or CVaR are
also simultaneously computed (but not optimized) the other measures, as can be seen in figure
4.9. The ENPV and CVaR are plotted on the primary axis while the Variance, Variability index
and Downside risk are plotted on the secondary axis. It is observed that all the risk measures
are at their highest values when the ENPV is maximized, which is when the ENPV is at 13.09
bmu. Although this method can be used to observe the impact of the optimization of one
objective on the other objectives, it has not been tested for each and every objective with
varying levels of the desire profit target. In all the risk measures optimized here, the target profit
was fixed to the ENPV, reason why there are not significant differences between the objectives

when optimizing for the variance, variability index, downside risk, and CVaR.
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Figure 4.9. Risk measures while optimizing single objective

4.5.3.2 Minimization of the Variance

The stochastic MILP integrates with the augmented e—constraint method algorithm proposed by
Mavrotas and Florios (2013), thereby permitting the study of the model’s response for multiple
scenarios and also the study of solution trade-offs while simultaneously maximizing the ENPV

and minimizing a risk measure for the PSC design under study.

Figure 4.10 presents the Pareto-optimal solutions when ENPV is maximized and the variance of
the net profit minimized. The variance is calibrated for 9 grid points which are generated ranging
from the lowest variance of 0.05 up to a maximum variance of 0.17 bmu. It is seen that the
ENPV is fairly stable between a minimum of 13.04 for the lowest variance and a maximum of
13.09 bmu, which has the highest variance. Figure 4.11 presents the cumulative probability
distribution for the variance minimization problem, which generates NPVs ranging from 12.4
bmu up to 13.09 bmu. The NPVs can be compared against the ENPV of 13.04 bmu and
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observed the probability of the NPV being higher than the ENPV is 0.525. Here, the maximum
NPV that could be attained is 13.09 bmu.
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Figure 4.10. Pareto-optimal solutions for Figure 4.11. Cumulative probability distribution
maximizing ENPV and minimizing Variance. for Variance minimization.

4.5.3.3 Minimization of Downside Risk

Figure 4.12 presents the Pareto-optimal solutions when ENPV is maximized and the downside
risk of the net profit minimized. The downside risk is calibrated for 9 grid points which are
generated ranging from the lowest downside risk of 0.05 up to a maximum downside risk of 0.09
bmu. It is seen that the ENPV is fairly stable between a minimum of 13.04 for the lowest
downside risk and a maximum of 13.09 bmu which has the highest downside risk. Figure 4.13
presents the cumulative probability distribution for the downside risk minimization problem,
which generates NPVs ranging from 12.4 bmu upto 13.09 bmu which may be compared with
the ENPV of 13.04 bmu. It is observed that the NPV has the probability of only 0.29 of being
lower than the ENPV. The maximum attainable NPV is 13.09 bmu.
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maximizing ENPV and minimizing downside risk for Downside risk minimization.
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The above results show the relation between the various measures when optimizing for
maximizing net profits or for minimizing a risk measure. It is also observed that the MILP and
methodology adequately maximizes profits and simultaneously manages risk for the
downstream PSC design and planning problem with uncertainty. Other risk measures may be

incorporated in order that the MILP may generate better and resilient PSC networks.

45.3.4 Minimization of CVaR

The multi-objective MILP is now executed, considering the single-entity, retrofit network design,
for maximization of the ENPV. The base scenario probabilities considered here, are 0.35, 0.5
and 0.15 for the optimistic, realistic and pessimistic scenarios respectively. Figure 4.14 presents
the cumulative probability distribution for this ENPV maximization problem. The PSC designs for
the 9 scenarios generate NPVs between 12.23 to maximum 12.89 bmu. The cumulative
probability distribution curve shows that the probability for the MILP generated network design
generating NPVs higher than the ENPV value of 12.64 bmu, is 0.5275.
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Figure 4.14. Cumulative probability distribution Figure 4.15. Pareto-optimal solutions ENPV/CVaR

for ENPV maximization.
The multi-objective MILP is now executed for the single-entity retrofit network design. Figure
4.15 presents the Pareto-optimal solutions for the Portuguese PSC when simultaneously
maximized the ENPV and minimized the CVaR. By fixing the VaR to 12.64 bmu which is the
result of the max(ENPV) problem and using a confidence level of 95%, are obtained the
minimum CVaR of 12.27 bmu and maximum CVaR of 12.31 bmu. The CVaR range is then
calibrated into 10 equidistant grid points and solved the max(ENPV) problem for these CVaR
grid points deriving the ENPV values which vary between a minimum of 12.42 up to a maximum
of 12.64 bmu. It can be seen that the min(CVaR) problem implies a reduction of the ENPV and
the Max(ENPV) problem yields a higher CVaR risk as seen in the Pareto-optimal curve. Based
on these results, it can be concluded that the MILP and augmented ¢-constraint methodology

adequately models the downstream PSC design and planning under uncertainty.



CHAPTER 4. Downstream Petroleum Supply Chain
132 Design, Planning and Risk Reduction under Uncertainty

4.5.3.5 The Portuguese PSC Retrofit Designs

In figure 4.16, are presented the uni-entity retrofit designs, the first considering the ENPV
maximization objective and the second considering the CVaR minimization objective. The red
pins show the differences among the strategic decisions of the two designs. In the Max(eNPV)
problem, the Azambuja-Lisboa pipeline has been additionally installed, specifically for product
Al. Considering the Min(CVaR) problem, the model installs instead a new pipeline from Sines
to Lisboa, including a storage depot at Lisboa for the products U5, GO, B5 and Al, wherein no
depot storage is installed for Al, which means that here is considered the secondary
transportation. In this design, and with respect to Azambuja, which is an existing installation, a

reduction of the installed capacity for the products U5, GO, Al and B5 is observed.
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Figure 4.16. Portuguese Downstream PSC retrofit designs

The multi-objective methodology validated above with the real case, may be used to minimize
variance, variability index, downside risk, CVaR or other risk measures. While variance is the
summation of the modulus of the differences between ENPV and NPV per scenario multiplied
by its probability, the variability index only considers the positive differences. The downside risk
is similar to the variability index, however the reference is not ENPV but a NPV target value
defined by the decision maker. The bad news for the variance is that negative differences will
nullify positive differences whereas NPVs higher than the target value will be discarded for the
variability index and downside risk measures. As the CVaR considers both the expected profit
and the profit variability where the trade-off between the two is modelled using a weighting

parameter, it is a coherent risk measure, and therefore has been extensively used.

The multi-objective MILP maximizes the ENPV and minimizes a risk measure, thereby
generating robust network designs, which achieve higher NPVs in the presence of demand
uncertainty. The network is more flexible and adjustments are made at the tactical level for each

demand scenario. The cumulative probability distribution plots is an interesting form of
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comparing the scenario NPVs and the risk measure variance, variability index, downside risk,
and CVaR. Given two conflicting objective functions, the g-constraint method optimized first one
objective function, divided its solution space into equidistant grid points, introduced a constraint
to fix the first objective function at each grid point, and obtained the Pareto-optimal efficient
solutions that optimize both the objective functions. Hence, the decision maker may choose one
of many efficient solutions based on his/her personal preferences.

The decision maker’s risk attitude is of much relevance, as it ultimately determines the
appropriate risk measure to be used. Basically, a risk averse decision maker who prefers the
network design that guarantees scenario NPVs higher than a minimum value even if this means
a lower ENPV, would use the downside risk. If he/she prefers less variability of the NPV, then
the variability index would be more suitable. However, if the decision maker has a risk-seeking
attitude, then he/she would prefer the design that offers scenario NPVs aimed at a higher target,

in which case the CVaR is considered to be the better measure.
4.5.3.6 Performance Statistics

Table 4.2 presents the model statistics for the PSC example. The MILP is executed four times
to obtain the payoff table: 1) the maximum ENPV; 2) the minimum CVaR; 3) the minimum ENPV
which is max(ENPV) when z2*= min(CVaR); 4) the maximum CVaR which is min(CVaR) when
z1*= max(ENPV). These are the extreme points of the Pareto-optimal curve. The MILP is then
executed 10 times to obtain the efficient solutions of max(ENPV) for 10 equidistant CVaR
values derived from the payoff table. Each run considered 9 scenarios with execution times
varying between 8402 and 86400 seconds. The model statistics demonstrate the problem
complexity and the computational load for solving such problems even when considering only 9

scenarios.

Table 4.2 — Model Statistics

Total Variables Binary Variables Equations Gap (%) CPU(s)
ENPV 433397 4591 101501 0.1 59556
CvVaR 433414 4591 101515 0.1-3.5 8402 -86400

4.6 Ongoing Research and Outlook

In the stochastic models, the strategic distribution network is determined independent of the
scenarios, whereas the multi-stage inventories and product flows are determined per scenario.
An integrated approach is crucial for the PSC to obtain optimal decisions by properly linking the
information between the two decision levels. This is especially relevant as the PSC has high
demand uncertainty. However, as the scenario tree approach is used, this integration and
uncertainty treatment inevitably increases the problem complexity. As the number of scenarios
increase in order to adequately represent the stochastic phenomenon, the problem quickly

becomes intractable and unviable especially when considered various uncertainties.
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For the stochastic models, simultaneous modelling of the costs, prices and demand
uncertainties was also implemented, however, as the PSC planning under uncertainty is a large
scale problem, the stochastic MILPs quickly ran into time performance difficulties when
considered the uncertainties simultaneously, as the number of scenarios multiplied from 9 to
over 125, even after some reduction. Decomposition strategies and robust optimization

methodologies have therefore been proposed for their simultaneously modelling in the PSC.

The augmented e-constraint methodology was implemented specifically to reduce the numerical
issues with uncertainty. However, other strategies could also be used to manage the complexity
of these problems. Specifically, the Sample Average Approximation (SAA) and Monte Carlo
simulation based approaches have been proposed in Shapiro and Homem-de Mello (1998) for
the two-stage stochastic programing problems. These consider a controlled size of scenarios, in
order to derive the optimal solution approximations, thereby increasing the model efficiency, the
quality and the precision of the solutions. Another approach that could be used is the application
of the stochastic Benders and the Lagrangean decomposition procedures which were recently
proposed in Oliveira et al. (2013, 2014). The model structure would require to be changed from
the compact node-variable mathematical formulation to the scenario-variable formulation in

order to be decomposable and exploit the scenario structure.

The two-stage stochastic MILP developed, maximized the ENPV considering uncertain demand
scenarios with known probabilities, where the first stage are here and now decisions and the
second stage are wait and see decisions. The study of the performance indicators VSS, EVPI,
and EEV showed low values for the stochastic solutions. Hence, fresh efforts are underway,
with the Extended Pearson-Tukey Method from Clemen and Reilly (2003) and recently available
data, to construct new uncertain scenarios and probabilities, based on the demand growth
percentiles per localization, entity and product. The 15 year historical data is being used to
obtain the future crude oil costs, product prices and the customer demand forecasted scenarios.
This could be corrected by calculating the mean absolute deviation (MAD), mean square error

(MSE) and/or mean absolute percent error (MAPE).

4.7 Conclusions

The current chapter proposes a stochastic mixed integer linear program (MILP) and a multi-
objective MILP for the strategic and tactical planning of a collaborative downstream PSC
networks considering demand uncertainty. This work is an extension of the deterministic models
presented in Chapter 3 and 4 of this thesis. The first stochastic model maximizes the expected
net present value (ENPV) considering uncertain demand scenarios. The second is a multi-
objective model that incorporates the augmented e-constraint method, for simultaneously
maximizing the ENPV and minimizing a popular risk measures such as the variance, variability
index, downside risk, value-at risk and the conditional value-at-risk (CVaR) in order to manage

the demand uncertainty.
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The models are validated for the planning of the real-case Portuguese PSC, as a single and
multi-entity network, and current, grassroots and retrofit designs, by considering the optimistic,
realistic and pessimist demand scenarios for three 5 year periods. Computational results are
first presented for the stochastic MILP, comparing the stochastic RP solution to the EEV and
WS solutions, and determining the EVPI and VSS measures. It is identified an opportunity to
study and capture the market variations and develop realistic scenarios in order to obtain better
solutions. Pareto-optimal solutions are then obtained for the single entity current network and
the single entity retrofit network designs, wherein are compared the network designs and the
expected profits. As the expected profits are not significantly affected when the risk measure is

simultaneously minimized, network designs with lower risk are obtained.

To increase the protection for uncertainty, the risk is minimized, thereby increasing the PSC’s
flexibility, however, this increases the PSC’s complexity and as a consequence decreases the
profits. Using the resilience concepts, the deterministic grassroots network is found to have the
lowest node and flow complexity, the highest density and a small number of critical nodes,
which means that the network is less flexible and could become infeasible or suboptimal in the
presence of uncertainty. The MILP solutions could be therefore improved, by considering the

resilience indicators in the objective function or constraints.

The objective of developing the stochastic MILPs was to model the costs, prices and demand
uncertainties for the PSC planning problem, however, time performance difficulties have been
identified. Hence, the study of decomposition strategies and alternative robust optimization

methodologies are proposed for simultaneous model of these uncertainties.
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CHAPTER 5. Strategic and Tactical Planning Robust
Optimization of Petroleum Downstream Supply Chains

under Uncertainty

5.1 Abstract

Petroleum Supply Chains (PSC) are networks of critical infrastructures whose efficient design
and planning are crucial to the sustainability of national economies. In this chapter such a
problem is addressed for the collaborative design and tactical planning of the PSC, and is
proposed a mixed integer linear program (MILP) considering a robust optimization (RO)
methodology to deal with cost, price, and demand uncertainty. The decisions are: strategic such
as the installation, expansion, operation or closure of depot locations, capacities and multi-
modal routes; tactical such as the multi-stage inventories and volumes per entity and product, at
the importation, production, exportation, storage, transportation, and retail stages; and the
strategic-tactical fair price tariffs at the storage depots and transportation links. The real-case of
the Portuguese PSC network is studied, including costs, prices, and demand from the past
twelve years, in order to model uncertainty and generate the optimal collaborative current,
grassroots, and retrofit network designs. The RO model generates robust and trade-off
solutions for the Portuguese PSC, which are presented and discussed in detail, identifying

insights and opportunities for future development.

5.2 Introduction

Petroleum supply chains (PSC) are strategic and high-value supply chains, whose efficiency is
crucial to virtually all business sectors. Being a long supply chain, it is a complex network of
infrastructure and processes that have a combination of precedencies in order to guarantee the
quality and operating conditions of the petroleum products. This investment intensive industry
comprises of a sequence of activities that source, transform, and deliver petroleum products to
the end consumers, in the transportation, heating, residential, industrial, commercial, and
electric utility sectors of the economy. Such supply chain comprises of two major areas (see
figure 5.1), the first being the upstream, which involves crude oils’ prospection, exploration,
production, and transportation. The second is the downstream, which involves the petroleum
products’ refining, primary distribution, depot storage, secondary distribution, and the retail

commercialization.

Given the importance of the petroleum sector, several European countries like Portugal (DR,
2015) and Spain (CLH, 2015) have long foreseen the need for national petroleum policies, and
have developed strategic plans to achieve long term goals. An illustrative view of the current

paradigm of the Downstream Petroleum industry is synthesized in figure 5.2.
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Figure 5.1. The Upstream and Downstream Petroleum Supply Chains

The challenges stem from the increased competition, unbundling of services, huge investments,
reduced profits, and alternative energy competition; and the crude costs, product prices and
demand uncertainties; as well as the regulatory changes, increased taxation, emission
reductions, political, financial instabilities, law reforms, and fair price controls. Nevertheless,
significant opportunities come from the rise in the oil products’ demand due to fleet renewals,
increased trucking and aviation, improved operating conditions, new investments in inter-modal
facilities, and the availability of geographic information systems. The handling of these
challenges and opportunities create very large scale problems where advanced PSC planning
models are decisive to improve the PSC efficiencies through the collaboration of entities, the
integration of planning levels and multi-echelons, efficient inventories, timely procurement, and

risk management methodologies.
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Figure 5.2. The Downstream Petroleum Industry Paradigm

The combination of the above attributes have tremendous influence on the variability of the
crude oil costs, the petroleum products’ prices, and customer demand, and consequently
determine the sustainability or profitability of the PSC investments. This very high volatility and
uncertainty in the crude costs, product prices and customer demand has created an
unprecedented need, and therefore opportunity, for the design and planning of collaborative

integrated networks, which are crucial for the improvement of the PSC efficiencies and profits.
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5.3 Literature Review

The PSC literature, related to the upstream PSC optimization, has focused the selection and
design decisions for the crude oil prospection, exploration, and production, whereas the
downstream PSC has focused two fundamental activities related to petroleum products: i) the
refinery process design, the unload, and upload scheduling; and ii) the design and planning of
PSC networks. Recently, three reviews studied the PSC design and planning models. Leiras et
al. (2011) categorize and review the research on upstream, midstream, and downstream PSC
planning models, whereas, Shah et al. (2011) review the oil refinery scheduling and planning
literature. The developments in PSC are also reviewed in Sahebi et al. (2014), identifying it as a
flourishing research area with many unaddressed opportunities such as: vertical integration of
strategic and tactical decisions; horizontal integration of the complex crude oil supply chain;
nonlinear modelling essential for the formulation of refinery operations; development of efficient
solution techniques for multi objective modelling concerning global factors, including
international taxation, transfer prices, and environmental impacts. Multi-stage stochastic

modelling has been identified as a key area of investigation to deal with uncertainty.

When considered refinery planning, several works are found to address diverse problems. Neiro
and Pinto (2004) address the refinery operational planning problem through the development of
a mixed integer non-linear program (MINLP). The stream flow rates, properties, operational
variables, inventories, and facility assignments are determined. The production units, tanks, and
pipelines are considered as aggregate nodes, which interconnect refineries, terminals, and
pipelines. They use decomposition methods to increase the number of time periods and
scenarios. Kim et al. (2008) propose a supply network and market planning MILP, which
determines the refinery production rates, and the transportation routes from the distribution
centers to markets. Profits are maximized, these being the differences between the revenues
and the depot and transportation fixed and variable costs. Al-Othman et al. (2008) propose a
two-stage stochastic program (SP) for the operational planning of crude oil production,
processing, and distribution at refineries in order to maximize the resource utilization and profits.
The crude production plans are the first-stage decisions while the refinery and petrochemicals
production, shipment, storage, lost demand and backlog volumes are the second-stage
decisions. Guyonnet et al. (2009) propose the integration of the crude oil unloading, refinery
production planning, and the product distribution models, where the unsatisfied demands are

the interfaces which are penalized, resulting in the optimization of the overall PSC profits.

With respect to pipeline transportation, Cafaro and Cerda (2004) present a multiproduct pipeline
scheduling MILP, for transportation between an oil refineries and depots. By adopting a
continuous time and volume representation, they reduce the model size and the computational
time to solve the model, and consequently increase the length of the planning horizon and the
flexibility of the slug pumping, when compared to discrete representations. Cafaro et al. (2011)
later improve the continuous-time MILP to reduce the energy consumption and the pump

maintenance costs. Heuristic rules are incorporated, to select the receiving terminals, minimize
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the total restart flows, and reduce the single-delivery pumping runs. Relvas et al. (2006,2007)
integrate a multiproduct pipeline scheduling and rescheduling MILP with the depot inventory
management. Product sequences, pumping schedules, and batch volumes are determined
while considering the customer demand, quality control and operating constraints. Boschetto et
al. (2010) propose a hierarchical approach, integrating a MILP model with a set of heuristic
modules to address a real-world pipeline network. More recently, Relvas et al. (2007) present a
single holistic model, which compared to their earlier models, obtains faster solutions for smaller

time frames without the use of decomposition approaches.

Operational planning of downstream PSCs was first modelled in Escudero et al. (1999), using a
two-stage stochastic scenario analysis and a deterministic equivalent MILP. Later, Dempster et
al. (2000) develop deterministic and stochastic models for the PSC tactical and operational
planning to minimize overall costs. MirHassani (2008) propose an operational planning MILP for
a capacitated transportation network of existing refineries and depots. While satisfying the
customer demand, are determined the inventory shortages and excesses, for minimizing the
total inventory and transportation costs. More recently, Guajardo et al. (2013) propose a tactical
planning model to minimize the production, transportation, inventory planning, hubs and depot’s
operational costs. Vendors’ contributions are maximized for distribution planning and

decentralized sales.

Strategic planning of downstream PSCs is introduced in Oliveira et al. (2013,2014) by
presenting two two-stage stochastic MILPs, where the first uses Lagrangian decomposition and
the second the Benders (L-Shaped) decomposition. The investment and logistics costs are
minimized, while determining the portfolio and timings of network capacity expansions, and
inventory decisions with uncertain demand. Fiorencio et al. (2014) proposes, for NPV
maximization, a deterministic MILP decision support system (DSS) that determines the
investment portfolio and installation times of vessel, and transportation capacity expansions.
Fernandes et al. (2013,2014) propose strategic and tactical planning MILPs that maximize the
network profits for the individualistic and collaborative designs of uni and multi-entity current,
grassroots, and retrofit PSC networks. They determine the installation, operation, and
expansion of depot locations, resource capacities, transport modes, and routes; the multi-stage
import, export, production, storage, transportation flows and inventories of crude oil and
petroleum products; and the piecewise linearized economy of scale costs and tariffs per

location, entity and product.

Uncertainty has emerged to be a crucial aspect, as identified in the above works and as
expressed in the studies of Deloitte (2010), and E20pen (2015), amongst others, with respect
to today’s industrial reality. A clear need has emerged to build efficient and robust PSCs, that
take into account the modern reality and problems of current PSCs while exploring collaborative
models under an uncertain context. Recently, Fernandes et al. (2015) proposed a two-stage
stochastic programming (SP) model for the PSC strategic and tactical planning under demand
uncertainty. The augmented e-constraint method was used to simultaneously optimize opposing

objectives: maximize the expected net present value (ENPV); and minimize the conditional
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value-at-risk (CVaR) of the NPVs, wherein test results for the Portuguese PSC are presented.
One of the major problems observed is the multi-dimensional scenarios’ complexity, which
results in performance difficulties due to the size of the model. Robust optimization was

identified for future research of simultaneous modelling of cost, price, and demand uncertainty.

Based on the downstream PSC literature and the difficulties therein, it is identified the need to
develop collaborative PSC design and planning models and integrate crude oil costs, product
prices, and customer demand uncertainties. As discussed, two-stage stochastic programs have
revealed some difficulties in modelling uncertainty due to augmented complexity. On the other
hand, a tractable Robust Optimization (RO) methodology (Ben-Tal and Nemirovski (1998,2000),
Bertsimas and Sim (2003)), has become increasingly popular in operational research and
supply chain management to handle uncertainty without using scenarios. The application of
robust optimization in general is not new to planning problems and even to some areas of the
PSC, more specifically related to the uncertainty management in refinery scheduling and
operational planning problems. However, to the best of our knowledge, RO has not been
developed for a problem with the characteristics and the dimension of the problem under study,
which is a large scale real world downstream PSC strategic and tactical planning problem.
Moreover, most of the works published for the PSC are confined to what the authors call as a
“robust stochastic optimization” approach (Mulvey et al. 1995, Kouvelis and Yu, 1997), which
consists of a scenario-based approach with a goal programming formulation to control model
and solution robustness.

Given the difficulties of the scenario based RO and two-staged stochastic models, the non-
scenario based RO is seen with revived interest, as the PSC planning under uncertainty is a
large-scale problem. The impetus to implement RO for the downstream PSC strategic and
tactical planning problems, has motivated our study of the RO methodologies, which in the
recent years have undergone significant developments, and hence, are the focus of the

following section.

5.4 Developments in Robust Optimization (RO)

Over the past 10 years, RO has been consolidating as a powerful methodology to handle
uncertainty in optimization problems. RO assumes that uncertainty parameters are random
variables, which belong to a given uncertainty set, which in turn describes how uncertainties
span over their nominal or deterministic values. RO is sometimes recognized as being more
appealing than stochastic programming approaches (SP) because robust counterparts remain
computationally tractable for various types of uncertainty sets, for example, box and polyhedral.
Also, the full knowledge of the underlying distributions of the random variables is not necessary
in RO, but historical data may be useful to derive more accurate uncertainty sets. On the other
hand, SP has the disadvantage of being dependent on the knowledge of the probability
distributions, as well as on the type and number of scenarios.
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The goal of RO is to determine solutions that are immune to data uncertainty so that they are
always feasible and at the same time near-optimal in spite of the uncertainty. In this context,
Soyster (1973) was apparently the first author who discussed a relatively general methodology
to incorporate data variation within inexact linear programming (LP) problems, by using the idea
of set-inclusive constraints. For this reason, his work is viewed as the first steps in RO.
However, as the Soyster (1973) model basically consists of replacing data uncertainty by their
respective worst-case values, the resulting solution is overly conservative, i.e., it offers the

highest protection, but at the expense of a big deterioration in the optimal value.

Some years later, Ben-Tal and Nemirovski (1998,2000) proposed a less conservative approach
to provide trade-offs between solution robustness and cost in LP problems and general convex
programming. Relatively immunized or robust solutions are generated by quantifying the level of
infeasibility of the nominal solution and also the impact on the optimal value. This formulation
considers uncertainty sets that are ellipsoids, thus leading to nonlinear robust counterparts,

which can be computationally intractable depending on the size of the instance.

To overcome the aforementioned drawbacks, Bertsimas and Sim (2003) developed a tractable
model where the degree of conservatism for each constraint may be adjusted according to the
tolerance of the decision-maker. They considered that it is unlikely for all the parameters,
exposed to uncertainty, to reach their worst-case value simultaneously, and therefore derived
the concept of budget of uncertainty to bound the overall cumulative amount of variation
regarding the nominal values. The authors also illustrated a high potential of their methodology
for discrete problems, by showing that the corresponding robust counterparts do not change the
complexity of the original problem when polyhedral uncertainty sets are adopted. In a further
paper, Bertsimas and Sim (2004) derived probabilistic guarantees for the violation of a given
constraint when the proposed budget of uncertainty is smaller than the total amount of
coefficients that may change. Hence, the decision maker can intuitively assign appropriate
budget parameters to each constraint based on the acceptable probability of violation.
Bertsimas and Thiele (2006) extended the previous ideas to model RHS-uncertainty in general

supply chain problems.

Several papers have employed these RO ideas in diverse contexts and applications; see Beyer
and Sendhoff (2007) and the references therein for a general overview of the applications in the
field of RO and an outlook of research perspectives. The authors identified that RO could be the
rule in engineering design and optimization problems, however, boundaries need to be
expanded, specifically with respect to direct search techniques, expected performance indices,
multi-criteria optimization, and robustness constraints’ coupling. Recently, Bertsimas et al.
(2011) surveyed the theoretical and applied research in RO, with a focus on its modelling power
and its wide application in the fields of portfolio optimization, statistics, learning, estimation,
supply chain management, and various areas of engineering. Their review on RO developments

identified research directions related to adaptable RO tractability for multi-stage decision-
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making, characterization of when robustness is cheap or expensive, and RO with a data-driven
perspective. In an interesting work, Alem and Morabito (2012) implemented a RO approach for
the production planning of typical furniture companies by using polyhedral uncertainty sets, and
individually and simultaneously modelling cost uncertainties in the objective function and the
demand uncertainty in the constraints. The authors showed that beyond a certain level of the
budget of uncertainty, there is no further deterioration of the objective function values and the

probability of constraint violation tends to zero.

With respect to the petrochemical industry, Lin et al. (2004) propose RO for the design,
synthesis and scheduling of multipurpose batch plants, considering bounded and symmetric
uncertainty in objective function coefficients, and in the left and right hand side parameters of
constraints. Uncertainties related to processing times of tasks, product demands, and prices of
raw materials and products are addressed. Janak et al. (2007) later extend this work for
uncertainty with known probability distributions. These works demonstrate the generation of
reliable schedules, trade-offs between conflicting objectives, and potential for solving large real-

world problems.

Within the context of PSCs, Ribas et al. (2010) proposed stochastic optimization approaches,
for the expansion of conversion units, transportation infrastructures, and operational planning at
refineries. Considering crude oil production, products demand, and market prices uncertainties,
they propose three formulations: i) a two-stage stochastic model, ii) a robust min—-max regret
model, and iii) a max—min model. Test results for a large scale PSC in Brazil, show significant
financial differences, reduction and postponement in investments with lower demand for
products. Al-Qahtani and Elkamel (2010), and Leiras et al. (2010) extend the deterministic MILP
presented in Al-Qahtani and Elkamel (2008), for refinery production planning and expansion
decisions, to handle the crude oil costs, product prices and demand uncertainties. The first uses
the idea of model and solution robustness from Mulvey et al. (1995), identifying complexity
issues related with scenarios. The second uses the non-scenario RO approach from Bertsimas
and Sim (2003), obtaining economic trade-offs and production flexibility. The methodology is

identified to have potential for strategic planning of the PSC.

In the bio product supply chain, McLean and Li (2013) propose an affinely adjustable robust
formulation, for strategic planning under uncertainty. They show that uncertain equality
constraints can be reformulated into tractable deterministic constraints without any assumptions
about the uncertainty region, when uncertainties are bounded by the infinity norm. Tong et al.
(2014) also apply RO for the optimal design and planning of a biofuel supply chain in order to
minimize the unit cost of final products. They simultaneously consider the biofuel SC design, the
biomass integration strategy selection, and production planning with demand and supply

uncertainties.

The context of uncertainty modelling is focussed in Adida and Perakis (2010), comparing the

robust optimization with the stochastic methodologies. Stochastic models are identified to be
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complex and good provided that the probability distributions are correct, whereas, RO leads to
tractable formulations, allowing efficient control of the trade-offs between performance and
conservativeness even with limited information. Based on the findings in the literature and
earlier work with large-scale PSC design and planning problems, where numerous numerical
difficulties are observed even with few scenarios, we propose to use the Bertsimas and Sim34
methodology for the PSC design and planning problem.

In the view of these limitations, and the intrinsic complexity of the problem described in the
following section, we propose to use RO instead of the traditional two-stage stochastic
programming approach, motivated by its underlying strengths, namely: the absence of an
explicit probabilistic description of the data; the availability of limited information (mean value
and its range) about the distributions of the uncertainties; avoiding estimation and specification
of a large number of scenarios and their probabilities or expected recourse costs; the possibility
of modelling various sources of uncertainty; and the need for less conservative solutions for the
PSC design and planning problem. The RO implementation is based on the approach used in
Alem and Morabito (2012), and the RO procedure presented in Gorissen et al. (2015) This
method first solves the optimal nominal problem and determines the uncertain parameters; and
then iteratively determines the uncertainty sets, determines and adjusts the budgets of
uncertainty, formulates the robust counterpart, solves the adjustable robust counterpart, verifies
the quality of the robust solution, and if the solution is too conservative repeats the iterative

steps.

The contributions of this chapter are as follows:

1) We extend the PSC strategic and tactical planning MILP presented in Fernandes et al.
(2014), by incorporating petroleum products’ importation at depot level by all petroleum
entities, restricting bridge crossings to a maximum number of journeys per route per
period, simplifying its notation and formulation, improving its performance and modularity
for the implementation of RO.

2) We develop for the PSC planning problem, three numerically tractable robust
formulations, that incorporate crude oil costs, ex-refinery product prices and customer
demand uncertainties, which are first individually modelled and then simultaneously
without assuming specific distributions.

3) We improve our real case PSC database consisting of geographical information; fixed,
variable and volume based costs for depots, typical resources and transportation
infrastructures; crude oil costs, product prices, and customer demand based on our
research on industry data and benchmarks.

4) We perform an extensive numerical study to access the performance of the different
models based on the real case Downstream PSC network in Portugal.
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5) We present the results and insights into the relationships between the budgets of
uncertainty, profits, strategic decisions of installation of depots, pipelines and resource
capacities and the tactical decisions related to crude oil and product inventories as well
as the product transfer, importation, and exportation volumes, and the strategic-tactical

decisions of the service costs and tariffs per entity.

The research developments are now presented, beginning with the problem statement, the
deterministic model and its reformulation to a robust model, a real case study, the construction
of the uncertainty sets, followed by the implementation results, conclusions, and proposals for
future research.

5.5 Problem Statement

As can be seen in figure 5.1, the downstream PSC begins with the refineries, which buy crude
oil and produce petroleum products. These are either sold to petroleum companies for national
consumption, or exported at wholesale market prices, thereby collecting a refining margin.
Refineries support the cost, insurance, and freight (CIF) charges in case of exportation. The
petroleum companies transport the product from refineries to storage depots using the primary
distribution, which is generally undertaken by pipeline, maritime or railway. They also import
products by paying the wholesale price and the CIF costs for transportation up to their depots.
The storage depots hold the product on behalf of the petroleum companies, before transporting
them to retail clients using the secondary distribution, normally using tank trucks on road. The
secondary distribution may also be undertaken by pipelines or railways, when huge volumes are
transported to specific destinations such as airports. The retail stage commercializes the
product to the final consumer at petrol stations, factories, airports, and hospitals, thereby

retaining a retail profit margin.

The downstream PSCs are a critical part of the global PSC networks, and therefore, are
affected by many types of uncertainties, specifically related to crude oil costs, ex-refinery
product prices, customer demand, supply delays, labour costs, technology, process yields, and
facility disruptions. Among these, the first four are the most common, and therefore, these have
the major impacts whereas the last three types are more infrequent. As the mission of the
petroleum companies is to construct and manage efficient and robust PSC networks, our goal in
this work is to develop a strategic and tactical planning model for the profit maximization of the
entire PSC while considering crude costs, product prices, and customer demand uncertainties.
An integrated view of the problem description and planning decisions is presented in figure 5.3

and characterized thereafter.
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Figure 5.3. The Downstream PSC Strategic and Tactical planning problem

The aim is to develop a tractable robust optimization MILP for the collaborative strategic and

tactical planning of the PSC under uncertainty, whereby:

Given a set of petroleum companies that produce or import a set of petroleum
products at a known set of refineries, and commercialize them to a set of customer
regions;

Determine the current, grassroots, and/or retrofit PSC network designs for the multi-
echelon, multi-product, and multi-modal transportation PSC network;

Strategic decisions of installation, operation, expansion, or closure of storage depots,
resource capacities, and multi-modal routes;

Strategic-tactical decisions of entity investment participations and the economy of
scale costs and tariffs per location, route, entity and product;

Tactical decisions of time-dependent and multi-stage (production, storage,
transportation, importation, exportation, and customer fulfilment) volumes and
inventories for crude oil and derived products;

So as to maximize the total network profit, comprising the oil company direct profits
and their consolidated revenues from participated PSC member infrastructures:
refineries, depots, transporters, and retailers;

Subject to the production, depot, transportation, resource capacity, inventory, and
demand restrictions;

Considering uni-entity and multi-entity networks; pipeline transportation as product
flow per time period restricted to the pipeline physical capacities; and ship, truck, and
wagon transportation as discrete product flow blocks, where the total transported
volume for the permitted products and between origin-destination pairs, is restricted

to the modal fleet capacity per time period;

Such that the solution is robust and feasible at the uncertainty level defined by the decision

maker for the crude costs, product prices, and customer demand uncertainties.

The development of the PSC planning MILP was motivated by the pounding need in Portugal in

recent years following the awareness of the necessity to restructure the Portuguese PSC and
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the absence of a benchmarking and decision support tool to assist the different decision
makers, specifically at the level of the PSC regulators, PSC operators as well as petroleum

companies (main producer and other major companies that share the physical network).

One important aspect is that the petroleum companies are full or partial owners of the refineries,
storage depots, transportation infrastructures and retail stations, and therefore incorporate a
relevant share of their profits. The MILP is therefore implemented so as to be configurable, in
order to permit designs and analysis of the PSC network based on the profile of the decision-
maker. Hence, the decision maker may analyze parts of the network, or the network in the
perspective of an individual company, or as an integrated collaborative network, where the
petroleum companies earn revenues by commercializing products and also aggregate profits
from their participations in refineries, depots and transportation infrastructures. These plants
have the autonomy to purchase and manage the crude oils and petroleum products;
nevertheless, they serve the needs and the objective of improving the consolidated profits of
their parent petroleum companies. In order to overcome the above difficulties and explicitly take
into account the different decision makers, existing and partially owned infrastructures, the PSC
is modelled as a multi-entity network, thereby determining the contract tariffs per location/route,
entity, and product, which are based on the model’s decisions of committed volumes and entity

capacities.

5.6 Formulation of the robust counterparts

To implement the RO model, we first take the PSC strategic and tactical planning MILP
published in Fernandes et al. (2014), and make some improvements such as: incorporating
petroleum products’ importation at depot level by all petroleum entities; restricting bridge
crossings to a maximum number of journeys per route per period; and simplifying the MILP
notation and formulation, in order to improve the performance and facilitate the implementation
of RO. This improved MILP, which is presented in Appendix C, maximizes the PSC total profits
objective function that comprises of thirteen terms, as given below in eq. (5.1). Each objective
function term is denoted as an objective sub-function and is derived using an equation or a set

of equations: the refining profits MR; .. in eq.(5.2), the exportations costs CE; . in €q.(5.3),
the depot importation costs Cl j. . in €d.(5.4), the crude oil inventory costsCNC; ., in €q.(5.5),
the refined product inventory costs CNRj. ,: In €d.(5.6), the depot inventory costsCND e« IN
€q.(5.7), the retail profits MLy e, in €9.(5.8), the retail inventory costs CNL, . in €9.(5.9), the
storage depot margins MDEhpein €gs.(5.24-5.29), the storage depot tariffSTDE;.; in
egs.(5.14-5.19), the transportation margins MTE, me: in €ds.(5.20-5.23), and the transportation

tariffsTTE p) me: N €0s.(5.10-5.13).
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At each infrastructure, the margins are incorporated by the shareholder companies of each
installation, whereas the tariffs that are based on the non-amortized costs are incurred by the
product owner companies. The improved MILP is constituted by four groups of constraints,
specifically the volume balance constraints eqs. (5.33-5.43), the transportation network
installation constraints eqgs. (5.44-5.49), the storage depot installation and capacity constraints
egs. (5.50-5.59), and the minimum and maximum inventory constraints egs. (5.60-5.67). In
Appendix C, are provided the improved deterministic MILP, and the detailed RO formulation that
comprises of four additional terms in the objective function and four additional groups of
constraints, which respectively model the uncertainties in the crude costs, the product prices,

the customer demand, and all three simultaneously.

5.6.1 Uncertainty in objective function parameters

In order to implement the robust optimization, we consider the deterministic PSC strategic and
tactical planning MILP’s objective function eq. (5.1), and begin by identifying and modelling the
uncertain parameters iteratively in the objective function terms.

W = MaXZZZ(MRi'e’t - ZCEi,e,p,t —CNCiet— ZCNRi,e,p,tj

iel ecE teT pep peP
- Z Z Z Z (Cl iept TCND j,e,p,t)+ ZZ Z Z (M Liept —CNLke pt — CSk,e,p,t) (5.1)
jel ecE peP teT keK ecE PeP teT
+ 3 Y > (MDEnet—TDEned)+ 2 0 2 (MTEnimet—TTE imes)
heH ecE teT (h'l’m)‘alumm ecE teT

~R ~C
The robust optimization is introduced by considering two uncertain parameters Q. and @, ,

which are the ex-refinery product prices and the crude oil costs respectively. These parameters
are used in eq.(5.2), which is the deterministic MILP’s objective sub-function that maximizes the

refinery margin MR ... Here, QR, ot and QCI,, are the refined product and imported crude

volumes, whereas & ti and ;N are the refinery tariffs and the entity participations respectively.

7 W= S 3| TR, 7, €1, 17

iel ecE teT \ _peP (52)

subject to:  constraints (5.33-5.67)

First of all, the worst-case perspective for the total network profit is reached when prices are

lower than expected and costs are higher than expected. As a consequence, the uncertain
. ~ A ~C C ~C, C
parameters belong to the intervals goF;t e[(pit—(pit,(pi J and @, E[gpt N0x +got],

respectively.
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By rewriting the independent random variables as a linear combination between their nominal

values and their maximum deviations, we have éi,t:(/’i,t_@;tzﬁvt and @i’t:¢tc+gbtcztc,
. R Cc . . . I . .
with Zp,t and Z¢ being “normalized” random variables within the interval [0,1], since

VAYES (Cﬁi,t_ai,t)/(bﬁ,t and 7%= ((p?f—gotc)/gbtc Applying these concepts to our problem, we

have the following development:

MaXxX MRiet =
QRQCI

{QnF?%)((: ZZZ(ZQR, 77 —etf)-qel i,téf]nil | constraint s (5.33 - 5.67) hold}: (5.2a)

iel eecE teT \ peP

¢ iel ecE teT \ peP

{JL‘%XC.% ZZZ[ZQR. o8- 95 2 - ¢t)-qe i,[(cofwfz?)Jm“,e | constraint s (5.3 ~5.67) hold } - (5.2b)

{Qrg%élzrgaé{ZZZ[MR Z(QRW Pre n)z% - (el 0P n:‘e)zfﬂ | constraint s (5.33 —5.67) hold } (5.2¢)

ot iel eeE teT peP

in which o® ={0sz§,t31,Vpe PteT, ZZzﬁ‘tsrR} and

peP teT

¢ = {o <78<1vVvteT, ZZtC < FC} are the so-called uncertainty sets.
teT
. . ~R _ R AR R ~C _ C ~C,C -
We use the following expressions ¢ =@, —@, Zp: and ¢ =@ +¢;Z; in eq.(5.2a) and

obtain eq.(5.2b). The problem (5.2¢) is finally obtained after some rearrangements. This follows
the robust optimization paradigm where our aim is to maximize the worst-case revenue, which
although not intuitive, is obtained by subtracting the two inner maximization problems from the
total profits MR; .; - Based on the idea of the budget of uncertainty (Bertsimas and Sim, 2003),

we may control the level of conservativeness of the solutions, by imposing upper bounds on the

normalized random variables. This is modelled using constraints Z ZR <T* and ZZC SFC,

where the user-defined parameters 1% and 1 represent the risk attitude of the decision-maker.

For instance, a whole range of solutions may be obtained by varying '™ from 0, where
uncertainty is not incorporated at all, and that means that the decision-maker is risk-neutral, up
to I'® = P| T| wherein is obtained the most conservative solution that is particularly

recommended for the risk-averse decision-makers.

In order to derive a tractable (linear) robust counterpart for the problem (5.2c), notice that the

first inner maximization problem in (5.2c) is equivalent to the following auxiliary problem:
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rr;aRx ZZ@EtZZQR p,t77i,\,le Z E,t

pePteT iel ecE
subject to: Y. > zR < 5.0)
pePteT

0<73:SLVpePateT

R
Then by considering the dual variables 4 and/“lpv‘respectively, for the first and second

constraints in problems (5.i), we derive the dual problem of (5.i) which is as follows:

min T°A% + "> ug,
An peP teT
subject to: A% +uf 2@ > > QR 71, (5.ii)

icl ecE

/"LRZO,,UEIZO,VpeP/\teT

Notice that the primal problem (5.i) is feasible and bounded. In fact, it is straightforward that the

trivial solution ZR =0 is feasible. Thus, by strong duality we know that its corresponding dual is
also feasible and bounded for all FRe[O,\PHT l] and that their objective functions coincide.

Based on this property, a tractable formulation for the nonlinear robust counterpart (5.2c) is
derived by replacing the inner maximization problem (5.i) by its equivalent dual problem (5.ii).
Using the same rationale, it is possible to linearize the second inner maximization problem in
(5.2¢). By injecting these dual problems into the main problem (5.1), we obtain the MILP robust

optimization problem (5.1a), which is as follows:

max(y )=y _(rw FYY ﬂ;{tj_[mc 3 ufj

peP teT teT (5.1a)
subject to:  constraints (5.33 —-5.67)
PLEGA @Zt D e QR e VPEPALET (5.68)
A+ ul > @tc D .QCl e VEeT (5.69)
4ty =20, VpePAateT (5.70)
4 =0, vteT (5.71)
AR>0, 2°=0 (5.72)

The linear combination of the dual variables in (5.1a) penalizes, the objective function, and
hence, provides the necessary protection against the variation of both, the ex-refinery product

prices and the crude oil costs, when their corresponding budgets of uncertainty are increased.
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As a consequence, the solution becomes more “robust” in detriment of some deterioration in the
PSC profits. This is the essence of the RO methodology, and thus, it is essential to assign

adequate values to the respective budgets of uncertainty.

A similar procedure is used to model the uncertainty in the excess inventory capacity costs by

- . n+ + + s
defining the uncertain parameters h, e[, N +he,

Z/.:]- Note that the worst-
case perspective leads to high excess inventory capacity costs, which results into the following

auxiliary problem:

max 3> > 2 Nee.pe Sl pe Zieopt

keK ecE peP teT

subject to: DYDY Zien < (5.iii)

keK ecE peP teT

0<Zkept SLVkeKAneeEApePAteT

By iteratively using the previously presented procedure, we need to use the dual information of
problem (5.iii)) and reinject it into the original objective function, where the excess inventory
capacity costs are the uncertain parameters. Consequently, the RO formulation considering all
uncertain parameters is depicted in eq. (5.1b). Notice that it is not necessary to model the retalil
prices’ uncertainty due to its strong correlation with that of the ex-refinery product prices. As the
objective function maximizes the total profits, the retail prices’ uncertainty may not be
simultaneously modelled with that of the ex-refinery prices as this would mean considering this
uncertainty twice, thereby doubly penalizing the objective function. Also, uncertainties related to
the investment costs are not directly modelled as the investment decisions are here and now
decisions. However this uncertainty is implicitly considered in the excess inventory capacity
costs, which are cumulative functions of the pipeline, depot, and resource investment costs that
are considered in the construction of the uncertainty sets as will be discussed in the section of

the PSC real case.

max((//(a) =y - TR+ uf, —(Fci‘: + Zﬂfj | T2+ e o

peP teT teT keK eeE peP teT (5 1b)

subject to:  constraints (5.33-5.67),(5.68 —5.72)

A+
A g i > e ni Slyepi, VkeKneeEAapePateT (5.73)
,uz,evp’tZO,VkeK/\eeE/\ pePAateT (5.74)
2720 (5.75)

Bertsimas and Sim (2004) derived eqgs. (5.iv), which approximates the probability for the

violation of constraint i, given any feasible solution X j, where (D(e) is the cumulative
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distribution function of a standard normal, for all 1€ | . Here J. is defined as the set of
coefficients in row i of the matrix A that is subject to uncertainty. The probabilistic bounds

directly depend on the values of ‘J.‘ and . In this problem, 1-° can take values between 0

and :\T :\PHT\' These may be explicitly chosen by the decision

JC

maker, so that the calculated probability of constraint violation is acceptable to the decision-

,and T between 0 and ‘JR

maker, based on his risk attitude.

2

Pf[gé}j X’}>biJﬁl—® FJ_l where @(ﬁ)wéﬁfwem —Z dy (5.v)

5.6.2 Uncertainty in demand parameters

The RO is now formulated for the uncertainty in the demand balancing constraints for. First,

notice that this parameter §,, is included in the set of equality constraints (5.43) and (5.44).

Equality constraints containing uncertain data should be avoided as much as possible, since not
rarely such constraints restrict the feasibility region drastically or even lead to infeasibility
(Gorissen et al., 2015). Thus, we propose (i) to rewrite the demand balancing constraints
without the excess inventory variables; and (ii) to aggregate over time the uncertain demand
parameter. Constraints (5.42) and (5.43) are reformulated as inequalities, thus creating in each
time period, a “gap” that allows for the variation of the demand. In contrast to the deterministic
model which uses equalities to enforce the tactical decisions, RO uses a protection function to
create flexibility in the constraints so that the variations in the uncertain parameters can be

incorporated.

For this purpose, the inventory constraints are now determined via the aggregation process.

Basically, we rewrite the balancing constraints by dropping the excess inventory variables

SLye.p:» @nd substituting them within the formulation Z;[Z(j‘mw QSjvkvmyeypv,_(Sk,e,p,rquk,e) pt

which takes a positive value if inventory is held in the period, thereby implying the excess
capacity costs for holding the product inventory. Without loss of generality, the first period

inventory SL Ok, p,. IS considered to be 0. A single decision variable H,, , accounts for the

excess inventory capacity costs per location, entity, product and time period, wherein the

parameters p; . . are the respective unit costs. As a result, an equivalent nominal problem is

obtained in eq. (5.76), but flexible enough to accommodate demand variations. This procedure
was successfully proposed by Bertsimas and Thiele (2006), Alem and Morabito (2012), and
some references therein. Different to these works, the present formulation does not include

backorders due to the fact that it is a strategic model.

H - h;e,p,tert j,mQSj,k.m,e,p,r_5k,e,p,r) VkeKareeEApePAateT (5.76)
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Here, the cumulative uncertain demands 5‘“‘” are assumed independent and bounded random

variables with an unknown distribution in the symmetric interval [& . -(§k Ores +(§ } centered
epr epr £pr

k.epr

around the nominal value 5““, where the amplitude of variation can be at most twice 5““.

Similarly, as in the previous section, we also define a normalized random variable
s | = A .
Zk'evp't—(5“"“—é‘kqe,p,t)/é‘k’eqp’t that takes values in the range [-11], such that

~ n 5
5k‘e,p‘r = 5“*[” +5k‘e,p,rzk‘e'p'r '

Following the methodology proposed in Bertsimas and Thiele (2006), the budgets of uncertainty

I..,.<lo] are defined per customer location, entity, and product, adhering to the following rules:

i. l"fe plsr‘ie p2"'SFie pTwhere T=\T\i5 the last time period implying that Fie IDteither
increases or maintains its value from one period to the next but does not decrease;
i Ty ThopSL¥keK ecE peP teT implying that the budget of uncertainty [y,

increases at most unitarily so that only one uncertain parameter can be added in each

period.

The robust optimization framework adopted in this chapter, relies on finding the optimal solution
for the worst-case instances of unknown and bounded parameters. The main goal is to
guarantee near-optimality when these parameters vary within the uncertainty set. Differently
from Bertsimas and Thiele (2006), where overall costs are minimized, our focus is to maximize

the total revenue. As lower demands lead to lower revenues, the uncertain demand Syepe

attains its worst-case realization at lower bound of the symmetric interval
ER S S

ke.pr  “kepr'Tkepr k,e,p,rJ'

Based on the ideas already developed above, the eq. (5.76), whose cumulative demand

presents uncertainty, is written as follows:

H - h;e’p’tzm j‘mQSj’k,m‘e‘p'T—5“.’”) VkeKAneeEApePateT (5.77)

which is equivalent to solving the following optimization problem in variable Zfe or

t, s
rT;%X(Zz':il5kvevpvfZk,e,p,z')
subject to: th:lzf,e‘py, Sri,e,p,t VkeKAneeEApePAteT Ar<t (5.v)
OSZiepTSL VkeKneeEApePAteT Ar<t

Again, it is necessary to use the dual information provided by the auxiliary problem, to maintain
the tractability of the robust counterpart. Notice that it is straightforward to see that problem (5.v)
is feasible and bounded, thus implying that its corresponding dual is also feasible and bounded.

Supported by the strong duality theory, it is known that the objective value of both problems
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coincide, and for this reason, the dual information of problem (5.v) can be incorporated into the
original reformulated constraint eq. (5.77). Finally, the robust counterpart for the problem (5.1-

5.29),(5.33-5.67) with demand uncertainty is obtained as follows:

maX(W5]= W -2.2.2.2 Hiep

keKecE pePteT (51C)

subject to:  constraints (5.33 -5.41),(5.44 —5.63), (5.65 —5.67)

' (5.78)

<t

+ S5 o 6
H k.e,pt 2 hk,e,p,t[Z[ZQSj’kym’e’p’T - 5k,e,p,r] + Fk,e,p,tﬂk,e,p,t + Z;ll'lk,e,p,r,tJ
Jm =

VkeKAneecEApPpePAteT

Max

5 5 6
ZLZ QSj,kme,pyT - 5k,e,p,r} + rk,e,p,t ﬂuk,e,p,t + Zt/’lk,e,p,r,t = é‘k,e,p,t-v-l>< ﬂa ! (5.79)
.m =]

<t

] . VkeK,ecE,peP,teT,t>1At<T,a=RETAIL
ﬂf,e,p,tﬂL#;e,p,,,[ Zé‘k’e’p’r, VkeKaneesEApePAteT A<t (5.80)

gfye,p,t,uje'wzo, Vke KneeEApePAteT Ar<t (5.81)

Here, the variables ﬂ’[k;,e,p,t and ,uf: epsy are the dual variables associated respectively with the first

and second constraints of problem (5.v). As a result, eq. (5.64) that implements the inventory
bounds in the original problem, is also replaced with eq. (5.79) so as to account for the robust

terms. The robust counterpart provides the necessary “gap” to absorb the demand variations,

which may be evaluated as the term 1—«: ii +Z
ept ept

I

’ for each customer, entity,
=t ll’lk,e,p,r,t

product, and time period. Wei et al. (2011) derive the bounds for the probability of constraint

violation similar to those in eq. (5.77) wherein for a given solution QS* , the probability of
jkme,pt

violation is approximated by eq. (5.vi) where cI)(H) is the cumulative distribution function of a
standard normal for all ke K,ee E, pe P,t €T . The probability referred here that of the excess

inventory capacity costs being lower than the costs related to the difference between the

supplied product and the uncertain demands.

S5
+ -~ Fk,e,p,t -1 .
Pr H ke p.t < hk,e,p,t ert jmeS*j,k,m,e,p‘r N 5 k_e,p‘r)]gl_ @ J{ (5VI)

As referred in Adida and Perakis (2010), all the uncertain parameters may not vary
simultaneously, and hence taking into account the PSC planning problem, and in contrast to

varying the parameters over time, the budget of uncertainty could be shared by various

products Zpep‘zk,e,w

gl"’s , locations or entities.
k.e,pt
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5.6.3 Uncertainty in objective function and demand parameters

The crude costs, product prices, excess inventory capacity costs, and the customer demand
uncertainties are now simultaneously considered. Note that the excess inventory capacity

considered in the objective function of eqs. (5.1b), directly affect the constraints modelled

above. Now, take for example, the restriction (5.77) which includes the cost h:em. As this

restriction incorporates the uncertain demand, then the question is, what would be its robust
equivalent if the cost would be uncertain? Would the formulation presented above in (5.1c) not

be too conservative? In this sense, considering that the uncertain excess inventory capacity

costs F]* can be written as the linear combinations of their nominal values and respective
k.ept

h+
k.e,p.t

deviations, we have H;epl:h;‘evpﬁﬁ:eplz:;mwith Z! e[oa]: So the robust equivalent

corresponds to the maximization of the RHS of constraint (5.77) for all realizations of Zre ot

which can be obtained by solving the auxiliary problem (5.vii) for every k,e,p,t.

A+ + h+
rnza+'x(hk,e,p,t H k.e,pt Z k,e,p,t)

subject to: z',;;,p,tsl":;p't, (5.vii)

h+
0< Zk’e’p‘t <1,

By using the dual variables ﬂ«:: . ﬂ“* for the first and second constraints of problem (vii),
gl kep,rt

the linear dual problem obtained is as follows:
B h h h+
min (Fk}p,t ﬂk;,p,t + :uk,e,p,t)
H . h+ h+ At +
subject to:  Agb i+ Hyepr 2 hk,e,p,t H ket

h+ h+
/Ik,e,p,t ! ﬂk,e,p,r,t =0,
+ t ° . .
H copt = Zr_l[jzm: QSjykym‘eva - 5k,e,p,rJ + Fk,e,p,t //lk,e,D,t * TZ:; luk,e,p,r,t

(5.viii)

Following the rationale that has been developed in the previous sections, it is derived eq. (5.1d)
which is the robust counterpart when considered the crude costs, the product prices, the excess

capacity costs, and the customer demand uncertainties simultaneously.

3

50
max =
(‘// ) 4 (5.1d)
subject to:  constraints (5.33 -5.41),(5.44 —5.63),(5.65 -5.67), (5.68 — 5.75), (5.78 —5.81)

+ S5 S5 3 h+
2Neepd 2| 2.Q ~Orape |* + 2 Cept A
Hiepi 2 hk,eyp’t[ <t [J' m Sjyk,m,e,p,r 5k,e,p,r rk,e,p,tﬂ/k,e,p,t tlle,e,p.r,t +Fk,e,p,tlk,e,p,t+,uk,e,p,tv
7< | 7=

VkeKnaeeEApePateT

(5.82)
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7<

+ h+ At 5 5 3
/IE,EYN + Hyopi > hke,p‘t[zt[jzmQSj,k,m,e,pr —5“‘”] +Fk,e‘p,lﬁvk,e,p‘l + ;lukye’pu VkeKneecEApePAateT (5.83)

/’?V:;p't,/u::p t20, VkeKneecEApePAteT (5.84)

In the formulation above, egs. (5.82)-(5.83) provide the solution robustness for the excess

inventory capacity costs by using 1":: o € [0,1]. Assuming integer values for these parameters,

and considering the excess inventory capacity costs, there exist only two possibilities: the

nominal problem when 1“:2 pt:0; and the Soyster problem when 1":1 ptzl. As in the optimal

solution, eq. (5.83) will be an equality, the expression Fﬂgp,t AE;’p'tJr,uEfe’p’t in the LHS of eq.

(5.82) can be replaced with the RHS of eq. (5.83), which following simplification, results in the
substitution of egs. (5.82-5.84) by eq. (5.85).

+ A+ 5 S5 5
Hiepi2 (hk,e‘p,t + hk,e,p,t)[g[jzm“QSjkmevw - 5“,”} + riw Acenet Z ,Uk,e,p,,,[]' VkeKnreeEAnpePateT (5.85)

Following this reduction, the resulting robust formulation considering simultaneous cost, price,

and demand uncertainties is the one obtained in eq. (5.1e).

max{y )=y —ZZZZHk,e,p,l—(FRiR+ZZ#§¢]—(F°1°+Zﬂfj—(r+’“2222%m

keK eeE peP teT teT peP teT keKeeE pePteT ] (516)
subject to:  constraints (5.33 —5.41), (5.44 —5.63), (5.65 - 5.67), (5.68 —5.75), (5.78 —5.81), (5.85)

The RO model will now be tested with the real case Portuguese PSC in order to validate the
model and evaluate its solutions and performance. In the following sections, are presented: the
real case Portuguese PSC; the construction of the uncertainty sets for the real case; followed by
the presentation and discussion of the computational results. Consequently, are compared and
discussed the resulting designs, the strategic and tactical decisions, followed by the solution

trade-offs, performance statistics, relevant insights, and conclusions.

5.7 Petroleum supply chain real case

To evaluate the effectiveness of the proposed approach, the Portuguese PSC is taken as a
case study and applied the developed RO model. Three designs are considered: 1) studying the
existent PSC — current problem; 2) designing a new PSC from scratch — grassroots problem; 3)
re-designing the existent PSC due to changes occurring in the markets — retrofit problem.
Installation of new infrastructures, associated resources, and capacities are considered, as well
as the expansion of existing ones. The network is also studied by considering it as a single or

multiple entities supply chain.
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Figure 5.4 presents the existent multi-echelon Portuguese PSC network, which commercializes
and distributes the petroleum products to the customers, which are divided into eighteen
national districts. The supply chain involves two refineries located at Sines and Matosinhos,
each having currently a production capacity of 220 and 110 thousand barrels per day, which
produce six petroleum products propane (C3), butane (C4), gasoline 95 (U5), diesel (GO), fuel
oil (FU), and jet fuel (A1), which aggregate other varieties such as gasoline 98 and biodiesel.
The products are supplied by pipeline, maritime or railroad transportation to twelve storage
depots located in continental Portugal where are installed storage vessels, with capacities per
product as shown in figure 5.4. The relative size of the depots can be identified by the darkness
of the small squares that represent the storage capacities installed, for instance Matosinhos has
7 vessels for the storage of diesel (GO), which have a larger capacity than those at Aveiro or
Leixoes. Storage depots as also the transportation infrastructure are owned by individual

companies, partially owned by several companies or by independent logistics operators.

Refineries |i%l ii%l Depots %} Vessels per Product Client Districts
Matosinhos  Sines c3 ca Us GO FU Al AVEIRO if
I === SAVEIRO 2 2 = oA
= Al =&  PORTO ~>~  BRAGA
e s=f  SMATOSINHOS g14 @13 837 Ba7 837 @ 4  wemms BRAGANCA
= =3 PERAFITA a8 5 5 smmm,  CASTELO BRANCO
- = COIMBRA
— == SREAL a3 1 2 2 - voRA
o s=2  SLEIXOES 2 @3 1 - rar0
+~>»”  GUARDA
1 A1 >FARO 1 1 . (ERIA
- D~ LISBOA
== SAZAMBUIA B2g3 g26 B3y EEg 504 @SR, PORTALEGRE
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Figure 5.4. The downstream PSC in Portugal

Our aim is to provide an efficient design and planning tool for the current, grassroots, and
retrofit networks considering single and multiple entities. The capacity expansions are
considered individually per entity and product, and then aggregated per location. Crude oil
purchased at the refineries is bounded by the refineries’ capacities. Resources are considered
to be static having rotations per period or dynamic having flowrates per hour and hence the flow
of products in the transport and depot facilities is restricted to the capacity of the installed
resources. Consequently the RO MILP may determine the installation of resources, thereby
increasing capacity. Initial inventories are not considered, and the inventory costs include the
added capacity costs and the product holding costs. Modularized fixed and variable costs are
defined for depots and typical resources, whereas costs per kilometre and cubic meter of
volume are defined for the transportation infrastructures. These costs were originally presented
in Fernandes et al. (2013,2014), however, have now been improved from subsequent industry

benchmarks.
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In order to perform this study, it was necessary to obtain comprehensive data on the petroleum
industry, which was a difficult task. A statistical database was constructed for a twelve year
period between 2002 and 2013 using the crude oil and petroleum products demand, costs, and
pricing data as well as the PSC structural information on existing facilities, taken from industry
benchmarks and technical documentation. This data was collected from the Direccdo Geral de
Energia e Geologia (DGEG, 2015), Autoridade de Concorréncia (AdC, 2008), the European
Commission’s Directorate-General for Energy (Eurostat, 2015), the U.S. Energy Information
Administration (EIA, 2015), the Bureau of Transportation Statistics (BTS, 2015), the Platts
Market Data — QOil (2015), the Organization for Economic Co-operation and Development
(OECD, 2002), the Interstate Natural Gas Association of America (INGAA, 2009), and Miller et
al. (2010) The database includes historical data relating to the crude oil costs, the ex-refinery
prices, the retail prices, the customer demand, the infrastructure and vessel construction costs,
the refining costs, the importation costs, the transportation and depot unitary costs, the GPS
coordinates, and multi-modal distances. In order to test the RO model, uncertainties relating to
the crude oil costs, the ex-refinery prices, the retail prices, construction costs, operating costs,
and customer demand were considered in order to build the uncertainty sets, which are

presented hereafter.

5.8 Construction of the uncertainty sets

For completeness, we now characterize in the necessary detail, the uncertain parameters
modelled in the robust formulation, so as to test the RO MILP for the Portuguese PSC. Each
uncertain parameter is analyzed per location, entity, product, and time period, based on the
historical data and identified the corresponding nominal values as well as their amplitudes of
variation. In robust optimization approach, it is sufficient to avail of the average nominal figures
and the worst-case deviations. Therefore, we collected and correlated all the relevant data for
the 12 year period between 2002 and 2013, which is directly used to calculate the model
parameters. For a sector, which has very high uncertainty that repeats irregularly, it is difficult to
predict the parameters for such a long planning horizon. Hence, the nominal values and the

uncertainty band computed from the historical data are considered a good approximation.

5.8.1 Crude Oil Costs and Ex-refinery Product Prices

Typically, the refinery margin depends essentially on the ex-refinery product prices and crude oil
free on board (FOB) prices. These prices are highly volatile as they compete in the international
markets. One such important regional market is the North-West Europe (NWE) where the
Antwerp-Rotterdam-Amsterdam (ARA) cluster plays an important role as a storage and supply
hub for crude oil and petroleum products. Refineries purchase crude oil or petroleum products
at the FOB price and arrange and pay the cost of insurance and freight (CIF) to import and
transfer the crude oil to the refinery. Crude oil is then refined, producing petroleum products,
which are bought by local companies at competitive CIF ARA prices. However, when production

is deficit, the product is sourced externally, by paying a premium importation (CIF) cost to
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transport the product to the local destination in addition to the product CIF price at the ARA
ports. The refineries export the surplus production at the FOB prices and support the

exportation (CIF) costs to be competitive with the CIF ARA prices in the international markets.
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Figure 5.5. Time series for Brent Crude Oil and Petroleum products Ex-refinery FOB prices

Fig.5 presents the Brent Crude Oil and the petroleum products ex-refinery FOB prices’ time
series and uncertainty, collected from EIA (2015) and Platts (2015). It is observed a high
volatility among product prices whose growth is inversely proportional to that of the U.S Dollar
(plotted on the right axis). The prices increased from 200 up to 650 euros per cubic meter
between years 2000 and 2008, crashed to 200 euros in 2009, increased to 580 euros by July
2014, and slumped to 300 euros by year end 2014.The time series in figure 5.5 was used to
construct the uncertainty sets for the crude oil and product prices for the twelve year period
between 2002 and 2013.

Table 5.1 presents the product prices and crude costs per year grouped into three sets: the first
set shows the mean average or nominal crude costs and product prices per year, the second
set shows the maximum worst-case deviation from the nominal prices per year, and the third set
shows the standard deviation from the nominal prices per year. The worst-case scenario
considered for the crude oil costs is the maximum positive deviation, which is when they are
more expensive, whereas for the products’ prices, it is considered the negative deviation where
they fetch a lower price.

Table 5.1. Crude oil costs and Ex-refinery product prices uncertainty sets

Nominal Ex-refinery Prices in €/m3
C3 Us Al GO FU CRUDE

Standard Deviation from Nominal Prices
C3 U5 Al GO FU CRUDE

Maximum Deviation from Nominal Prices
c4 C3 us Al GO FU CRUDE

Period C4 c4

2002
2003
2004
2005
2006
2007
2008
2009
2010
2011
2012
2013

131.25125.18192.03200.47 193.11130.53
130.81132.84197.13207.53206.42124.14
164.24150.44242.06 265.35 260.41115.61
191.83185.24322.06377.40366.54174.81
227.48217.93370.19423.97402.13216.16
254.93231.76 380.55423.97 398.70232.43
280.39252.26420.27 555.58 512.42290.30
199.76174.47309.08 329.82 305.43231.35
297.13269.86415.89450.11417.18 315.00
352.02303.43530.36 604.86553.51413.14
386.84337.89604.55662.61610.20462.85
345.33287.83573.10622.43574.63427.93

164.99
159.79
192.18
274.26
324.36
329.19

27.36
46.21
30.02
50.79
53.34
45.17

23.21
34.70
27.55
36.00
21.80
40.58

40.28 24.82
21.54 31.37
51.36 61.14
89.59101.88
67.29 50.47
96.52 66.79

24.77
29.90
73.97
90.73
48.28
70.73

22.60
24.67
18.03
62.64
37.28
69.89

406.43154.95120.82 235.47 258.68 236.37 165.72

273.94 60.47 51.40
374.73 48.74 60.93
499.52 27.87 28.17
542.12139.41113.91
516.69 60.65 40.66

90.09
44.46
46.24
49.36
24.65

59.38
56.49
53.49
71.44
37.16

51.45
57.02
56.17
60.00
31.11

74.19
17.96
54.67
49.60
13.67

27.14
21.02
39.80
63.55
38.51
71.09
218.93
68.15
41.08
47.88
68.91
29.00

25.11 18.34
28.83 31.74
30.73 23.52
48.04 38.63
29.04 20.79
41.49 37.00

20.99
18.26
33.76
59.66
55.48
43.91

16.11
27.30
45.10
57.96
32.53
48.42

15.69 14.13
30.66 16.21
51.30 12.12
53.46 33.63
29.61 20.72
45.46 41.80

67.35 56.63110.27 125.40112.63 84.40

42.84 39.68 50.23
38.62 48.51 27.35
17.93 23.48 26.82
59.95 53.02 40.91
39.24 22.43 21.41

39.19
34.24
25.58
30.40
32.28

35.12 47.18
31.79 12.54
26.81 23.52
26.56 30.56
24.03 9.29

14.28
16.22
28.60
39.32
27.89
42.41
103.85
44.01
25.86
21.79
30.90
22.14
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5.8.2 Demand for Petroleum Products

The petroleum products’ demand for the twelve years has been analysed and obtained the
nominal customer demand for each customer district. The maximum and standard deviations
are then obtained, with respect to the nominal demand, so that the model may be run to derive
the RO solutions considering the worst-case demands. The monthly customer demand
presented in table 5.2, is converted to the yearly basis prior to use by the model. This table has
been constructed from the monthly and yearly statistics consulted in DGEG (2015). The
deviations considered are the downside deviations, which in general would imply excess

capacity.

Table 5.2. Customer demand uncertainty sets

2013 Nominal Customer Demand in tons/month  Maximum deviation from Nominal Demand Standard deviation from Nominal Demand

District c4 Cc3 us Al GO FU c4 Cc3 us Al GO FU c4 Cc3 us Al GO FU
AVEIRO 1345 2521 5419 22718 1402 296 920 770 0 2635 347 212 577 461 1445 258
BEJA 369 465 796 51 5235 44 81 170 112 13 577 11 58 106 66 9 333 8
BRAGA 845 1973 6130 24859 775 186 720 870 0 2880 192 134 452 520 1581 142
BRAGANCA 164 288 911 5973 146 36 105 135 0 626 36 26 66 84 395 27
CASTELO BRANCO 266 448 1111 6425 353 59 164 156 0 718 87 42 103 92 407 65
COIMBRA 379 1306 3032 13536 959 83 477 432 0 1584 237 60 299 259 866 176
EVORA 494 563 1262 23 5493 48 109 206 176 6 596 12 78 129 104 4 352 9
FARO 863 2397 4872 14009 13821 123 190 875 679 3677 1634 31 136 549 399 2598 890 23
GUARDA 192 528 841 5222 124 42 193 120 0 559 31 30 121 72 338 23
LEIRIA 370 1233 3363 21919 515 81 450 483 0 2470 127 58 282 291 1386 95
LISBOA 3049 3314 18081 54188 63053 916 672 1210 2508 14221 7512 227 482 758 1466 10051 4089 168
PORTALEGRE 150 244 562 2848 22 33 89 78 0 317 5 24 56 46 180 4
PORTO 2640 4408 18917 15068 75472 2867 582 1609 2659 3955 8757 710 417 1009 1574 2795 4803 527
SANTAREM 958 2100 7902 32302 1725 211 767 1111 0 3774 427 151 481 657 2063 317
SETUBAL 2586 22122 8107 32717 1579 570 8076 1124 0 3653 391 408 5062 656 2071 290
VIANA DO CASTELO 242 592 1339 5486 547 53 216 190 0 605 135 38 136 113 349 100
VILA REAL 459 572 1130 6595 79 101 209 164 0 729 19 72 131 100 419 14
VISEU 572 1295 2405 10 11417 156 126 473 344 3 1290 39 90 296 207 2 722 29

5.8.3 Excess Inventory Capacity Costs

In practice, the excess inventory capacity is penalized using an excess capacity unit cost, which
is previously obtained per destination node, entity, product, and time period as shown in egs.

(5.ix). Hence, the excess capacity costs h;‘e‘p,t are calculated per cubic meter, by aggregating

the fixed and operating costs, based on the reference depot, resources, and transportation
infrastructures, where irr is the internal rate of return (an arbitrary interest rate). The yearly
statistics for the construction of these uncertainty sets is obtained from Eurostat (2015), BTS
(2015) and INGAA (2009). The resulting table 5.3 presents the uncertainty sets for excess

capacity comprising of the nominal costs and their maximum upside deviation for district Lisboa.

fpfm(1+irr><t)+§po

g, (5.X)
X

+ F FDluukmi . o ODlunkm TCisnce
h. .= + & M i x )+ &+ & k. NP2y
ket ; fr, 5 mo2 é: ' 5 m 2 Ttil,NCP—l ; a)ml‘cl‘,p&’ANYrZ,p
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Table 5.3. Excess capacity cost uncertainty sets

Nominal Excess Capacity Cost in €m3 Maximum deviation from Nominal Cost in €/m3
LISBOA C4 C3 us Al GO FU C4 C3 us Al GO FU
2002 67.40 94.42 35.58 44.86 31.66 24.66 2.70 2.33 2.85 5.00 0.82 1.20
2003 71.02 101.08 37.45 47.72 33.17 26.01 531 5.14 1.38 5.61 1.81 1.18
2004 78.76 108.71 39.76 51.47 35.87 26.00 9.33 11.92 4.59 14.58 3.11 0.93
2005 90.20 118.02 45.21 59.37 42.63 30.37 8.35 5.89 6.06 7.05 4.51 3.71
2006 88.60 117.63 50.39 65.21 46.65 33.71 24.43 30.99 9.71 24.23 242 2.10
2007 97.04 128.72 52.16 66.75 47.91 35.40 19.39 27.02 10.80 23.55 4.67 4.16
2008 100.28 135.38 59.50 82.35 60.81 40.88 44.76 61.24 24.04 40.58 12.00 7.47
2009 103.80 138.67 54.69 69.26 51.35 38.00 28.70 38.28 14.82 26.95 2.97 4.64
2010 109.51 146.42 58.28 73.67 54.11 44.55 16.38 18.05 6.00 18.46 3.79 2.76
2011 117.19 155.25 65.42 84.15 63.08 51.98 6.60 7.30 2.68 3.73 3.87 4.49
2012 122.16 161.11 70.48 88.49 67.18 57.15 17.44 15.61 3.49 8.22 3.06 2.79
2013 127.25 167.71 69.18 87.93 65.61 55.94 9.43 6.24 2.67 6.40 1.53 1.44

Thus far, we have developed the RO MILP formulation, collected and standardized the PSC
data, and constructed the uncertainty sets. The remainder of the chapter presents the
implementation results of the RO model, which include the real case test settings, followed by
the discussion on the strategic and tactical decisions, the PSC profits maximization, the model
solution performance statistics, the RO application main insights and modelling perspectives,

and finally the conclusions.

5.9 Implementation Results

The RO model described in the previous sections is now implemented considering three
network designs: the current design where are determined the tactical decisions of allocations,
inventories, and transfer volumes for an existing network; the grassroots design where a new
PSC network is designed from scratch, involving decisions of installation and operation of
petroleum products’ depots, transportation infrastructures and resource capacities besides the
tactical decisions referred above; and the retrofit design, which involves redesign of an existing

PSC network based on the market evolution for a twelve year horizon.

The model is developed in GAMS 24.5.6 and solved using the MILP commercial solver CPLEX
12.6 on an Intel Xeon 2 GHz CPU with 16 GB RAM and 16 parallel threads. The stopping
criterion is 1% optimality gap or 24 hours of CPU time. As the model and the real case
instances are large scale, we first obtain the GPS coordinates and travelling distances using the
Google API interfaces and build concentration sets, using the methodology proposed by Rosing
and ReVelle (1997), in order to reduce the model size. The concentration sets comprise of at
most 12 potential depots per customer district, which are the gravitational centres of the

demand within a 360 kilometre distance.

To facilitate the decision process, two different approaches may be used for the execution of the

RO models: 1) select the appropriate values for the budgets of uncertainty 1°, =%, 1° prior to

the model's executions, based on the probabilistic bound of constraint violation and the

decision-makers risk attitude, or 2) execute the model exhaustively for all values of 1, %, 1°

and choose the most appropriate solution that better fits the decision-makers interest. In the
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first case, the appropriate budgets of uncertainty could be defined based on the probability of
constraint violation, determined by eq.(iv). The second alternative is not viable for large-scale
problems as it requires to solve the model for each and every level of uncertainty, however,
from a practical point of view, it is an attractive method because it can balance the budget of
uncertainty with other consideration that may be relevant to the decision-maker. In the current
study, we run the RO MILP for various budgets of uncertainty, and also compute the
probabilities of constraint violation, hence, the decision-maker may choose one of many

solutions.

Table 5.4 presents the RO model settings for the tests realized, in view of validating the robust
MILP. For all three network designs (current; grassroots; retrofit), the model is executed
considering the following settings: (N) Deterministic nominal solution, (C) crude costs
uncertainty, (P) products prices uncertainty, (CP) simultaneous crude costs and product prices
uncertainty, (D) customer demand uncertainty, and (DCP) simultaneous customer demand,

crude costs, product prices, and excess inventory capacity costs uncertainty.

Table 5.4. Summary of the MILP Computational tests

Network Strategic | Tactical
Budgets of Uncertainty | Designs Decisions |Decisions
g 3
c &=
- - =R =
MILP Execution Settings and c R S |5 |2 2
. . s * 21218 a
Implementation Results for the different [ F [ o I 2 S8 |a 1)
Robust Formulations 2|9 |=|8 a8 e
n = ()] =]
Q1g |22 | |0 =
5|83 (8|S |3 3
O |0 [ |F |0 | —
(N) Deterministic Nominal Solution 0 0 0 Ol 1|1 |21 | e | e |e| e | o e
(C) Crude Cost Uncertainty 0..12 0 0 0/13 /13 (13| o | ¢ |[e | @ | o | o
(P) Product Price Uncertainty 0/0..72 0 07373 |73| o | @ [ e | @ | o | @
(CP) Costs + Price Uncertainty 0..12(0..72 0 0/91(91[91| ¢ | e |e| e | o | o
(D) Customer Demand Uncertainty 0 0/0..12 0013|123 |13 | o | o | e | o | o | o
(DCP) Demand +Cost +Price Uncertainty |0..12[0..72|0..12{0..72| 13 [13 |13 | o | o [e | o [ o | o

For the uncertainty setting (CP), as the budget of uncertainty for costs is increased by 1, the budget of
uncertainty for prices is incremented by 12, resulting in 91 model execution runs.

For the uncertainty setting (DCP), as the budgets of uncertainty for costs and for demand are increased by
1, the budgets of uncertainty for the prices and the excess capacity are increased by 6, resulting in 13 runs.

In order to study the most adverse cases, the maximum deviation uncertainty sets presented in
tables 5.1,5.2,5.3 are used with the exception of demand uncertainty where are used the
standard deviation uncertainty sets. As shown in table 5.4, the budgets of uncertainty are varied
from 0-12 for the crude costs (so these costs may vary in all 12 periods under analysis), from 0-
72 for the product prices (so the price may vary for all 6 products and in all 12 periods), from 0-
12 for the demand uncertainty, and from 0-72 for the excess inventory capacity costs.
Uncertainties are first tested individually by varying a single budget of uncertainty, while the
remaining budgets of uncertainty are fixed to 0. Later, are performed the tests for combined

uncertainty, by varying simultaneously several budgets of uncertainty.

The results are presented with a focus on the strategic decisions of the storage depots, the

resource capacities, and the transportation links to install, operate, or to close; and the tactical
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decisions of the products’ transfer and inventory volumes at the refineries, depots,
transportation, and retail locations. The robust designs and planning solutions are analysed with
respect to the impact on the total profits, detailed costs, and the service tariffs per storage
depot, transportation route, entity, and product, for the three network designs, considering

individual as well as simultaneous uncertainties, both with increasing levels of uncertainty.

As the model considers many settings including multiple entities, the MILP results for such
characteristics were also verified in the exhaustive tests performed. However, the number of
tests and combinations required to study these characteristics in adequate detail is considerably
large, especially due to the dimension of the instance, and hence, the presentation of the multi-
entity test results will not be covered in this chapter. Thus, the results discussed below, consider
the maximization of the total profits for an uni-entity network, where the inventories are
restricted to 1 month’s demand, and enforced 100% demand satisfaction.

The RO MILP results are now presented and discussed, with a focus on the strategic and
tactical decisions, the impact on the objective function values, and their probabilities of

constraint violation.

5.9.1 Strategic Decisions

5.9.1.1 Infrastructure Storage Depots

In this section, are presented in figure 5.6, the depots that are installed and operated for the
nominal as well as the 5 RO models C,P,CP,D,DCP, considering the current, grassroots, and
retrofit designs. The nominal deterministic model installs 11, 5, and 6 storage depots for these
designs. Although the models are run by varying the levels of uncertainty: for the crude costs up

to =12 for product prices up to =72 for demand uncertainty up to =12 and for the

combined costs and prices uncertainties, and for simultaneous demand, costs, and prices
uncertainties, by varying all budgets simultaneously; it is not possible to present here all the
depot installations decisions for all the budgets of uncertainty tested. Nevertheless, the total

PSC profits are presented later for different levels of uncertainty.

In the figure, the optimal solutions are the green circles and the worst-case solutions are the
yellow triangles and the green circles. In each case therefore, the robust solution determined by
the decision maker’s chosen probability of constraint violation lies between these two extreme
solutions. It is observed that the increase in the budget of uncertainty results in an increase in
the number of storage depots. The increase in the number of depots in the robust solutions, is

related to the increase in depot inventories and the refined products’ imported volumes.



CHAPTER 5. Strategic and Tactical Planning Robust Optimization
164 of Petroleum Downstream Supply Chains under Uncertainty

Model Design rc FR 1—‘5 AVEIRO AZAMBUJA BANATICA BARREIRO FARO LEIXOES MATOSINHOS PERAFITA REAL SETUBAL SINES

Current @ @ @ @ @ o @ ] @ o @
(N)  Grassroots (@] (@] (@] (@] (@]
Retrofit @] @] @] @] @] ]
c Grassroots 12 @] @] @] @] @
© Retoft 12 @ © @ @ @ e o
) Grassroots 72 Q €] €] €] €]
Retrofit 72 @ @ A @ @ @ (@)
(cP) Grassroots 1272 @ @] @] @] @
Retrofit 1272 @ Q A Q Q A @ Q@
) Grassroots 120 @] @] @] @
Retrofit 120 €] €] €] €] €] A @ €]
(DCP) Grassroots 12 72 12 @ @] @] @] @
Retrofit 1272120 @ @ @ @ A @ @

Figure 5.6. Depot selection for (N)ominal, (C)ost, (P)rice, (CP), (D)emand, (DCP) uncertainty. @ Optimal /> Worst-case
From the analysis of the results it can be stated that the number of depots decrease as the
budgets of uncertainty are decreased, with consequent impacts in the profits. Here, the current
network has the most depots, followed by the retrofit, and the grassroots the least. RO gains
further relevance as it guarantees near-optimality within the pre-defined interval of uncertainties
and it is also possible to determine the probability of constraint violation beyond these limits,
which is not the case with the nominal solutions. From the worst-case solutions, it is observed
that the product prices uncertainty, followed by the demand uncertainty are the ones who lead

to an increase in depots.
5.9.1.2 Resource Capacities

To understand the model’'s decisions concerning the selection of resource capacities, we
analysed the number of installed and operating vessels per storage depot and per product
under study (GO,U5,FU,A1,C3 and C4) and shown in figure 5.7, for the nominal and robust
C,P,CP,D,DCP models, considering the current, grassroots and retrofit designs. For each depot
location, there are two columns, the left one provides the number of operating vessels in the
optimal solution and the right one is their number in the worst-case solution. The model has also
been solved for numerous settings of the budgets of uncertainty, determining for each design, a
different number of vessels per product, which lies between the optimal and worst-case
capacities shown in the figure. Clearly, this solution could be obtained by solving the model for a
given budget of uncertainty, based on the decision-maker’s acceptable probability of constraint
violation. Nevertheless, it also makes sense to obtain the solutions for all budgets of
uncertainty, and their respective probabilities of constraint violation, and thus the decision-
maker can more appropriately choose a solution based on his risk attitude and the additional

information available.
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Figure 5.7. Product vessels for (N)ominal, (C)ost,(P)rice,(CP),(D)emand and (DCP) uncertainty..OptimaI Bworst-Case
As known, in the current networks, the resources defined per product and/or transport mode are
fixed and do not change with uncertainty. However, in the retrofits their numbers are
significantly reduced when compared to the current networks. The grassroots have the highest

concentration of vessels, thereby resulting in very few storage depots.

Nevertheless, when considered the crude costs uncertainty, the number of vessels increases
for both the grassroots and the retrofit designs. This number increases further when considered
the products prices uncertainty and accentuates when considered both the costs and prices
uncertainties. The numbers of vessels, when considered the demand uncertainty, are similar to
those with crude costs uncertainty and the numbers for the simultaneous demand, costs, and

prices uncertainties are similar to those when considered the product prices uncertainty. From
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the above, it becomes clear that moving towards the grassroots design, reduces the installed
resources. This is also the case when reduced the budget of uncertainty. However, this comes
at an expense of the increase in risk as these solutions may be sub-optimal in the presence of a
higher level of uncertainty. Therefore RO is a powerful resource that can provide good trade-off

solutions that stay feasible and near-optimal within the pre-established uncertainty bounds.

5.9.1.3 Transportation Infrastructure Links
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Figure 5.8. Pipeline links for (N)ominal and worst-case (C)rude costs, (P)roduct price, (CP), (D)emand, and (DCP)
M operate current link Minstall new link M close current link in some designs B close current link

For completeness, we now present the decisions concerning the installation and operation of
the transportation infrastructures for the optimal and the worst-case solutions, which result by
solving the 5 uncertainty formulations (C,P,CP,D,DCP), see figure 5.8. As expected, the number
of pipelines decreases from the current to the retrofit to the grassroots networks, associated
with a rearrange of the existent transportation infrastructure, which means that the current PSC

network design in Portugal is not optimal and could be improved.

Analogous to the earlier strategic decisions, there is a reduction, hence, concentration of
pipelines in the grassroots networks. As in the previous decisions, as new depots are installed

with the increase in uncertainty, so also are installed new pipeline links, specifically in the worst-
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case Grassroots and Retrofits. Clearly, the pipeline is preferred to the current maritime transport
to many depots. A particularly interesting case arises with the increase in product prices and
demand uncertainties, where the resulting increase in depots is accompanied by the
appearance of a routed network, which includes the inter-depot transportation. This contrasts
with the current and optimal networks, where only refinery-depot pipelines are observed. It is
not possible to present here the solutions for all budgets of uncertainty, however, their objective

values will be presented and analysed in the section on the total PSC profits maximization.

5.9.2 Tactical Decisions

5.9.2.1 Transfer Volumes and Inventories

The tactical decisions are now shown for the five robust settings (C,P,CP,D,DCP) for various
levels of uncertainty as shown in figure 5.9. Here, the total product refined (QR) and exported
(QE) are plotted on the left axis; and the product imported (QIl), crude inventories (SC), and the
product inventories at the refineries (SR), depots (SD) and retail locations (SL) are plotted on
the right axis. For the sake of simplicity, only the retrofit designs are plotted for the execution
runs of crude costs, product prices, simultaneous costs and prices, demand, and simultaneous
all uncertainties. Due to 100% demand satisfaction, the primary and secondary transportation
volumes do not change significantly, and hence are not presented. As shown in the figure The
total refined product (QR) volumes begin at 253 million cubic meters (MM3) in the optimal
designs, and decrease down to 230, 220, 160, 215, 180 MM3, respectively, for the crude costs,
prices, both costs and prices, demand, and simultaneously all uncertainties when the respective
budgets of uncertainty are increased up to maximum. The total exportation volumes (QE) are at
120 MM3 in the optimal design, and decrease to 105, 90, 40, 90, 50 MM3, respectively with the
crude costs, products price, simultaneous costs and prices, demand, and simultaneous all
uncertainties when budgets increased to maximum. The total imported product (QI) starts at 8
MM3 in the optimal design, and with the increase in the budgets, these increase up to 9,12, 11
respectively with crude costs, product prices, and demand uncertainties, and to 13 with both
costs and prices as well as when considered all uncertainties. The total crude inventories (SC)
are relatively stable between 12 and 14 MM3 irrespective of the type and level of uncertainty.
The total refinery inventories (SR) are at 1 MM3 in the optimal designs, and increase up to 8
MM3 for price and both costs and prices uncertainties and up to 3 MM3 for the remaining
uncertainties with the increase of budgets to maximum. The total depot inventories (SD) are 2
MM3 in the optimal designs, and increase to 7, 13, 19, 7, 10 MM3 for the costs, prices, both
costs and prices, demand, and simultaneous all uncertainties at their maximum budgets.
Finally, the total retail inventories (SL) are constant at around 4 MM3, irrespective of the levels
of uncertainty. As observed, the major negative impact with uncertainties is the decrease in the
exportation and the refined product volumes. The changes are higher when the budget of
uncertainty for the crude costs is beyond 6 and that for the products prices beyond 12, which
occurs when the probability of constraint violation decreases below 0.1 as shown in figures 5.10
and 5.11.
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A conclusion to be drawn here is that the amplitude variation of the transfer volumes and
inventories is not significant, as the 100% demand satisfaction and maximum one month
inventory bounds, additionally restricts the flexibility for the uncertainty. The variation in the
volumes is more significant when various uncertainties are simultaneously modelled as in the
case of (CP) and (DCP). Note that the high level of fluctuation in (CP) is because the model is
solved for some combinations and not for each and every level of cumulative uncertainty. It

would be expected considerable changes if these parameters were to permit a higher tolerance.

5.9.3 PSC Total Profits Maximization
5.9.3.1 Crude Cost and Product Price Uncertainty.

To access more easily the trade-off solutions when individually modelled the crude costs
uncertainty, the PSC total profits and the probabilities of constraint violation for varying levels of
uncertainty are presented in figure 5.10, for the current, grassroots and retrofit network designs.

When the budget of uncertainty for the crude costs is increased in the range 1°«<[012], the total
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profits, given in billions of monetary units (BMU), reduce from 26.44 to 15.48 for the current
network, from 27.13 to 16.24 for the grassroots and from 28.06 to 17.18 BMUs for the retrofit.
The probability of constraint violation drops below 0.01 when the budget of uncertainty for the

crude costs is at °>9. This corresponds to the solution values of 16.86, 17.62, or 18.55 BMUs

respectively for the current, grassroots, or retrofit network, implying a 34-36% decline in profits
for a 99% confidence level.
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The total profits and the probability of constraint violation when individually considered the
product prices uncertainties are shown in figure 5.11. It is observed that as the budget of

uncertainty for products’ prices is increased [ <[o,72], the total profits’ fall from 26.39 to 11.44 in

the current network, from 27.09 to 12.84 in the grassroots and from 28.04 to 13.76 in the retrofit.

The probability of constraint violation recedes to 0.01 with the budget which

T =21
corresponds to total profits of 14.54, 16.56 or 16.81 BMUs for the current, grassroots, or retrofit
networks. This implies a decline of 39-45% in the profits, considering a confidence level of 99%.
This means that for the retrofit design, a decision-maker willing to accept a probability of

constraint violation of 0.01, would choose the solution corresponding to 1"-=21, thereby

guaranteeing the total PSC profits of at least 16.81 BMUs. It should be noted that the model is
executed for various budgets of uncertainty and the decision-maker will choose among the
solutions based on his/her level of risk attitude. A particularly important insight here is that a
lower probability of constraint violation, meaning a higher confidence level, is achieved with
relatively lower budgets if the cardinality of the uncertainty parameters is high. This can be
observed by comparing the plots of the probabilities in figures 5.10 and 5.11. Consequently, the
degradation in performance is seen to be lower for uncertain parameters with higher cardinality.

5.9.3.2 Simultaneous Crude Cost and Product Price Uncertainty.

It is interesting to compare the impacts on the total profits when both crude costs and product

prices uncertainties are increased simultaneously in the ranges FC ef012] and I‘RE[OJZ]. For every

increase of [ by 1, the model is executed 12 times by increasing r by 6 in every
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consecutive run. This corresponds to including 6 worst-case periods of products’ prices, thereby
executing the model 144 times. The robust solutions presented in figure 5.12, show that the
decrease in total profits is more significant, reducing from 26.39 to 4.34 in the current network,
from 27.09 to 6.04 in the grassroots, and from 28.04 to 7.05 in the retrofit in the simultaneous
cost and price uncertainty worst-case solutions. To maintain the probability of constraint

violation below 0.01, the worst-case crude costs may occur in at most 9 periods =9 and for at
most 36 combinations of product prices and periods =36 At this level of uncertainty, the PSC

profits fall to 6.25, 7.45 or 8.39 BMUs respectively, for the current, grassroots, or retrofit

network, thereby implying a 70-76% reduction in the profits for a guarantee of 99%.
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5.9.3.3 Cumulative Demand, Crude Cost, Inventory Cost and Product

Price Uncertainties

We now turn our attention to the customer demand uncertainty rfpete[oiz] whose robust

solution profits, for increasing levels of uncertainty, are presented in figure 5.13. The robust

solutions for demand uncertainties are obtained by increasing | petby 1 in each consecutive

execution of the MILP. This corresponds to adding 1 worst-case demand period per location,
entity and product in every execution run. Considering only demand uncertainty, it is observed a
reduction in the total profits, in the current network from 26.43 to 19.21, in the grassroots from
27.11t0 19.42, and in the retrofit from 27.99 to 20.04 BMUs, which implies a variation of 28% in
the total profits, in order to protect against the highest level of demand uncertainty. A crucial
aspect therefore is that considering the PSC has high uncertainty in many of its parameters, the
profits deteriorate rapidly as the uncertainties are simultaneously increased. From a practical
point of view, correlations, if existing, should be taken into account, and when simultaneously

modelled, their budgets should be calibrated with caution so as to avoid excessive budgeting.
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To illustrate the impact of simultaneous uncertainty, figure 5.14 presents the total profits when
increased simultaneously, the budgets of uncertainty in the following ranges: for demand

Iy,..€l012], crude costs °<[o12], products’ prices [ <[0,72], and excess inventory capacity costs
I elo72]. Here, the MILP is executed 12 times, by including in each iteration, one additional
period of uncertainties. However, as [ andr,,,, are increased by 1, M and T are

increased by 6, thereby including 6 period products’ prices in every iteration. As expected, the
changes between the optimal and the worst-case solution are highest when all uncertainties
occur simultaneously, resulting in the decline of the total profits in the current network from
26.27 to 3.42, in the grassroots from 27.17 to 4.29, and in the retrofit from 28.03 to 5.19. The
worst-case solution is derived with all parameters simultaneously at their worst-case and in all
periods. As can be seen, this extreme case is overly pessimistic, however, such a situation is
also most unlikely. This proves that the selection of the budget of uncertainty is crucial to the
price of robustness. The study of the uncertainty parameters, correlations, and methodologies

to better estimate probabilities, is consequently identified as a potential area for future research.

5.10 Model Solution Performance Statistics

The results presented above include 39 execution runs for crude costs, 219 for product prices,
270 for crude oil costs and product prices, 39 for customer demand, and 39 for simultaneous
customer demand, crude costs and product prices uncertainties. Table 5.5 presents the model
statistics for the execution of the different model formulations and network designs, providing
the number of equations, the continuous and discrete variables, the model executions and CPU
times, and the objective values and % GAPs from the best known upper bound. The CPU times
increase between current to grassroots and retrofit designs, and between cost uncertainty to
demand to the simultaneous uncertainties. The robust as well as optimal PSC profits increase
from current to grassroots to retrofit design, however the increases are relatively small. Several
factors contribute for these reduced differences: although the current, grassroots and retrofit

designs are not the same, they have similarities; most of the current network infrastructures
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have already been amortized, whereas the grassroots and retrofit designs require new
investments, and therefore have higher investment costs even though the distribution costs are
reduced; the total distribution costs and profits are significantly lower than the refinery and retail
margins and hence their relative impacts are smaller; the refinery, distribution and retails costs
are not precisely known and could require further calibration; and the amortized installation
costs are not discounted from the excess capacity costs, which if done would increase the
differences in profits, this may be considered in future work. Nevertheless, the increase in
profits from the current to the retrofit network, considering 100% demand satisfaction and

restricted to maximum one month inventories, is about 1.69 BMU.

Table 5.5. Model Performance statistics

Model Design Equations Variables Discrete Runs Objective (x10%) GAP CPU(s)
Current 67582 252730 2254 13 15.48-26.44 0.01-0.02 4-6

© Grassroots 71139 255283 2888 13 16.24-27.13 0.79-1 13-341
Retrofit 79772 303993 3267 13 17.18-28.06 0.44-0.98 8-330
Current 67639 252790 2254 73 11.44-26.39 0-0.18 4-5

(P) Grassroots 71199 255343 2888 73 12.82-27.17 0-1 10 - 267

Retrofit 79832 304053 3267 73 13.76-28.05 0.74-1 8 -226

Current 67651 252803 2254 91 4.26-26.31 0-0.89 4-6
(CP) Grassroots 71212 255357 2888 91 6.04-27.18 0-1 9-2917

Retrofit 79845 304067 3267 91 6.97-28.04 031-1 8-18221

Current 83820 292003 2254 13 19.42-26.43 0-002 4-7
(D) Grassroots 88 232 294953 2888 13 19.21-27.11 0.87-1 33-737
Retrofit 96 865 343663 3267 13 20.04-27.99 085-1 15-92
Current 83902 293801 2254 13 3.42-26.27 0-095 5-14
(DCP) Grassroots 88318 296769 2888 13 4.29-27.17 094-1 24 - 15866
Retrofit 96951 345479 3267 13 5.19-28.03 0.89-1 13 - 9860

As mentioned earlier, the RO MILP was also executed for the multi-entity, not here presented,
however each run still takes too much time, over 4 hours of runtime in some cases, as the
combinatory problem increases significantly in size when we consider 5 entities simultaneously.
The reason behind this is because each product is treated as a separate network as in reality,
the entities may create capacity for some products at a location and for others at other
locations. It is perceived, however, that the problem complexity could be decreased, if the
network is converted to an entity level network, wherein, would be decided first the locations per
entity and then the capacity to be installed per product at these locations. Reduction of the
problem size for multi-entity networks is identified as an opportunity for future research, in which

the authors are now investing.
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5.11 RO Application Main Insights and Modelling
Perspectives

To gain some understanding of the main insights of the developed research and of future
implications, consider the performance gains verified in this research through the tractable RO
model, which are substantial when compared to our stochastic MILP (2015) for the PSC
strategic and tactical planning with demand uncertainty. Specifically, the stochastic MILP in
Fernandes et al. (2015) for a similar setting and 9 demand uncertainty scenarios, took 59556
CPU seconds to solve for a 0.1% GAP from the best known upper bound. Simultaneous
incorporation of cost and price uncertainty was therefore perceived to be very difficult to solve

without the implementation of decomposition algorithms.

The RO model was executed for three different network designs, six types of uncertainty and for
various levels of uncertainty from the optimal to the worst-case. Not all these strategic and
tactical decisions, and respective installation and operational costs, tariffs and profits and
probabilities could be shown. The decision-maker, however, can now make an informed choice
among many available solutions. Specifically, if the uncertainty is low, the decision-maker may
choose a lower budget of uncertainty, implying less infrastructures, less capacities, lower costs,
lower flexibility and higher profits. On the contrary, if the uncertainty is high, the decision-maker
would prefer to use a higher budget of uncertainty, implying more infrastructures, more
capacities, higher costs, higher flexibility and lower profits. This task could however be helped
by previously calculating the probabilities for each budget of uncertainty which have also been

calculated and shown so the decision-maker can choose one of the solutions.

It was the objective of this research to verify if RO could be used to provide different strategic
solutions for varying levels of uncertainty and that has been shown. Moreover, the RO
formulation with the budget of uncertainty fixed at 0, determines the optimal solution. It should
be noted that the many trade-off solutions between the optimal and the conservative ones, offer
higher robustness and flexibility, at the cost of installing more resources, which imply lower
profits. However a deterministic nominal solution would generate even lower profits if the costs,
prices and demand uncertainties were to occur. The solutions are obtained without significantly
deteriorating the computational performance in comparison to the deterministic model. To
provide similar solutions with stochastic programming, it would require decomposition
techniques or e-constraint algorithms which would imply much more computational effort

especially relevant for large scale models.

Thus highlighting the potential implications of this research, it can be stated that RO
consolidates as a powerful methodology, supported by its fundamental strengths:

e Uncertainties may be incorporated without much information on their distributions;

e Wide variety of uncertainties including demands, costs, prices, time periods can be

treated;
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e Numerically tractable for large scale supply chain problems, where stochastic
programming methods show serious complexity issues in computational terms;

e Advantageous to engaging managers and researchers on a common ground;

e Qualitatively similar optimal solutions as in stochastic programming;

e More and faster solutions when compared to scenario-driven and stochastic models.

In order to establish possible future model perspectives it should be considered that from the
results presented it can be summarized that when only one uncertainty is modelled, the RO
results show solution robustness with the profit remaining relatively stable, as well as model
robustness wherein the solution stays feasible with a very high probability. However, when
taken into account various uncertainties, RO can overly penalize the objective function, and
hence the use of expert criteria to adequately define the concurrent budgets of uncertainty is
identified as an improvement opportunity. Note, however, that this excessive penalization does
not necessarily occur as it depends on the budget of uncertainty used. In this study the model
was run with 100% demand satisfaction, which results in higher excess inventory capacity costs
that further penalizes the objective function. However, it would be interesting to allow lower
demand satisfaction rates, by incorporating the lost sales as tactical decisions. Although, these
improvements have been implemented, the robust lost sales formulation requires further
examination and a detailed presentation of the results, which are not covered in the current
chapter. Consequently, these developments as well as the simultaneous modelling of the

excess inventory capacity and the lost sales are considered for future work.

When simultaneously considering various uncertainties, the combined budgets of uncertainty,
should be defined considering a practical and realistic point of view, in order to obtain more
meaningful trade-off solutions between the optimal solution and the extremely pessimistic
solution. Knowledge of correlations between uncertain parameters, for instance, between the
crude oil costs and the ex-refinery product prices or the retail product prices, can be used to
discard the uncertain parameters that do not increase the negative outcomes when occurring
simultaneously; this could avoid excessive budgeting. Alternative formulations such as
aggregated constraints could also be tested in order to overcome over conservatism of
constraints when considering correlated uncertain parameters, or correlation among indices of
an uncertain parameter. In order to combine the budgets of uncertainty, the scenario
construction theory could be employed, however, without creating scenarios. Ben-Tal et al.
(1998,2000) proposed the affine adjustable robust counterpart (AARC) RO methodology that
could be used to model demand uncertainty. Here, the decision variables could be approached
distinctly: first stage decisions as in the depot, transportation and resources installation and
operation; and second-stage decisions for the transfer volumes and the product inventories.
The tariffs could be determined as second stage decisions that is after the uncertainty is
revealed. Moreover, the characterization of the price of robustness to build valuable test cases,
as referred in Beyer and Sendhoff (2007) and Bertsimas et al. (2011) is seen as a potential area

for future research.
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Finalizing and as a conclusion that can be drawn from this research, and confirmed by the
present findings, is that RO has high value for strategic planning, thereby sustaining the future

potential for this line of research.

5.12 Conclusions

In this chapter, we presented the petroleum supply chain (PSC) design and planning problem,
the PSC challenges and opportunities, reviews on PSC planning models and on robust
optimization (RO), and a PSC strategic and tactical planning deterministic MILP. Three robust
counterparts were formulated for uncertainties in the objective function and the demand
parameters, using polyhedral uncertainty sets, in order to develop an uncertainty planning
model as tractable as the deterministic MILP. The RO formulation implements protection against
the crude costs, product prices, and customer demand uncertainties. Considering these
uncertainties, the following decisions were determined: 1) the PSC infrastructures, capacities to
install, operate, and close; 2) the strategic fair price costs and tariffs per location/route, entity
and product; 3) the multi-stage product transfer and inventory volumes per period. Uncertainty
sets were constructed for the real case Portuguese PSC and RO results were presented.
Considering the PSC strategic and tactical planning problem, the RO methodology is observed
to be tractable while obtaining robust and trade-off solutions, considerably faster than our earlier
stochastic model.

Important insights and research opportunities are identified for using RO with PSC planning
under uncertainty, and are the basis of our future research proposals: 1) better calibration of the
excess inventory capacity costs in the current and retrofit designs by discounting the amortized
investment costs; 2) modelling the excess inventory capacity simultaneously with the lost sales
so the model may decide based on the respective costs, and allowing both situations to occur in
the same period; 3) characterization of the price of robustness in order to improve the treatment
of uncertainty; 4) study the effect of backorders on the PSC planning decisions; 5) reduction of
the problem size when considering multi-entity networks; 6) extending the MILP to operational

level decisions over the spot market.

From the present work further future lines can be devised. In particular, the authors are already
working on the simultaneous modelling of strategic inventory capacities and lost sales
decisions, and the correlations between uncertainties and costs as this was recognized as an
important problem to address. Additionally it will be important to study strategic decisions over
time, by considering depot and pipeline construction and labour costs, and interest rate
uncertainties. Another direction is the study of the impacts on the collaborative decisions and
the economy of scale entity tariffs. As new data becomes available, the stochastic and the
robust models should be further compared using a common set of data. The design of
uncertainty sets, the budgets of uncertainty and determination of their probabilities will consider
the specificities characteristics of the PSC planning. The implementation of the RO AARC
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methodology for modelling strategic and tactical decisions, considering demand uncertainty

should be also considered for future research.
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CHAPTER 6. Conclusions and Future Research

6.1 Evaluation of the research realized

In this thesis we have developed four studies that were proposed as the research objectives for
the Strategic and Tactical Planning problem of Downstream Petroleum Supply Chains (PSC)

under crude costs, product prices and customer demand uncertainties.

A detailed cost, tariff, profit and price formation framework has been developed for the
downstream PSC, which was used to model generalized network formulations that can also be
applied to other supply chains with similar characteristics such as depot storage, distribution
and resource equipment capacity. The price formation framework is well structured so as to

design a network with little information on the potential locations.

The uncertainty in the downstream PSC has been studied and characterized, thereby resulting
in costs, prices and demand scenarios with uncertainty sets that define the upper and lower

bounds of their variations.

Four different models yet with complimentary use have been developed, the first being a
deterministic MILP for individualistic strategic and tactical planning model that maximizes the
total PSC profits and that is the base model of this thesis. The second is a deterministic MILP
for the collaborative strategic and tactical planning model, which determines the multi-stage
inventories and economy of scale costs, tariffs, profits and prices maximizing total profits
including their participation in the logistic operator profits. The third is a two-stage stochastic
MILP that maximizes the ENPV while considering customer demand uncertainties, which is then
improved to a multi-objective stochastic MILP that simultaneously maximizes the ENPV and
minimizes a risk measure such as variance, variability index, downside risk and CVaR. Finally a
robust optimization model was developed that maximizes the total PSC profits by varying the

level of uncertainty for crude costs, product prices and customer demand.

The above models were applied to the downstream PSC in Portugal, which was studied and
structured with significant depth. The characterization of such PSC was performed and detailed
historical data was gathered that outlines the Portuguese downstream PSC, which has been

published with relevant detail so as to be available for other investigators.

Despite the specificities of the problem studied in this thesis, generalized models have been
developed, and hence can be applied to other PSC case studies that share similar structural
characteristics. Other industrial supply chains may also benefit from the presented models.
Specifically, the thesis has achieved the objective of closing the distance between theoretical
research and real-world applications, as we successfully applied the state of the art optimization

theory to design models, and showed their capability to efficiently solve the real world problems
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of the PSC design and planning under uncertainty. The research contributions are summarized

in further detail in the following section.

6.2 Research Contributions

As emphasized, the complexity and the uncertainties in the PSCs are constantly growing
everyday due to their global operations and huge product volumes, which are subject to costs,
prices and demand uncertainties. This justified the development in this thesis of the PSC design
and planning models, and subsequent incorporation of the uncertainty and risk management
features. The PSC faces many challenges, as presented in the introduction of this thesis, and
along the work developed we have attempted to fill in the gaps by proposing generalized
models to deal with the strategic and tactical planning problem as well as the crude oil costs,

product prices and customer demand uncertainties.

In this section are presented the main contributions of this research, which are the mathematical
models that were developed for the downstream PSC strategic and tactical planning problem.
As these models have been published as independent papers in international peer reviewed
journals, or are in the review process of submission, they constitute the main chapters of this
thesis. Chapter 2 presented a novel deterministic MILP for the competitive strategic planning of
the PSC network installations associated with tactical decisions of multi-stage transfer volumes.
The model was applied to a detailed case study of the downstream PSC in Portugal. Chapter 3
extended the individualistic model, presented in chapter 2, to a dynamic collaborative MILP by
implementing tactical decisions of inventories and introducing economy of scale tariffs along
time. Chapter 4 generalized the collaborative model to a two-stage stochastic programming
MILP, which considers customer demand uncertainties and maximizes ENPV. This model is
further extended to a multi-objective MILP where four risk measures are modelled and
implemented through an augmented ¢-constraint algorithm (Mavrotas and Florios, 2010) so as
to simultaneously maximize the ENPV and minimize a risk measure. Having faced difficulties in
addressing the detailed uncertainty in Chapter 4, due to the computational intractability as a
result of the model complexity, Chapter 5 presented a new approach to deal with uncertainty,
the robust optimization method. An interesting development results in Chapter 5 where was
proposed a robust optimization planning MILP, in order to model the crude costs, product prices
and customer demand uncertainties. All four models have been tested with the real case
downstream PSC in Portugal, thereby developing innovative ideas for the PSC strategic and
tactical planning problem, while designing and optimizing the current, grassroots and retrofit
designs for the Portuguese PSC. The models described in Chapters 2, 3, 4, and 5, represent
novel approaches, with respect to the integrated decision making process of the PSC

Downstream multi-entity network design and tactical planning with uncertainty.

The second chapter presented a novel MILP model that maximizes the total PSC profits for the
strategic and tactical planning of downstream PSC networks. This has the novelty of modelling

a bi-level transportation network flow formulation where the primary and distribution can be
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distinctly modelled to adhere to specific restrictions based on the product and level of
transportation. The model integrates the strategic and tactical level decisions as well as the
multiple PSC stages in a single deterministic mixed integer linear programing model. The
strategic decisions involve the depot locations, transport modes, routes, resource capacities,
and the network affectations, whereas the tactical decisions involve the crude oil and petroleum
products’ importation, exportation, production, storage and transportation volumes. The MILP
generates the uni-entity and multi-entity PSC network designs, by solving the current network,
the grassroots and the retrofit redesigns. It is observed that the MILP generates, for the
Portuguese PSC better network designs with higher total PSC profits, when compared the
current network to the grassroots and retrofit designs, for the uni-entity and multi-entity networks
under individualistic operation. The results for the Portuguese PSC show higher logistic costs in
the multi-entity when compared to the uni-entity networks. This suggests that the single entity
network improves overall profits and could result in lower tariffs. The sensitivity analysis
performed, by reducing the fixed and variable costs, verifies the installation of additional depots,

a reduction of unmet demand, and an increase in the product transfer volumes and total profits.

The third chapter has the novelty of collaborative multi-entity strategic and tactical planning of
downstream PSC networks, by maximizing the total PSC profits including the participations from
partially owned logistic operator infrastructure profits, while considering a piecewise linearization
function for company tariff differentiation and multi-stage dynamic inventories. Again, the
current, grassroots and retrofit designs are solved for the uni-entity and multi-entity networks,
determining depot locations, transport modes, routes, resource capacities and network
affectations, crude oil and petroleum products’ importation, exportation, production, storage and
transportation volumes, and various stage dynamic inventories. Efficient grassroots and retrofit
designs were generated for the uni-entity and multi-entity collaborative networks for the
Portuguese PSC, where their total PSC profits supersede those of the current networks. In
contrast to the individualistic model, the collaborative MILP generates multi-entity designs,
whose overall profits are significantly improved and approximate those of the more efficient uni-
entity designs. The multi-stage inventories optimize the procurement and exportation costs to
benefit from the crude oil and petroleum product price variations. Product families and
transportation mode families are used to standardize the modelling the products and/or
transport mode dependent resources. Collaborative planning offsets the limitations of the
current entity participation percentages in existing installations. The piecewise linearization
function determines the economies of scale entity tariffs and prices, thereby permitting the
collaborative and flexible utilization of competitor installation capacity. This results in
considerable improvements in the costs, tariffs and profits for the PSC members. Inter-depot

routing increases the flexibility in the network designs, inventories, and product flows.

The fourth chapter developed a stochastic MILP and a multi-objective stochastic MILP that
consider customer demand uncertainty. The first-stage strategic decisions are scenario
independent, and determine the installation and operation of depot locations, capacities,

transportation modes, routes, and economies of scale entity tariffs, whereas the second-stage
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tactical decisions are scenario dependent, which determine the multistage crude oil and
petroleum products inventories and transfer volumes. To manage the demand uncertainty, the
stochastic MILP maximizes the expected net present value (ENPV) considering uncertain
demand scenarios. By considering three 5 year duration periods optimistic, realistic and
pessimist demand scenarios, are solved for the real-case Portuguese PSC single and multi-
entity current, grassroots and retrofit networks designs. The stochastic RP solutions are
compared to the EEV and WS solutions, and determined the EVPI and VSS measures. These
measures show low values for the stochastic solutions, thereby identifying the need to improve
the uncertain demand scenarios, and hence, is proposed a more detailed study of the market
variations. The stochastic model was then improved to a multi-objective stochastic MILP by
implementing the augmented e-constraint method in order to simultaneously maximize the
ENPV and minimize one of the risk measures: variance, variability index, downside risk, value-
at risk and CvVaR. As the multi-objective MILP maximizes the ENPV and minimizes a risk
measure, better network designs are generated, which achieve higher NPVs in the presence of
demand uncertainty, as the network is more flexible and adjustments are made at the tactical
level for each demand scenario. The scenario NPVs cumulative probability distribution plots are
obtained for the risk measures of variance, variability index, downside risk, and CVaR. Given
two conflicting objective functions, the e-constraint method optimizes first one objective function,
divides its solution space into equidistant grid points, introduces a constraint to fix the first
objective function at each grid point, and obtains the Pareto-optimal efficient solutions that
optimize both the objective functions. The decision maker may choose an appropriate risk
measure and subsequently one of many efficient solutions, based on his risk attitude. It is
observed that the variability index and downside risk measures are more suitable for risk averse
decision makers, whereas the CVaR is better for a risk-seeking decision maker.

The fifth chapter has the novelty of developing three robust counterpart formulations for
modelling the crude costs, product prices, and customer demand uncertainties for the
collaborative strategic and tactical downstream PSC planning MILP. Polyhedral uncertainty sets
are used to develop the robust models as tractable as the deterministic MILP. Considering
demand uncertainty for the Portuguese downstream PSC, the RO model in chapter 5 obtains
robust trade-off solutions, considerably faster than the stochastic MILPs presented in chapter 4,
and hence is observed to be adequate for modelling uncertainty for the PSC strategic and
tactical planning problem. The RO approach circumvents the dimension problem by using a
budget of uncertainty, defined by the decision maker, in order to obtain solution and risk trade-
offs by means of an iterative strategy. Here, the range of possible uncertainty is defined by the
uncertainty sets, whereas the range of protected uncertainty is defined by the budget of
uncertainty parameter. The MILP may be executed specifically for a budget of uncertainty that
better fits the decision-makers interest, or the model may provide solutions for various budgets
of uncertainty. The former may use a level of uncertainty based on its previously calculated
probability of constraint violation and the decision maker’s risk attitude. The second strategy is

not viable for large-scale problems, however, it allows the decision maker to choose among
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various solutions. The RO approach obtains profits that are relatively stable when considered
only one uncertainty, however, these decrease significantly when considered various
uncertainties simultaneously. Here, budgets of uncertainty could be aggregated to take into
account any existing correlations between uncertain parameters, in order to obtain realistic
trade-off solutions. Finally, RO can model many types of uncertainties without knowing their
precise distributions, besides it is numerically tractable for large supply chain problems

compared to the stochastic programming methods.

As shown, the research presented here, led to important conclusions with respect to the
planning of logistics infrastructures under uncertainty. Besides, many details of the reality were
explored using the Downstream PSC in Portugal and its particular characteristics. To the best of

our knowledge, this thesis is the first work concerning this area of study.
6.3 Future research perspectives

As has been shown, this thesis addressed very relevant topics within the PSC. However, the
PSCs are complex supply chains and hence this work can be considered as a building block.
There are adjacent areas where the proposed models could be applied so as to extend them to
more levels of decisions and integrate a wider range of functions. Hence, many research

directions are open for exploration to the scientific and industrial communities.

The developed multi-entity collaborative models are oriented to be used by single entities, a
consortium of companies, the industry regulator or a logistic operator. Although the objective
function maximizes the total network profits, independent terms are obtained per location or
route, entity, product and time period. This objective function structure can be easily explored
for multi-objective optimization wherein an objective function weight could be defined per entity,
for instance their market share quotas. These objective function terms obtained per entity, could
also be explored using a goal programming approach wherein entities may establish a minimum
profit threshold. The strategic and tactical decisions could therefore be further enriched while
determining the costs, tariffs and profits per location or route, entity and product under such
conditions.

A different approach would be to apply perspectives that are not collaborative, and develop
competitive models. For example, in Portugal, there is clearly a leader who dominates many
parts of the PSC while the others are followers. Here, the model could develop a competitive or
counter strategy based on known or projected strategic or tactical information of a competitor.
Such a decision of an entity could directly affect the performance or future decision of the
competitor who could launch a counter-strategy as in game theory. An entity could also make
investments or hold inventories or sell products at higher prices so as to benefit from a stock out

or in order to increase competition.

Smaller markets such as Portugal are seen to encourage competitive multi-entity individualistic
networks; however, the regulations are taking a turn precisely in the opposite direction, which is

shared infrastructures built and managed by a single entity, as predominant in the big countries.
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As the collaborative model has achieved multi-entity network designs that are almost as efficient
as the single entity designs, the contributions of this research are relevant for the network

changes that may be implemented in the future.

In the case of the two-stage stochastic MILP developed, the study of the performance indicators
VSS, EVPI, and EEV revealed low values for the stochastic solutions. Hence, fresh efforts are
underway, with the Extended Pearson-Tukey Method from Clemen and Reilly (2003) and
recently available data, to construct new uncertain scenarios and probabilities, based on the
demand growth percentiles per localization, entity and product. The 15 year historical data is
being used to obtain the future crude oil costs, product prices and customer demand forecasted
scenarios. This could be corrected using the mean absolute deviation (MAD), mean square

error (MSE) and/or mean absolute percent error (MAPE).

Even though the e-constraint and robust optimization methodologies have been implemented to
reduce the numerical complexity with uncertainty, other strategies could be used to manage the
complexity of these problems. With respect to the two-stage stochastic programing MILP, the
Sample Average Approximation (SAA) and Monte Carlo simulation based approaches proposed
in Shapiro and Homem-de Mello (1998) could be used. These consider a controlled size of
scenarios, in order to derive the optimal solution approximations, which consequently increase

the model efficiency, the quality and the precision of the solutions.

Another important extension could be the application of the stochastic Benders and the
Lagrangean decomposition procedures which were recently proposed in Oliveira et al. (2013,
2014), so as to evaluate the performance improvements. A sensitivity analysis could then be
performed to investigate the differences in performance between the developed approaches
and the decomposition approaches for such large scale problems. The computational
performance could be evaluated with different algorithms or with different formulations for the
nonanticipativity conditions of the first-stage decisions. Nevertheless, the incorporation of

coherent risk measures such as the CvVaR may result in a non-decomposable problem.

A direct implication of the strategic and tactical collaborative planning models is that they can be
extended for operational planning decisions with respect to the shortage and excess of the
supply, transformation, spot supply and spot selling of petroleum products. The strategic
grassroots and retrofit designs, and the tactical entity tariffs, product flows and inventories could
be used to define a contract agreement between the logistic operator and the petroleum
companies. This setup can be thought of as minimum volume contracts where each operator is
obliged to supply, unload and guarantee inventory volumes to comply within an established
contract band, and pay a penalty when exceeding or defaulting from these volumes. After
obtaining the strategic and tactical decisions, the models could be run again by fixing these
strategic decisions and using the tactical decisions as the lower and upper bounds for the
network volumes and initial and final inventories per location, entity, product and time period.
The operational planning decisions could then be the mismatches (default or excess) between

the earlier tactical decisions (contract volumes) and the realized volumes given the uncertain
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demand. The operational planning model could minimize the sum of the shortages and
excesses in supply, transformation, spot supply and spot selling volumes which could be
appropriately penalized. Some of these ideas have been proposed in Escudero et al. (1998),

however, are not available in an integrated model.

At the operational level, it also becomes important to consider the multi-modal transportation
times between nodes, in order to further optimize the available capacity usage in each time
period. Although this information is made available in the model as parameters, it has not been

explored in the model decisions, and hence is identified as a future research proposal.

The models were validated for the current, retrofit and grassroots designs, with real large-scale
instances based on the Portuguese district-level PSC network. This has practical application as
such work could be used to further study the Portuguese PSC by considering the municipality-
level product consumption instead, or could be used to study the integration of the PSC
networks in Portugal and Spain. The performance of the PSC could be studied with respect to
the impact of differences in the Excise and VAT taxing systems between two neighbor
countries. New insights could be arrived as to the effects and benefits of the fiscal
harmonization of these taxes between the two countries, especially in the boundary areas,

using other economic, sustainability and social indicators.

With respect to risk management, the more common risk measures from operational research
have been studied. However, further research could be done in implementing other risk
measures and comparing the results with the ones obtained. Likewise, other risk representation
and management methodologies could be used, for instance, decision analysis to analyze
different objectives. The risk measures could be optimized in the objective function or could be
used in restrictions. Specifically, a supply chain risk management methodology and framework
was proposed in Fernandes et al. (2011) that could be explored for the PSC.

The treatment of uncertainty could be further explored using other methodologies, such as
extended stochastic programming or game theory. The PSCs are exposed to other sources of
uncertainty, and hence their impacts should also be studied. Some examples are the availability
and variety of the crude oils, the volumes and the specification of the petroleum products, the
evolution of the investment and labor costs. Ben-Tal et al. (1998, 2000) proposed the affine
adjustable robust counterpart (AARC) RO methodology that could be used to model demand
uncertainty. Here too, the decision variables could be approached distinctly as first stage
decisions and second-stage decisions which are determined after the uncertainty is revealed.
Another potential research area is the characterization of the price of robustness to build

valuable test cases, as referred in Beyer and Sendhoff (2007) and Bertsimas et al. (2011).

The RO models developed, could also be further improved so as to: better calibrate the excess
inventory capacity costs in the current and retrofit designs where the amortized investment
costs could be discounted; study the effect of backorders on the PSC planning decisions; and to

reduce the problem size when considering multi-entity networks.
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The authors are working to improve the RO MILP for simultaneous modelling of the excess
inventory capacities and the lost sales tactical decisions, and studying the correlations between
uncertainties and costs in order to avoid excessing budgeting. Additionally it is proposed to
study strategic decisions over time, by considering depot and pipeline construction and labor
costs, and interest rate uncertainties. Another line of interest is the study of the impacts on the
collaborative decisions and the economy of scale entity tariffs. As new data becomes available,
the stochastic and the robust models should be further compared using a common set of data.
The design of uncertainty sets, the budgets of uncertainty and determination of their
probabilities will consider the specificities of the PSC planning. It is also proposed to quantify
the gains in using the robust optimization by comparing it to the perfect hindsight solution or by
using Monte Carlo simulation to generate a big sample of values in the uncertainty range, and

show the gain in feasibility over the original deterministic problem.

Another line of investigation relates to how the PSC network can readapt to high consequence
events. Could the model address other relevant aspects such as contingency planning, regional
changes, responsive planning, study of impacts of disruptions, new entity or product entrants,
collapse of a relevant entity, re-dimension of transportation capacity, changes in product
consumption trends, direct importation from Spain refineries or direct exportation to Spanish

depots instead of using the regional hubs.

An area that has gained particular importance recently is resilience where multi-objective
optimization could be developed for the PSC collaborative planning model. Cardoso et al.
(2015) identify and implement for the SC, eleven resilience indicators from three categories
found in the literature. The network design indicators include the node complexity that indicates
the nodes in the network, the flow complexity that is the total number of forward and reverse
flows in the network, the density that is the ratio between the number of total flows in the
network and the number of potential flows, and the node criticality that is the total number of
critical nodes in the network. The network centralization indicators include the out-degree and
in-degree centrality based on the actual number of arcs, and the out-degree and in-degree
centrality based on the actual amounts of flow circulating in these arcs. The operational

indicators include the ENPV, the customer service level, and the investment amount.

Another important development involves the modelling of sustainability using economic,
environmental and social dimensions. Barbosa-Pdvoa (2012,2014) salient the importance of
identifying appropriate forms to measure these dimensions while following a systemic and
holistic approach for these problems, which implies a long-term engagement. The use of multi-
objective approaches and establishment of trade-offs is suggested for building sustainable SCs,
so that the companies may become agile, adaptive, and aligned in balancing the people and
profits. Some issues that arise are energy consumption, natural resources scarcity, global
warming, and climate changes, wherein society and legislation are forcing companies to act.
PSCs if efficiently designed could help in reducing the negative impacts and the ecological
footprint. Following these concepts, the PSC planning models could be improved to consider

these three dimensions of sustainability. The first dimension has been modelled using the
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ENPV and the environmental and social dimensions with respect to the PSC have yet to be

studied so that a methodology could be developed to appropriately quantify these dimensions.

Finally, it would be very important to study the results with specialists from the PSC
downstream, in order to compare the obtained results with company figures and obtain further
managerial insights and proposals for model improvements, which could identify important
design and model performance improvement implications. However, this involves confidential
company information and although being developed, it may not be possible to share such

results with the academic and industrial communities.
6.4 Closing remarks

In conclusion, this PhD thesis proposed many novel research ideas; developed four
comprehensive models for the design and planning of the downstream PSC; implemented
mixed integer linear programming, stochastic programming, uncertainty treatment and risk
measures, augmented e-constraint method, and robust optimization methodologies to the PSC
problem; applied the models to the real case Portuguese PSC and presented a critical analysis
of the results; identified several theoretical and practical implications; and finally explored future
research directions. With this work we aim to have provided a strong contribution to the

advance of the Petroleum Supply Chain Engineering and Management Science.



186 CHAPTER 6. Conclusions and Future Research




187

Bibliography

@)

@)

®)

(4)

®)

(6)

)

8

9)

(10)

(11

12)

(13)

Adida E, Perakis G. Dynamic Pricing and Inventory Control: Robust vs. Stochastic
Uncertainty Models—a computational study. Annals of Operations Research.
2010;181(1):125-57.

Ahmed S, Sahinidis N. Robust process planning under uncertainty. Industrial and
Engineering Chemistry Research. 1998;(37):1883-1892.

Alem D, Morabito R. Production planning in furniture settings via robust optimization.
Computers & Operations Research. 2012;39(2):139-150.

Al-Qahtani K, Elkamel A. Multisite facility network integration design and coordination: an
application to the refining industry. Computers & Chemical Engineering. 2008;32:2189—
2202.

Al-Qahtani K, Elkamel A. Robust planning of multisite refinery networks: optimization

under uncertainty. Computers & Chemical Engineering. 2010;34(6):985-995.

Al-Othman WBE, Lababidi HMS, Alatigi IM, Al-Shayji K. Supply chain optimization of
petroleum organization under uncertainty in market demands and prices. European
Journal of Operational Research. 2008;189(3):822-840.

Al-Qahtani K, Elkamel A. Multisite facility network integration design and coordination: an
application to the refining industry. Computers & Chemical Engineering. 2008;32:2189—
2202.

American Petroleum Institute(API). API creates midstream department to focus on energy
infrastructure. Available via http://www.api.org/news-policy-and-issues/news/2015/01/13/

api-creates-midstream-department-to-focu. Accessed June 2016.

An H, Wilhelm WE, Searcy SW. Biofuel and petroleum-based fuel supply chain research:
A literature review, Biomass and bioenergy. 2011;35:36763—-36774.

Associacdo Portuguesa de Empresas Petroliferas (APETRO). Oil industry: current status
and challenges. Available via http://www.apetro.pt/documentos/EUROPIA.pdf. Accessed
June 2016.

Applequist G, Pekny J, Reklaitis G. Risk and uncertainty in managing chemical
manufacturing supply chains. Computers and Chemical Engineering. 2000;24:2211—
2222.

Artzner P, Delbaen F, Eber J, Heath D. Coherent measures of risk. Mathematical
Finance. 1999;9(3):203-228.

Aseeri A, Bagajewicz MJ. New measures and procedures to manage financial risk with
applications to the planning of gas commercialization in Asia.Com.Ch.Eng.
2004;28:2791-821


http://www.apetro.pt/documentos/EUROPIA.pdf

188

BIBLIOGRAPHY

(14)

(15)

(16)

17)

(18)

(19)

(20)

(21)

(22)

(23)

(24)

(25)

(26)

(27)

(28)

Autoridade da Concorréncia (AdC). Relatério Intercalar sobre os Sectores dos
Combustiveis Liquidos e do Géas Engarrafado em Portugal. Available via
http://www.concorrencia.pt/SiteCollectionDocuments/Estudos_e_ Publicacoes. Accessed
May 2014.

Autoridade da Concorréncia (AdC). Relatério da Autoridade da Concorréncia sobre o
Mercado dos Combustiveis em Portugal. Available via
http://www.concorrencia.pt/download/AdC_Relatorio_Petroliferas_02-06-2008.pdf.
Accessed March 2015

Azaron A, Brown K, Tarim S, Modarres M. A multi-objective stochastic programming
approach for supply chain design considering risk. International Journal of Production
Economics. 2008;116:129-138.

Barbaro A, Bagajewicz MJ, Managing financial risk in planning under uncertainty.
American Institute of Chemical Engineers Journal. 2004;50(5):963—-989.

Barbosa-P6voa AP. Progresses and challenges in process industry supply chains

optimization. Current Opinion in Chemical Engineering. 2012;1(4):446-452.

Barbosa-Pdvoa AP. Process supply chains management — where are we? Where to go
next? Frontiers in Energy Research. 2014;2:1-13;doi: 10.3389/fenrg.2014.00023

Baumgartner K, Fuetterer A, Thonemann UW. Supply chain design considering
economies of scale and transport frequencies, European Jornal of Operations Research.
2012;218:789-800.

Ben-Tal A, Nemirovski A. Robust convex optimization. Mathematics of Operations
Research. 1998;23:769-805.

Ben-Tal A, Nemirovski A. Robust solutions of linear programming problems contaminated
with uncertain data. Mathematical Programming. 2000;A(88):411-424.

Beyer HG, Sendhoff B. Robust optimization — A comprehensive survey. Computer
Methods in Applied Mechanics and Engineering. 2007;196:3190-3321.

Bertsimas D, Sim M. Robust discrete optimization and network flows. Mathematical
Programming. 2003;98:43-71.

Bertsimas D, Sim M. The price of robustness. Operations Research. 2004;52:35-53.

Bertsimas D, Thiele A. Robust optimization approach to inventory. Operations Research.
2006;54(1):150-168.

Bertsimas D, Brown DB, Caramanis C. Theory and Applications of Robust Optimization.
Society for Industrial and Applied Mathematics Review. 2011;53(3):464-501.

Birge JR, Louveaux F. Introduction to Stochastic Programming, 2nd Ed. Springer. 2010.



BIBLIOGRAPHY 189

(29)

(30)

(1)

(32)

(33)

(34)

(39)

(36)

(37

(38)

(39)

(40)

(41)

Boschetto SN, Magatao L, Brondani WM, Neves FJ, Arruda LVR, Barbosa-Pévoa APFD,
Relvas S. An Operational Scheduling Model to Product Distribution through a Pipeline
Network. Industrial & Engineering Chemistry Research. 2010;49:5661-5682.

BTS - Bureau of Transportation Statistics, U.S. Department of transportation. Average
freight revenue per Ton-mile. Available via http://www.rita.dot.gov/bts/sites
/rita.dot.gov.bts/files/publications/national_transportation_statistics. Accessed December
2015.

Cafaro DC, Cerda J. Optimal scheduling of multiproduct pipeline systems using a non-
discrete MILP formulation. Computers & Chemical Engineering. 2004;28:2053—-2068.

Cafaro VG, Cafaro DC, Méndez CA, Cerda J. Detailed Scheduling of Operations in
Single-Source Refined Products Pipelines. Industrial & Engineering Chemistry Research.
2011;50(10):6240—-6259.

Cardoso SR, Barbosa-Povoa AP, Relvas S. Design and planning of closed-loop supply
chains for risk and economical optimization. European Journal of Operational Research.
2013;226(3):436-451.

Cardoso SR, Barbosa-Pévoa AP, Relvas S, Novais AQ. Resilience metrics in the
assessment of complex supply-chains performance operating under demand uncertainty.
Omega. 2015;56:53-73

Carneiro M, Ribas G, Hamacher S. Risk Management in the Oil Supply Chain: A CVaR
Approach. Industrial and Engineering Chemistry Research. 2010;49:3286-3294.

Cheng L, Duran MA. Logistics for world-wide crude oil transportation using discrete event

simulation and optimal control. Computers & Chemical Engineering. 2004;28:897-911.

CLH - Compafiia Logistica de Hidrocarburos. CLH strategic plan 2012-2016 update of
April 2015. Available via http://www.clh.es/file/Presentaciones/
20150409StrategicPlan2012-2016Update(1).pdf. Accessed December 2015.

Conejo A, Carrion M, Morales J. Decision Making Under Uncertainty in Electricity
Markets. International Series in Operations Research and Management Science,
Springer. 2010;ISBN 978-1-4419-7420-4.

Cornillier F, Boctor FF, Laporte G, Renaud J. A heuristic for the multi-period petrol station
replenishment problem, European Journal of Operational Research. 2008;191(2):295—
305.

Deloitte. Downstream oil — short term resilience and longer term security of supply.
Deloitte LLP. 2010;1-153.

Dempster MAH, Pedron NH, Medova EA, Scott JE, Sembos A. Planning logistics
operations in the oil industry. Journal of the Operational Research Society.
2000;51(11):1271-1288.


http://www.rita.dot.gov/bts/sites%20/rita.dot.gov.bts
http://www.rita.dot.gov/bts/sites%20/rita.dot.gov.bts

190

BIBLIOGRAPHY

(42)

(43)

(44)

(45)

(46)

(47)

(48)

(49)

(50)

(51)

(52)

(53)

Diario de Republica. Decreto-Lei n°® 244/2015 sobre as bases gerais da organizacéo e
funcionamento do Sistema Petrolifero Nacional. https://dre.pt/application/file/70737736.

Accessed December 2015.

Direccdo-Geral de Energia e Geologia (DGEG). Monthly petroleum production
consumption by municipality. Available via http://www.dgge.pt/. Accessed March 2015.

E2open. Industry point of view: extending visibility and collaboration within today's oil and

gas supply chain. E2open Inc. 2015;1-2.

Energy Information Administration (EIA). Spot prices for Crude Oil and Petroleum
Products. Available via http://www.eia.gov/dnav/pet/pet_pri_spt_s1_m.htm. Accessed
March 2015.

Eppen GD, Martin RK. A scenario approach to capacity planning. Oper Res.
1989;37:517-527.

Escudero LF, Quintana F, Salmerén J. CORO, a modelling and an algorithmic framework
for oil supply, transformation and distribution optimization under uncertainty. European
Journal of Operational Research. 1999;114(3):638—-656.

European Commission’s Directorate-General for Energy (Eurostat). Study on oil refining
and oil markets. Available via http://ec.europa.eu/energy/en/statistics/weekly-oil-bulletin.
Accessed March 2015.

Fernandes LJ, Barbosa-Pdvoa AP, Relvas S. Supply Chain Risk Management Review
and a New Framework for Petroleum Supply Chains, Quantitive Financial Risk
Management, Computational Risk Management Book Series, DD Wu (Ed.), Springer-
Verlag. 2011;1:227-264.

Fernandes LJ, Relvas S, Barbosa-Povoa AP. Strategic Network Design of Downstream
Petroleum Supply Chains: Single versus Multi-entity Participation. Chemical Engineering
Research and Design. 2013;91:1557-1587.

Fernandes LJ, Relvas S, Barbosa-Pdévoa AP. Collaborative Design and Tactical Planning
of Downstream Petroleum Supply Chains. Industrial & Engineering Chemistry Research.
2014;53(44):17155-17181.

Fernandes LJ, Relvas S, Barbosa-Povoa AP. Petroleum Supply Chain Network Design
and Tactical Planning with Demand Uncertainty. Operations Research and Big Data.
Springer. 2015:59-66.

Fernandes LJ, Relvas S, Barbosa-Pévoa AP. Downstream Petroleum Supply Chain
Planning under Uncertainty. Proceedings of 12th International Symposium on Process
Systems Engineering and 25th European Symposium on Computer Aided Process
Engineering. 2015;37:1889-1894.


https://dre.pt/application/file/70737736
http://www.dgge.pt/
http://www.eia.gov/dnav/pet/pet_pri_spt_s1_m.htm
http://ec.europa.eu/energy/en/statistics/weekly-oil-bulletin
http://link.springer.com/chapter/10.1007/978-3-319-24154-8_8
http://link.springer.com/chapter/10.1007/978-3-319-24154-8_8

BIBLIOGRAPHY 191

(54)

(55)

(56)

(57)

(58)

(59)

(60)

(61)

(62)

(63)

(64)

(65)

(66)

Fiorencio L, Oliveira F, Nunes P, Hamacher S. Investment planning in the petroleum
downstream infrastructure. International Transactions in Operational Research.
2014;22(2):339-362.

Garcia-Gonzalez J, Parrilla E, Mateo A. Risk-averse profit-based optimal schedul-ing of a
hydro-chain in the day-ahead electricity market, EJOR. 2007;181(3):1354-1369

Google Inc. Google Maps and Google Earth Application Program Interface Reference.
Available via https://developers.google.com/maps/documentation/javascript/reference.
Accessed May 2014.

Gorissen BL, Yanikoglu I, Hertog D. A practical guide to robust optimization. Omega.
2015:124-137.

Guajardo M, Kylinger M, Roénnqvist M. Joint optimization of pricing and planning
decisions in divergent supply chain. International Transactions in Operational Research.
2013;20(6):889-916.

Guajardo M, Kylinger M, Rénnqvist M. Speciality oils supply chain optimization from a
decoupled to an integrated planning approach. European Journal of Operations
Research. 2013;229:540-551.

Guillén G, Mele F, Bagajewicz M, Espufia A, Puigjaner L. Multiobjective supply chain
design under uncertainty. Chemical Engineering Science. 2005;60(6):1535-1553.

Gupta A, Maranas C. Managing demand uncertainty in supply chain planning. Computers
and Chemical Engineering. 2003;27:1219-1227.

Guyonnet P, Grant FH, Bagajewicz MJ. Integrated model for refinery planning, oil
procuring, and product distribution. Industrial & Engineering Chemistry Research.
2009;48:463—-482.

Interstate Natural Gas Association of America (INGAA). Natural Gas Pipeline and
Storage Infrastructure projections through 2030. ICF International & INGAA Foundation.
2009;1-100.

Instituto Nacional de Estatistica (INE). Estatisticas dos Transportes. Available via
http://www.ine.pt/xportal/xmain?xpid=INE&xpgid=ine_publicacoes/Energia_e_Combustiv
eis/02_Relatorio%?20Intercalar_Sector Combustiveis_Liquidos_Gas_Engarrafado_em_Pt
_16 12 2008.pdf. Accessed May 2014.

lyer RR, Grossmann IE, Vasantharajan S, Cullick AS. Optimal planning and scheduling of
offshore oil field infrastructure investiment and operations, Industrial & Engineering
Chemistry Research. 1998;37:1380-1397.

Janak SL, Lin, X, Floudas, CA. A New Robust Optimization Approach for Scheduling
under Uncertainty: Il. Uncertainty with known probability distribution, Computers and
Chemical Engineering. 2007;31:171-195.


http://apps.webofknowledge.com/full_record.do?product=WOS&search_mode=CitationReport&qid=8&SID=W25i2dlMIm5bdk4DpI8&page=1&doc=1
http://apps.webofknowledge.com/full_record.do?product=WOS&search_mode=CitationReport&qid=8&SID=W25i2dlMIm5bdk4DpI8&page=1&doc=1
http://www.ine.pt/xportal/xmain?xpid=INE&xpgid=ine_publicacoes

192

BIBLIOGRAPHY

(67)

(68)

(69)

(70)

(71)

(72)

(73)

(74)

(75)

(76)

(77)

(78)

(79)

Kim Y, Yun C, Park SB, Park S, Fan LT. An integrated model of supply network and
production planning for multiple fuel products of multi-site refineries. Computers &
Chemical Engineering. 2008;32(11):2529-2535.

Khor CS, Elkamel A, Ponnambalam K, Douglas P, Two-stage stochastic programming
with fixed recourse via scenario planning with economic and operational risk
management for petroleum refinery planning under uncertainty. Chemical Engineering
and Processing. 2008;47;1744-1764.

Khor CS, Elkamel A. Superstructure optimization for oil refinery design, Petroleum
Science and Technology. 2010;28(14):1457-1465

Kouvelis P, Yu G. Robust Discrete Optimization and its Applications. Dordecht, the

Netherlands: Kluwer Academic Publishers,1997.

Lakhanawat H, Bagajewicz MJ. Financial risk management with product pricing in the
planning of refinery operations. Industrial & Engineering Chemistry Research.
2008;47:6622—6639.

Leiras A, Elkamel A, Hamacher S. Strategic planning of integrated multirefinery networks:
a robust optimization approach based on the degree of conservatism. Industrial &
Engineering Chemistry Research. 2010;49:9970-9977.

Leiras A, Ribas G, Hamacher S, Elkamel A. Literature review of oil refineries planning
under uncertainty. International Journal of Oil, Gas and Coal Technology. 2011;4(2):156—
173.

Li W, Hui CW, Li A. Integrating CDU, FCC and product blending models into refinery
planning, Computers & Chemical Engineering. 2005;29:2010-2028.

Lima C, Relvas S, Barbosa-P6évoa AP. Downstream oil supply chain management: A
critical review and future directions. Computers and Chemical Engineering. 2016; Article
in press. http://dx.doi.org/10.1016/j.compchemeng.2016.05.002

Lin X, Janak SL, Floudas CA. A New Robust Optimization Approach for Scheduling under
Uncertainty: |. Bounded Uncertainty, Computers and Chemical Engineering.
2004,28:1069-1085.

Méas R, Pinto JM. A Mixed-Integer Optimization Strategy for Oil Supply in Distribution
Complexes, Optimization and Engineering. 2003;4:23-64.

Mavrotas G. Effective implementation of the ¢ -constraint method in Multi-Objective
Mathematical Programming problems. Applied Mathematics and Computation.
2009;213:455-465.

Mavrotas G, Florios K. An improved version of the augmented e-constraint method
(AUGMECON?2) for finding the exact pareto set in multi-objective integer programming
problems. Applied Mathematics and Computation archive. 2013;219(18):9652—9669.


http://dl.acm.org/citation.cfm?id=J47&picked=prox&cfid=358589039&cftoken=96217129

BIBLIOGRAPHY 193

(80)

(81)

(82)

(83)

(84)

(85)

(86)

(87)

(88)

(89)

(90)

(91)

(92)

(93)

McLean K, Li X. Robust Scenario Formulations for Strategic Supply Chain Optimization
under Uncertainty. Industrial & Engineering Chemistry Research. 2013;52(16):5721—
5734,

Miller KD, Chevalier MT, Leavens J. The role of WTI as a Crude oil Benchmark. Purvin &
Getz. 2010.

MirHassani SA. An operational planning model for petroleum products logistics under
uncertainty. Applied Mathematics Computing. 2008;196:744—751.

MirHassani SA, Noori R. Implications of capacity expansion under uncertainty in oil

industry. Journal of Petroleum Science and Engineering. 2011;77:194-199.

Mota N, Relvas S, Goncalves J. Downstream oil products distribution planning, Actas do

XVI Congresso da Associacdo Portuguesa de Investigagdo Operacional. 2013:296-305.

Mulvey JM, Vanderbei RJ, Zenios SA. Robust optimization of large-scale systems.
Operations Research. 1995;43:264—-281.

Neiro SMS, Pinto JM. A general modelling framework for the operational planning of

petroleum supply chains. Computers & Chemical Engineering. 2004;28(6-7):871-896.

Oliveira F, Grossmann IE, Hamacher S. Accelerating benders stochastic decomposition
for the optimization under uncertainty of the petroleum product supply chain, Computers
& Operations Research. 2014;49:47-58.

Oliveira F, Gupta V, Hamacher S, Grossmann IE. A Lagrangian Decomposition Approach
for Oil Supply Chain Investment Planning under Uncertainty with Risk Considerations.
Computers & Chemical Engineering. 2013:184-195.

Oliveira F, Grossmann |IE, Hamacher S. Accelerating Benders stochastic decomposition
for the optimization under uncertainty of the petroleum product supply chain. Computer &
Operations Research. 2014;49:47-58.

Oliveira F, Hamacher S. Optimization of the Petroleum Product Supply Chain under
Uncertainty: A Case Study in Northern Brazil, Ind and Engineering Chemistry Research.
2012;51:4279-4287.

Organization for Economic Co-operation and Development (OECD). Benchmarking
Intermodal Freight Transport. OECD Publications. 2002;ISBN 92-64-19742-7 — No 52413
2002.

Pan F, Nagi R. Robust supply chain design under uncertain demand in agile

manufacturing. Computers and Operations Research. 2010;37:668—-683.

Peidro D, Mula J, Poler R, Lario F. Quantitative models for supply chain planning under
uncertainty: a review. The International Journal of Advanced Manufacturing Technology.
2008;43(3-4):400-420.



194 BIBLIOGRAPHY

(94) Persson JA, Geothe-Lundgren M. Shipment planning at oil refineries using column
generation and valid inequalities, European Journal of Operational Research.
2005;163:631-652.

(95) Pinto JM, Moro LFL. A planning model for petroleum refineries, Brazilian Jornal of
Chemical Engineering. 2000;17(4,7):575-586.

(96) Platts Market Data — Oil. Platts benchmark price assessments. Available via

http://lwww.platts.com/products/market-data-oil. Accessed July 2015.

(97) Pongsakdi A, Rangsunvigit P, Siemanond K, Bagajewicz MJ. Financial risk management
in the planning of refinery operations, International Journal of Production Economics.
2006;103(1):64—-86

(98) Purvin & Gertz Inc. for the European Commission. Study on oil refining and oil markets in
2008. Available via http://ec.europa.eu/energy/observatory/oil/doc/refining/

2008_01_study_oil_refining_oil_markets.pdf. Accessed May 2014.

(99) Relvas S, Magatdo R, Barbosa-Pdvoa AP, Neves F. Integrated Scheduling and Inventory
Management of an Qil Products Distribution System. Omega. 2013;41:955-968.

(100) Relvas S, Matos HA, Barbosa-Pévoa APFD, Fialho J, Pinheiro AS. Pipeline Scheduling
and Inventory Management of a Multiproduct Distribution Oil System. Industrial &
Engineering Chemistry Research. 2006;45:7841—-7855.

(101) Relvas S, Matos HA, Barbosa-Pévoa APFD, Fialho J. Reactive scheduling framework for
a multiproduct pipeline with inventory management. Industrial & Engineering Chemistry
Research. 2007;46:5659-5672.

(102) Ribas GP, Hamacher S, Street A. Optimization under uncertainty of the integrated oil
supply chain using stochastic and robust programming. International Transactions in
Operational Research. 2010;17(6):777—-796.

(103) Rockafellar R, Uryasev S. Optimization of conditional value-at-risk. Journal of Risk.
2000;2(3):21-41.

(104) Rockafellar R, Uryasev S. Conditional value-at-risk for general loss distributions. Journal
of Banking and Finance. 2002;26(7):1443-1471.

(105) Ronen D. Dispatching petroleum products, Operations Research. 1995;43(3):379-387.

(106) Rosing KE, ReVelle CS. Heuristic concentration: two stage solution construction.

European Journal of Operational Research. 1997;97(1):75-86.

(107)Ross AD. Performance-based strategic resource allocation in supply networks,

International Journal of Production Economics. 2000;63:255-66

(108) Sahebi H, Nickel S, Ashayeri J. Strategic and tactical mathematical programming models
within the crude oil supply chain context - A review. Computers & Chemical Engineering.
2014,;68:56-77.


http://www.platts.com/products/market-data-oil
http://www.sciencedirect.com/science/article/pii/S0925527305001520
http://www.sciencedirect.com/science/article/pii/S0925527305001520
http://www.sciencedirect.com/science/article/pii/S0925527305001520
http://www.sciencedirect.com/science/article/pii/S0925527305001520
http://www.sciencedirect.com/science/journal/09255273
http://www.sciencedirect.com/science/journal/09255273/103/1
http://www.sciencedirect.com/science/journal/09255273/103/1

BIBLIOGRAPHY 195

(109) Sahinidis NV. Optimization under uncertainty: state-of-the-art and opportunities.
Computers and Chemical Engineering. 2004;28:971-983.

(110) Sear TN. Logistics planning in the downstream oil industry, Journal of the Operational
Research Society. 1993;44(1):9-17.

(111) Shah NK, Li Z, lerapetritou MG. Petroleum Refining Operations: Key Issues, Advances,
and Opportunities. Industrial & Engineering Chemistry Research. 2011;50:1161-1170.

(112) Shapiro A, Dentcheva D, Ruszczynski A. Lectures on Stochastic Programming Modelling
and Theory. Society for Industrial and Applied Mathematics, Philadelphia. 2009.

(113) Shapiro A, Homem-de-Mello T. A simulation-based approach to two-stage stochastic
programming with recourse. Mathematical Programming. 1998;81(3):301-325.

(114) Sinha AK, Aditya HK, Tiwari MK, Chan FTS. Agent oriented petroleum supply chain
coordination: Co-evolutionary Particle Swarm Optimization based approach, Expert
Systems with Aplications. 2011;38:6132—6145.

(115) Soyster AL. Convex programming with set-inclusive constraints and applications to
inexact linear programming. Operations Research. 1973;21:1154-1157.

(116) Tang CS. Perspectives in SC risk management. Int. Journal of Production Economics.
2006;103(2):451-488

(117)Tong T, Gong J, Yue D, You F. Stochastic Programming Approach to Optimal Design
and Operations of Integrated Hydrocarbon Biofuel and Petroleum Supply Chains. ACS
Sustainable Chemical Engineering. 2013;2:49-61.

(118)Tong K, You F, Rong G. Robust design and operations of hydrocarbon biofuel supply
chain integrating with existing petroleum refineries considering unit cost objective.
Computers & Chemical Engineering. 2014;68:128-139.

(119) Wang J, Rong G. Robust Optimization Model for Crude Oil Scheduling under uncertainty,
Industrial and Engineering Chemistry Research. 2010;49:1737-1748.

(120)Wei C, Li Y, Cai X. Robust optimal policies of production and inventory with uncertain
returns and demand. International Journal of Production Economics. 2011;134(2):357—-
367.

(121) Weisstein EW. Great Circle formulation, MathWorld - A Wolfram Web Resource.

Available via http://mathworld.wolfram.com/GreatCircle.html. Accessed May 2014.

(122) World Economic Forum. Energy for Economic Growth - Energy Vision Update 2012.
World Economic Forum in partnership with IHS CERA. 2012;1-45.

(123) You F, Wassick J, Grossmann IE. Risk Management for a Global Supply Chain Planning
Under Uncertainty: Models and Algorithms. American Institute of Chemical Engineers
Journal. 2009;55(4):931-946.


http://mathworld.wolfram.com/
http://mathworld.wolfram.com/GreatCircle.html

196 BIBLIOGRAPHY

(124) Yue D, You F. Game-theoretic modelling and optimization of multi-echelon supply chain
design and operation under Stackelberg game and market equilibrium. Computers &
Chemical Engineering. 2014;71:347-361.


https://scholar.google.pt/citations?user=3ixInr8AAAAJ&hl=en&oi=sra
http://www.sciencedirect.com/science/article/pii/S0098135414002567
http://www.sciencedirect.com/science/article/pii/S0098135414002567

197

Appendix A - Portuguese PSC Data of chapter 2

Table A.1 provides the product characteristics which include the product density used for mass
to volume conversions, vessel rotations per month and typical vessel dimensions. Table A.2
gives the yearly product demand in cubic meters, based on historical data per per customer
district, product and year. Table A.3 provides current market quotas per entity. Based on the
product demand by customers given above in table A.2 and the entity market quota given in
table A.3, are calculated the product demand volumes per entity, customer district, product and
year. Table A.4 defines the installed refining capacities per refinery which is given in cubic
meters and barrels of crude processing capacity per day. Table A.5 provides for each refinery,
their typical yield of product mix per unit of crude oil. As stated earlier, each refinery, storage
depots and transportation infrastructures are fully or jointly owned by the operating entities. In
order to address the retrofit network problem, the model must consider the ownership
participations by entities in the currently installed storage depots and existing transportation
infrastructures. Table A.6 provides the ownership percentages per infrastructure with respect to
the operating entities. Table A.7 provides the paid amortization periods in years per existing
depot infrastructure. Table A.8 provides the paid amortization periods per existing transportation
infrastructure and transportation mode in order to address the retrofit network problem. Table
A.9 provides the transport mode dependent installed resource units; table A.10 the transport
mode and product dependent installed resource units; and table A.11 the product dependent
installed resource units. These are defined per location and per number of paid amortizations.
The installed resource capacities are hence defined as the number of units which are directly
proportional to the product volumes. In order to address the required number of resource units,
their capacity in cubic meters is given in terms of vessel capacity for static equipment or flow
rate per hour for the dynamic equipment. The typical capacities are defined in table A.12 for
transport mode dependent resources, in table A.13 for transport mode and product dependent
resources, and in table A.14 for the product dependent resources. These are given in cubic
meters as vessel capacity for the static equipment or the flow rate per hour for the dynamic
equipment. Table A.15 provides the product vessel rotations per product. Resource costs are
typified as fixed, fixvar (fixed variable), operating, opervar (operating variable) and unitary costs.
Table A.16 provides the resource costs when independent of product and table A.17 gives the
resource costs which are product dependent. Table A.18 provides the price per product at the
exit of each activity stage of the PSC. Table A.19 presents the maximum permitted distances
defined per transportation mode, distribution stage and product. The transport distances are
crucial to the design of the PSC network. The key data sets in the model are the refinery, depot
and customer locations as well as the distances separating each of them by different transport
modes. Table A.20 provides the rail distances, table A.21 gives the pipeline distances, while
table A.22 and A.23 provide the maritime and road travelling distances respectively between
refineries, depots and customer locations. The road, rail and maritime travelling distances have

been previously obtained by recurring to the google maps application program interfaces.
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Finally, table A.24 provides the GPS latitude and longitude coordinates for each customer

district, depot and refinery location. The point-to-point pipeline distances between location pairs

given in table A.23 have been calculated using the (Weisstein, 2014) big circle formula based

on the GPS coordinates given in table A.24.

Table A.1. Product characteristics

Product C3 C4 U5 us GO FU Al B5 CRUDE
DENSITY 0.582 0.573 0.748 0.750 0.837 0.944 0.832 0.837 0.932
TYPICAL_M3 2200 2200 10000 10000 25000 10000 10000 5000 100000
Table A.2. Demand per customer district in m3 per year
District Prod 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010
AVEIRO C3 47687 46971 45158 45297 44905 42730 40280 40520 37639 34488 80819 76778
AVEIRO C4 109183 96647 89630 84991 79850 72917 73658 68452 63946 62313 251803 239213
AVEIRO us 59925 74290 79916 94722 104913 107452 113005 110098 103861 98251 250343 237826
AVEIRO us 39444 44224 43123 41803 43299 36103 32434 25218 20535 13080 30277 28763
AVEIRO GO 272949 290585 302609 318122 356897 350849 340566 344454 346956 330578 906652 861319
AVEIRO FU 159026 155929 136456 100378 92126 95889 87827 75867 72796 70129 154664 146930
AVEIRO Al 54 198 190 244
AVEIRO B5 13863 15330 19152 21587 14155 12025 12136 17819 12307 25113 95977 91178
BEJA C3 18158 18060 16857 16893 15875 14505 13894 12971 12298 11355 9550 9073
BEJA C4 7791 8527 10731 11801 11820 11638 12262 11924 13023 12985 8386 7967
BEJA us 14213 16176 17719 20055 20104 19857 19948 19639 19115 19505 16641 15809
BEJA us 8272 8799 8355 7797 7897 7198 5961 4450 3510 2678 2026 1925
BEJA GO 61282 71320 82419 79352 75370 72944 72948 76425 83933 91728 77095 73241
BEJA FU 4855 4898 6087 5454 1970 1698 1678 1397 2334 1917 1537 1460
BEJA B5 15845 15048 15682 19669 14994 15273 16005 16490 17667 18171 15598 14818
BRAGA C3 60785 57679 51589 49182 45747 39515 39281 35702 33084 30003 24123 22917
BRAGA C4 99871 97756 88588 84394 82560 75069 81428 77917 73294 66326 41849 39757
BRAGA us 59307 74481 75501 101134 113651 116934 116604 118595 119941 115919 107350 101983
BRAGA us 42688 48301 44535 48683 50344 42075 35336 26868 23127 14372 14165 13456
BRAGA GO 246366 295203 328842 364536 372368 361178 351068 369837 387503 352774 332201 315591
BRAGA FU 313857 264220 219266 186710 168427 189435 172079 151999 132773 86125 78335 74418
BRAGA B5 13072 18538 25987 32522 17041 14727 14286 16178 17309 40714 44700 42465
BRAGANCA C3 14095 13890 13198 12741 12582 10949 10610 9524 9054 7850 4662 4429
BRAGANCA C4 8033 8640 9377 9473 9660 8869 10061 8654 8447 8213 4667 4433
BRAGANCA us 5529 7238 7459 7888 7856 7761 9262 9125 9325 7667 6825 6483
BRAGANCA us 4827 6139 5977 5620 6259 5963 5978 4520 4080 2714 2255 2143
BRAGANCA GO 45809 50797 54256 53615 58863 48379 54740 57435 60360 45910 42092 39987
BRAGANCA FU 2690 2015 2804 3063 2132 1400 2794 3197 2258 1231 1392 1323
BRAGANCA B5 11391 14619 13125 15558 10925 10153 10295 10552 10164 14246 17574 16695
CASTELO BRANCO C3 18813 18244 17007 16696 15667 9795 9936 8863 8614 7905 6441 6119
CASTELO BRANCO C4 16649 18279 21414 21457 21047 17097 17593 14475 12433 11633 6964 6615
CASTELO BRANCO U5 15598 20610 21598 23491 23563 22467 25165 25118 25709 20415 16831 15989
CASTELO BRANCO U8 8473 10661 9891 9109 9469 8080 8230 6183 4749 3128 2370 2251
CASTELO BRANCO GO 91718 109116 103440 108735 106116 94470 104976 101562 106155 91136 76527 72701
CASTELO BRANCO FU 37610 35518 30070 23863 19697 17563 19002 13207 12764 23540 21764 20675
CASTELO BRANCO B5 9706 13496 15129 18679 13019 13311 13743 13144 14399 17317 14561 13832
COIMBRA C3 34187 32679 25771 20622 19277 16853 16389 14582 13841 12921 9697 9213
COIMBRA C4 50410 52911 47127 43028 43665 39062 40316 38409 37245 38131 21110 20055
COIMBRA us 47439 56144 59364 68703 71572 75014 77690 80297 82344 70508 58032 55131
COIMBRA us 28752 29964 27796 26599 24916 22234 20849 16935 14743 10016 8007 7607
COIMBRA GO 201943 210117 242767 235423 236977 224994 236162 225576 260659 229664 204973 194724
COIMBRA FU 126355 121916 104948 96938 72179 50443 42645 36022 45079 53172 25054 23801
COIMBRA B5 16341 18892 23060 23762 18339 18848 19038 18373 18223 19909 20458 19435
EVORA C3 23383 22998 21856 21615 20646 18720 18391 16896 16558 15539 13161 12503
EVORA C4 15363 17054 18792 17860 15700 14128 15491 14566 14938 14647 8831 8389
EVORA us 17437 23512 24648 27456 27325 27651 28139 25735 24200 21716 17795 16905
EVORA us 12755 12224 11759 10695 10500 8625 7684 5110 3965 2854 2097 1992
EVORA GO 87294 106063 110442 104069 100118 99115 102855 95227 89582 85017 70159 66651
EVORA FU 24301 21485 10843 5548 4117 4867 3924 2872 4226 5089 4546 4319
EVORA B5 18226 19290 18502 19399 17327 17127 11897 11664 12761 14223 10751 10213
FARO C3 34304 34316 35385 35883 34893 31661 31688 29047 28380 26845 22983 21833
FARO C4 51017 54567 55220 56365 58042 54076 60535 59981 62218 60826 45889 43595
FARO us 71778 88261 95584 105742 107833 103734 105342 106264 107755 109669 100636 95605
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FARO us 35245 40000 40040 38452 39709 29719 24983 19015 15716 10024 9073 8620
FARO GO 193249 215357 243314 257909 262013 239370 252263 255334 273587 298554 254140 241433
FARO FU 17387 17732 15273 17758 12115 8420 8553 6292 5961 4847 3264 3101
FARO Al 202052 215916 219681 239639 231780 244463 239942 239942 239942 227945
FARO B5 14521 14637 37385 12532 17061 12558 16254 11602 13051 15251 10719 10183
GUARDA C3 13973 13672 13040 12533 11751 13509 13199 12044 11788 10816 9317 8852
GUARDA C4 15005 16733 17579 17709 17211 15928 17596 16449 16395 15444 10905 10360
GUARDA us 10832 13686 15008 16039 17773 16873 17250 16475 15328 14645 11463 10890
GUARDA us 8092 7419 7460 6836 7573 6411 6356 4710 3489 2638 1855 1762
GUARDA GO 98955 130761 153151 148636 138308 130165 123040 89532 73864 64294 54106 51400
GUARDA FU 7599 6702 6129 5492 5334 2738 17423 8764 2918 2345 1401 1331
GUARDA B5 8691 12675 15139 18423 10309 10753 10554 8954 8447 19501 15195 14435
LEIRIA C3 22651 21502 20588 19328 18936 16482 16420 15127 14231 12358 9544 9066
LEIRIA C4 107134 87059 73264 61068 53998 46102 44929 41627 42541 37894 18473 17550
LEIRIA us 53618 64329 67727 76963 76952 77452 82095 76400 71104 67628 56678 53844
LEIRIA us 33853 35697 33549 31683 32247 27887 26084 19730 15585 13247 10104 9599
LEIRIA GO 359335 411349 428970 417625 408067 411576 425770 395582 376025 334499 284735 270499
LEIRIA FU 119142 56762 43466 55128 45832 41292 43096 39405 22858 7983 5890 5595
LEIRIA B5 23311 30736 36597 43697 21626 22683 22257 20400 21297 47277 35865 34072
LISBOA C3 155251 140935 138241 139974 123586 154786 110401 98259 92460 89114 71877 68283
LISBOA C4 172206 155382 140710 155738 146888 207073 132491 122885 117397 105506 67774 64385
LISBOA us 339075 384889 414011 464195 466934 511382 461499 443403 427900 443600 355280 337516
LISBOA us 182651 168276 156676 150692 140392 134471 91373 63475 48347 39269 28191 26781
LISBOA GO 1036897 1077121 1139919 1162159 1124283 1314920 1152208 1136534 1154289 1268883 1022436 971314
LISBOA FU 877500 765972 800199 960952 563832 186195 366592 117602 110570 95905 41687 39603
LISBOA Al 507591 534490 589941 594567 634582 695828 723612 723612 723612 687431
LISBOA B5 41694 47223 52389 46022 33278 41672 27816 28387 28817 61013 48301 45886
PORTALEGRE C3 9454 9270 9033 8833 8134 6365 6307 5620 5649 5169 3951 3754
PORTALEGRE C4 8668 10159 12209 12103 11831 9506 8875 7174 7625 7543 4197 3987
PORTALEGRE us 10801 12671 13191 14452 13003 12343 12601 11716 11186 8888 7363 6995
PORTALEGRE us 5608 6109 5677 5195 4445 3599 3644 2462 1671 925 713 678
PORTALEGRE GO 52143 85112 179951 63039 53878 48229 49583 48239 47197 44180 33177 31518
PORTALEGRE FU 12946 5671 4804 5123 3746 3118 2832 1126 216 1306 517 491
PORTALEGRE B5 9216 10128 12263 11945 10994 10122 9720 8773 9542 9922 6212 5902
PORTO C3 100643 97744 102084 101117 87249 87738 87514 78441 74969 70099 62040 58938
PORTO C4 136319 138136 145206 142288 137326 125963 143490 122291 121323 115436 79526 75550
PORTO us 216964 267052 279317 343547 343334 343747 369092 363070 349339 349994 286491 272166
PORTO us 126432 139507 129141 128417 117401 98738 90634 70675 58871 52196 34319 32603
PORTO GO 833215 931780 946969 1084694 1058971 1040619 1108020 1046967 1072490 1070699 887533 843156
PORTO FU 447838 350579 283635 263050 209691 183428 198463 192121 184813 110147 78520 74594
PORTO Al 134688 135731 149007 155589 170960 189424 216061 216061 216061 205258
PORTO B5 74424 69424 81971 96346 62337 66158 67075 61143 61645 140616 108826 103385
SANTAREM C3 40912 38479 37942 37081 34754 31499 31427 29539 28771 26905 23132 21975
SANTAREM C4 67565 71276 75799 62782 57023 51194 51003 48457 47304 51158 30441 28919
SANTAREM us 47353 57180 56745 70830 81369 105541 114560 113711 110205 91504 99117 94161
SANTAREM us 26091 28629 25771 26700 28800 28269 28106 21739 18529 11654 12787 12148
SANTAREM GO 281431 342487 326483 329441 353492 417073 426770 395177 409193 366393 381376 362307
SANTAREM FU 158978 132124 132464 111422 110407 106173 70256 75528 83974 64286 69056 65603
SANTAREM B5 46376 50072 46360 47075 41315 38229 34686 27100 30469 37220 29759 28271
SETUBAL C3 69275 60725 66811 98670 80617 70188 69948 86222 197211 193844 44729 42492
SETUBAL C4 67047 64044 59227 56539 55267 91718 58183 123481 57448 97798 70565 67037
SETUBAL us 107512 132789 143719 161705 165916 174385 176369 177386 168895 159467 188489 179064
SETUBAL us 54397 57823 53867 47753 45599 37315 31871 23808 17909 12302 15143 14386
SETUBAL GO 323219 360323 395153 417338 406042 429729 433965 442447 457336 459218 583099 553944
SETUBAL FU 1546477 1142158 1321865 1657627 824359 1066859 1464594 765820 713723 439390 268731 255294
SETUBAL B5 48188 49670 45842 52608 50257 50143 50187 56231 55255 67040 63117 59962
VIANA DO C3 21320 21220 17093 14588 13976 12015 11764 10364 9786 8401 6135 5829
VIANA DO C4 21419 22803 22583 20300 20944 20113 23315 21152 20316 20024 11548 10971
VIANA DO us 20664 23595 27239 29098 28940 25475 28016 26341 26055 25662 22255 21142
VIANA DO us 10121 12563 13367 12601 12032 8434 7830 5429 4685 3206 2862 2719
VIANA DO GO 78820 96477 96314 91013 93093 82363 90899 78770 80227 81275 73567 69889
VIANA DO FU 42989 48287 44160 39145 39251 36726 36943 25834 14170 12678 11978 11379
VIANA DO B5 7368 9839 10507 11522 6121 4841 5240 6147 6765 15029 14706 13970
VILA REAL C3 24905 24481 22244 21311 19747 17124 16473 14372 14085 12181 12414 11793
VILA REAL C4 13895 15230 17365 17536 17792 17200 18085 15666 15042 13315 9379 8910
VILA REAL us 13209 16584 16362 18428 19277 19510 21566 21149 19685 17821 33525 31849
VILA REAL us 8344 10536 10107 9964 10639 9273 9046 6642 5434 3716 3218 3057
VILA REAL GO 63896 80038 110534 84177 90473 92049 98441 87868 80911 78840 75827 72035
VILA REAL FU 3456 5088 4151 2918 2854 3850 3307 3430 1645 1188 948 900
VILA REAL B5 10061 13104 13602 16039 12416 11440 11308 10244 9701 13526 17276 16412
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VISEU C3 27734 26947 26162 25225 23905 20975 19893 17837 16973 15118 12567 11938
VISEU C4 41035 41742 44277 40763 38588 31298 34433 31422 31606 30282 18936 17989
VISEU us 27735 32921 33922 38743 42242 41822 46118 48465 51649 41715 35977 34178
VISEU us 15087 18068 17144 16577 17467 15048 14719 11989 9884 6865 5842 5549
VISEU GO 156327 165971 154076 182010 196499 187651 197012 189885 189663 156016 144366 137148
VISEU FU 63033 57602 47361 66129 73239 43139 36271 34992 31017 30333 30380 28861
VISEU B5 13456 19290 22634 27378 15903 14602 16083 16201 15745 28228 23657 22474

Table A.3. Market quota percentages per entity
Entity A B C D

QUOTA 0.46 0.22 0.21 0.11

Table A.4. Refinery crude processing capacity

Refinery m?® bb/d
SINES 35200 220000
MATOSINHOS 14400 90000

Table A.5. Product yield at refinery as percentage of a unit m® of crude

Refinery C3 C4 US us GO FU Al B5
MATOSINHOS 0.0096 0.0144 0.201 0.058 0.39 0.137 0.079 0.09
SINES 0.0096 0.0144 0.201 0.058 0.39 0.137 0.079 0.09

Table A.6. Entity participation percentages in refineries, depots and transport infrastructures

Source Destination Resource A B C D Single
SINES AZAMBUJA PIPELINE 65 20 15 0 100
SINES SINES PIPELINE 100 0 0 0 100
MATOSINHOS PORTO PIPELINE 100 0 0 0 100
MATOSINHOS MATOSINHOS PIPELINE 100 0 0 0 100
MATOSINHOS REAL PIPELINE 0 50 50 0 100
MATOSINHOS LEIXOES PIPELINE 0 0 0 100 100
MATOSINHOS PERAFITA PIPELINE 100 0 0 0 100
MATOSINHOS MATOSINHOS REFINERY 100 0 0 0 100
SINES SINES REFINERY 100 0 0 0 100
AZAMBUJA AZAMBUJA DEPOT 65 20 15 0 100
SINES SINES DEPOT 100 0 0 0 100
PORTO PORTO DEPOT 100 0 0 0 100
SETUBAL SETUBAL DEPOT 100 0 0 0 100
MATOSINHOS MATOSINHOS DEPOT 100 0 0 0 100
REAL REAL DEPOT 0 50 50 0 100
LEIXOES LEIXOES DEPOT 0 0 0 100 100
FARO FARO DEPOT 0 100 0 0 100
BANATICA BANATICA DEPOT 0 0 100 0 100
PERAFITA PERAFITA DEPOT 100 0 0 0 100
BARREIRO BARREIRO DEPOT 0 100 0 0 100
AVEIRO AVEIRO DEPOT 0 100 0 0 100

Table A.7. Current depots and paid amortization periods
MATOSINHOS REAL LEIXOES AZAMBUJA SINES PERAFITA SETUBAL FARO BANATICA BARREIRO AVEIRO

PERIODS 12 12 12 12 12 12 7 12 12 7 3

Table A.8. Current transportation routes and paid amortization periods
AVEIRO AZAMBUJA BANATICA BARREIRO LEIXOES MATOSINHOS PERAFITA PORTO REAL SETUBAL SINES

MATOSINHOS
PIPELINE 12 12 12 12 12
MARITIME 3 12 12 12
SINES
PIPELINE 12 12
MARITIME 12 3 3 2



APPENDIX A: Portuguese PSC Data of chapter 2 201

Table A.9. Current transport mode dependent resource units, per location and paid amortization periods

PIPELINE MARITIME RAIL
Resources Periods INTERFACE PIPE PUMP16 DOCK STATION
MATOSINHOS 12 2 1 2 1
SINES 2 1
SINES 7 1
SINES 12 3 1 3

Table A.10. Current transport mode and product dependent resource units, per location and paid
amortization periods

Location Transport Resource Periods C3 C4 us us GO FU Al B5
AVEIRO ROAD ARM 3 0 0 2 2 4 0 0 1
AZAMBUJA ROAD ARM 12 5 4 10 9 28 0 11 4
BANATICA ROAD ARM 12 1 1 0 0 9 0 0 1
BARREIRO ROAD ARM 7 0 0 2 2 4 1 0 1
FARO ROAD ARM 12 1 1 0 0 0 0 0 0
MATOSINHOS ROAD ARM 12 0 0 7 1 12 10 2 2
REAL ROAD ARM 12 2 1 6 1 13 0 2 0
LEIXOES ROAD ARM 12 0 0 7 1 11 2 2 3
PERAFITA ROAD ARM 12 9 5 0 0 0 0 0 0
SETUBAL ROAD ARM 7 0 0 3 3 17 3 0 1
SINES ROAD ARM 12 1 0 4 3 9 0 0 1

Table A.11. Current product dependent resource units, per location and paid amortization periods

Location Resource Periods C3 C4 us us GO FU Al B5
AVEIRO VESSEL 3 0 0 1 1 1 0 0 1
AZAMBUJA VESSEL 12 8 6 4 3 4 0 4 3
AZAMBUJA VESSEL 4 0 0 0 0 4 0 0 0
BANATICA VESSEL 12 2 2 0 0 2 0 0 1
BARREIRO VESSEL 7 0 0 1 1 1 1 0 1
FARO VESSEL 12 1 1 0 0 0 0 0 0
MATOSINHOS VESSEL 12 4 3 5 2 5 7 4 3
REAL VESSEL 12 3 1 2 0 2 0 0 0
LEIXOES VESSEL 12 0 0 2 0 2 1 0 2
PERAFITA VESSEL 12 5 2 0 0 0 0 0 0
SETUBAL VESSEL 7 0 0 1 1 2 1 0 1
SINES VESSEL 12 5 4 6 4 6 6 5 4

Table A.12. Typical capacity of transport mode dependent resources, in m® equivalent per hour

PIPELINE MARITIME RAIL
PIPE PUMP16 INTERFACE DOCK STATION
m? per hour 100000 600 600 600 240

Table A.13. Typical capacity of transport mode and product dependent resources, in m? equivalent per
hour
C3 C4 uUs us GO FU Al B5

ROAD ARM 20 20 20 20 20 20 20 20

Table A.14. Typical capacity of product dependent resources, in m3
Product C3 C4 U5 us GO FU Al B5 CRUDE

VESSEL 2200 2200 10000 10000 25000 10000 10000 5000 100000

Table A.15. Product vessel rotations per transportation mode

Product C3 C4 U5 us GO FU Al BS CRUDE
PIPELINE 4 4 4 4 4 4 4 4 4
MARITIME 2 2 2 2 2 2 2 2 2
RAIL 2 2 2 2 2 2 2 2 2
ROAD 1 1 1 1 1 1 1 1 1
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Table A.16. Cost of resource independent of product

PIPELINE  MARITIME RAIL ROAD DEPOT PUMP16 INTERFACE DOCK STATION ARM
FIXED 0.083333 0.083333 0.083333 0.083333 6045833 83333.33 83333.33 83333.33 83333.33 11458.33
FIXVAR 28416.67
OPERATING 0.016667 0.016667 0.016667 0.016667 1209167 16666.67 16666.67 16666.67 16666.67 2291.667
OPERVAR 5683.333
Table A.17. Cost of resource depending on product
TYPE COST RESOURC C3 C4 us us GO FU Al B5
UNITARY DEPOT 1.630 1.604 2.094 2.100 2.344 2.643 2.330 2.344
FIXED VESSEL 2,068,00 1,329,00 1,243,00 1,243,00 2,363,00 1,243,00 1,906,00 621,50
OPERATIN  VESSEL 413,600 265,800 248,600 248,600 472,600 248,600 381,200 124,30
UNITARY PIPELINE 0.042 0.041 0.054 0.054 0.060 0.068 0.060 0.060
UNITARY MARITIME 0.084 0.083 0.108 0.108 0.121 0.136 0.120 0.121
UNITARY RAIL 0.116 0.115 0.150 0.150 0.167 0.189 0.166 0.167
UNITARY ROAD 0.265 0.261 0.341 0.342 0.382 0.430 0.379 0.382
TARIFF EXPORT 2.552 2.552 2.552 2.552 2.552 2.552 2.552 2.552
TARIFF RETAIL 20.976 20.976 20.976 20.976 20.976 20.976 20.976 20.976
TARIFF IMPORT 2.552 2.552 2.552 2.552 2.552 2.552 2.552 2.552
TARIFF REFINERY 12.306 12.306 12.306 12.306 12.306 12.306 12.306 12.306
Table A.18. Price of product at end of activity
1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010
CRUDE CRUDE 103.6714 192.8973 170.3213 164.418 160.7698 193.4144 262.7134 315.2445 324.2863 415.3588 274.659 374.9567
RETAIL C3 247.7436 278.7116 294.1955 283.9988 277.6973 334.0843 453.7842 430.2373 486.2656 563.1292 456.7978 564.9639
RETAIL C4 222.115 249.8793 263.7615 254.6196 248.97 299.5238 406.841 385.73 435.9623 504.8744 409.5429 506.5194
RETAIL us 255.2175 264.3324 276.4856 266.9026 260.9805 313.9731 426.4673 498.8604 507.3893 570.308 443.9805 556.2696
RETAIL us 243.0141 273.3908 288.5792 278.5771 272.396 327.7064 445.1212 520.6808 529.5828 595.2536 463.4005 580.6011
RETAIL GO 249.9075 303.4592 303.4592 292.9413 286.4415 344.6039 468.0729 524.5244 527.7804 683.5657 470.7232 592.2314
RETAIL FU 157.9673 191.8175 191.8175 185.1691 181.0606 217.8252 295.8704 356.5242 368.35 472.6258 383.817 505.9396
RETAIL Al 252.2106 283.737 299.5001 289.1195 282.7045 340.1081 461.9663 540.3853 549.6242 617.7802 480.9373 602.5732
RETAIL B5 220.3433 295.8896 295.8896 285.6341 279.2964 336.0079 456.3971 510.1973 517.122 661.2007 432.2325 546.4819
REFINING C3 116.4908 131.0521 138.3328 133.5382 130.5752 157.0887 213.3725 250.186 266.3343 292.6881 256.6342 346.1498
REFINING C4 103.4617 116.3944 122.8607 118.6024 1159708 139.5189 189.5075 223.7842 251.0536 277.1868 224.8888 303.3314
REFINING U5 193.051 199.9456 209.1385 201.8898 197.4103 237.4947 322.5874 360.6544 377.6982 421.0833 310.5833 418.9167
REFINING U8 177.2733 199.4324 210.512 203.2157 198.7067 239.0544 324.7059 377.5801 387.4464 426.044 310.5833 418.9167
REFINING GO 195.7966 237.753 237.753 229.5126 224.4201 269.9889 366.724 406.03 409.0792 532.0536 319.3333 435.4167
REFINING FU 108.6176 131.8928 131.8928 127.3214 124.4964 149.7756 203.439 225.2439 226.9354 295.1551 177.1492 241.5461
REFINING Al 190.7765 214.6236 226.5471 218.6951 213.8426 257.2637 349.4394 390.6751 409.1376 456.1341 336.4362 453.7871
REFINING B5 164.7398 221.2221 221.2221 213.5545 208.8162 251.2166 341.2257 377.7987 380.6359 495.0599 297.1301 405.1421
PUBLIC C3 410.3568 461.6515 487.2988 497.5577 523.205 563.2148 613.7915 661.4231 661.7112 752.9156 622.4171 755.3958
PUBLIC C4 367.9061 413.8944 436.8885 446.0862 469.0803 504.9512 550.2958 593 593.2583 675.0278 558.0292 677.2514
PUBLIC us 840 870 910 920 970 1033 1146.454 1277.72 1319.938 1390.029 1232.317 1372.776
PUBLIC us 800 900 950 970 1020 1098 1196.6 1333.608 1377.673 1450.83 1286.219 1432.822
PUBLIC GO 560 680 680 670 710 789  936.061 1044.1 1079.462 1263.081 1002.531 1152.831
PUBLIC FU 186.0793 225.9535 225.9535 222.6306 235.922 262.1725 311.0386 372.4306 383.2686 487.9258 398.9124 521.2396
PUBLIC Al 830.275 934.0593 985.9515 1006.708 1058.601 1139.552 1241.884 1384.077 1429.809 1505.735 1334.895 1487.046
PUBLIC B5 350 470 470 380 420 489 612.6581 673.8333 725.3765 937.8657 680.9765 827.3639
Table A.19. Permitted distance in kilometers per distribution stage and transportation mode
C3 C4 uUs us GO FU Al B5
PRIMARY PIPELINE 500 500 1000 1000 1000 30 1000 1000
PRIMARY MARITIME 1000 1000 1000 1000 1000 1000 1000 1000
PRIMARY RAIL 1000 1000 1000 1000 1000 1000 1000 1000
PRIMARY ROAD 0 0 0 0 0 0 0 0
SECONDAR  PIPELINE 0 0 0 0 0 0 300 0
SECONDAR  MARITIME 0 0 0 0 0 0 0 0
SECONDAR  RAIL 0 0 0 0 0 0 300 0
SECONDAR ROAD 1000 1000 1000 1000 1000 1000 1000 1000
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Table A.20. Rail distance in kilometers between locations

Source Destination Kilometers

SINES FARO 155

Table A.21. Pipeline distance in kilometers between locations

BARREI BRA  CASTELO EVOR GUAR  LEIRI
AVEIRO AZAMBUJA  BANATICA BEJA BRAGA . ..o  COMBRA FARO oA A
AVEIRO 0 193 246 245 330 113 225 148 57 263 449 129 111
AZAMBUJA 193 58 53 161 307 388 160 146 110 267 234 83
BANATICA 246 58 12 152 359 446 215 202 124 237 292 136
BARREIRO 245 53 12 141 358 441 207 199 112 230 286 135
BEJA 330 161 152 141 436 475 224 274 68 123 314 230
BRAGA 113 307 359 358 436 155 228 164 368 557 164 224
COIMBRA 57 146 202 199 274 164 249 100 207 394 115 67
EVORA 263 110 124 112 68 368 410 158 207 190 248 167
FARO 449 267 237 230 123 557 597 346 394 190 435 344
LEIRIA 111 83 136 135 230 224 316 124 67 167 344 174
LEIXOES 67 260 311 311 396 50 191 200 122 328 515 153 177
LISBOA 241 51 120 100 148 354 439 207 196 118 237 285 131
MATOSINHOS 70 262 314 313 399 49 193 204 125 331 518 156 180
PERAFITA 70 263 314 314 399 48 192 204 125 332 519 156 180
PORTO 62 256 308 307 390 52 188 193 116 322 510 145 173
REAL 65 258 310 309 394 52 192 199 120 327 514 152 175
SANTAREM 172 27 84 79 169 284 362 134 122 110 281 208 63
SETUBAL 260 67 35 24 117 373 448 207 211 94 207 290 149
SINES 330 147 134 120 98 442 512 264 280 120 146 351 219
VIANA DO 130 321 371 371 459 41 189 260 185 392 579 202 239
VILA REAL 116 292 348 345 401 69 110 182 147 334 524 103 214
VISEU 69 214 271 267 323 119 176 109 73 255 446 62 139
MATOSINH PORT- SANTARE VIANADO  VILA

LEIXOES ~ LISBOA OS PERAFITA ALEGRE PORTO  REAL M SETUBAL SINES  CASTELO REAL  VISEU
AVEIRO 67 241 70 70 201 62 65 172 260 330 130 116 69
AZAMBUJA 260 51 262 263 139 256 258 27 67 147 321 292 214
BANATICA 311 120 314 314 185 308 310 84 35 134 371 348 271
BARREIRO 311 100 313 314 174 307 309 79 24 120 371 345 267
BEJA 396 148 399 399 161 390 394 169 117 98 459 401 323
BRAGA 50 354 49 48 291 52 52 284 373 442 41 69 119
COIMBRA 122 196 125 125 146 116 120 122 211 280 185 147 73
EVORA 328 118 331 332 99 322 327 110 94 120 392 334 255
FARO 515 237 518 519 283 510 514 281 207 146 579 524 446
LEIRIA 177 131 180 180 141 173 175 63 149 219 239 214 139
LEIXOES 5 307 5 4 260 8 5 239 327 397 63 87 96
LISBOA 307 309 310 177 303 305 77 100 170 367 342 265
MATOSINHOS 5 309 5 1 263 8 5 241 329 399 60 89 100
PERAFITA 4 310 1 263 12 5 242 330 400 60 88 100
PORTO 8 303 8 12 253 8 234 322 392 70 81 88
REAL 5 305 5 5 258 8 5 237 325 395 65 87 95
SANTAREM 239 77 241 242 119 234 237 89 158 301 267 188
SETUBAL 327 100 329 330 168 322 325 89 108 388 356 277
SINES 397 170 399 400 214 392 395 158 108 5 458 423 343
VIANA DO 63 367 60 60 321 70 65 301 388 458 111 152
VILA REAL 87 342 89 88 247 81 87 267 356 423 111 80
VISEU 96 265 100 100 173 88 95 188 277 343 152 80

Table A.22. Maritime travelling distance in kilometers between locations
AVEIRO BANATICA BARREIRO LEIXOES MATOSINHOS REAL SETUBAL SINES

AVEIRO 295 71 71 71 334 354
BANATICA 319 319 319 98
BARREIRO 295 353 353 353 116
LEIXOES 71 319 353 383 403
MATOSINHOS 71 319 353 383 403
REAL 71 319 353 383 403
SETUBAL 334 383 383 383 68

SINES 354 98 116 403 403 403 68



204

APPENDIX A: Portuguese PSC Data of chapter 2

Table A.23. Road travelling distance in kilometers between district capitals

AVEIR BEJ BRAGAN CASTE LISBOPORT - PORT SANT SETUB VIANA VILA
cA I_OCOIMBRAEVORA FARO GUARDA LEIRIA AALEGR O AREM AL DO REAL VISEU
AVEIRO 40 126 285 252 63 159 124 78 188 150 179 86
AZAMBUJ 190 182 173 326 102 54 188 27 91
BANATIC 171 127 273 216 86 221 146 44
BARREIR 161 275 116 262 189 58 210 119 33
BEJA 40 80 147 176 180 143
BRAGA 126 40 225 252 235 56 62 119 179
COIMBRA 63 174 224 40 205 74 231 121 138 193 89
EVORA 80 190 40 287 240 132 102 160 99
FARO 147 40
LEIRIA 124 166 74 240 40 147 171 79 195
LEIXOES 84 58 215 127 208 191 11 69 98 134
LISBOA 176 227 132 277 147 40 84 64
MATOSIN 84 58 215 127 208 191 11 69 98 134
PERAFITA 90 62 244 260 160 199 229 15 76 112 127
PORTO 78 56 213 121 202 185 40 77 94 130
REAL 84 58 215 127 208 191 11 69 98 134
SANTARE 205 159 138 160 306 79 84 164 40 125
SETUBAL 143 99 245 195 64 193 125 40
SINES 100 130 165 162 218 114
VIANA DO
CASTELO 62 279 77 40 173
VILA 119 120 182 94 173 40 98
VISEU 86 204 177 89 82 196 98 40
Table A.24. Location GPS Coordinates
AVEIRO BEJA BRAGA BRAGANCA CASTELO  COIMBRA EVORA FARO
Longitud ~ -8.65362 -7.86523 -8.4229 -6.75919 -7.49189 -8.4292 -7.9096 -7.93511
Latitude  40.64118  38.01562  41.55176 41.80718 39.82389 40.21149 38.57098 37.01536
VIANA DO
GUARDA LEIRIA LISBOA PORTALEGRE PORTO SANTAREM  SETUBAL CASTELO VILA REAL
-7.26785  -8.80725 -9.13552 -7.43235  -8.61024 -8.68708 -8.89307 -8.83016 -7.74635
40.53713 39.74434  38.70716 39.2914  41.14997 39.23618 38.52451  41.69457 41.2959
VISEU MATOSINHO  AZAMBUJ SINES PERAFITA BANATICA BARREIRO REAL  LEIXOES
-7.91428 -8.705 -8.86912 -8.8759 -8.7005 -9.20453 -9.07666 -8.68 -8.679
40.65754 4121  39.06862 37.95134 41.216 38.67568 38.66424 41.175 41.1898
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The real-case data used to test the current model may be consulted in Chapter 2, however
some parameters have been restructured and new tables added, which are presented in this
appendix. Tables A.9, A.10 and A.11 from Chapter 2 are now replaced by table B.9, providing
the installed resource units per location, transport mode family, resource, product family and
number of paid amortizations. Similarly, tables A.12, A.13 and A.14 from Fernandes et al.
(2013) are replaced by table B.12, giving the typical capacities of resources in cubic meters for
volume capacity or the flow rate per hour, defined per transport mode family, resource and
product family. In order to generalize the resource constraints as these may be related only to
transportation modes, or related only to product or to both, the concept of families is introduced
in table B.25 which provides the composition of the product families and table B.26 provides the
transport mode families. As the collaborative model implements cost, tariff and price
linearization to provide economies of scale, the table B.27 provides the transfer volume
thresholds and table B.28 the tariff linearization coefficients. Table B.29 which defines the
transportation mode capacity characteristics is introduced in order to model resource capacities

by taking into account some time related characteristics of the transportation mode.

Table B.9. Installed resource units per location, transport mode family, resource, product family

Depot Family Resource Periods C3 Cc4 us ug GO FU Al B5 ANY
AVEIRO ANY VESSEL 3 1 1 1 1
AVEIRO ROAD ARM 3 2 2 4 1

FARO ANY VESSEL 12 1 1

FARO ROAD ARM 12 1 1

SETUBAL ANY VESSEL 7 1 1 2 1 1
SETUBAL ROAD ARM 7 3 3 17 3 1
MATOSINHOS ANY VESSEL 12 4 3 5 2 5 7 4 3
MATOSINHOS PIPELINE PUMP16 12 2
MATOSINHOS PIPELINE INTERFACE 12 2
MATOSINHOS MARITIME DOCK 12 1
MATOSINHOS ROAD ARM 12 7 1 12 10 2 2
AZAMBUJA ANY VESSEL 4

AZAMBUJA ANY VESSEL 12 8 6 4 3 4 4

AZAMBUJA ROAD ARM 12 5 4 10 9 28 11 4
SINES ANY VESSEL 12 5 4 6 4 6 6 5

SINES PIPELINE PUMP16 12 3
SINES PIPELINE INTERFACE 12 3
SINES MARITIME DOCK 7 1
SINES RAIL STATION 2 1
SINES ROAD ARM 12 1 4 3 9 1
PERAFITA ANY VESSEL 12 5 2

PERAFITA ROAD ARM 12 9 5

BANATICA ANY VESSEL 12 2 2 2 1
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BANATICA ROAD ARM 12 1 9 1
BARREIRO ANY VESSEL 7 1 1 1 1 1
Table B.9 (continued). Installed resource units per location, transport mode family, resource, product
family
Depot Family Resource Periods Cc4 us ug GO FU Al B5 ANY
BARREIRO ROAD ARM 7 2 2 4 1 1
REAL ANY VESSEL 12 1 2 2
REAL ROAD ARM 12 1 6 1 13 2
LEIXOES ANY VESSEL 12 2 2 1 2
LEIXOES ROAD ARM 12 7 1 11 2 2 3
Table B.12. Resource typical capacities in cubic meters
Family Resource C3 C4 us us GO FU Al B5 ANY
ANY VESSEL 2200 2200 10000 10000 25000 10000 10000 5000
PIPELINE PUMP16 600
PIPELINE INTERFACE 600
MARITIME DOCK 600
RAIL STATION 240
ROAD ARM 20 20 20 20 20 20 20 20
Table B.25. Product families
Family C3 C4 us us GO FU Al B5
C3 1
C4 1
us 1
us 1
GO 1
FU 1
Al 1
B5 1
ANY 1 1 1 1 1 1 1 1
Table B.26. Transport mode families
Family Pipeline Maritime Rail Road
PIPELINE
MARITIME 1
RAIL 1
ROAD 1
ANY 1 1 1
Table B.27. Transfer volume thresholds
0 1 2 3 4 5 6 7 8 9 10
0 124150 248300 496600 744900 993200 1241500 1489800 1738100 1986400 10000000
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Table B.28. Tariff linearization coefficients

1 2 3 4 7 8 9 10
0,1 0,19 0,36 0,51 0,75 0,84 0,91 0,96 0,99
Table B.29. Transportation mode capacity characteristics
Transport Capacity Ways Before After Work Days
PIPELINE 800 1 4 8 24 30
MARITIME 3000 2 8 16 24 30
RAIL 512 2 4 4 14 28
ROAD 32 2 0.5 0.5 14 28
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Appendix C - Deterministic and Robust MILP

formulation of chapter 5

The Robust formulations developed in this chapter, are based on the strategic and tactical MILP
presented in chapter 3, wherein may be consulted a detailed presentation of the original MILP
formulation. The formulation presented below, first extends the published model by
incorporating the importation of petroleum products, by all companies, at the storage depots;
additional restrictions for bridge crossings on road routes, and several simplifications of the
notation and formulation of the model, in view of the subsequent implementation of the robust
optimization to deal with the crude costs, product prices and customer demand uncertainties.
With a focus on these objectives, the model has been adequately adapted and presented
below, beginning with the notation, the model decisions, the objective function and the network

constraints and finally the RO formulation.

1 Notation

1.1 Sets/Indices

aeA set of activities, A={REFINERY,STORAGE,TRANSPORT,PRIMARY,
SECONDARY}

ceC set of product characteristics, C={ DENSITY, TYPICAL_M3}

deD set of route characteristics, D={ DISTANCE, DURATION, BRIDGE}

gelekE set of petroleum entities/companies E={E1, E2, ..., EN }

fce FC set of trip attributes, FC={CAPACITY WORK,DAYS,BEFORE,AFTER,
WAYS}

geG set of GPS coordinates, G={ LATITUDE, LONGITUDE }

noeN set of all nodes

peP set of products P={ P1, P2,..PN }

r,rleR set of resources including services and equipment

t,zreT set of time periods, T={1,2,..N}

ueU set of volume thresholds U={1,2,..N} for piecewise price linearization

veV set of costs, V={TARIFFFIXED,FIXVAR,OPERATING,OPERVAR,
UNITARY}

yeY set of amortization periods, Y={1,2,...,N }

1.2 Subsets /Indices
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icl =N set of refinery nodes
IL < set of local refineries
jeJcN set of depot nodes
keKcN set of customer nodes
m,mle M c R set of transport modes, M={ PIPELINE, MARITIME, RAIL, ROAD }
MC =M set of continuous flow transport modes MC={ PIPELINE }
MPc M set of participated transport modes MP={ PIPELINE }

1.3 Subset unions /Indices

fime FM =M {ANY |

fpe FP = PU{ANY}
heH=1UJ

leL=JUK

set of transport mode families,
FM={PIPELINE,MARITIME,RAIL,ROAD,ANY}

set of products families FP={ P1, P2,..PN, ANY }
set of refinery and depot nodes
set of depot and customer nodes

1.4 Parameters

BN
HPP

MINTP
MAXTP
MAXBRIDGE

MAXUNSAT

MD

m

MNA
MV
FM fmm
FP fp.p
FRm

IRR

big number for number of resources

hours per time period

minimum time periods to stock

maximum time periods to stock

maximum trucks permitted per time period on routes with bridge

maximum permitted unsatisfied demand

distance multiplier per transportation mode to account for curved
routes

maximum number of amortization periods

medium velocity per transportation mode m

association of transportation mode family fm and transportation mode
association of product family fp with product p

trip parameters per transportation mode m and trip characteristic fc

internal rate of interest
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NCD
NCP
NFF
NT

NR
ocCcC
RCD
SC 0.
DO,
SLO
SRO

TPP

ke,p

i.e.p

77n,e

nn,o,m,e
Kdn,y

number of depots in concentration set

number of capacity partitions per resource available to entity

fill factor in percentage

number of time periods

degree to radian coefficient for distance calculations

operating cost coefficient

radius for concentration set for demand at depot

initial period 0 inventory of crude at refinery i

initial period O inventory per depot j, entity e, and product p

initial period O inventory per customer Kk, entity e, and product p
initial period O inventory per refinery i, entity e, and product p

time aggregation in period, TPP=1/ 12 for monthly / yearly data
operator margin percentage per activity a

minimum safety stock percentage per activity a

maximum safety stock percentage per activity a

working average cost of capital (WACC) coefficient for inventory costs
excess inventory capacity costs

global pointing system (GPS) coordinates g for each location node n

customer demand in m?3 at customer node k, entity e, product p and
period t

fraction yield of product p per unit measure of crude oil at refinery i
price of crude oil at time t

ex-refinery price of product p at time t

retail price of product p at time t

capital participation percentage per entity e in refinery / depot node n

capital participation percentage per transportation infrastructure
between nodes n,0 and mode m by entity e

number of depreciated periods y for each existing depot at location n

211
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current resource units per transport mode family fm and product

KEn.fmr.y.fo family fp, per resource r at refinery or depot n, per number of
depreciated periods y
xt number of depreciated periods y for current transport infrastructures
n.0.m.y between n,o for mode m; road routes are considered as existing and
fully depreciated
transport distance between any two nodes (n,0) including refineries,
:un,o,m depots or customer zones, using transport mode m
,Ul transport duration between any two nodes (n,0) including refineries,
n.0.m depots or customer zones, using transport mode m
,U" bridge connection between any two nodes (n,o0) including refineries,
n.o.m depots or customer zones, using transport mode m=road
X tmr. o typiqal capacity of resource r for transport mode family fm and product
family fp
0. crude processing capacity at refinery i in m2 per day
|
Cy piecewise linearization function coefficients per step u
thu piecewise linearization function thresholds per depot h and step u
UP maximum distance for primary distribution per transportation mode m
m.p for the petroleum product p; example: fuel-oil transportation by
pipeline
Us maximum distance for secondary distribution per transportation mode
m.p m for the petroleum product p; example: JET transportation by
pipeline
characteristic ¢ per transport mode m per product
Wm.c,p p p perp p
F fixed cost per resource r, independent of product
r

fixed cost per unit distance of resource r, independent of product

=T
)

operating cost per resource r, independent of product

operating cost per unit distance of resource r, independent of product

O]
O

volume based cost for using resource r, independent of product

I T
- < - 0

3
k]

fixed cost of resource r, depending on product p

i
o0

fixed cost per unit distance of resource r, depending on product p

o]
o

operating cost of resource r, depending on product p
operating cost per unit distance of resource r, depending on product p

volume based cost for using resource r, dependant on product p

s <
°

importation tariff per unit volume of product p

T

W%%"i‘a;%‘%%"

o m

exportation tariff per unit volume of product p
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&y
&y
&l

Ce

refining tariff per unit volume of product p
retail tariff per unit volume of product p
unmet demand tariff per unit volume of product p

market quota per entity e

1.5 Parameters for modelling uncertainty

s
Fk,p,e,t

maximum deviation for price of crude oil at time t
maximum deviation for ex-refinery price of product p at time t
maximum deviation for excess inventory capacity costs

maximum deviation for customer demand in m3 at customer
node k, entity e, product p, period t

budget of uncertainty for crude oil cost
budget of uncertainty for ex-refinery product price
budget of uncertainty for excess inventory capacity costs

budget of uncertainty for demand

2 Model Decisions

2.1 Binary Strategic Decision Variables

LI
|Th,l,m ={L’l
o,
OTh,I,m :{:)
Dijev  _ {1’
0,
T himeu  _ {1’
0,

if depot jistobe installed
otherwise

if route usin g transport mode m istobe installed between node h and node |
otherwise

if depot jistobe operated
otherwise

if route usin g transport mode m is tobe operated between node h and node |
otherwise

if th,u—1< QPj,I,m,p,e,t + QS j,I,m,p,e,t< Tti,u
otherwise

if ztn, < QPh,I,m,p,e,t + Qsh,l,m,p,e,t <huy
otherwise

2.2 Integer Strategic Decision Variables
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|R j, fmr, fp
OR j, fmr, fp
ZR j, fm,r.e, fp

number of resources to install per depot j, transport mode family fm, resource
r, and product family fp

number of resources to operate per depot j, per transport mode family fm,
resource r, and product family fp

number of resource partitions to impute installation and operating costs per
entity e, depot j, transport mode family fm, resource r, and product family fp

2.3 Non-negative Tactical Decision Variables

QCI |,
QCP,,
QE i,p,t
Qljeps

QP h,j,me,pt

QR i,p,t
QS j.k,me,pit

QU kept
SC
SD j,e,p,t

SL k.e,p,t

SR

iept

crude volume imported per refinery i, and period t

crude volume processed per refinery i, and period t

exported volume per refinery i, product p, and period t
imported volume per depot j, product p, entity e, and period t

primary volumes transported from refinery/depot h to depot j by mode m per
entity e, product p, and period t

production volume per refinery i, product p, and period t

secondary volumes transported from depot j to customer k by mode m per
entity e, product p, and period t

unsatisfied demand per customer k, entity e, and product p at end of period t
crude inventory at refinery i at end of period t

inventory at depot j, entity e, and product p at end of period t

inventory at customer k, entity e, and product p at end of period t

inventory at refinery i, entity e, and product p at end of period t

2.4 Non-negative Dual Variables for Robust Optimization

luzt’ﬁ“R

C

uox

+ +
lun‘e,p,t ' ﬂ/

3

lLln,p,e,r,t
5
in,e,p,l

Dual variables associated with the constraints of the inner maximization problem
of the ex-refinery product price uncertainty

Dual variables associated with the constraints of the inner maximization problem
of the crude oil cost uncertainty

Dual variables associated with the constraints of the inner maximization problem

of the excess inventory capacity cost uncertainty

Dual variables associated with the constraints of the inner maximization problem
of the demand uncertainty

2.5 Continuous Objective Sub-function Variables

PSC total profits
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2.6

2.7

MDE j e
ML k.e,pt
MR iet

MTE h,l,met

margin per depot j, entity e, and period t

margin per retail customer k, product p, entity e, and period t

margin per refinery i, entity e, and period t

transportation margin between nodes h,l, mode m, entity e, and period t

PSC total profits considering crude cost and product price uncertainties

PSC total profits considering crude cost, product price and inventory capacity
cost uncertainties

PSC total profits considering customer demand uncertainty

PSC total profits considering customer demand, crude cost, product price and
inventory capacity cost uncertainties

Continuous Objective Sub-function Variables for Robust

Optimization:

(@} 0>

(W

DC
f)H k.ep,t

DCH K.e,pt

trade-off value for robustness in ex-refinery prices uncertainty

trade-off value for robustness in crude oil costs uncertainty

trade-off value for robustness in customer demand uncertainty

trade-off value for robustness in customer demand and crude costs uncertainty

trade-off value for robustness in customer demand and excess inventory
capacity costs uncertainties

trade-off value for robustness in customer demand, crude costs, product prices
and excess inventory capacity cost uncertainties

Non-negative Objective Sub-function Variables

CDD

CDFD ,,

ht

CDFE

het

CDOD ,,

CDOE

h.et

CDU h,e,p,t

CE

iept

CI j,e,p,t

CNC

iet

depot costs per depot h, and period t

depot fixed costs per depot h, and period t

depot fixed costs per depot h, entity e, and period t

depot operating costs per depot h, and period t

depot operating costs per depot h, entity e, and period t
unitary costs per depot h, entity e, product p, and period t
exportation costs per refinery i, entity e, product p, and period t
importation costs per depot j, entity e, product p, and period t

inventory costs for crude at refinery i, entity e, period t



216 APPENDIX C: Deterministic and Robust MILP formulation of chapter 5

CND . inventory costs at depot j, entity e, product p, and period t
CNL 4 ep. inventory costs at customer k, entity e, product p, and period t
CNR ¢ o0 inventory costs at refinery i, entity e, product p, and period t
CRFD ¢ resources fixed costs for depot h, resource fp, and period t
CRFE .t resources fixed costs for depot h, entity e, resource fp, and period t
CROD , ¢ resources operating costs for depot h, resource fp, and period t
CROE . o: resources operating costs for depot h, entity e, resource fp, and period t
CTD hI,mt transportation costs between nodes h,l, mode m, and period t
CTFD L .
nLmt transportation fixed costs between nodes h,l, mode m, and period t
CTFE himet transportation fixed costs between nodes h,l, mode m, entity e, and period t
CTOD ,, .. . . ;
" transportation operating costs between nodes h,I for mode m, and period t
CTOE h,l,met
transportation operating costs between nodes h,l, mode m, entity e, and period t
CTu . . .
nhmept transportation unitary costs between nodes h,l, mode m, entity e, product p, and
period t
TDE

he.t depot tariffs at depot h, entity e, and period t

TTE | et transportation tariff between nodes h,l for mode m for entity e, and period t

3 Objective Function

The MILP maximizes the PSC total profits, in eq. (5.1), which are the sum of the refining margin
less the exportation, crude oil and refined product inventory costs; minus the product
importation and the storage depot inventory costs; plus the retail stage revenue less the retail
product inventory costs; the storage depot revenue less the storage depot tariffs; and the
transportation stage revenue less the transportation tariffs. These objective function terms are
obtained by their respective sub-functions eqgs.(5.2-5.9) for the first nine terms, egs.(5.10-5.13)
for the transportation tariffs, egs.(5.14-5.19) for the storage depot tariffs, eqs.(5.20-5.23) for the

transportation margins, and eqgs.(5.24-5.29) for the storage depot margins.
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W = MaxZZZ(MRLe,t—ZCEi,e,p,t—CNci,e,t—ZCNRi,e,p,t]

iel ecE teT pep peP

—ZZZZ(Cl j,e,p,t+CNDj,e,p,t)+ ZZZZ(MLk,e,p,t_CNLk,e,p,t) (5.1)

jed ecE peP teT keK ecE PeP teT
+ 33 > (MDEne:~TDEned)+ 2. 22 (MTEnimec—TTEnimes)

heH ecE teT (h,|ym)|31uh . ecE teT
MR 0= (2, o QR (02~ £15)-QC1, x g . Vie e ErteT (5.2)
CEi,E,p,t:QEi,p,tgtEni'\,li,e' Viel,eeE,pePteT, (5.3)
Clhep:=QlI h,e'p_tx(goit+§tlp), VheH,ecE pePteT (5.4)
CNCiet =) XSCu,tX(ﬂ.CXUi,\,‘ev Viel,eeE,teT (55)
CNRiept =¥ X SRipeX @y X7, Viel,eeE,pePteT (5.6)
CNDj,e,p,t:y XSDj,e,p,txq)E,t! VJ E‘]veEE! pE P!tET (57)
ML =0 (L—ftL)—Z QS. X0, VkeK,eeE,pePteT (5.8)

k,e,p,t k,e,p,t wp]t p (j’m)laﬂjkm J'k’m’e’p't ¢p'[l 1 ’ ’ .

CNLk'e'p't:h:’e’p’tXSkaeypyt, vkeK,ecE,peP,teT (5.9)

3.1 Transportation tariffs

The transportation tariffs are determined per transportation mode, route, entity and time period
in egs.(5.10), by aggregating the fixed, operating and volume based costs, which are
determined respectively in egs. (5.11),(5.12) and (5.13). As the model considers retrofit design
and the amortization of investment in MNA time periods, the fixed costs are generated only in

the non-amortized periods.

TTE o=+ ¢ *JCTFE ..+ CTOE st 2y CTU e ThEH T ELmeM A (hL,m)[3 U, €€EteT a=TRANSPORT (5 10)

hlmet

CTFE 11mer = Dous (ZT nimen 7CNETE + €050 x 11, JLAirr xt), V(R 1,m) 344y, € Eite T At< MNA (5.11)
CTOEnimet= ZUEU ZT himeuTCy (é: e +&ro° /—lh,|,m)’ v(h,I,m)|3 e, .ecEteT (512)

CTU niment = QP 1merni +QS nimerni Pl g W(h1,m)[3g,, e cE pePteT  (5.13)

3.2 Storage Depot tariffs

The storage depot tariffs are determined in egs.(5.14) per storage depot, entity and time period,
by aggregating the depot fixed and operating costs, the depot resources fixed and operating
costs, and the depot volume based costs, which are determined respectively in egs.
(5.15),(5.16),(5.17),(5.18) and (5.19). It should be noted that this formulation implements
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modularized as well as volume dependent linearized costs per entity in order to incorporate

economies of scale.
TDEhe: = (1+ O(BIXCDFEM,‘ +CDOEne; + ZMP (CRFEne. 1ot + CROEn g, i)+ ZnePCDuh,e,p,‘J vheH,eeE,teT,al=DEPOT (5.14)

CDFE et =, ZDnes7C, £ i (L+irrxt), vhe H e € E,t T,t < MNA,rl= DEPOT (5.15)

CDOEe: =, ZDhe 7C, <o VheH,eeE,teT,rl=DEPOT (5.16)
- " [Lirr xt
CRFE h,e,fprfm‘,ZR L fp(gp'l'\j’cf;%r')“m ), VheH,ecE fpe FPteT,t<MNA £1f(3ép;, (5.17)

CROE ne.tot = 2y Dy (ZRrmee. o/ NCPNE P,y + 10} Vh e H e ¢ E, fpe FP,te T, £1°| 26 %, (5.18)

CDUnepi= 0 > (QPusmens * Quime pc o P VheH,ecE peP,teT,r=DEPOT  (5.19)

3.3 Transportation operator margins

The operator margin per transportation mode, route, entity and time period is given by eq.(5.20),
which is the difference between the transportation route tariffs eq.(5.10) and costs eq.(5.21),
where the latter is the sum of the fixed costs eq.(5.22), the operating costs eq.(5.23) and the

volume based costs eq.(5.13).

M M
MTE nimet =\ 2 esce TTE i mez2t —CTD “"‘"‘"Inh,um,e + é/ej’ v(h1,m) |3, , AmeMPecEteT, ée‘ﬂnm,m,e (5.20)

CTDhime = (CTFD nime+ CTODime+ D e 20 s CTU nime. ) KGR IENTRES SN

peP

CTFD 1t = (Toam = 2 Abnm KT+ E 00 % g1 L+ iFT 1),
v(hIL,m) |3 mt €T ALSMNAAY+t>MNA

(5.22)

CTODh,I,m,t = OTh,I‘m(é rn? +§rmOD /uh,l,m)’ v(h,l,m) |E|/1h,|,mvt eT (5-23)
3.4 Storage depot operator margin

The operator margin per storage depot, entity and time period is given by eq.(5.24), which is the
difference between the storage depot tariffs eq.(5.14) and costs eq.(5.25), where the latter is the
sum of the depot’s fixed eq.(5.26) and operating costs eq.(5.27), the resources’ fixed eq.(5.28)

and operating costs eq.(5.29) and the volume based costs eq.(5.19).

N N
MDEh e = (ZEZEETDEh'ez't_CDDh’[XUhe_'_ge) VheH,ecEte T,;E\Enhe (5.24)

CDD = DDy +CDODh:+ Yy o (CRFD1 i +CRODn )+ Y. ,CDUneps Ve teT  (5.25)

fpeFP
CDFD :(IDh_Z(y+t)>MNA th,y)ir F(L+irr xt), VheH,teT At<MNAr=DEPOT (5.26)
CDOD,,=0DvéT 7, VheH,teT,r=DEPOT (5.27)

CRFD =Y W[m S - "fh,mmm)(é pF o +erFivimxt)vheH, fpeFP,teT At<MNAErFBE DT, (5.28)

CROD | 1= X e e OR ninep (P 0+ & ) VheH teT, fpeFP&r?

2Dy, (5.29)



APPENDIX C: Deterministic and Robust MILP formulation of chapter 5 219

3.5 Entity tariffs based on non-amortized costs

Equations (5.11), (5.15) and (5.17), presented earlier, consider the reduction of the
transportation route and storage depot entity tariffs, following the amortizations of the
investment costs in each period. However, these tariffs may be fixed and based on the non-
amortized costs, in which case eqgs.(5.11), (5.15) and (5.17) are replaced respectively by
egs.(5.30), (5.31) and (5.32).

M . M
CTFE | ime:= ; ZT himenTC, [1—77“me ;Kth,l my](g rhyert® #h‘,‘th- irrxt), (h,1,m)|3 g, . e € EteT,t<MNAV (ﬂ]]h‘lme AY+E> MNA) (530)

CDFE ho: = Z[ZDhevuICu(l—ﬁ: . deh,yj}g rF x(@+irrxt)vheH,ecEteT /\(t <MNA v 5577: ) r=DEPOT (5.31)

uel (y+t)>MNA

CRFE pe.1p = zfm‘r kxZR h,fm,r,e‘p(g prpté r,FX1+ irr x t)/NCP,

32)
VheHecE fpeFPteT k=1[t<MNAV-3Y 4. n' crffaep],

4 Constraints

4.1 Volume balance equations

The volume balance constraints comprise of the first period and following periods processed
crude constraints, egs.(5.33-5.34), the restrictions related to the crude oil importation and
processing volumes based on the refinery capacities, eqs.(5.35-5.36), the refined product
volumes given by the crude oil’s product mix yield, eq.(5.37), the volume balance constraints at
refineries, eqs.(5.38-5.39), the volume balance constraints at the storage depots, egs.(5.40-
5.41), and the volume balance constraints at the retail stage, egs.(5.42-5.43).

SC0i +QCI; , =QCP; ,+SCi., Viel,teT at<l (5.33)
SCi1+QCI, =QCP;+SCi,, VielteT at>1 (5.34)
QCl, < p, VielteT (5.35)
QCP, < p;, VielteT (5.36)

QRyy Drsetr =QCP Dy oy Vi€ PLEPLET, M= ANY c1=DENSITY, p2=CRUDE  (5.37)

SROi, +QR; ,, = me,\;eeQEPi'i'm'e’p't +QE; Lo TSRipuViel, pePteTat<1 (5.38)

SRipat QR = D QPiime i T QB i+ SRipe Viel pePteT at>1 (5.39)
meMC,ecE

SDOj,p,e+ ZQPh,j,m,e,p,t +QI iLept — ZQPj,h,m,e,p,t + ZQS j.k.me,pt + SDL&PI’ 5.40

(heH,m)lﬂ’qum (hij,m)HIquh‘m (keK,m)lﬂluj‘k‘m ( ' )

Vjed,jl= jam=MARITIME,ecE,peP, teT t<1
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SDje st ZQPh,j,m,e,p,t +QI lept = ZQPj,h,m.e,p.t + ZQS ikmept T SDjept
(heH M, heimig, (kekomiage, (5.41)

Vjield,jl= jAm=MARITIME,ecE,peP,teT,t>1

SLOken+ 2 QS umept = Okeps+ Sliept:VkeK ecE pePteT at<l

= (5.42)

SLiepiat 2 QS kmeps = Okeptt Sliept: VkeK ecE pePteT at>1
(GmBg,

4.2 Transportation network

(5.43)

The transportation network operating capacities are determined per transportation mode, route

and entity in eq.(5.44) using binary variables ZT ,,n... The route capacities determined per

entity, enforce that the corresponding routes are operating with eq.(5.45), and are installed with
eq.(5.46), consequently enforcing the installation and operation of resources for the installed
and operating transportation modes. The installation of the existing transportation routes is
enforced by egs.(5.49).

P S
Zdh,u—lZT himeu < Z‘ET ZpeP 2 h"’m’e’p’[’J_—I_Q nimept < ZTth,u ZTnimew ¥(,1, m]a(gr; Y frr:D) Aty moe < E (5.44)
ueU

uel

D ZThimes <OTnimx NB, V(h,lymﬁ(cfr: v fr:D) Apnm€€E  (5.45)
OTh,I,m < ITh,I,mi V(h, I: m) | aﬂm’m (5.46)
ot hl,m s Z fm:m,r,prR h, fm,r, fp! V(h,l,m) |E|/uh,l,m (5.47)
lTh'llmSZ fm=m,r, fp R h, fm,r, fp? v(hil’r‘n)H:uh,l,m (5.48)
Ktormy S I Thim, v(h,l,m) |E|/uh,l,m1 yeY (5.49)

4.3 Storage Depot network

The operating resource capacities per storage depot, transport mode family and product family
are determined for each entity by egs.(5.50) and aggregated per depot in eqgs.(5.52-5.53,5.56).
These are determined as the operating resources that determine the operating costs and the
installed resources that determine the fixed costs. Eq.(5.51) restrict the number of journeys on
road routes with bridges, which restrict the transfer volumes, and consequently have an impact
on the decision of the depots to install. The linearized cost parameters are used in eqs (5.57) to
determine the depot operating and installation costs’ affectations per entity. The installation and
operation of resources per product and entity, also determine the operation or closure of

existing depots or installation of new storage depots, as enforced in egs.(5.55-5.56,5.58-5.59).
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(ZRn tmre. o =L)X 0F mr. 1o % (L= K)HPP + k x TPP)/NCP

SZ Z z ZQPh,j,m,e,p,t+ ZQSh,k,m,e,p,t [(1_k)+

T OFP p MFM ool L7 i L, kel
< ZRn tmre, o tmr. (L~ KYHPP + k x TPP)/NCP, wh e H,e < E,(fm, 1, fp) [36F 1., k =1/ fm = ANY

Z|Eﬂ"h| e<E.peP (Qph,l,m,e,p,t + Qsh,l,m,e,p,t)

@M, p

< MAXBRIDGE,vheH,meM Am=ROAD,teT

(FRm,ch FRm,cZXTPP)
yey th,fm,r,y,fp S IRh,fm,r,fpv vh e H, fme FM,r e R, fp e FP,(fm, r, fp) |3afm,r,fp
ZEEE ZRn, tmr e, ip < ORp, fm,r, fp * NCP, vheH, fme FM,r e R, fp e FP,(fm,r, 1) 36K tmr, fp
ORb.fmr.1p < ODp x NB, vheH, fme FM,r e R, fpe PP (fm 1, 1) BEK gy 1o
IRh, fmr. o < 1D x NB, vheH, fme FM,r e R, fpe FP,(fm 1, 1) 36K fmr.
ORn, imr, o = IRn, fm,r, tp+ VheH, fme FM,r e R, fp e FP,(fm,r, fp) 3K fmr, fp

ZTth,u_lzthevu < ZZRh,fm’,VevfperfmvryprTPP/ NCP < ZTth,u ZDheus vh e H,e e E,r = VESSEL

uel fm,r, fp ueU
> 2D, <OD xNB, VheH,ecE
OD,<ID,, VheH

4.4 Minimum and Maximum inventory constraints

SCii2 px o, Viel teT a=CRUDE

SCi < px o Viel,teT,a=CRUDE

QCP,, = p;x ", Viel,teT,a=REFINING

SRi pt < O Xgi,pxﬂg/'ax, Viel,peP,teT,t>1At<T —-1La=REFINING
SLieri <Sien* B VkeK,eeE pePteT,t>1at<T,a=RETAIL
OTn,o,mlen,o,mzoy vneN’oeo’mEM’/\/un,o,m:O

Qe =0 vheH, jed,meM ek, pePteT Ay, 15, )

QS e =0 VjelkeK,meM,ecE pePt ET’/\(/Uj‘k‘m>U%,p)

J+ SDhepixk | /NT (5.50)

(5.51)

(5.52)

(5.53)

(5.54)

(5.55)

(5.56)

(5.57)

(5.58)

(5.59)

(5.60)

(5.61)

(5.62)

(5.63)

(5.64)

(5.65)

(5.66)

(5.67)
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The minimum and maximum bounds for inventories at crude oil, refinery, and retail stages as

well as the primary and secondary transportation restrictions are enforced by eqs (5.60-5.67).

5 Crude Cost and Product Price Uncertainty

The robust counterpart formulation for the maximization of the PSC total profits, considering
crude oil costs and product prices uncertainty is given by egs.(5.1a), subject to the original
problem constraints and additionally egs.(5.68-5.72).

max(yy” )=y _(rw fTY y;t)_(mc 'y ﬂfj

teT pep teT (5.1a)
subject to:  constraints (5.33-5.67)
Al =@ Y QR IPEPALeT (5.68)
A%+ ngfZimeEQCl e VEET (5.69)
,uiytZO, VpePAateT (5.70)
u >0, vteT (5.71)
27>0, >0 (5.72)

6 Crude Cost, Product Price and Excess Capacity Cost

Uncertainty

The robust counterpart formulation for the maximization of the PSC total profits, considering the
crude oil costs, product prices, and inventory capacity costs is provided by egs.(5.1b), subject to

the additional constraints, egs.(5.73-5.75).

max(wej =y —(rw Sy y;ﬂt]—(rcf +y MCJ—(FW DI

teT peP teT keK ecE peP teT J (51b)
subject to:  constraints (5.33-5.67),(5.68-5.72)

,1*+ﬂ:,e,p,t > ﬁk,e,p,thLk’e’p"’VK eKneeEApePAateT (5.73)
Hep 20 VkeKneeEApePAteT (5.74)
21720 (5.75)

7 Customer Demand Uncertainty

The robust counterpart formulation for the maximization of the PSC total profits, considering
customer demand uncertainty are given by egs.(5.1c), subject to the additional constraints,
egs.(5.78-5.81).
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max(()yéj =Y - ZZZZ H ke.pt

keK eeE pePteT (51C)

subject to:  constraints (5.33 —5.41),(5.44 —5.63), (5.65 —5.67)

+ 5 6
H ke, p,t 2 hk,e, p't(Z[JZmQSj'k mepr - 5k,e,p,r] + ri,e, p,tﬂzi,e, p.t + Ztll’lk,e,p,r,t}

~| 4 mep, (5.78)
VkeKreeEApePAteT

5 5 S Max
;[Lzm Sj,k,m,e,pyz— o 5k,e,p,rj + rk,e,p,t ﬂ/k,e,p,t + ;ﬂk,e,p,r,t S 5k,e,p,t+1>< ﬂa ! (579)
VkeK,eecE, peP,teT,t>1At<T,a=RETAIL
,1f’e,pyt+yiep”25’\k , VkeKaneeEApePAteT Ar<t (5.80)
T ,6,p, 7
Af,e,p,t,yfye‘p,r’tzo, VkeKAreeEApePAteT Ar<t (5.81)

8 Crude Cost, Product Price, Excess Capacity costs, and

Demand Uncertainties

The robust counterpart formulation for the maximization of the PSC total profits, considering the
crude oil costs, product prices, inventory capacity costs, and demand uncertainties are given in

egs.(5.1e), subject to the associated constraints and additionally egs.(5.84).

)y - SESIH,,, (P ST e S e S S

keK ecE peP teT teT peP teT keK ecE peP teT j (5.1e)
subject to:  constraints (5.33-5.41),(5.44 —5.63), (5.65 —5.67), (5.68 —5.75), (5.78 —5.81),(5.85)

+ At S Pl 5
k.e,pt 2 (hk,e,p,t + hk,e,thj[;(jzmQSj,k,me,p,r _5k‘e‘p,r] +Fk,e,p,tﬂk.e,p,t + Zﬂk,e,prl]’ Vk eK nee En p ePateT (585)



