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Abstract

This thesis proposes a novel synergy of the classical scenario and robust approaches used for
strategic supply chain optimization under uncertainty. Two novel formulations, namely the naive
robust scenario formulation and the affinely adjustable robust scenario formulation, are
developed, which can be reformulated into tractable deterministic optimization problems if the
uncertainty is bounded by the infinity-norm. The two formulations are applied to a classical farm
planning problem and an energy and bioproduct supply chain problem. The case study results
demonstrate that, compared to the scenario formulation, the proposed formulations can achieve
the optimal expected economic performance with smaller number of scenarios, and they can
correctly indicate the feasibility of a problem. The results also show that the affinely adjustable
robust scenario formulation can better address uncertainties than the naive robust scenario

formulation.

Next, a strategic optimization problem for an industrial chemical supply chain from DuPont was
studied. The supply chain involves one materials warehouse, five manufacturing plants, five
regional product warehouses and five market locations. Each manufacturing plant produces up to
23 grades of final products from 55 grades of primary raw materials. The goal of the strategic
optimization is to determine the capacities of the five plants to maximize the total profits of the
supply chain system while satisfying uncertain customer demands at the different market
locations. A mathematical model is developed to relate the material and product flows in the
supply chain, based on which the classical scenario approach and the affinely adjustable robust
scenario formulation were developed to address the uncertainty in the demands. The case study
results show the advantages of the affinely robust scenario formulation over the scenario

formulation.



Using the affinely adjustable robust scenario formulation often results in problems with very
large sizes, which cannot be solved by regular optimization solvers efficiently. In order to exploit
the decomposable structure of the formulation, Dantzig-Wolfe decomposition is studied in the
thesis. Two approaches to implement Dantzig-Wolfe decomposition are developed, and both
approaches involve the solution of a sequence of linear programming (LP) and mixed-integer
linear programming (MILP) subproblems. The computational study of the industrial chemical
supply chain shows that a combination of the two Dantzig-Wolfe approaches can achieve an
optimal or a near-optimal solution much more quickly than a state-of-the-art commercial
LP/MILP solver, and the computational advantage increases with the increase of number of

scenarios involved in the problem.
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Chapter 1

Introduction

1.1 Background

With modern enterprises commonly incorporating multiproduct and multi-site facilities, the need
for supply chain analysis is vital to remain competitive. Supply chain management is defined as a
set of approaches utilized to efficiently integrate suppliers, manufacturers, warehouses, and
stores, so that merchandise is produced and distributed at the right quantities, to the right
locations, and at the right time, in order to minimize system wide costs while satisfying service
level requirements (Simchi-Levi et al., 1999). A simple example of a supply chain network is

given in Figure 1.1 which shows potential layers and channels that can be used.

Supply zone 1 Manufialcturer | Distributor 1
Retailer 1
Supply zone 2 Manufacturer | Distributor 2
2
Retailer 2
y
Supply zone 3 Manufacturer Distributor 3
3 -

Figure 1.1. Example of a network for a supply chain problem



The design and planning of supply chains typically involve many decisions which can be
classified under the appropriate levels of operational, tactical and strategic decision-making.
McNair and Vangermeersch (1998) provide descriptions of the three levels. Operational decisions
are focused on short-term problems and strive to ensure that product is available for when and
where the customer demands it. The tactical perspective can be bounded by a six month to three
year time frame and decisions are focused on improving performance by reducing the required
resources and by eliminating bottle-necks and nonvalue-added activities. The strategic level
defines the processes and activities that will form a competitive advantage for industries. The
decisions are related to the total quantity and type of capacity needed, the location of
infrastructure, and the attainment and segmentation of infrastructure. Each level of decision-

making is vital to the overall success of the supply chain.

Within the process systems engineering community (PSE), supply chain optimization (SCO) has
emerged as a major research direction. Oil and gas, chemical, biorefinery, and carbon capture and
storage networks are a few examples of the fields of research within the PSE community. There
are not only measures based off financial flow or customer responsiveness, but also increased
competition and shorter product life-cycles, the need for improved sustainability and
environmental impacts, and future regulations and compliance requirements that dictate the need
of SCO research (Papageorgiou, 2004). SCO models can be either mathematical programming or
simulation-based. Mathematical programming models are for optimizing important decisions
involving unknown configurations, such as supply chain network design or distribution planning.
Simulation models cover the dynamic operation of a fixed configuration featuring operational

uncertainty, in order to gauge performance measures.



1.2 Supply Chain Optimization and Consideration of Uncertainty

The necessity to account for uncertainty in supply chains has been accepted as a significant issue
(Sahinidis, 2004). Sources of uncertainty can be related to raw material supplies, transportation
and logistics, production and operation uncertainties, product prices, emissions, etc. Models that
account for these uncertainties can be large in size and difficult to solve. Approaches to
optimization under uncertainty will have objectives to minimize deviations of goals, minimize
expectations, or most commonly minimize overall costs. These main approaches can be based off
of fuzzy programming (which includes flexible and possabilistic programming) or stochastic
programming (which includes recourse models, robust stochastic programming, and probabilistic
models). Within recourse models, by considering a finite number of uncertain parameters
sampled, the scenario formulation can be used. The general recourse model for a two-stage

stochastic problem, the scenario formulation and robust formulation will be described below.

1.2.1 General Recourse Model

A standard formulation for a two-stage stochastic formulation with recourse is given below

(Birge and Louveaux, 2011)

Problem (P)
min c'x+E.[Q(x,9)] (L.1)
st. Ax<b , (1.2)

where X e X < IR™ represents the first-stage decision variables, which can be either continuous
or integer depending on the problem, and are made before the realizations of uncertainty. Related
to strategic supply chain optimization under uncertainty, the first-stage variables are typically

design decisions, such as whether or not to develop a unit in the network, the capacity of a plant
3



or warehouse or the mode of transportation. These design variables are decided before the actual
realization of the uncertain parameters. ¢ e R™ symbolizes the costs related to the first-stage
decisions, such as the cost related to capacities of the manufacturing plants. AeR™™
beR™, and constraint (1.2) includes the limitations of the first-stage decisions, such as the

topology relationship for the units in the supply chain network, maximum capacity limits of

plants and warehouses, etc. The costs related to the second-stage decisions are
Q(x,&) =min{q(&)" y: T (&)x+Wy <h(&E)}, in which & € = denotes the uncertain parameters
that are realized when making the second-stage decisions, such as raw material and product
prices, customer demands, product conversions, etc. yeR"y denotes the second-stage

continuous variables and in relation to strategic supply chain optimization, they represent the

operational decisions such as material and product transportation plans for the various layers of
the supply chain. q(&)eR™, T(£)eR™™, W eR™™, h(&)eR™are parameters in
relation to the second stage, &£ in the parentheses after the parameters indicates that the they are

dependent on the realization of uncertainty. W is a known constant assumed to be independent of

the uncertain parameters here which means Problem P has fixed-recourse (Birge and Louveaux,
2011). E,-[Q(x,£)] in the objective function of Problem P, denotes the expected second-stage

cost over different realizations of uncertainty.

1.2.2 Scenario Formulation

Since Problem P is intractable, as it assumes full knowledge of the uncertain parameters, it can be
transformed approximately into a tractable optimization problem for practical solution. A

common approach to approximate the general problem, is to address a finite number of



realizations of uncertainty within the optimization. These realizations are typically called

scenarios, and it leads to the formulation outlined below.

Problem (S)
; T : T
min ¢'x+ > p,d,Y, (L3)
EA @=1
st. Ax<bh, (1.4)
Tx+Wy <h, o=1..5s. (1.5)

The parameters dependent on uncertainty are characterized by s scenarios (indexed by subscript
w) and the relevant probabilities are denoted by p, . The second-stage variables are now

explicitly optimized for s groups for Problem S. If the number of scenarios is 1, and the uncertain
parameters realize their expected value, the resulting formulation becomes the so-called expected

value (or deterministic) formulation.

1.2.3 Robust Formulation

Another approach to approximate the general Problem P, is to address the “worst-case scenario”
(i.e., the scenario in which the constraint is most likely to be violated), as opposed to addressing a
finite number of predetermined scenarios. The resulting problem is called a robust optimization
problem (Ben-Tal et al., 2004), and is typically motivated by applications in which feasibility is

more important than optimality of the solution. The robust optimization problem is written in the

form

Problem (R)
Xrg(my c'x+q'y (1.6)
st. Ax<b, (1.7)
ngeaax{tiT (E)x+W'y—h(£)}<0, i=1..m,. (1.8)

5



For convenience, the group of second-stage constraints (1.8) are expressed as m, individual
inequality constraints. Vectors t, w. e R™ (i =1,...,m,) are obtained from disassembling the
matrices T and W, ie, [t-t, 1'=T, [w--w, T =W, heR(i=1..,m,),
[h---h, ]' =h, a bar -’ over parameters or variables indicates the nominal (usually is set to the

expected value) of that parameter or variable.

1.2.4 Affinely Adjustable Formulations

In order to reduce the conservativeness of robust optimization, an affinely adjustable robust
formulation is developed by Ben-Tal et al. (2004). Here the second-stage decision variables are
adjusted for different realizations of uncertainty according to an affine function of the uncertain

parameters, y=UZ&+vVv. The second-stage decisions can then be optimized through matrix

U e R™™ and vector veR™ . This approximation to the general problem P is given by

Problem (AAR)

min c'x+q" (UE+v)

xeX,U, v (19)
st. Ax<b, (1.10)
max{t] (&)x+w (UE+V)—h(£)}<0, i=1..,m, (1.11)

Problem (AAR) contains more decision variables than problem R, but by having more flexibility
in deciding the second-stage decision variables, increased optimality of solution can be achieved.
As shown later in Chapter 3, this formulation can be reformulated into a tractable, single-level,
convex optimization problem with the assumption on the uncertainty set = (Ben-Tal and

Nemirovski, 1999).



1.2.5 Advantages/Disadvantages of the Scenario Formulation and Robust Formulation

The scenario formulation is widely used in SCO research and manages to retain flexibility in of
determining the second-stage decisions according to different realizations of uncertainty. Often it
will achieve a good estimation of the expected performance and return reasonable solutions. The
drawback to using the scenario formulation is that it cannot guarantee feasibility of the solution,
since not all uncertainty realizations for each parameter can be included. By increasing the
number of uncertainty realizations, the chances of obtaining a feasible solution would rise.
However, this could cause the size of the formulation to drastically increase, making it
computationally intractable. It is difficult to identify how many scenarios are required for a

reliable solution.

The robust formulation was developed to guarantee feasibility against a given set of uncertainty
realizations (if a feasible solution exists). The shortcoming of the formulation is that it usually
cannot accurately predict expected performances, since only the worst-case uncertainty
realization is addressed in the problem. As a result, the robust formulation should only be used in
applications where the feasibility of the problem is of much greater importance than its
optimality. Since the objective function of the affinely adjustable robust formulation still involves
the nominal costs instead of expected second-stage costs, this formulation may still lead to poor

solutions as well.



1.3 Decomposition Algorithms

With the large problem sizes and complexities involved in optimization under uncertainty, there
is a focus on developing efficient solution procedures. Incorporation of decomposition algorithms
is a promising solution to this problem. Two-stage stochastic linear models have a problem
structure that can allow it to be solved by a variety of different methods (Birge, 1985). Benders
decomposition (Benders, 1962), is a popular approach for exploiting the structure of a model that
contains complicating variables. Geoffrion (1972) proposes generalized Benders decomposition
which can be applied to a wider array of problems. In stochastic programming literature, benders
decomposition is referred to as the L-shaped method. Multi-cut strategies can be applied when
discrete distributions of the uncertain parameters are considered. For continuous uncertain
parameter distributions, sample-based decomposition and approximation schemes, as well as
gradient-based algorithms can be used. Dantzig and Wolfe (1960) developed a decomposition
algorithm for linear programs that involves an iterative process of solving subproblems and
generating columns. For integer programming, algorithms contain ideas from lift-and-project and
reformulation-linearization techniques for Benders-like decomposition approaches (Sahinidis,

2004).

1.4 Research Objectives

The objective of the thesis is to first develop a novel formulation in order to solve two-stage
strategic supply chain optimization problems under uncertainty. The formulation is to be a
synergy of the classical scenario formulation and robust formulation used to solve two-stage
stochastic supply chain problems. The solutions obtained by the new formulation should provide

better estimations of performance (which is a weakness in the robust formulation and sometimes



the scenario formulation) and feasibility (which the scenario formulation cannot guarantee). This
hybrid formulation will then be compared to the classical approaches for case studies of varying
complexities. The cases solved will be linear programming (LP) and mixed-integer linear
programming (MILP) problems. It should be noted that independent uniform distributions
(further explained in Chapter 3) are assumed for uncertain parameters in all case studies in the

thesis, as the focus of the thesis is not related to figuring out the structure of uncertainty.

The mathematical model for an industrial chemical supply chain problem will be developed from
data provided by DuPont. The supply chain network consists of one materials warehouse, five
manufacturing plants, five regional product warehouses and five market locations. Each
manufacturing plant produces up to 23 grades of final products from 55 grades of primary raw
materials. The goal is to determine the capacities of the five plants to maximize the total profits of
the supply chain system while satisfying uncertain customer demands at the different market
locations. The developed hybrid formulation will be used to address the uncertainties and solve

this strategic optimization problem.

In addition to developing the novel formulation, the Dantzig-Wolfe decomposition algorithm will
be studied and applied to the new hybrid formulation for an industrial case study. The objective is
to show the benefits of the decomposition algorithm for MILP problems compared to using the

state-of-the-art CPLEX solver (IBM CPLEX, 2014).



To summarize, the major contributions of the thesis are:

o Develop a hybrid formulation based on the synergy of the scenario and robust
formulations, in order to improve the solutions achieved for strategic supply chain
optimization problems under uncertainty.

e Formulate the mathematical model for a large-scale industrial chemical supply chain
problem, and apply the developed hybrid formulation to address uncertainties.

o Develop Dantzig-Wolfe decomposition procedures to improve computing times when

using the novel hybrid formulation.

1.5 Thesis Structure

The thesis is arranged as follows: Chapter 2 presents a review of the literature. In chapter 3, the
developed novel formulations will be discussed, and their benefits will be displayed in two case
studies. In Chapter 4, the mathematical equations for an industrial sized case study are developed,
and the benefits of the hybrid formulation are again shown. In chapter 5, the Dantzig-Wolfe
decomposition algorithm will be discussed along with its results compared to those of the CPLEX
solver for the industrial case study. Lastly, in Chapter 6 the conclusions and future works are

presented.
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Chapter 2

Literature Review

2.1 Supply Chain Design and Planning

In this section, literature related to supply chain design and planning is reviewed. It has been
divided such that deterministic models are examined in section 2.1.1 and studies that consider

uncertainty are examined in section 2.1.2.

2.1.1 Deterministic Models

Through coordinated planning in supply chain design, costs can be minimized, market-size can
increase and other objectives may be achieved such as a focus on sustainable supply chains and
waste management. Numerous studies related to the operational, tactical and strategic levels of

decision-making have been made at static and multi-period levels.

Within early research, an optimization-based decision support system was developed for the
company Nabisco to manage problems involving facility selection, equipment location and
utilization, manufacturing and distributing the products (Brown et al., 1987). The resulting MILP
model allows for savings on transportation and production costs. Camm et al. (1997) performed
studies to aid Procter and Gamble’s North American supply chain. Annual savings of $200
million were resulted by combining integer programming, network optimization and geographical
information systems. Sabri and Beamon (2000) develop an integrated multi-objective supply
chain model at the strategic and operational levels. A performance measurement system is used

that incorporates cost, customer service levels, and flexibility. A MILP model is developed by

11



Tsiakis and Papageorgiou (2008) to determine the optimal configuration of a production and
distribution network that is subject to capacity and financial constraints. The operational
constraints consider quality, production, and supply restrictions and the financial constraints
include production costs, transportation costs, and duties for the material flow. Out-sourcing
production is considered when demand cannot be satisfied. Sustainable supply chains under the
emission trading scheme are studied by Chaabane et al. (2012). A MILP model is used that
considers life cycle assessment in addition to the material balance constraints of the supply chain.
Marvin et al. (2013) proposes a MILP model for determining the locations and capacities of
economical biomass facilities. The feasibility of meeting the governmental biofuel mandates in
2015 is examined. Akgul et al. (2012) examine the economical and environmental performance of
a static biofuel supply chain system. Potential greenhouse gas savings and the impact of carbon
tax are analyzed. Within pharmaceutical research, Susarla and Karimi (2012) examine an
industrial scale planning problem for a multinational pharmaceutical enterprise. Their model
incorporates procurement, production, distribution, the effects of international tax differentials,
inventory holding costs, material shelf-lives, and waste treatment and disposal. The oil and gas
industry features work performed by Stebel et al. (2012) in which they aim to reduce the gap
between scheduling activities in pipeline networks for supply of petroleum products. Their MILP
model is applied to a case study involving a Brazilian Oil company. An optimization-based
supply chain network is proposed by Elia et al. (2013) for nationwide, statewide, and regional
analyses of natural gas to liquids systems across the United States. The large-scale MILP model is

solved by minimizing the costs of fuel production.

For multi-period models at the operational and tactical levels of SCO problems, the time horizon
is usually a few days to several months and faces decisions such as equipment changeovers and

inventory management. Wilkinson et al. (1996) propose an aggregate model as an approximate

12



formulation to allocate production over a week-long horizon. Equipment changeovers and
intermediate storage is considered in the model. McDonald and Karimi (1997) consider a
deterministic MILP formulation for scheduling of a semi-continuous process. Safety stock and
short fall penalties are included in the inventory costs and multiple facilities are considered for
geographically distributed customers. Another MILP formulation is proposed by Timpe and
Kallrath (2000) for a multi-site production network. Equipment items can operate in different
modes and the model is flexible in the fact that timescales for production and distribution can be
altered. Jin-Kwang et al. (2000) focus on operational decisions, specifically a supply chain for
sales, intermittent deliveries, production shortfalls, delivery delays, inventory profiles and job
changeovers, for their multi-period optimization model. More recently, Lim et al. (2012) design a
rice mill complex based on fluctuating thermal and electrical demands, diverse energy supply
options, varying product demands, resource availability and product degradation. Inventory has
the potential to degrade at each time period and 12 months are considered. Multi-period models at
the strategic decision making, covers matters such as capacity, production and distribution,
regularly involves a time horizon of a few years. A multi-period model was proposed by Liu and
Sahinidis (1996) which focuses on a two-stage stochastic model for process planning under
uncertainty. Up to four time periods are considered as well as 5% scenarios. Bok et al. (1998)
extend the previous model to consider the investment for long-term capacity expansions. They
use a mixed-integer nonlinear programming (MINLP) model to trade-off between the expected
net present value, its expected square of deviation and the anticipated square of excess capacity.
lyer and Grossmann (1998) determine the optimal selection and expansion of processes using a
MILP model. Up to eight scenarios are considered and 10 time periods are used. Another MILP
model is described by Papageorgiou et al. (2001) for a pharmaceutical industry problem. Product
development, capacity expansion and investment strategy are included in the optimization with a

time period of several years. Jackson and Grossmann (2003) outline a multi-site, multiproduct

13



plant in which nonlinear process models are used. A success story of a multi-period model for a
chemical industry is revealed by Kallrath (2002). A horizon of up to 15 years was used and the
paper features a sensitivity analysis outlining varying product demands. Within the oil industry,
MINLP multi-period formulations are developed for large-scale operations by Neiro and Pinto
(2004) and Schulz et al. (2005). Sundaramoorthy et al. (2012) examine a multi-period MILP
model in which they determine the capacities for integrated continuous facilities for potential

products facing clinical trial uncertainty.

For further studies, Papageorgiou (2009) outlines the advances and opportunities of supply chain
optimization for the process industries. Works related to both static and multi-period models are
examined. Nikolopoulou and lerapetritou (2012) present a review on the optimal design of
sustainable chemical processes and supply chains. They focus on sustainable supply chains
related to energy efficiency and waste management, environmentally sustainable supply chains
and sustainable water management. Awudu and Zhang (2012) address studies related to biofuel

supply chain management in relation to uncertainties and sustainability concepts.

2.1.2 Consideration of Uncertainty

Through consideration of uncertainty (e.g., raw material supplies, product demands and prices, or
conversion factors) the accuracy of the solution can increase with the trade-off that the model is
usually large in size and difficult to solve. Two-stage stochastic formulations with recourse and
robust optimization are common approaches to solve these types of programming problems.
Gupta and Maranas (2000) develop a two-stage stochastic model for a multi-site midterm supply
chain planning problem. Demand is included as the uncertain parameter and production decisions

are considered as the first-stage variables. Guillen et al. (2006) also consider demand uncertainty
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for the design of a chemical supply chain. Their model maximizes profits through a multi-stage
stochastic MILP model. Salema et al. (2007) use a scenario-based approach for the design of a
reverse logistics network that incorporates capacity limits, multi-product management, and
uncertainties on product demands and returns. Within the oil and gas industry, Ribas et al. (2010)
use a two-stage stochastic model with a finite number of scenarios to address the development of
a strategic planning model for a Brazil oil supply chain. The sources of uncertainty include crude
oil production, demand for refined products and market prices. Terrazas-Moreno et al. (2012)
utilize a MILP model for a two-stage stochastic problem with endogenous uncertainty for the
design of a large-scale chemical process with integrated sites and random process failures.
Gebreslassie et al. (2012) propose a bicriterion, multi-period stochastic MILP model for the
optimal design of a hydrocarbon biorefinery supply chain. The objective is minimization of
expected annualized costs and of the financial risks with supply and demand uncertainties. Han
and Lee (2012) study a multi-period stochastic programming model for planning carbon capture
and storage network which includes CO, utilization and disposal. A two-stage approach is used to
account for uncertainties in product prices, operating costs, and CO, emissions. Chu and You
(2013) examine a two-stage stochastic programming problem for integration of scheduling and

dynamic optimization of a production process under uncertainty.

Robust optimization, which seeks to attain a feasible solution to an uncertain system, has not been
widely studied within the PSE community, especially at the strategic level (Grossmann and
Guillén-Gosalbez, 2010). At the operational level, Janak et al. (2007) consider robust
optimization for a short-term scheduling problem for multipurpose batch processes. Robust
optimization has been examined more so in control applications (Goulart et al., 2008) and

operations research literature (Kuhn et al., 2011).
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2.2 Decomposition Strategies

This section is divided such that decomposition strategies from literature are reviewed in section
2.2.1. Next, in section 2.2.2, the Dantzig-Wolfe decomposition algorithm is outlined for a typical

linear programming problem.

2.2.1 Decomposition Strategies Review

Due to the nature of the large problem sizes when accounting for uncertainty, it becomes
necessary to consider the implementation of decomposition strategies, so that the problems can be
solved within reasonable computing times. In literature, there are many works in the PSE

community related to Lagrangian decomposition and Benders decomposition techniques.

Jackson and Grossman (2003) consider a Lagrangian based method on a multi-site, multiproduct
network in which nonlinear process models are applied. They compare temporal and spatial
decomposition methods, in which the effectiveness of the temporal method is detailed. Neiro and
Pinto (2004) use a similar Lagrangian strategy for their large-scale petroleum supply chain model
and soon after, the work is extended by Chen and Pinto (2008). You and Grossmann (2008, 2010)
extend the strategy to nonlinear models with stochastic inventories. lyer and Grossmann (1998)
suggest a bilevel decomposition technique to reduce the computational times of their mixed-
integer linear programming (MILP) formulation involving the selection and expansion of
processes. Jin-Kwang and Grossmann (2000) use the bilevel approach on a problem involving
operational decisions such as sales, deliveries, production shortfalls, etc. You et al. (2011) later
performed a comparison of Lagrangian and bilevel decomposition schemes involving a multi-
period MILP model for a multisite system. Their results show that the bilevel decomposition

gives faster computational times and a smaller optimality gap for their specific problem. Liu and
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Sahinidis (1996) test both a Branch-and-Bound and a Benders decomposition algorithm on their
two-stage stochastic multi-period model. Terrazas-Moreno et al. (2012) and Gebreslassie et al.
(2012), whose papers were discussed in the previous section, use Benders decomposition and a
multi-cut L-shaped method, respectively, to overcome the complexities of their MILP models. A
slight deviation from the Benders algorithm is used by Egging (2013), in which a large-scale,
multi-period stochastic model is applied to a global natural gas problem. Vaskan et al. (2013)
propose a decomposition method for MILP problems based off a bilevel decomposition strategy.
A lower bounding master problem is solved followed by an upper bounding slave problem where
the pixels of the master problem are disaggregated. This technique is applied to a case study on

sewage sludge amendment in Catalonia.

An alternative approach, not as commonly implemented within supply chain optimization
problems or for MILP models, is the Dantzig-Wolfe decomposition algorithm which consists of a
restricted master problem that contains the active columns from the solutions of the subproblems.
Pimental et al. (2010) utilize the Dantzig-Wolfe algorithm, along with a branch-and-price
algorithm, where a MILP model is applied to multi-item capacitated lot sizing problem with setup
times. The subproblems of the Dantzig-Wolfe algorithm are defined by items and then by periods.
The algorithm has also been featured in such research areas as security-constrained unit

commitment problems (Fu et al., 2005) and moral-hazard programs (Prescott, 2004).

2.2.2 Dantzig-Wolfe Decomposition Algorithm

This section introduces the Dantzig-Wolfe algorithm based on the discussion in Bertsimas and

Tsitsiklis (1997).
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2.2.2.1 Overview of the Restricted Master Problem and Subproblems

A typical linear programming is considered for the procedure to implement the Dantzig-Wolfe

decomposition algorithm. The problem is shown by

minc/ X, +¢} X, (2.1)

st. Dx +D,x, =b,, (2.2)

X b, (2.3)

x, P, (2.4)
where,

P={x>0:Fx =hb}, i=12 (2.5)

Here, Xx,and X, are decision variables that are vectors of dimensions n and n,, respectively. The
vectors by, b,and b, have dimensions my, m,and m,,respectively. X, satisfies m,
constraints, X, satisfies m, constraints, and together X and X,satisfy m,coupling constraints.
Next, it is assumed without loss of generality that sets P, and P, are bounded, as two-stage
strategic supply chain optimization problems can always be formulated with bounded feasible
sets. For i=1,2, xij,where J €3, is defined as the extreme points of set P.. The resolution

theorem implies that any element of a bounded polyhedron can be expressed as a combination of

its extreme points (Lasdon, 1970). Therefore any element X, of P, can be expressed as follows

X = Zﬂ“‘jxij’ (2.6)

jed;

where, Zﬂ,,j =1i=12and ' >0,Vi, j.

jed;
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The original problem can now be written as

min > Alcix) + > Aler ] (2.7)
= i€l

st. D A'Dx)+ > 4D, x] =hy, (2.8)
jed; i€,

DA =1 2.9)

jel

>4 =1 (2.10)

il

Al >0, Vi, j. (2.11)

This formulation is known as the master problem. It is equivalent to the original formulation and
is a linear programming problem with decision variablesﬂ,,j. Another way to represent the

constraints (2.8), (2.9), and (2.10) is shown below which shows more clearly the structure of each

column
Dlxlj D2X2j bO
DA 1 [+DA] 0 =1 (2.12)
jey 0 i€d, 1 1

The number of extreme points used in the master problem can be extremely large. Instead, a

restricted master problem will be used, in which the number of variables are set to equal zero at

the start. The solution to the restricted master problem is defined as objg,,» . Promising variables,

based off of the solution to subproblems, will enter the restricted master problem when the

algorithm is executed.

Suppose there is a basic feasible solution to the master problem which has a basis matrix B. It is

assumed that B~ is available, along with the dual vector denoted by p’ =cLB™. Since there

are m,+2 equality constraints, the vector p has a dimension of m,+2. The first m,
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components are the dual variables associated with constraint (2.8) denoted by . The last two

components, denoted by g, and g,, are the dual variables associated with the “convexity”
constraints (2.9) and (2.10). Altogether, p=(z g4 ). To decide if the current basic

feasible solution is optimal, the reduced costs of the different variables are checked whether or

not they are negative. The reduced cost of variable /11] is given by

D,/
=[] 1 |=(c]-7"D) X s (2.13)
0

T

G

Instead of checking the reduced costs of each variable /11", the following linear programming

problem is formed
min(clT . Dl)x1 (2.14)

st. x, eP. (2.15)

This optimization problem is known as the pricing problem. From its solution there are two

scenarios to consider:

(1) If the optimal cost of the pricing problem is finite and smaller than z, then there is an

extreme point X/ that satisfies (c/ —7' D, )} < 4. The reduced cost of the variable 4’ is

D,x/
negativeand | 1 | isthe column generated to enter the basis of the restricted master problem.
0

(2) If the optimal cost of the subproblem is finite and no smaller than g4, then

(cf -7 Dl)xlj >y for all extreme points X/. The reduced cost of each variable A4’ is

nonnegative.
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The same methodology is applied to the second subproblem
min(c; —7' D,)x, (2.16)
st. x, eP,, (2.17)

and once solved, either the optimal cost is greater than or equal to z, or there is a variable /121

with a negative reduced cost that enters the basis for the restricted master problem. The restricted
master problem and pricing problems described above refer to the optimization problems solved
for the phase 2 component of the Dantzig-Wolfe algorithm. In order to begin this phase, a basic

feasible solution is required.

2.2.2.2 Phase 1 Problem

In order to begin the algorithm, a basic feasible solution to the master problem is required. A

phase 1 feasibility problem is performed for each of the polyhedra P, and P,, to find their
respective extreme points, xll and X;. By letting y be a vector of auxiliary variables with a

dimension of m,, the auxiliary master problem is formed

min ZO:yt (2.18)
t=1

st. Z(Z/LjDixij]+y=bo, (2.19)

i=1,2\_jeJ;

DA =1 (2.20)
el
DA =1 2.21)
ied;
A >0,y,>0 Vi, jt. (2.22)
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Now, a basic feasible solution is obtained by letting A'=A>=1 A'=0 for j#1, and

y =h, —D,x; —D,X;. The decomposition algorithm can be used to solve the auxiliary master

problem. If the optimal cost reaches zero, then the optimal solution to the auxiliary master

problem is a basic feasible solution to the master problem.

2.2.2.3 Termination Criteria

The phase 1 problem involves solving the auxiliary master problem and the subproblems until the

following condition is met

y, <€, (2.23)

where ¢ is the required tolerance. If the solution to the auxiliary master problem is positive, then
the master problem is infeasible and the algorithm will terminate. If the tolerance criterion is

satisfied, then the basic feasible solution to the master problem is used for the phase 2 problem.

Here for phase 2, the restricted master problem and subproblems are solved until the following is
achieved

UBD-LBD<e¢. (2.24)
UBD stands for the upper bound and is updated during each iteration as the solution to the

objective function of the restricted master problem
UBD = 0bjgp - (2.25)
LBD stands for the lower bound and can be updated for every iteration by the expression

LBD = 0bje + D, Obier, — 14— 445, (2.26)

n=1,2
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where ObjPF,n is the solution to the respective objective function of the pricing problems, . and

M, are the multipliers obtained from the “convexity” constraints of the restricted master problem.

If the termination criterion is satisfied, then the following optimal solution to the problem would

be returned[z A, ﬂ;x;] .

jedy jed,

In this chapter, literature related to supply chain design and planning was reviewed for
deterministic studies and for those in which uncertainty is considered. Scenario formulations have
been utilized for strategic supply chain optimization problems under uncertainty, but there is little
work performed in this area related to robust formulation. This reinforces the need to developing
a hybrid robust scenario formulation, as seen in Chapter 3, to improve on the quality of solutions
obtained for strategic supply chain optimization problems. Next, the focus was on decomposition
techniques and the Dantzig-Wolfe decomposition algorithm was specifically outlined. This
methodology has the potential to obtain solutions faster than the state-of-the-art CPLEX solver

for two-stage optimization problems and is studied further in Chapter 5.
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Chapter 3

Novel Robust Scenario Formulations

In section 3.1, the hybrid robust scenario formulations are derived based on the need to improve
on optimality and feasibility of the generated solution. Next in section 3.2, the classical and new
formulations are applied to two case study problems in order to show the benefit of the robust

scenario formulations.

3.1 Robust Scenario Formulations

The scenario formulation and robust formulation that are used as approximations to the general
Problem (P), have inherent disadvantages. The scenario formulation cannot guarantee optimality
or feasibility of the generated solution, whereas the robust formulation can guarantee feasibility
but at the expense that it will generally produce an overly conservative solution. Next, one of the
main contributions of the thesis is presented, in which hybrid formulations are developed in the

next sections by combining the classical formulations to achieve better solutions.

3.1.1 Naive Robust Scenario Formulation

The naive robust scenario formulation is developed from the synergy of formulation (S) and
formulation (R). The infinite number of uncertainty realizations are approximated by considering
a finite number of scenarios, and each scenario now contains a set of uncertainty realizations as

opposed to a single realization. The formulation is given by
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Problem (NRS)

min ¢ X+Zp ay, (3.1)
Y1 ----- ys

st. Ax<b, (3.2)
max{t;,, (&, )x+w'y, —h ,(£,)}<0, i=L...m, o=1..s, (3.3)

(K9(£,)) x+(We) y, —hE(E) =0, &, €E,, j=L., M, 0=1..5. (34)

], jo

For formulation (NRS), the uncertainty region is expressed by = and is covered by s uncertainty

> =. This shows that a scenario is now

[1]

@

subregions = for the s scenarios, that is, U;l
associated with a set of uncertainty realizations as opposed to a single uncertainty realization as
what is used for Formulation S. The deterministic inequalities shown by eq. (1.5) for formulation
S become the “robust inequalities” in eq. (3.3) for Problem (NRS), and the second-stage cost
coefficient g, now becomes the nominal value of the coefficient . The equality constraints are

now explicitly addressed in eq. (3.4) since they have to be satisfied for all realizations of

uncertainty, as opposed to a single worst-case realization.

Problem (NRS) can be transformed into a tractable problem if the assumption that uncertainty is
bounded by the infinity-norm is made. The inequality constraints of eq. (3.3) are rewritten to

separate the deterministic and uncertain elements. This is shown by

max {tdledl-F T X FW Y, } i=1...m,, w=1..,s. (3.5)

i,me'—'i,m

Here the uncertainty subregion is expressed by =; | { HM o —Em) < 5”0} cR%
where I.; <n.(as a constraint may not involve all the uncertain parameters), M, , is an

invertible weighting matrix, and o, , >0. A visualization of the infinity-norm assumption is

shown in Figure 3.1 for an example with two uncertain parameters and nine scenarios.
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Uncertain Parameter #2
=71
=
I

Uncertain Parameter #1

Figure 3.1. Example of uncertainty bounded by the infinity-norm

From this example based on the box distribution, invertible matrix M; ,would be a diagonal

matrix. Typically this assumption is used for cases in which the uncertain parameters are

independent of each other. If the parameters are dependent on each other, then the uncertainty
region and uncertainty subregions would be rotated and M, jwould be a non-diagonal matrix.
The uncertain parameters in the uncertainty subregion =_are now described in different
subregions Z, ,, E, . ... Sy - [t;m gﬁTw]:[tiTw hi’w], in which t,,, e R™""' contains
the deterministic elements in [t,Tw hi'w]and & o contains the uncertain elements.
[x;i xli}z[xT —l], in which x,, e R™™" contains the elements in [XT —1}that are
associated with t

dioand X ;€ R"" contains the elements in [XT —1} that are associated with

& » - By separating the deterministic parts from the optimization operation, the inequality is now

shown by
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T
td,i,a}

Xq; W'y, + max {;wau,i}so, i=1..,m, w=1..,5. (3.6)

i0€=i0

Since constraint (3.6) involves an optimization problem, Problem (NRS) is a bilevel optimization
problem that is difficult to solve. The following proposition can be used to reduce the overall

formulation to a single-level problem.

Proposition 1: From the optimization problem

max (¢_(/;)T X 3.7)
st. [M(¢-9)|, <o, (3.8)

where M is invertible and & > 0, the optimal objective value is 5H(M ' le.

Proof of Proposition 1 can be found in Appendix A. Based off of this solution, inequality (3.6)

can be written as

t3 X TW Y, +5,, (Mifj))T Xl <0, i=1..m,, ®=1..5s. (3.9)

1

This inequality can be reformulated into no more than 2% linear inequalities. This reformulation

is shown in section 3.1.3. Usually, I@i <«ng, which will not result in a much larger problem.

From the equality constraints in eq. (3.4), they can also be expressed by separating the

deterministic and uncertain elements

(159,) X2 +(£2) X+ (W) y, =0, &9 e=f, j=1..,m*, @=1..5.(3.10)

d,j,e jo e
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2 js the uncertainty subregion for the uncertain parameters involved in the equation indexed

2y
by j and w. No assumptions are necessary on this subregion for its reformulation.

T T T : . :
[(tée‘}’w) (&) }:[(tfg)) hj(fg)}, where t{  contains the deterministic elements in

[(tfg))T h}fﬂ)} and &Y contains the uncertain elements. [(Xée‘}))T (Xﬁf?))T}:[xT —1],

jo

where x{*? contains the elements in [XT —1Jassociated with t{ and x{*¥ contains the

elements in | X" —1|associated with &©9
j,(l)

Assuming that the uncertain components in fj(ifj) are not linearly dependent on each other, then

=0, j=1..,m?, (3.11)

has to hold for eq. (3.10), otherwise it would mean that the “uncertain part” (é’fej)) )T XS?) has

different values for different realizations of &{° . Similarly, the “deterministic part” must hold as
well

(t62) X+ (W) y, =0, j=L..m, o=1..,5. (3.12)

Therefore eg. (3.10) can be transformed into eq. (3.11) and (3.12). Problem (NRS) can now be
expressed as the following problem, if uncertainty is bounded by the infinity-norm

Problem (NRS_IN)

; T S =T
min ¢'x+ > p,a,Y., (3.13)
YirenYs o=1
st. Ax<b, (3.14)
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t] i oXe TW Y, +6,, ( .w xu H <0, i=L..m,, w=1..5, (3.15)
X =0, j=1..,m, (3.16)
(tée‘})w) XD 4 (i )T y,=0, j=L..m w=1.,s. (3.17)

3.1.2 Affinely Adjustable Robust Scenario Formulation

To improve on formulation (NRS), which can still be overly conservative, an affinely adjustable
robust scenario formulation is proposed. This formulation is a hybrid of formulation (S) and
formulation (AAR). Here, the second-stage decision variables are adjusted affinely with respect

to the uncertainty realizations in a scenario. These adjustments are expressed by
Y., :(Uw;u +vw) for scenario w, where U and v are the constant coefficients for the affine

relationship for scenario w. This will allow for less restriction when determining the second-stage
decisions, and the formulation is written in the form

Problem (AARS)

XGX,UWE,Q,US,V c x+z p,E. [T [ (U, +V )J (3.18)
st. Ax<b, (3.19)
gna:x{tfw(gw)x+wiT (U,E,+V,)—h (£)}<0, i=1..m, o=1..s, (3.20)

(t9(£,)) x+(We) (U,&, +v,)~hEP(&,) =0,

EeE ,j=L..m* v=1..,s. (321

The inequality constraint (3.23) is now over all the uncertain parameters, as dependence of the
second-stage decisions are on all uncertain parameters. Due to these affine functions for different
uncertainty regions, problem (AARS) essentially uses piece-wise affine function over the entire

uncertainty region for the adjustments of second-stage decisions. This will lead to a less
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conservative approach than problem (AAR), which contains a single affine function over an
uncertainty region. If only one scenario is used for problem (AARS), then it will degrade into
problem (AAR).

Similar to problem (NRS), this hybrid formulation can also be transformed into a tractable
problem if the uncertainty is bounded by the infinity-norm. Expected second-stage costs in the

objective function can be rewritten as

E. [T (U.&,+v,)]=T, (U,E. (&)+V,)=0, (U,E,+V,), (3.22)

where Ew is the expected value of £ for scenario @ . Next, the inequality constraints (3.20), can

be written as

max{tT Xy + iT]wxu]i+WiT(Uw§w+vw)}£O, i=1..m,, w=1..,s. (3.23)

~ d,i,o
5{4} E:(A)

From the assumption that uncertainty is bounded by the infinity-norm, that is,

=, :{g;HMw(gw—f_w)H <&}, where M is invertible and &, >0. By allowing
& . =B &, for convenience, the inequality becomes

T
td,i,a)

Xd,i+VViTVa)+ma_X{§;(PiTa)Xu,i+U;VVi )}SO, i=1..m,, w=1..,s. (3.24)

0 0

Again, by following Proposition 1, it can now be written by

T T
td,i,a)xd,i +\N| Vw +5w

i,ou,i i 1y TR0

(M;l)T(PTX +UTw )ngo, i=1..m, ®=1..s. (3.25)
Similarly, the transformation for the equality constraints (3.21) can be made by first rewriting the

constraints as

(7)) X9 +(65) X7 (W) (Ug,+v) =0,

EN el j=1..,mf, w=1..,s. (3.26)

uij,
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By letting &, , = PEP& | it now becomes

, @

(63X () P+ () U, e, () v, =0

€Dz j=1..,m? w=1..s. (3.27)

jo o

From here, similar to problem (NRS), the deterministic and uncertain parts must hold to 0 and can

be written by the following two equations

(x=) P (W) U, =0, j=1..m, @=1..s, (3.28)
(tée‘j)w)T XD+ (i )T v, =0, j=L...m?, o=1..s. (3.29)

The result of the transformation can be seen below as Problem (AARS) can now be described by

Problem (AARS_IN)

Jmin ch+; p, 0, (U,E,+V,) (3.30)
st. Ax<b, (3.31)
X F WV, + 3, [(MOT (R, +UTw )| <0, i=1..m,, ©=1..5, (332
(x) P + (W) U, =0, j=1..m, w=1..s, (3.33)
(t62)) x4 (W) v, =0, j=1...m, @=1,..s. (3.34)

Compared to formulation (RS_IN), problem (AARS_IN) will involve more decision variables
and constraints, so it will be more difficult to solve, but it should improve on the optimality of the

generated solutions.
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3.1.3 Reformulation of the 1-Norm function in Inequality Constraints

Constraint (3.15) for formulation (NRS_IN) and constraint (3.32) for formulation (AARS_IN)
contain the 1-norm function which is nonlinear. These constraints can be reformulated into linear
constraints, so that the overall problem is a LP or MILP problem as opposed to a nonlinear
optimization problem. To show the reformulation used for the inequality constraints with a 1-

norm, the following example is used

||, <b, (3.35)

where z=(z,,....,z,) € R" and b is any non-zero value. From the definition of 1-norm

=3 - mx {3 550

n
= ,..2"1 | 43

where mod(x, y) finds the remainder from the division of x by y. | - | is a function returns the

largest integer that is smaller than its argument. Inequality (3.38) now becomes

max {Zn:(—l)’“‘”‘(w ), } <b, (3.37)

which can then be transformed into the following 2" linear inequalities,

S (-l 5 <, j=o0,..271. (3.38)

As an example, if n=3, constraint (3.38) would be transformed into 8 linear inequalities in the

following form

(—1)™0? g 4 (—1)" W22 g, ()™ U 7 <, j=0,.,7, (3.39)

which would be
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z+2,+z,<b, j=0, (3.40)

-2,+2,+2,<b, j=1, (3.41)
z-2,+2,<b, j=2, (3.42)
-2,-2,+2,<b, j=3, (3.43)
z,+2,-2,<b, j=4, (3.44)
-2,+2,—-2,<b, j=5, (3.45)
z,-2,-2,<b, j=6, (3.46)
-2,-2,-2,<b, j=7. (3.47)

It should be noted that 2" linear equalities are not always required for the 1-norm transformation.
For example if all the elements in z are known to be non-negative, then it can be reformulated

into simply one linear inequality.

3.2 Case Studies

The purpose of the case studies section is to evaluate the solutions of the novel robust scenario
formulations in comparison with the solutions of the scenario formulation and expected value
formulation (which is a special scenario formulation with one scenario that involves the expected

values of the uncertain parameters).

All uncertain parameters are assumed to be independently and uniformly distributed, so only the
ranges of the uncertain parameters are given when explaining the subsequent case study
problems. As this article is not focused on scenario generation, a simple approach is used to

construct the scenarios for the different formulations. The range of each uncertain parameter is

divided into n, subintervals, and the uncertainty region is divided into nsng subregions (where
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N is the total number of uncertain parameters), which lead to nsnﬁ scenarios. For the affinely

adjustable robust scenario formulation, each scenario addresses the relevant uncertainty
subregion; for the S formulation, each scenario addresses the mean values of the uncertain
parameters over the relevant uncertainty subregion. These uncertainty subregions can be readily
represented using the infinity norm, so the affinely adjustable robust scenario formulation can be
transformed to the computationally tractable problem (AARS_IN) as described. Figure 3.2
displays how the scenario formulation uses a finite number of realizations each made by a
recourse action, to address uncertainty. Figure 3.3 shows how the novel robust scenario
formulations are represented by groups of uncertainty realizations. The formulation (NRS_IN)
incorporates actions for each uncertainty group, and the formulation (AARS_IN) incorporates an

affine policy for each group.

o ® ® °
o
9
Q
€
5 e o °
o
k=
8
o
Q
e o ) )
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Uncertain Parameter #I

Figure 3.2. Scenario generation for the scenario formulation
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Uncertain Parameter #2

Uncertain Parameter #I

Figure 3.3. Scenario generation for the robust scenario formulations

The two case study problems were modeled using GAMS 22.9.3 (Rosenthal, 2008), and they

were solved on a machine with 3.40 GHz CPU and Linux operating system using CPLEX 12.4.

3.2.1 Case Study 1 — Farm Planning Problem

Problem 1 is a classical farm planning problem from the stochastic programming literature (Birge
and Louveaux, 2011). In this problem, a farmer needs to plan the allocation of his land area for
raising three crops: wheat, corn and sugar beets. The goal of the planning is to achieve the best
overall profit while reserving a certain amount of wheat and corn for feeding cattle. If the
harvested wheat or corn is not enough for feeding cattle, it can be purchased on the market at a
relatively high price. Sugar beets are the most profitable crop among the three, but the selling
price drops after a certain amount (i.e., the quota on the sugar beet production) of sugar beets has
been sold. Although it is not a typical SCO problem, the farm planning problem has similar

features to the strategic supply chain planning problem of interest.
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The deterministic formulation for the farm planning problem is described below. The list of

indices and sets, parameters and variables that are used in the formulation can be found below in

Table 3.1.

Table 3.1 Indices and sets, parameters, and variables for the farm planning problem

Indices and Sets

meQ -wheat, corn, sugar beets
m e ), -wheat, corn

me 2, -sugar beets

Parameters

¢ - Planting cost for crop m, $/acre
¢ - Purchasing cost of crop m, $/t
¢ - Selling cost of crop m, $/t

c"" - Selling cost of sugar beets below the quota, $/t
¢~ Selling cost of sugar beets above the quota, $/t

F., - Amount of crop m reserved for feeding cattle, t

L - Total land area, acre
Q,, - Quota on sugar beet production, t

Y, - Yield of crop m, t/acre

Variables

w,. - Amount of crop m sold on the market, t
w" - Amount of crop m sold below the quota, t
w!, - Amount of crop m sold above the quota, t

X., - Area allocated for crop m, acre
y,, - Amount of crop m purchased on the market, t

36



Obijective function in which costs are minimized

min Y el x4 > (e ey, —etwy )= D (et wh e - wy ) (3.48)

meQ mey meQ,

The constraints to the model are described by equations (3.49)-(3.55). The total amount of crops

planted is bounded by the total available area

D X, <L (3.49)

meQ)
Material balance ensuring that the amount of corn and wheat is sufficient to feed the cattle

requirements

Yo Xn+Yn—W,=2F,, meQ,. (3.50)

Material balance for the amount of sugar beets planted and sold

W +w <Y x, meQ,. (3.51)
The amount of sugar beets sold at the favourable price is bounded by a quota
wh < meQ,. (3.52)

m?

The first and second-stage variables are to be non-negative

x. >0, meQ, (3.53)
Y W, 20, meQ, (3.54)
wlw >0, meQ,. (3.55)

Formulations (S), (NRS_IN), and (AARS_IN) can be found in Appendix B. The first-stage
decision variables for this problem are the areas planned for each of the crops. The second-stage
operational variables are the amounts of crops sold or purchased on the market. The objective

function aims to minimize the costs associated with planting and purchasing the materials.
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3.2.1.1 Results and Discussion — Uncertain Case A

In this case, the amount of wheat and corn that is required for feeding cattle is uncertain;

=300+300 t, F

corn

specifically, F, =340+320 t. In addition, the selling price of the sugar

wheat

beets below the quota is changed to 27 $/t. Figure 3.4 depicts the uncertainty regions and

subregions used for formulations (NRS_IN) and (AARS_IN) with 9 scenarios.

660
447
5w-heal.r-)
com I— -
5‘ |
conm.o|
233 .
20
0 200 400 600

wheat

Figure 3.4 Uncertainty region for uncertain case A
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Here, the uncertainty region can be defined by == {.f : HM (5—5)” < 5} , Where the uncertain

= — (300
parameters are denoted by 5:[ Wheat}, the nominal values are denoted by & =( 3 40)
10 300
M= ,and 6 = :
01 320

The uncertainty subregions are defined as Z=, ={§’w:HMi’w(§’w—§w)Hws@‘w}, where

corn

Lo

theatw = Ifwheata) 1 0 5wheat
Sio= E B P E M, = 0 1 Vo, and o, ,= s V. As an

wheat, @

F

comn, @

example based on Figure 3.4, if 9 scenarios are used then ¢ :[ j the nominal values

- 0
can be calculated by the midpoints of each subregion (e.g. & .. =[ jif o =1 refers to the

126.5

_ 10 100
bottom left subregion), M, , = y0=1..,9,andd, , = y0=1.,9.
’ 01 ’ 106.67

Table 3.2 summarizes the results of expected value formulation (EV), scenario formulation (S),
naive robust scenario formulation (NRS_IN) (with uncertainty bounded by the infinity-norm),
affinely adjustable robust scenario formulation (AARS_IN) (with uncertainty bounded by the
infinity-norm). The results include formulation sizes, solution times, optimal decisions obtained
(i.e., the crop area allocation results), predicted expected profit, and the achieved expected profit.
The predicted expected profits are predicted by the formulation if the first-stage decisions are
implemented. The achieved expected profits are the profits that can actually be achieved by

implementation of the first-stage variables. To estimate the achieved expected profits, the
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expected second-stage cost is approximated over a large number of uncertainty realizations. In
this article, 99 realizations of each uncertain parameter were sampled for the estimation of the

achieved expected profits for each case study.

Table 3.2 Solution results of the farm planning problem for uncertain case A

Formulation ®
EV S NRS_IN AARS_IN

Number of Scenarios 1 9 9 9
Number of Variables 12 60 60 366
Number of Constraints 6 38 38 506
Solution Time (s) 0.02 0.02 0.02 0.06
Crop Area Allocation Result
(acre)

Wheat 120 200 240 240

Corn 113 113 149 149

Sugar Beets 267 187 111 111
Predicted Expected Profit ® ($) 30,600 25,933 - 9,400 25,733
Achieved Expected Profit © ($) 20,700 24,833 25,733 25,733

Note: * EV: Expected value formulation; S: Scenario formulation; NRS_IN: Naive robust scenario
formulation; AARS_IN: Affinely adjustable robust scenario formulation. ® The predicted expected
profit is the expected profit predicted by the formulation at its solution. ¢ The achieved expected
profit refers to the expected profit that can be achieved with the obtained area allocation, which is
estimated by using 99°=9801 sampled scenarios.
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It can be found that formulation (EV) obtains the lowest achieved expected profit, even though it
predicts a much higher value. This formulation allocates most of the available area for sugar beets
(which are most profitable) leaving wheat and corn areas that are just enough for the expected
cattle feeding needs. Therefore, in the uncertainty realizations with higher cattle feeding needs,
the farmer might have to purchase wheat and corn from the market at high prices, which can
significantly reduce the overall expected profit. Formulation S considering 9 scenarios achieves a
better expected profit, because it allocates more wheat area to hedge against higher cattle feeding
needs. But it still overestimates the expected profit it can achieve (because of its incapability of
considering all uncertainty realizations). The two robust scenario formulations (NRS_IN) and
(AARS_IN) achieve the highest expected profit by allocating sufficient wheat and corn areas. In
addition, formulation (AARS_IN) gives a perfect prediction of the expected profit, while

formulation (NRS_IN) gives a poor prediction due to its inherent conservativeness.

Although formulation (AARS_IN) provides the best performance, it leads to the largest problem
size and longest required solution time with the same number of scenarios considered for each of
the formulations. Therefore, it is beneficial to show whether formulation (S) or (NRS_IN) might
achieve equivalently good performance with increased number of scenarios. The expected profits
predicted and achieved are shown in Figures 3.5-3.7 for formulations (S), (NRS_IN), and

(AARS_IN), respectively, using increased number of scenarios.
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Figure 3.5. Predicted and achieved expected profits with formulation (S)

In Figure 3.5, it can be seen that, as the number of scenarios increase, the expected profit
predicted by formulation (S) approaches the achieved expected profit. These profits converge at
$25,733 with 225 scenarios, and this profit is exactly the same as the predicted and achieved
profits of the (AARS_IN) formulation with 9 scenarios. It should be noted that formulation (S)
with 225 scenarios requires 1356 variables and 902 constraints, whereas formulation (AARS_IN)
with 9 scenarios only involves 366 variables and 506 constraints. Thus, formulation (S) can
achieve the same performance as formulation (AARS_IN) at the expense of solving a larger

problem.

Figure 3.6 displays that formulation (NRS_IN) achieves a consistently good expected

performance, and its prediction of the expected profits improves as the number of scenarios

increases. But due to its conservative nature, the profits still do not converge with 1000 scenarios.
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Figure 3.6. Predicted and achieved expected profits with formulation (NRS_IN)
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Figure 3.7. Predicted and achieved expected profits with formulation (AARS_IN)
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Figure 3.7 shows that formulation (AARS_IN) provides consistently good predicted and achieved

expected profits as the number of scenarios increase.

3.2.1.2 Results and Discussion — Uncertain Case B

In this case, the yields of the crops are uncertain and range between +20% of their nominal

=3.0+0.6t/acre, Y.

sugar beets

values; specifically, Y. =2.5+0.5t/acre, Y, =20+4 t/acre.

com
Wheat and corn can no longer be purchased on the market, so there may be insufficient wheat or
corn to feed cattle if the yield of wheat or corn is lower than anticipated. In addition, the allocated
planting areas of crops need to be multiples of 5 acres, so an allocation decision is modelled in

the optimization as 5 acres times an integer variable. The uncertainty region can be defined by

Ywheat
Ez{g:HM (5—5)” Sé} , Where the uncertain parameters are denoted by &=| Y. |,
Ysugarbeets
2.5 1 00 0.5
the nominal values are denoted by £={3.0|, M=|0 1 0|, and 5=|0.6]|. The
20 0 01 4

uncertainty subregions can be defined by the approach shown in section 3.2.1.1.

Table 3.3 summarizes the results of the different formulations for uncertain case B. Formulation
(EV) leads to an infeasible area allocation. Formulation (S) leads to infeasible result as well when
27 scenarios are considered, and it achieves a feasible result (which is also optimal) when the
number of scenarios considered increases to 12,167. Formulations (NRS_IN) and (AARS_IN)
achieve the optimal result with 27 scenarios, while formulation (NRS_IN) gives a poor

prediction. As in Uncertain Case A, formulation (S) here needs to solve a larger problem to
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achieve the same performance to formulation (AARS_IN); and in this case, solution time for S

several orders of magnitude larger than that of formulation (AARS_IN).

Table 3.3 Solution results of the farm planning problem for uncertain case B

Formulation
EV S NRS_IN | AARS_IN

Number of Scenarios 1 27 12,167 ¢ 27 27
Number of Variables ° 3/10 3/114 3/48,674 3/168 3/816
Number of Constraints 6 110 48,670 110 1,946
Solution Time (s) 0.03 0.03 109.86 0.05 0.06
Crop Area Allocation Result (acres)

Wheat 120 140 150 150 150

Corn 115 135 145 145 145

Sugar Beets 265 225 205 205 205
Predicted Expected Profit ($) © 78,200 69,700 65,450 47,010 65,450
Achieved Expected Profit ($) ° Infeasible Infeasible 65,450 65,450 65,450

Note: * EV: Expected value formulation; S: Scenario formulation; NRS_IN: Naive robust scenario
formulation; AARS_IN: Affinely adjustable robust scenario formulation. ® Number of integer
variables/Number of continuous variables. ¢ The predicted expected profit is the expected profit
predicted by the formulation at its solution. ¢ The achieved expected profit refers to the expected
profit that can be achieved with the obtained area allocation, which is estimated by using 99°=9801
sampled scenarios. ® The scenario formulation keeps generating infeasible allocation results until the
number of scenarios is increased to 23°=12,167.
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3.2.2 Case Study 2 — Energy and Bioproduct Supply Chain

The energy and bioproduct supply chain optimization problem is adapted from Cuéek et al.
(2010). The supply chain network involves four layers. At layer 1, different biomass materials are
harvested from 10 supply zones and then sent to up to six preprocessing centres. At layer 2, the
materials go through different preprocessing procedures (e.g., drying, compaction and collection)
in the preprocessing centres and are then sent to up to three main plants. At layer 3, materials are
converted into different final products at the main processing plants. A number of technologies
are available for the main processing. At layer 4, the final products are shipped to three demand
locations, including two local cities, denoted by j; and j,, and one export location, denoted by ja.
The superstructure of the supply chain network is shown in Figure 3.8. The dashed line denotes a

railway that joins the preprocessing centres with the processing plants. The export location j; is

located in the north of the region shown in the figure.
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Figure 3.8. Superstructure of the energy and bioproduct supply chain network
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The goal of the strategic SCO problem is to determine the optimal configuration of the supply
chain network and the technologies used in the processing plants, such that the total profit is
maximized and the customer demands at the three demand locations are satisfied. The first-stage
decisions are whether or not specific units or technologies are to be included in the supply chain,
and are represented by binary variables in the optimization. The second-stage decisions are
material or product flows that determine the operation of the supply chain, and are represented by

continuous variables in the optimization.

The deterministic formulation for the energy and bioproduct supply chain problem is described

below. The list of nomenclature for the problem are provided in Table 3.4.
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Table 3.4 Nomenclature for the energy and bioproduct supply chain problem

Sets and Subsets

| - supply zones, | = {iy,...,i10}

J - Demand locations, J = {ji, jo, js}

J° - Subset for local demand locations, J° = {ji, j.}

J? - Subset for export location, J° = {j;}

M - Preprocessing centres, M = {m,,...,mg}

N - Process plants, N = {ny, n,, n3}

PI - Set of raw materials, Pl = {corn, corn-stover, wood chips, MSW, manure, timber}

PP - Set of produced products, PP = {electricity, heat, bioethanol, digestate, DDGS,
boards}

PT - Pairs of intermediated products and technologies, PT = {(corn, dry grind), (corn
stover, digestion), (corn stover, incineration), (wood chips, incineration), (MSW, incineration),
(manure, incineration), (manure, digestion), (timber, sawing)}

PIPT - Groups of intermediate products, their produced products and related
technology, PIPT = {(Corn, bioethanol, dry grind), (Corn, DDGS, dry grind), (Corn stover,
digestate, digestion), (Corn stover, electricity, incineration), (Corn stover, heat, incineration),
(wood chips, electricity, incineration), (wood chips, heat, incineration), (MSW, electricity,
incineration), (MSW, heat, incineration), (manure, digestate, digestion), (manure, electricity,
digestion), (manure, heat, digestion), (timber, boards, sawing)}

T - Technology options, T = {dry grind, digestion, sawing, incineration}

Superscripts

conv — conversion

fix — fixed part of investment costs
inv — investment costs

L1 - harvesting layer

L2 — preprocessing layer

L3 — main processing layer

L4 — demand layer

LO — lower bound

op — operating costs

price — price of products

road — road conditions

tr — transportation

UP — upper bound

var — variable part of investment costs

Indices

i —supply zones

j — demand locations

j° — local level

j° —export level

m — preprocessing centres
n — main processing plants
pi — raw materials

pp — produced products

t — technology options

Parameters

A ,; —available area of material, km”

L2
c’

pi — operating costs of material in preprocessing centre, €/t
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op,L3
Cpi,t
fix,inv,L2

— operating costs of material in main plant, €/t

C — fixed investment costs of preprocessing centre, €/y
¢™™"® _ fixed investment costs of main plant technology, €/y

™% _ variable investment costs of main plant technology, €/t

ngice — price of produced product, €/t or € MWh or €/MJ

C,. — cost of raw material, €/t

pi
tr,La,Lb

Cp

— cost coefficient for transportation from layer a to layer b, €/(t-km)

D" - distance between object x in layer a and object y in layer b, km

Dem; " — lower bound of product demand, t/y or MWh/y or MJ/y
Dem:" | — upper bound of product demand, t/y or MWh/y or MJ/y
fpﬁ"”V‘Lz — conversion factor through preprocessing centre

f . — conversion factor through main plant

fx“;ad’La'Lb — road condition factor of object x in layer a and object y in layer b

HY ; — yield of raw material, t/(t-km)

q-*"" — overall capacity of preprocessing centres, t/y
q;ileZ'UP — capacity of preprocessing centres for each raw material, t/y
g-*" — capacity of technology t, tly

Continuous Variables

¢ — total transportation costs, €/y

c® — total operating costs, €/y
c™ —total investment costs, €/y

Gy — rate of raw material harvesting, tly

Gy — rate of material entering preprocessing centre, tly

L2,L3
qm,n,pi

Gy — rate of material sent to technology option, t/y

— rate of material exiting the preprocessing centre, t/y

L2,L3

O pi.pp.t — Fate of product production, tly
Gy — rate of product sent to demand location, tly

Binary Variables

y;Z — selection or rejection of preprocessing centres

Y. — selection or rejection of main plants
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Equation (3.59) describes the objective function in which total profits are to be maximized

Objective = Revenue — Total Costs

DIIDIWRCED I IPIEN Clvitciey (3.59)

neN j°cJ ppePP neN j¢<J ppePP
L1 tr op inv
=2 2 Gipi "G €' —CT —C
iel piePl

where 0.9 represents the discount factor for selling products at the export location ja.

The total transportation cost considering distance and road conditions is

L1,L2 road,L1,L2 tr L1 L2 Li,L2
=22, 2.0 i L

iel meM piePI

+ Z Z z D,TI;?nLS X fr;?:d,LZ,LB tr L2 L3 q;ZnLgl (360)

meM neN piePl
L3L4 g roadl3L4 Atrl3L4 ~L3L4
+ZZ z Dn,J’ fn,J’ Cpp qn ivpp-

neN jed ppePP

The total operating cost for preprocessing centres and processing plants is

CP=22 2o U+ D o Gl (3.61)

iel meM piePI neN (pi,t)ePT

and the total investment cost for the preprocessing centres and processing plants is

nvo_ chix,inv,LZ . y;Z + zz[ctﬁx,inv,LS . yrl]-f + Z varmv L3 qu;zp:j} (362)

meM neN teT (pi,t)ePT

It should be noted that Va””"“ L2213 denotes total variable investment cost that is
qn pi,t
(pi,t)ePT

dependent on material flow rate.

The amount of each biomass material that can be harvested at each supply zone is subject to the

capacity of that supply zone,

S he i SHY A L, VpiePl,Vviel, (3.63)
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and the mass balance for the materials harvested and sent out for preprocessing is

qi'jéi = Zqi"l"‘z VpiePl,Viel. (3.64)

,m, pi?
meM

The material flows going through the preprocessing centres are subject to preprocessing

capacities as

dani<qit ey, vmeM,VpiePl, (3.65)
iel

L1,L2 L2,UP L2
2 2 mat 47T Y VMEM, (3.66)
iel pie

and the inlet and outlet material flows of the preprocessing centres are subject to the following

mass balance that taking into account the loss of mass in the preprocessing,

Zqu,LZ ) fpcionv,Lz _ qu_z,l_s vm e M, Vpi e PI. (3.67)

i,m, pi m.n, pi !
il neN

The materials sent into the main processing plants are processed using different technologies,

Zq;i’:ji = Z qu;,zr;li_,?’ Vvne N, VpiePI, (3.68)

meM (pi,t)ePT
and the processing is subject to the capacities of the technologies,

Z qnﬁ;ﬁ <g>Y .y, VneN,VteT. (3.69)

(pi,t)ePT
The materials are converted into the products in the processing plants at specific conversion rates,

Q- fomi® =22 ¥ne N, V(pi, pp,t) e PIPT. (3.70)

pi, pp.t :qn,pi,pp,t’
The final products sent to demand locations are limited by the products generated in the

processing center,

Y. Ot =D Gy YNeN,VppePP, (3.71)

(pi, pp,t)ePIPT jed
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and it is also bounded by a certain amount of customer demands it has to satisfy (i.e., contracted

demands) as well as the capacity of the market at the demand locations,

DemjL"?,p < quﬁfp < Dem}ff)p, Vj e J,Vvpp e PP. (3.72)
neN

The overall optimization model can be expressed as
maximize Objective
subject to Constraints (3.63)-(3.72),

All continuous variables are non-negative.

Formulations (S), (NRS_IN), and (AARS_IN) can be found in the Appendix C. The parameter

values used for the following cases are shown in Appendix D.
3.2.2.1 Results and Discussion — Uncertain Case A

In this case, the upper demand limits for electricity and the yield of corn stover are assumed to be

uncertain; specifically, Dem‘* =200,000+150,000 MWh and HY

j electricity corn stover

=840+300
t/(km®-y). In addition, the capacity of incineration in the processing plants is

g =390,000 tlyear. Here, the uncertainty region can be defined by

Ez{g:HM (f—f)uwﬁé}, where  the uncertain  parameters are denoted by
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Dem?* . —_ (200,000 10
E= Jelectriclty | " the nominal values are denoted by & = , M= , and
HY 840 01

corn stover

150,000
300 )

The uncertainty subregions are defined as Em={§’w:HMi’w(§’w—§w)Hws@‘w}, where

U

P
Dem?* — Demj efectricit 10
_ j electricity, @ j electricity, » _
gi,(u - HY ’ é:i,a) ’ Mi,w = ,VC(), and
corn stover,» HY corn stover,a

é}’w _ gelectricity j1va) .

corn stover

Table 3.5 summarizes the results of each formulation. Whereas all of the formulations lead to
feasible configurations of the supply chain network, the expected profits achieved by
formulations (S), (NRS_IN) and (AARS_IN) are more than 15% better than the one achieved by
formulation (EV). In addition, formulation (S) overestimates the expected profit because of its
incomplete consideration of uncertainty, while formulations (NRS_IN) and (AARS_IN)

underestimate the expected profit because of their inherent conservativeness.
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Table 3.5 Solution results of the energy and bioproduct problem for uncertain case A

Formulation ®
EV S NRS_IN AARS IN

Number of Scenarios 1 25 25 25
Number of Variables ° 18/670 18/16,078 18/16,078 18/59,428
Number of Constraints 376 9,088 9,088 84,013
Solution Time (s) 0.16 4.02 4.85 2,420.25
Preprocessing Centres to be 12,456 1.2.4.56 1.2.3.4.5.6 12,456
Developed
Processing Technologies to be
Applied

Drygrind 1,3 1,3 1,3 1,3

Digestion 1 1

Incineration 1 1,3 1,3 1,3

Sawing 3 3 3 3
Zﬁﬂiifﬁi)EXpe“ed Profits © 78.66 76.23 65.29 75.08
’&;’ﬁ:f&’ﬁ%’z"pemed Profits ° 65.77 76.00 75.98 76.00

Note: ® EV: Expected value formulation; S: Scenario formulation; NRS_IN: Naive robust scenario
formulation; AARS_IN: Affinely adjustable robust scenario formulation. ® Number of binary
variables/Number of continuous variables. © Processing technology — Processing plant. ¢ The
predicted expected profit is the expected profit predicted by the formulation at its solution. ®* The
achieved expected profit refers to the expected profit that can be achieved with the obtained area
allocation, which is estimated by using 99°=9801 sampled scenarios.

3.2.2.2 Results and Discussion — Uncertain Case B

In this case, both the lower and upper demand limits for electricity are assumed to be uncertain;

Dem-°

j,electricity

=90,000+56,000 Dem”,

j,electricity

specifically, =500,000+10,000 MWHh, and

MWh. In addition, the capacity of incineration in the processing plants is g > =290,000

ncineration

t/year. Here, the uncertainty region can be defined by Ez{g:HM (5—5)” Sé}, where the
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Dem*°

j,electricity

Dem"”

j electricity

uncertain parameters are denoted by & :( J the nominal values are denoted by

— (90,000 10 56,000 . . .
E = , M= ,and & = . The uncertainty subregions can be defined
500,000 01 10,000

by the approach shown in section 3.2.2.1.

Table 3.6 summarizes the results of each formulation. It can be seen that formulation (EV) and
formulation (S) with 25 scenarios lead to infeasible supply chain configurations, whereas
formulations (NRS_IN) and (AARS_IN) lead to a feasible and optimal supply chain
configuration. Although it is featured with high conservativeness, formulation (NRS_IN) even
gives a very good prediction of the expected profit in this case. The key difference between the
two supply chain configurations is the number of plants that are equipped with incineration
technology (for electric power generation). The infeasible configuration only has incineration in
processing plant 2, and the optimal configuration has incineration in both processing plant 1 and
3. When the number of scenarios addressed increased to 2809, formulation (S) results in the
optimal configuration; but this solution is obtained through a very large scale MILP problem,
which requires more than 46 hours. Thus formulation S is outperformed by formulation

(AARS_IN), which requires less than one hour to obtain the optimal configuration.
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Table 3.6 Solution results of the energy and bioproduct problem for uncertain case B

Formulation ?
EV S NRS_IN AARS_IN

Number of Scenarios 1 25 2809' 25 25
Number of Variables 18/670 18/16,078 18/1,803,406 18/16,078 18/59,428
Number of Constraints 376 9,088 1,019,680 9,088 84,013
Solution Time (s) 0.17 21.80 166,890.05 13.75 2,245.73
Preprocessing Centresto | 4 » 5 46 | 12346 | 1,2,356 | 1,2.356 | 1,235,6
be Developed
Processing Technologies
to be Applied °

Drygrind 2 2 2 2 2

Digestion 1 1 1 2 1

Incineration 2 2 1,3 1,3 1,3

Sawing 3 3 3 3 3
Predicted Expected
Profits ¢ 57.01 57.01 57.01 56.80 57.01
(million $)
Achieved Expected
Profits ° Infeasible Infeasible 57.01 57.01 57.01
(million $)

Note: * EV: Expected value formulation; S: Scenario formulation; NRS_IN: Naive robust scenario
formulation; AARS_IN: Affinely adjustable robust scenario formulation. ® Number of binary
variables/Number of continuous variables. ¢ Technology — Processing plant. ¢ The predicted expected
profit is the expected profit predicted by the formulation at its solution. ® The achieved expected
profit refers to the expected profit that can be achieved with the obtained area allocation, which is
estimated by using 99?=9801 sampled scenarios. * The scenario formulation (S) keeps generating
infeasible planning results until the number of scenarios is increased to 53°=2,809.

3.2.2.3 Results and Discussion — Uncertain Case C

In this case, both the lower demand limit for electricity and the yield of corn stover are assumed

to  be uncertain;  specifically,  Dem;J. .y, =80,000£18,000  MWh  and
HY_, . cower =840+300 t/(km?-y) . In addition, the capacity of incineration in the processing
plants is gr . =500,000 t/year. These parameters were selected such that no feasible

configuration exists for the given superstructure of the supply chain network, as the purpose is to
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investigate whether the optimization formulations can identify the infeasibility. Here, the

uncertainty region can be defined by E:{g:HM (5—5)” 35}, where the uncertain

Dem‘® ..
parameters are denoted by g:[ J lectricity

HY.

corn stover

], the nominal values are denoted by

—_ (80,000 10 18,000 . . .
= , M = ,and o = . The uncertainty subregions can be defined
840 01 300

by the approach shown in section 3.2.2.1.

Table 3.7 summarizes the results of each formulation. It can be seen that formulations (NRS_IN)
and (AARS_IN) with 9 scenarios indicate the infeasibility of the problem within low computing
times. Formulation (EV) and formulation (S) do not identify the infeasibility and report infeasible
configurations as a solution. Formulation (S) does not report infeasibility even when it addresses
2500 uncertainty realizations (which requires almost 17 hours to solve). This result demonstrates
that when a feasible solution does not exist, formulations (NRS_IN) and (AARS_IN) can report

infeasibility efficiently and effectively.
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Table 3.7 Solution results of the energy and bioproduct problem for uncertain case C

Formulation ?
EV S NRS_IN AARS_IN
Number of Scenarios 1 9 2500 9 9
Number of Variables 18/670 18/5,806 18/1,605,028 18/5,806 18/21,412
Number of Constraints 376 3,280 907,513 3,280 30,301
Solution Time (s) 0.16 2.99 61,044.77 0.13 113.01
Ef\f’g%";;j'”g Centrestobe | 4 5 5 46| 1,23.4,6 | 1,2,3,4,6 - -
Processing Technologies to
be Applied ©
Drygrind 2 2 2 - -
Digestion 1 1 1
Incineration 2 2 2
Sawing 3 3 3
Predicted Expected Profits ° Infeasibility | Infeasibility
(million $) 57.98 57.98 57.98 indicated indicated
H ite €
'xn:fgﬁi)EXpeCted Profits Infeasible Infeasible Infeasible - -

Note: ® EV: Expected value formulation; S: Scenario formulation; NRS_IN: Naive robust scenario
formulation; AARS_IN: Affinely adjustable robust scenario formulation. ® Number of binary
variables/Number of continuous variables. ¢ Technology — Processing plant. ¢ The predicted expected
profit is the expected profit predicted by the formulation at its solution. ® The achieved expected
profit refers to the expected profit that can be achieved with the obtained area allocation, which is
estimated by using 99°=9801 sampled scenarios

In this chapter, the classical scenario approach, which commonly provides good optimality and
the robust approach, which can guarantee feasibility of a problem (if a feasible solution exists) are
combined to develop hybrid formulations. Two robust scenario formulations were generated,
namely the naive robust scenario formulation and the affinely adjustable robust formulation. The
formulations were then applied to a farm planning problem and an energy and bioproduct supply
chain optimization problem. The results demonstrate that the proposed formulations can
effectively avoid infeasibility of the problem or report infeasibility for a situation when no
feasible solution exists. They also outperform the classical scenario approach by generating the

optimal solutions in a smaller number of scenarios and shorter solution times.
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Chapter 4

Optimization of an Industrial Chemical Supply Chain

In this chapter, a case study at the industrial level is considered. With collaboration and data
provided from DuPont, the mathematical optimization model is derived for an industrial chemical
supply chain problem. The derivation of the model is shown in section 4.1. Next in section 4.2,
the goal is to again show the benefits of formulation (AARS_IN), but for the more complex and
realistic problem. Formulation (NRS_IN) is not considered for this case study problem, since its
results from the previous chapter were too conservative. Since formulation (AARS_IN) can better

address uncertainties, formulation (NRS_IN) can be neglected at this stage.

4.1 The Industrial Chemical Supply Chain

The supply chain case study problem is formulated from data provided by DuPont. The supply
chain involves 55 grades of Primary Raw Material (PRM) which when purchased, can either be
transported to the PRM warehouse or to any of the 5 on-site PRM warehouses. From the on-site
warehouses, the raw material is then processed in one of the 5 production plants and then sent to
the on-site final product warehouses. The final products (FP), which are classified under one of
the appropriate 23 possible FP grades, can be transported to regional warehouses for additional
storage or to the 5 regional markets to be sold to the end users. The superstructure of the supply

chain problem is shown in Figure 4.1.

The goal of this industrial strategic SCO problem is to determine the capacities for each of the

plants z;, such that the total profits are maximized and the customer demands at the 5 regional
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markets are satisfied. Final product demands at each of the regional markets are the uncertain
parameters considered for this case study. Capacities at the plants are the first-stage decision
variables and are represented by continuous variables in the optimization. The second-stage
variables are the raw material or product flows that determine the operation of the supply chain,

and are also represented by continuous variables in the optimization.

' Regional
PRM C y
n y "FP.PW
S fire Jija Warehouses
fPRM.P ) ’
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[PRM VP Markets
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On-site PRM Plants On-site FP

Warehouses Warehouses

Figure 4.1. Diagram of the industrial chemical supply chain network.

The variables and parameters for this model are listed in Table 4.1. Following, the deterministic

optimization model is given.
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Table 4.1 Nomenclature for the industrial chemical supply chain problem

Indices and Sets

iel={1,..5}-Plants
j€eJ={l1,...,5} - Regional warehouses
ke K={l,...,5} - Regional markets

n € N — Time periods

nu € NU — Number of uncertain parameters

S € S — Scenarios
ueU={1,...,55} - PRM grades
veV={l,..23} - FP grades

w e W= {1,...,41} — Impurities

(i, ) € Q- FP shipment routes for plants to regional warehouses

(1,k) € © - FP shipment routes for plants to regional markets

(i,v) € Y - FP grades available for production at plant i

(J, k) €IT - FP shipment routes for regional warehouses to regional markets

Parameters

aia"g’FP - Average additive factor for plant i

bitd - Intercept related to minimum turndown for
planti

biWI - Intercept related to waste limit for plant i
CP®" - Penalty cost for not meeting demand
requirements, $/t

C*® - Capacity cost, $/t

C.™ - Fixed cost for plant i, SMM

C,"™ - Other variable costs for plant i, $/t

Ciﬁ,;FP’PD - Freight cost of FP from plant i to market

k, $/t
CiferP’PW - Freight cost of FP from plant i to
regional warehouse j, $/t

ler’kFP’WD - Freight cost of FP from regional
warehouse j to market k, $/t

C/' - Plant i on-site inventory cost, $/t

C}N' - Regional warehouse j inventory cost, $/t

Ci™ - Cost of PRM grade u for plant i, $it

C™? - Cost of RM2 for plant i, $/t

C™2 - Cost of RM3 for plant i, $/t

C,"™" - Cost of waste for plant i, $/t

Df\f - Demand of FP grade v at plant i, t

DJFT, - Demand of FP grade v at regional warehouse
it

Dﬂn - Minimum demand of FP grade v from at

PkF]P - Price of FP grade v for market k, $/t

5FP . . .
Pj,v - Estimated price of FP grade v for regional
warehouse j, $/t

qf}"z - RM2 to PRM grade u ratio for plant i, QPU

qﬁ:\"g - RM3 to PRM grade u ratio for plant i, QPU
q:vaste_ Woaste to PRM grade u ratio, %

ql'va’; - Impurity w content in PRM grade u, %
fr,PW

Qi

regional warehouse j, %

- Proportion of FP shipped from plant i to the

Qiir\r,‘vp- Maximum impurity w limit for PRM at plant
i, % or PPM

Q™ - Maximum limit for total blend at plant i, %
inc

r

. - Income tax rate for plant i, %
r,d; - Duty rate for shipments from plant i to market
k, %
ﬁdr - Estimated duty rate for shipments from plant i
to regional warehouse j, %
r* - Transfer price rate, %

FP .
Ri’v - Target inventory day supply of FP grade v for
plant i, day
RJFE’, - Target inventory day supply of FP grade v for
regional warehouse j, day

PRM,P .
Ri s - Target inventory of PRM grade u for plant
it
RPMW .- Target inventory of PRM grade u for the
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market k, t PRM warehouse, t
ERM - Effective percentage in PRM grade u, for U, - Uptime for plant i, %
generating FP, %

. Xf\f - Beginning inventory of FP grade v at plant i,
mit - Slope related to minimum turndown for plant i t

m*"" - Slope related to waste limit for plant i X JF'\’/ - Beginning inventory of FP grade v at

M P*M - PRM grade u availability, t regional warehouse j, t

O, - Scheduled outage at plant i, d/y XiTM’P - Beginning inventory of PRM grade u at
plant i, t

X FRMW - Beginning inventory of PRM grade u at
the PRM warehouse, t
Y," - Yield of FP at plant i, %

Z™ - Maximum allowable capacity at plant i, t

Variables

¢ - Freight cost for plant i, $

c™ - Duty cost for plant i, $

CiI - Inventory cost for plant i, $

C - PRM cost for plant i, $
FM2_RM2 cost for plant i, $

OPVC
i

C - Other plant i variable costs, $

¢ - Capacity cost for plant i, $

C\E’i" - Penalty cost of FP grade v at market k, $
FP,PD
fi,k,v
FP,PW
fi,j,v
FP,WD . . _
fj'k,\, - Shipment of FP grade v from regional warehouse j to market k, t

PRM,c
fi u

- Shipment of FP grade v from plant i to market k, t

- Shipment of FP grade v from plant i to regional warehouse j, t

- PRM grade u consumed at plant i, t

fi F:JRM’P - PRM grade u purchased and sent to plant i, t

f PFMW - PRM grade u purchased and sent to the PRM warehouse, t

fiF;RM’WP - Shipments of PRM grade u from the PRM warehouse to plant i, t

f.FFP . Amount of FP grade v produced from plant i, t
Yy k - Slack variable to penalize demand not satisfied of grade v at location k, t

Z, - Capacity of plant i, t

62



The total profit objective function to be maximized is

max Z[((Revenuei -TC,)(1-1" ))] (4.1)

iel
Revenue is calculated at each plant i, based on the FP flow rates from the plants to the regional
markets and the FP flow rates from the plants to the regional warehouses
— FPPD pFP FPPW [FP :
Revenue, = Y’ Z( (AR v )+ > Z( £ Pl ) iel. (4.2)
(i,k)e® vev (i,))eQ vev

The individual cost terms featured in the objective function are summed

TC, =¢™ +c™® +c¢" +c™ +¢' +¢”™ +c + ¢ + 0" + ¢V, i el. (4.3)

i i i i
Capacity costs are considered at each of the plants
c?®=z-C*™ iel. (4.4)
Freight costs are calculated based on the FP flow rates from the plants to regional warehouses,
plants to regional markets, and from the regional warehouses to the regional markets

Cifr _ Z Z( fi ’IT(F”;IPD ‘Cif’rl;FP,PD) + z Z( fi YFjF”\,IPW .CifriFP,PW)

(i,k)e® veV (i,j)eQ veV

FP,WD fr,FP,WD fr,PW H
D Z(f,-,k,v Gl O ) el

(i,J)eQ (jk)ell vev

(4.5)

Duty costs are calculated by subjecting the amount of final products produced by duty rates and a

transfer price rate

du _ tp FPPD pFP .du FPPW BFP  adu ;
ct=r Z(fi,k,v .Pkyv.ri’k)+ > Z(fi,j,v P )} iel. (4.6)
(i,k)e® vev (i,))eQ vev

Inventory costs are equated at the on-site plant warehouses and the regional warehouses for the

storage of final products

G- 3 (1700 T S(1C), e @

(i,v)e¥ (i,j)eQveV
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Equations (4.9)-(4.13) calculate the costs of PRM, Raw Material 2, Raw Material 3, waste and

other pant variable costs, respectively at each of the plants

= S (R C). e, 48)
= (6 aT)C el 4.9)
ciRM3=u;(fiiRM° an®)-c, iel, (4.10)
G = D (M) Cm, el (4.12)

uelU

coPVe = . { Z (fiipyp):|1 iel. (4.12)
(iV)ew

Equations (4.14)-(4.26) describe the constraints for the supply chain problem.

The amount of each grade of PRM consumed is subject to a turndown limit at each plant

fFP,p
fPRMc < . _td b~td
u; [(Z,;ﬂ 29, FP/24/365/((3650i)-ui)]] . } (4.13)

:24-365-((365-0,)-U, /365), i<l.

The amount of each grade of PRM consumed is subject to a waste limit at each plant

fFP,p
£ PRMc m" +p™
u; ((%l{ . FP/24/365/((365oi)-ui)ﬂ R J (4.14)

:24-365-((365-0,)-U, /365-y,)/y,, iel.

Material balance relationship between the FP capability from PRM consumption and FP
production is
Z(fiiRM‘C-EfRM)-af"g’FP-YiFP: Z (fiip‘p), iel. (4.15)
ueU (i,v)e¥

The ending FP inventory at the plants is subject to a target inventory limit
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S (170)+ 3 (R0°) X7+ 67007 RT I35, Gu)er. @)

i,V
(i,j)eq (i,k)e®

The ending FP inventory at the regional warehouses is subject to a target inventory limit

> ()< X+ (M) -D R 1365, jed, veV. (4.17)

jkwv v ijv
(j,k)ell iel

Constraints (4.18) and (4.19) show that the amount of impurity w within the PRM consumed at
plant i must be less than the impurity limit of the PRM consumption for each individual impurity

(4.18) and for the total product mix (4.19)

S(fAMeqm) <Y (FM-QIW), iel, weW, (4.18)
ueU ueu

Z( fi’FL’JRM,C . EUPRM ) < Z( fii’jRM,c _Qiimp )’ iel (4_19)
ueU ueU

The PRM purchased and sent to the plants and PRM warehouse must be less than the PRM

availability

SUAI )4 £ <P,y e, (4.20)

iel

PRM ending inventory at the PRM warehouse must be greater than the target inventory

X;RM,W . RUPRM,W n fuPRM,W . Z( fii’JRM,WP ) >0, ueU. (4.21)

iel
PRM ending inventory at each of the plants must be greater than the target inventory
PRM, PRM,P PRM,P PRM,WP PRM,P H
[ CAAEE S A A -R;, iel, uel. (4.22)

FP shipped to customers at the regional markets must meet the demand requirements in place at

each location and for each FP grade

SRS WL T keK, VeV, (4.23)

ik,v j.kv v,k 1
(i,k)e® (j.k)ell
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The determined capacity, which is the first-stage decision variable must be lower than the
maximum allowable capacity limit

z, <Z™, iel. (4.24)
Production of FP at each of the production plants must be lower than the determined capacity

> fr<z, el (4.25)

(i,v)e¥
Formulations (S) and (AARS_IN) are provided within the Appendix E. The parameter values

used for the case study are listed in Appendix F.

4.2 Case Studies

As was the case in Chapter 3, the uncertain parameters are assumed to be independently and
uniformly distributed. The same method is again used in constructing the scenarios for the
formulations. The case study problem was modeled using GAMS 23.9.2, and solved on a
machine with 3.40 GHz CPU and Linux operating system using CPLEX 12.4. A relative

termination criterion of 10™* was used for all the problems.

4.2.1 Results and Discussion — Uncertain Case A

In this case, the lower demand limits at the regional markets are used as the uncertain parameters,
and have nominal values represented by DV“f,i” @ which are shown in Appendix D. The ranges of

+40% for locations 1, 2 and 3, and +30% for locations 4 and 5 are used and there are no penalty
costs used in this case. Production of the final product cannot be lower than the demand limits, or

the result is infeasible. The uncertainty regions are defined in Appendix E.

Table 4.2 summarizes the results of the expected value formulation (EV), formulation (S) and

affinely adjustable robust scenario formulation (AARS_IN) (with uncertainty bounded by the
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infinity norm). The results include formulation sizes, solution times, optimal decisions obtained
(i.e., capacity results), predicted expected profits and achieved expected profits. The predicted
expected profits are predicted by the formulation if the first-stage decisions are implemented. The
achieved expected profits are the profits that can actually be achieved by implementation of the
first-stage variables. To estimate the achieved expected profits, the expected second-stage cost is
approximated over a large number of uncertainty realizations. In this chapter, 99 realizations of
each uncertain parameter were sampled for the estimation of the achieved expected profits for

each case study.

In Table 4.2, formulation (EV) and formulation (S) with 9 scenarios both lead to an infeasible
solution, whereas formulation (AARS_IN) leads to a result that is feasible and optimal. The
difference in results is that formulation (AARS_IN) predicts a higher capacity for plants 2, 3 and
4 which results in the demands satisfied for each of the final product grades. When the number of
scenarios is increased to 1225 for formulation (S), the result is still an infeasible solution and
requires 37 minutes to solve. Formulation (AARS_IN) considering 9 scenarios requires only 6

minutes reaching the optimal solution.
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Table 4.2 Solution results of the industrial chemical case study for uncertain case A

Formulation?
EV S AARS_IN

Number of Scenarios 1 9 1,225 9
Number of Variables 2,335 20,927 2,846,911 73,901
Number of Constraints 1,021 9,101 1,237,261 132,941
Solution Time (s) 0.09 0.51 2,245.53 346.72
Capacity” at Location(kt)

1 8870 7890 7940 7400

2 880 1060 1160 1170

3 440 530 570 580

4 2120 2240 2130 2270

5 440 1010 1430 1310
Predicted Expected Profits® (billion $) 22.03 21.86 21.73 21.70
Achieved Expected Profits® (billion $) Infeasible Infeasible Infeasible 21.71

Note: * EV, expected value formulation; S, scenario formulation; AARS_IN, affinely adjustable
robust scenario formulation. ® Allowable capacities at each processing plants. © Expected profit
predicted by the formulation at its solution. ¢ Expected profit that can be achieved with the obtained
capacities, as estimated using 992 = 9801 sampled uncertainty realizations.

4.2.2 Results and Discussion — Uncertain Case B

In this case, the lower demand limits for the final product are again assumed to be uncertain;
specifically the nominal demand values for regional markets 1, 2, and 3 have a range of +40%,
and regional markets 4 and 5 have a range of +30%. The nominal demand values are again

represented by D]} . Penalty costs, C™" =200,000$/t, are introduced for this case in which

the lower demand limits are not satisfied. This is included so that feasible solutions can be
obtained, even if the demand limits are not satisfied. A high penalty cost is used to reflect the
market share that is lost by not meeting the customer demands. To calculate the total penalty

costs, the following equation is used

Cox = Yo C™, VeV, keK, (4.26)
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where 'y, is introduced as a second-stage variable to represent the amount of final products that

cannot meet the demand requirements. Constraint (4.23) is then updated to consider this new

variable

Yor + Z fFPPD Z § FPWD » ymin keK, veV. (4.27)

ik,v kv v,k 1
(i,k)e® (J.k)ell

The objective function is also updated to include the penalty costs

maxZK(Revenuei—TC )(1-1")- ZZcpe”H (4.28)

iel veV keK

In Table 4.3, it can be seen that formulation (EV) obtains the worst achieved expected profits,
although it predicts the highest profits. This is due to its allocation of a high capacity in plant 1,
which will allow producing final product grades which are highly profitable. However, from the
lower capacity predictions for plants 2, 3, 4, and 5, the penalty costs will be very high for not
meeting the demand requirements of numerous final product grades. Formulation (S) considering
9 scenarios, allocates more capacity to plants 2, 3, 4 and 5, which causes a reduction in the
penalty costs leading to better achieved expected profits. However, it still overestimates the
predicted expected profits, due to its inability to consider the entire range for uncertainty
realizations. Formulation (AARS_IN) provides a nearly perfect prediction of expected profits
from considering 9 scenarios. The capacity is assigned to each plant in a manner that reduces the

total amounts of capacity and penalty costs.
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Table 4.3 Solution results of the industrial chemical case study for uncertain case B

Formulation®
EV S AARS_IN

Number of Scenarios 1 9 9
Number of Variables 2,452 21,972 77,016
Number of Constraints 1,023 9,111 137,091
Solution Time (5) 0.09 0.53 340.24
Capacity” at Location (kt)

1 8870 7890 7400

2 880 1060 1170

3 440 530 580

4 2120 2240 2270

5 440 1010 1310
Predicted Expected Profits® (billion $) 22.03 21.86 21.69
Achieved Expected Profits” (billion $) -31.55 19.57 21.71

Note: * EV, expected value formulation; S, scenario formulation; AARS_IN, affinely adjustable
robust scenario formulation. ® Allowable capacities at each processing plants. © Expected profit
predicted by the formulation at its solution. ¢ Expected profit that can be achieved with the obtained
capacities, as estimated using 992 = 9801 sampled uncertainty realizations.

4.2.3 Results and Discussion — Uncertain Case C

In this case, the lower demand limits are again used as the uncertain parameters. The nominal
values are increased and are shown by D}y’ , and again have a range of +40% for locations 1, 2

and 3, and £30% for locations 4 and 5. A penalty cost is no longer used in this case, as it is
assumed that production below the demand limits is not allowed. The parameters were selected
such that no feasible operation exists, as the goal is to investigate whether the optimization

formulations can identify this infeasibility.
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Table 4.4 summarizes the results of each formulation. Formulation (EV) and formulation (S)
considering 9 scenarios do not identify the infeasibility and report infeasible first-stage decisions.
When the number of scenarios addressed is increased to 1225, the S formulation still does not
indicate infeasibility, and requires 41 minutes to solve. Formulation (AARS_IN) is able to
indicate the infeasibility of the problem using 9 scenarios and within a short time. This
demonstrates that the robust scenario formulation can report infeasibility effectively and

efficiently when a feasible solution does not exist.

Table 4.4 Solution results of the industrial chemical case study for uncertain case C

Formulation?
EV S AARS_IN

Number of Scenarios 1 9 1,225 9
Number of Variables 2,335 20,927 2,846,911 73,901
Number of Constraints 1,021 9,101 1,237,261 132,941
Solution Time (s) 0.12 0.49 2,466.30 433.51
Capacity” at Location (kt)

1 6810 5350 4670 -

2 1330 1600 1750

3 660 800 870

4 2284 2600 2810

5 1630 2350 2600
Predicted Expected Profits® (billion $) 20.97 20.47 20.19 Ini::ijaisci:)t!ijty
Achieved Expected Profits® (billion $) Infeasible Infeasible Infeasible -

Note: * EV, expected value formulation; S, scenario formulation; AARS_IN, affinely adjustable
robust scenario formulation. ® Allowable capacities at each processing plants. ¢ Expected profit
predicted by the formulation at its solution. ® Expected profit that can be achieved with the obtained
capacities, as estimated using 992 = 9801 sampled uncertainty realizations.
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In this chapter, the mathematical model for an industrial chemical supply chain problem was
formulated from data provided from DuPont. The problem modeled involves 55 grades of
primary raw materials that are converted to 23 grades of final products at five plant facilities.
From the plants, the final products can either be transported to regional warehouses for additional
storage or to customers at five regional markets. With the determined capacities at each of the
plants being the first-stage variables, the goal was to maximize profits for the supply chain system
considering demand uncertainties. After completion of the mathematical model, the classical
scenario approach and the affinely adjustable robust scenario formulation were used to solve
three uncertain cases. The results demonstrate that the affinely adjustable robust scenario
formulation can effectively avoid infeasibility, can report infeasibility (for cases in which no
feasible solution can be obtained), and can obtain optimal solution with a small number of

scenarios.
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Chapter 5

Application of Dantzig-Wolfe Decomposition Algorithm

Since the AARS_IN formulation is of a greater size than the scenario formulation (using the same
number of scenarios), it becomes even more important to consider the use of a decomposition
algorithm to improve the computing times of generating the optimal solution. The Dantzig-Wolfe
algorithm developed by Dantzig and Wolfe (1960) was chosen to be studied for this thesis, as it
has not received much attention for solving two-stage stochastic problems within the PSE
community. In section 5.1, the Dantzig-Wolfe decomposition algorithm will be described for
solving a class of decomposable optimization problems. Section 5.2 will introduce an alternative
formulation of this class of optimization problems, resulting in a different set of Dantzig-Wolfe

subproblems. Lastly, section 5.3 will show and discuss computational results.

5.1 Dantzig-Wolfe Decomposition Algorithm for Stochastic Problems

This section describes the Dantzig-Wolfe subproblems and solution procedure for decomposable
optimization problems in the following form

Problem (SP1)

min ¢, X, +Zslcfuxm (5.1)
po

st. Ax,+AX, <b, =15, (5.2)

xoexoz{xoeR% :Boxosdo}, (5.3)

X,€X,={x,eR":Bx,<d,|, o=1..,s (5.4)
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Note the formulations (S), (NRS_IN), and (AARS_IN) discussed in Chapter 3 all exhibit the
structure of Problem (SP1). Here, X, would represent the first-stage design decisions and X,
would represent the second-stage operational decisions. The first-stage variables could involve
integer variables. However, when integer variables are involved, the solution obtained by
Dantzig-Wolfe decomposition may be suboptimal due to a lack of strong duality (Dantzig and
Wolfe, 1960). The typical strategy for deriving the master problem, involves adding multiple

columns corresponding to a scenario at each iteration of the algorithm (Birge, 1985). For this

Dantzig-Wolfe decomposition procedure, the set X can be defined as follows

X, ={xw eRY:x,=> A, 41>0,> 2} =1vje J}, Voell,..,s}. (5.5)

jed jed

The master problem for Problem (SP1) can now be written as

Problem (MP1)

S . .
mincg X, + Y c,, [Ziﬂ{x}uj (5.6)
w=1

jed
st Abx0+Aw[Zﬂaﬂxa‘;ng, w=1..5s, (5.7)
jed
> A =1 w=1..s, (5.8)
jed
2,20, o=1..,s, (5.9)
X, € X,. (5.10)
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5.1.1 Restricted Master Problem and Pricing Problems

The master problem considers the set of all extreme points, which will make it a very large

problem. To reduce the size of the master problem, the following set is introduced
J¥={1,..,N,} =J, so that only a subset of extreme points are considered. This restricted

master problem is shown by

Problem (RMP1)

minchchL{Z%xa{J (5.11)

=1 jed*

st. Abx0+Aw(Z/1(ixj)]§b, w=1..,5, (5.12)
jeJk

> A =1 w=1..5s, (5.13)

jeJk

2,20, @=1,.,5, (5.14)

Xy € X,. (5.15)

The optimal objective value is denoted as obj.,,. The Lagrange multipliers from constraint

(5.12), which are denoted by 7[:) are used to construct the pricing problems. The subset of

extreme points is generated through solving pricing problems, which are decomposed into a set of

pricing subproblems and are solved for @ =1,...,S

Problem (PP1,)
min(c; +(7rak))T A )xw (5.16)

st. x,eX,. (5.17)

75



Here, the optimal objective value is denoted as obj_, for @=1...,s. The subproblems are

[

solved in order to add promising extreme points to the restricted master problem. Solving the
restricted master problem and the corresponding subproblems is known as phase 2 of the Dantzig-

Wolfe algorithm.

5.1.2 Phase 1 Feasibility Problem

The first step of the algorithm is to obtain an initial set of extreme points to be used. To do so, an
initial phase 1 feasibility problem is solved

Problem (FP1)

min ii Yio (5.18)

o1 t1
st. AX,+AX, <b+y , o=1..5, (5.19)
y,=0, o=1..,s, (5.20)
X, € X, (5.21)
x, eX,, o=1..,s. (5.22)

Here the slack variables are denoted byyw=(yl’(0,...,y%’w)eR”b,Va)zl,...s. The

corresponding pricing problems would have the following form and would be required to be

solved for o =1,...,S

Problem (SFP1,)
T
mm(;zw) X, (5.23)

st. x, e X, (5.24)
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5.1.3 Termination Criteria

For this phase 1 problem, the convergence criterion is simplyzz Vi S & - If this is satisfied,
o=l t=1

then a basic feasible solution is obtained for the phase 2 problem. Every iteration for the phase 2

problem, the upper and lower bounds are updated based on the following

UBD = 0bj o, (5.25)

LBD = 0bjg,e + Z(obijE — i ) (5.26)

=1
Here, ,uc‘f) is the multiplier obtained from constraint (5.13) of the restricted master problem. The
tolerance criterion for the phase 2 problem is
UBD-LBD<g, -|UBD|. (5.27)
If the condition is met, then the optimal solution (xg DAY lskxs‘) is returned.
jedk jed*
To summarize the Dantzig-Wolfe algorithm, the following steps are taken as outlined in Table

5.1.
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Table 5.1 Dantzig-Wolfe decomposition algorithm for problem SP1

(1) Initialization (Phase 1): Select a large positive number M, such that UBD =M and
LBD =—M.Set the tolerance ¢ and initial iteration counter as k =1. Solve the phase 1

feasibility problem (problem FP1 and SFP1,) to obtain the initial set of extreme points for when

s My
the convergence criterion, > "y, <&, is satisfied. If the convergence criterion cannot be
o=l t=1

met, then the problem is infeasible.

(2) Restricted Master Problem: Solve the phase 2 restricted master problem and set
UBD = 0bj,,, . Set the Lagrange multipliers nfﬁ:, 1., 1 from the constraints of the
problem.

(3) Pricing Problem: For all a):{L...,s}, solve the pricing problems to obtain the optimal

solutions. Set LBD = 0bjg,,» + Z(objppk —ﬂ:)>-
=1 ¢

jedX jedk

(4) Termination Check: If UBD—LBD < &, -[UBD|return {xg DA DA J as the

optimal solution. Otherwise set k =k +1 and repeat steps 2-4.
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5.2 Alternative Formulation for Dantzig-Wolfe Decomposition

Using the Dantzig-Wolfe algorithm for formulation (SP1) leads to suboptimal solutions, which
are much worse than the true solution. A second approach to apply the Dantzig-Wolfe
decomposition was studied to see if more favourable results could be achieved. The Dantzig-
Wolfe procedure is similar, but the subproblems to be solved are different than those described in
section 5.1. In this this Problem (SP1) is reformulated as

Problem (SP2)

minc; X, +Zs:cfuxw (5.28)
poe

st. A, +AX,<b, o=1..5s, (5.29)

Xo ., € Xo = {XO,a) eR™ 1By, < do}, (5.30)

X,eX,={x,eR¥*:Bx,<d,}, ®=1..5s, (5.31)

X = X9 @=1...,8. (5.32)

The key difference of the alternative formulation is to introduce X, , which represents the first

stage-variables and constraint (5.32) to ensure that the capacities will be the same for each

scenario. The second-stage variables are again represented by X . For this Dantzig-Wolfe

decomposition procedure, the set X, can be defined as follows

0,0

Xo.w :{xm eR™ 1%, =2 AX ., A 20> A =1Vje J}, Voell,..s}. (5.33)

jed jed
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The master problem is now formulated

Problem (MP2)

min icgw (Zﬂ;xng+icL (Zﬂ(f)x;} (5.34)
=1

jed w=1 jed
st. X =) A, w=1,..5, (5.35)
jed
> =1, w=1..s, (5.36)
jed
2,20, o=1,..,s. (5.37)

5.2.1 Restricted Master Problem and Pricing Problems

To reduce the size of the master problem, the following set is again introduced
J¥={1,...,N, } = J . This restricted master problem is shown by

Problem (RMP2)

min icgw(z/ﬂx&)+icz}(zxﬂxg‘)] (5.38)
w=1 k w=1

jed jeJk
st. XO:KZ/ijgYwJ, w=1..,5, (5.39)
jeJk
> A =1 w=1,.5, (5.40)
jeJk
2,20, =1,..,s. (5.41)
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Here the optimal objective value is denoted by objy,, . The Lagrange multipliers from constraint

(5.39), which are denoted by 72'2 are used to construct the pricing problems. The pricing

problems are decomposed into a set of pricing subproblems and are solved for w=1,...,S

Problem (PP2,)

min (cg‘w +(72'2)T)Xoyw +CX (5.42)
st. A, +AX,<b, @=1..5s, (5.43)
X eX,_, (5.44)
Xo. € XO,a}' (5.45)

The optimal objective values for this formulation are denoted by obj_, for @=1,...,s.

5.2.2 Phase 1 Feasibility Problem

The initial phase 1 feasibility problem is formulated as

Problem (FP2)

min ZS:ZOZ Yio (5.46)

w=1 t=1
st. x0=[z,1;xg,w]+ y,, @=1..5, (5.47)
jeJk
y,=20, o=1..,s. (5.48)

Here the slack variables are denoted byy, =(yl’w,..., y%’w) eR™,Vo=1.5s. The
corresponding subproblems would have the following form and would be required to be solved
for w=1...,s
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Problem (SFP2,,)

min(;z(‘j,)T Xo.0 (5.49)
st. A%, +AX, <D, (5.50)
X, eX,, (5.51)
Xo,0 € Koo (5.52)

5.2.3 Termination Criteria

s Mg

For the phase 1 problem, the convergence criterion is ZZ Yio < & If this is satisfied, then a
w=1 t=1

basic feasible solution is obtained for the phase 2 problem. For every iteration, the upper and

lower bounds are updated based on the following

UBD = 0bj,p. (5.53)

LBD = obj,,p + Z(objppmk -1t (5.54)

w=1
Here, ,u:) is the multiplier obtained from constraint (5.40) of the restricted master problem. The
tolerance criterion for the phase 2 problem is
UBD-LBD<¢,-|UBD|. (5.55)

If the condition is satisfied, then the optimal solution

(z AX1ren DA K D AN D ﬂskxsj] is returned.

jedk jedX jedk jedk
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5.3 Computational Results

The Dantzig-Wolfe decomposition procedure described in section 5.1 is referred to as DWD1 and
the procedure described in section 5.2 is referred to as DWD2. These algorithmic procedures
were applied to formulation (AARS_IN) for uncertain case A of the industrial chemical supply
chain problem described in Chapter 4. Though the capacity will now be represented by integer
variables, such that the solution of the first-stage variables will be a multiple of 500. This is done

so that the capacity cannot simply be set to an arbitrary number. This means that the first-stage

variables denoted by X, within the DWD1 and DWD2 procedures will be represented by

500- ziint for the industrial case study as opposed to z,. Formulation (AARS_IN) is used, with the

goal of improving its computing times when compared to the CPLEX solver. The pricing
problems solved were LP formulations and the restricted master problems were MILP
formulations. Note that neither the DWD1 nor DWD2 procedure will guarantee achieving the
optimal solution because the loss of strong duality due to the presence of the integer variables.
The major purpose of this case study is to see whether the DWD procedure can effectively
generate satisfactory solutions. The full list of equations for the DWD1 and DWD2 subproblems

are provided in Appendix G.

The case study problems were modeled using GAMS 24.1.1, and solved on a machine with 3.20
GHz CPU and Linux operating system using CPLEX 12.5.0.1 with a tolerance of 10°. A

relative termination criterion of & =10~ was used for the phase 1 termination criteria and

&, =107 was used for the phase 2 termination criteria of the DWD procedures.
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In the case studies, DWD1 tends to obtain a feasible solution quickly but generates poor sub-
optimal solutions. The DWD?2 procedure would fail in generating an initial feasible solution, but
if a feasible solution is provided, it tends to generate high quality sub-optimal/optimal solutions.
This motivated the idea of combining both the DWD1 and DWD?2 procedures. The sub-optimal

solutions quickly obtained by DWD1 are used for the phase 2 procedure of DWD2.

Shown in Table 5.2 are the optimal objective values for the CPLEX solver, the DWD1 and
DWD?2 algorithms for 9, 25, 49, 81, 121, and 169 scenarios. Also displayed are the required
computing times for CPLEX, DWD1, DWD2, and the total time summed for the two
decomposition algorithms. It is important to note the optimal objective values obtained from the
DWND1 algorithm differ from the CPLEX results. Whereas, the optimal solution can be obtained
from the DWD2 algorithm, except when using 49 scenarios where a high quality sub-optimal
solution is obtained. This shows the significance of combining the DWD1 and DWD?2 procedures

to obtain higher quality solutions.

Table 5.2 Dantzig-Wolfe decomposition results

Scenarios 9 25 49 81 121 169
CPLEX objective (billion $) 21.22 21.23 21.23 21.23 21.23 21.23
CPLEX time (s) 4,087 17,173 47,533 73,630 | 111,593 | 318,567
DWD1? objective (billion $) 17.80 17.81 18.54 19.21 19.21 19.21
DWD2" objective (billion $) 2121 | 2122 | 2092 | 2122 | 2122 | 21.22
DWD1 time (s) 90 343 1,319 5,472 9,138 10,424
DWD?2 time (s) 3,940 11,486 22,226 40,998 53,296 75,778
Total DWD time (s) 4,030 11,829 | 23,545 | 46,470 | 62,434 | 86,202

Note: # Algorithm DWD1 solves problems FP1 and SFP1,, until phase 1 convergence is satisfied, and
problems RMP1 and PP1,, until phase 2 convergence is satisfied. ® Algorithm DWD?2 uses the solution
from DWDL1 as the initial feasible solution and solves problems RMP2 and PP2, until phase 2
convergence is satisfied.
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Also from Table 5.2, it can be seen that with 25 scenarios, it is beneficial to use the
decomposition formulations as 3.3 hours is required compared to 4.8 hours for CPLEX. As the
number of scenarios increase, the CPLEX time increases dramatically. The decomposition time is
more reasonable as only 24 hours are required for the 169 scenarios. This shows the importance
of using the DWD1 procedure together with DWD2, in order to achieve a high quality solution

more quickly than the state-of-the-art CPLEX solver.

In this chapter, two approaches to the Dantzig-Wolfe decomposition algorithm were developed to
exploit the decomposable structure of the formulation. The sub-optimal solutions generated from
the first procedure were then used for the initial extreme points required for phase 2 of the second
procedure. This led to obtaining high quality sub-optimal/optimal solutions. From comparing the
results of the Dantzig-Wolfe procedure to the CPLEX, it was found that at 25 scenarios the
computing times for the Dantzig-Wolfe procedures were faster than that of CPLEX. As the
number of scenarios increase, the benefit of using the Dantzig-Wolfe decomposition algorithm

over the CPLEX solver grows dramatically.
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Chapter 6

Conclusions and Future Work

6.1 Conclusions

In this thesis, a novel framework is proposed to solve two-stage stochastic programs with
recourse that come from strategic supply chain optimization under uncertainty. The framework
integrates the classical scenario approach, which commonly provides good optimality and the
robust approach, which can guarantee feasibility of a problem (if a feasible solution exists). Two
robust formulations were generated, namely the naive robust scenario formulation and the
affinely adjustable robust formulation. In the two hybrid formulations, a scenario represents a
group of uncertainty realizations instead of a single realization and it was shown that both
formulations can be transformed into tractable optimization problems if uncertainty is assumed to
be bounded by the infinity-norm. The formulations were applied to a farm planning problem and
an energy and bioproduct supply chain optimization problem. The results demonstrate that the
proposed formulations can effectively avoid infeasibility of the problem or report infeasibility for
a situation when no feasible solution exists. They also outperform the classical scenario approach
by generating the optimal solutions in a smaller number of scenarios and shorter solution times.
The affinely adjustable robust scenario formulation outperforms the naive robust scenario

formulation, as the latter is often overly conservative and gives poor performance predictions.

Next, with collaboration from DuPont, a mathematical model for an industrial chemical supply
chain problem was formulated. The problem modeled involves 55 grades of primary raw
materials that are converted to 23 grades of final products at five plant facilities which all have
raw material and product storage warehouses. From the plants, the final products can either be

transported to regional warehouses for additional storage or to customers at five regional markets.
86



The raw materials consumed are subject to turndown limits, waste limits, impurity restrictions,
etc. whereas the final products must meet demand requirements at the five regional markets. With
the determined capacities at each of the plants as the first-stage variables, the goal was to
maximize profits for the supply chain system considering demand uncertainties. After completion
of the mathematical model, the classical scenario approach and the affinely adjustable robust
scenario formulation were used to solve three uncertain cases. The results demonstrate again that
the affinely adjustable robust scenario formulation can effectively avoid infeasibility, can report
infeasibility (case in which no feasible solution can be obtained), and can obtain optimal solution

with a small number of scenarios.

Due to the large-scale nature of the industrial case study problem, there is a need to consider
decomposition techniques for the affinely adjustable robust scenario formulation. Two
approaches to the Dantzig-Wolfe decomposition algorithm were developed to exploit the
decomposable structure of the formulation. The sub-optimal solutions generated from the first
procedure were then used for the phase 2 stage of the second procedure, which led to obtaining
high quality sub-optimal/optimal solutions. From comparing the results of the Dantzig-Wolfe
procedure to the CPLEX solver at 9, 25, 49, 81, 121, and 169 scenarios, it was found that at 25
scenarios the computing times for the Dantzig-Wolfe procedures were faster than that of CPLEX.
As the number of scenarios increase, the benefit of using the Dantzig-Wolfe decomposition

algorithm over the state-of-the-art CPLEX solver grows dramatically.
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6.2 Future Work

A weakness to the Dantzig-Wolfe decomposition algorithm is that for MILP problems, it cannot
guarantee to converge to the optimal solution. In terms of possible future work, one area is to use
Benders decomposition for the industrial chemical supply chain problem. The benefit of using
Benders decomposition is not only that may it provide better solution times than the Dantzig-
Wolfe formulations, but it can also be guaranteed to converge to the optimal solution for

problems involving first-stage integer variables.

Further work may involve addressing ellipsoidal uncertainty regions. Uncertainty should be
addressed with an ellipsoidal region if joint confidence regions that are normally distributed are
used to characterize uncertain parameters. This will change the reformulation of the robust
scenario formulations developed in the thesis. It is known that, if an ellipsoidal uncertainty region
is used then uncertainty can be represented by the 2-norm and the resulting robust scenario
formulations can be transformed into a deterministic formulation involving the 2-norm
(Bertsimas et al., 2004). A challenging issue with incorporating ellipsoidal uncertainty would be

how to generate reasonable uncertainty subregions for each scenario.

With collaboration from DuPont, there may be a desire to consider multi-period operation of the
supply chain. This multi-period problem would then be an operational problem, which only
contains continuous variables and is decomposable over different time periods. It is well known
that Dantzig-Wolfe decomposition is ideal for solving this type of optimization problem, while

Benders decomposition is not.

88



References

Akgul, O.; Shah, N.; Papageorgiou, L. G. An optimisation framework for a hybrid first/second
generation bioethanol supply chain. Comput. Chem. Eng. 2012, 42, 101-114.

Awudu, I.; Zhang, J. Uncertainties and sustainability concepts in biofuel supply chain
management: A review. Renew. Sust. Energ. Rev. 2012, 16, 1359-1368.

Benders, J. F. Partitioning procedures for solving mixed-variables programming problems.
Numer. Math. 1962, 4, 238-252.

Ben-Tal, A.; Goryashko, A.; Guslitzer, E.; Nemirovski, A. Adjustable robust solutions of
uncertain linear programs. Math. Program. 2004, 99, 351-376.

Ben-Tal, A.; Nemirovski, A. Robust solutions of uncertain linear programs. Oper. Res. 1999, 25,
1-13.

Bertismas, D.; Pachamanova, D.; Sim, M. Robust linear optimization under general norms. Oper.
Res. 2004, 32, 510-516.

Bertsimas, D.; Tsitsiklis, J. N. Introduction to linear optimization, Dynamic Ideas and Athena
Scientific; 1997.

Birge, J. R. A Dantzig-Wolfe decomposition variant equivalent to basis factorization. Math.
Program. Stud. 1985, 24, 43-64.

Birge, J. R.; Louveaux, F. Introduction to stochastic programming, Second Edition; Springer,
New York, 2011.

Birge, J.R. Decomposition and partitioning methods for multi-stage stochastic linear programs.
Oper. Res. 1985, 33, 989-1007.

Bok, J.-K.; Lee, H.; Park, S. Robust investment model for longrange capacity expansion of
chemical processing networks under uncertain demand forecast scenarios. Comput.
Chem. Eng. 1998, 22 1037-1049.

Brown, G. G.; Graves, G. W.; Honczarenko, M. D. Design and operation of a multicommaodity
production-distribution system using primal goal decomposition. Manage. Sci. 1987, 33,
1469-1480.

Camm, J. D.; Chorman, T. E.; Dill, F. A.; Evans, J. R.; Sweeney, D. J.; Wegryn, G. W. Blending
OR/MS, judgment, and GIS: Restructuring P&G’s supply chain. Interfaces. 1997, 27,
128-142.

Chaabane, A.; Ramudhin, A.; Paquet, M. Design of sustainable supply chains under the emission
trading scheme. Int. J. Prod. Econ. 2012, 135, 37-49.
89



Chen, P.; Pinto, J. M. Lagrangean-based techniques for the supply chain management of flexible
process networks. Comput. Chem. Eng. 2008, 32, 2505-2528.

Chu, Y.; You, F. Integration of scheduling and dynamic optimization of batch processes under
uncertainty: Two-stage stochastic programming approach and enhanced generalized
benders decomposition algorithm. Ind. Eng. Chem. Res. 2013, 52, 16851-16869.

Cuéek, L.; Lam, H.; Klemes, J.; Varbanov, P.; Kravanja, Z. Synthesis of regional networks for
the supply of energy and bioproducts. Clean Techn. Environ. Pol. 2010, 12, 635-645.

Dantzig, G. B.; Wolfe, P. Decomposition principle for linear programs. Oper. Res. 1960, 8, 101-
111.

Egging, R. Benders decomposition for multi-stage stochastic mixed complementary problems —
Applied to a global natural gas market model. Comput. Chem. Eng. 2013, 226, 341-353.

Elia, J. A.; Baliban, R. C.; Floudas, C. A. Nationwide, regional, and statewide energy supply
chain optimization for natural gas to liquid transportation fuel (GTL) systems. Ind. Eng.
Chem. Res. 2013, DOI: 10.1021/ie401378r.

Fu, Y.; Shahidehpour, M.; Li, Z. Long-term security-constrained unit commitment: hybrid
Dantzig-Wolfe decomposition and subgradient approach. Elec. & Comput. IEEE. T.
POWER. SYST. 2005, 20, 2093-2106.

Gebrelassie, B.; Yao, Y.; You, F. Design under uncertainty of hydrocarbon biorefinery supply
chains: Multiobjective stochastic programming models, decomposition algorithm, and a
comparison between CVaR and downside risk. AIChE. 2012, 58, 2155-2179.

Geoffrion, A. M. Generalized benders decomposition. J. Optim. Theory Appl. 1972, 10, 237-260.

Goulart, P. J.; Kerrigan E. C.; Ralph, D. Efficient robust optimization for robust control with
constraints. Math. Program. 2008, 114, 115-147.

Grossmann, I. E.; Guillén-Gosalbez, G. Scope for the application of mathematical programming
techniques in the synthesis and planning of sustainable processes. Comput. Chem. Eng.
2010, 34, 1365-1376.

Guillen, G.; Mele F. D.; Espuna, A.; Puigjaner, L. Addressing the design of chemical supply
chain design under uncertainty. Ind. Eng. Chem. Res. 2006, 45, 7566-7581.

Gupta, A.; Maranas, C. D. A two-stage modelling arid solution framework for multisite midterm
planning under demand uncertainty. Ind. Eng. Chem. Res. 2000, 39, 3799-3813.

Han, J.; Lee, I. Multiperiod stochastic optimization model for carbon capture and storage
infrastructure under uncertainty in CO, emissions, product prices and operating costs.
Ind. Eng. Chem. Res. 2012, 51, 11445-11457.

IBM: IBM ILOG CPLEX: High-performance mathematical programming engine. http://www-
01.ibm.com/software/integration/optimization/cplex-optimizer/

90



lyer, R. R.; Grossmann, |. E. A bilevel decomposition algorithm for long-range planning of
process networks. Ind. Eng. Chem. Res. 1998, 37, 474-481.

Jackson, J. R.; Grossmann, I. E. Temporal decomposition scheme for nonlinear multisite
production planning and distribution models. Ind. Eng. Chem. Res. 2003, 42, 3045-3055.

Jin-Kwang, B.; Grossmann, I. E.; Park, S. Supply chain optimization in continuous flexible
process networks. Ind. Eng. Chem. Res. 2000, 39, 1279-1290.

Kallrath, J. Combined strategic and operational planning — An MILP success story in chemical
industry. OR Spectrum. 2002, 24, 315-341.

Kuhn, D.; Wiesemann, W.; Georghiou, A. Primal and dual linear decision rules in stochastic and
robust optimization. Math. Program., Ser. A. 2011, 130, 177-209.

Lasdon, L. S. Optimization theory for large systems, Dover Publications, New York, 1970.

Lim, J. S.; Manan, Z. A.; Alwi, S. R. W.; Hashim, H. A multi-period model for optimal planning
of an integrated resource-efficient rice mill. Comput. Chem. Eng. 2012, 52, 77-89.

Liu, M. L.; Sahinidis, N. V. Optimization in process planning under uncertainty. Ind. Eng. Chem.
Res. 1996, 35, 4154-4165.

Marvin, W. A.; Schmidt, L. D.; Daoutidis, P. Biofinery location and technology selection through
supply chain optimization. Ind. Eng. Chem. Res. 2013, 52, 3192-3208.

McDonald, C. M.; Karimi, I. A. Planning and scheduling of parallel semicontinuous processes. 1.
Production planning. Ind. Eng. Chem. Res. 1997, 36, 2691-2700.

McNair, C.J.; Vangermeersch, R. Total capacity management: Optimizing at the Operational,
Tactical and Strategic Levels, CRC Press, 1998.

Neiro, S. M. S.; Pinto, J. M. A general modelling framework for the operational planning of
petroleum supply chains. Comput. Chem. Eng. 2004, 28, 871-896.

Nikolopoulou, A.; lerapetritou, M. G. Optimal design of sustainable chemical processes and
supply chains: A review. Comput. Chem. Eng. 2012, 44, 94-103.

Papageorgiou, L. G. Supply chain optimisation for the process industries: Advances and
opportunities. Comput. Chem. Eng. 2009, 33, 1931-1938.

Papageorgiou, L. G.; Rotstein, G. E.; Shah, N. Strategic supply chain optimization for the
pharmaceutical industries. Ind. Eng. Chem. Res. 2001, 40 (1), 275-286.

Pimentel, C. M. O.; Alvelos, F. P.; Valério de Carvalho, J. M. Comparing Dantzig-Wolfe

decompositions and branch-and-price algorithms for the multi-item capacitated lot sizing
problem. Optim. Method. Softw. 2010, 25, 299-3109.

91



Prescott, E. S. Computing solutions to moral-hazard programs using the Dantzig—Wolfe
decomposition algorithm. J. Econ. Dyn. Control. 2004, 28, 777-800.

Ribas, G. P; Hamacher, S.; Street, A. Optimization under uncertainty of the integrated oil supply
chain using stochastic and robust programming, Intern. Trans. Oper. Res. 2010, 17, 777-
796.

Rosenthal, R. E. GAMS: A User’s Manual; GAMS Development Corporation: Washington, DC,
2008.

Sabri, E. H.; Beamon, B. M. A multi-objective approach to simultaneous strategic and operational
planning in supply chain design. Omega-Int. J. Manage. Sci. 2000, 28, 581-598.

Sahinidis, N. V. Optimization under uncertainty: State-of-the-art opportunites. Comput. Chem.
Eng. 2004, 28, 971-983.

Salema, M. I. G.; Barbosa-Povoa, A. P.; Novais, A. Q. An optimization model for the design of a
capacitated multi-product reverse logistics network with uncertainty. Eur. J. Oper. Res.
2007, 179, 1063-1077.

Schulz, E. P.; Diaz, M. S.; Bandoni, J. A. Supply chain optimization of large-scale continuous
processes. Comput. Chem. Eng. 2005, 28, 929-941.

Simchi-Levi, D.; Kaminsky, P.; Simchi-Levi, E. Designing and managing the supply chain:
Concepts, strategies, and cases, McGraw-Hill, 1999.

Stebel, S. L.; Magatao, S. N. B.; Arruda, L. V. R.; Flavio, N.; Povoa, A. P. F. D.; Susana, R.
Mixed integer linear programming formulation for aiding planning activities in a
complex pipeline network. Ind. Eng. Chem. Res. 2012, 51, 11417-11433.

Sundaramoorthy, A.; Evans, J. M. B.; Barton, P. I. Capacity planning under clinical trials
uncertainty in continuous pharmaceutical manufacturing, 1: mathematical framework.
Ind. Eng. Chem. Res. 2012, 51, 13692-13702.

Susarla, N.; Karimi, I. A. Integrated supply chain planning for multinational pharmaceutical
enterprises. Comput. Chem. Eng. 2012, 42, 168-177.

Terrazas-Morreno, S.; Grossmann, I. E.; Wassick, J. M.; Bury, S. J.; Akiya, N. An efficient
method for optimal design of large-scale integrated chemical production sites with
endogenous uncertainty. Comput. Chem. Eng. 2012, 37, 89-103.

Timpe, C. H.; Kallrath, J. Optimal planning in large multi-site production networks. Eur. J. Oper.
Res. 2000, 126, 422-435.

Tsiakis, P.; Papagerogiou, L. G. Optimal production allocation and distribution supply chain
networks. Int. J. Prod. Econo. 2008, 40, 3585-3604.

92



Vaskan, P.; Guilléen-Gosalbez, G.; Kostin, A.; Jiménez, L. Decomposition algorithm for
geographic information system based mixed-integer linear programming models:
Application to sewage sludge amendment. Ind. Eng. Chem. Res. 2013, 52, 17640-17647.

Wilkinson, S. J.; Cortier, A.; Shah, N.; Pantelides, C. C. Integrated production and distribution
scheduling on a Europe-wide basis. Comput. Chem. Eng. 1996, 20, 1275-1280.

You, F.; Grossmann, I. E. Integrated multi-echelon supply chain design with inventories under
uncertainty: MINLP models, computational strategies. AIChE J. 2010, 56, 419-440.

You, F.; Grossmann, I. E. Mixed-integer nonlinear programming models and algorithms for
large-scale supply chain design with stochastic inventory management. Ind. Eng. Chem.
Res. 2008, 47, 7802-7817.

You, F.; Grossmann, I. E.; Wassick, J. M. Multisite capacity, production, and distribution
planning with reactor modifications: MILP model, bilevel decomposition algorithm
versus lagrangean decomposition scheme. Ind. Eng. Chem. Res. 2011, 50, 4831-4849.

93



Appendix A

Proof of Proposition 1

Proposition 1: From the optimization problem
max (¢—¢7)T X (A1)
st. HM (6-4 )Hw <3, (A.2)

where M is invertible and ¢ > 0, the optimal objective value is 5H(M T XH1'

Let M(¢—¢7):z:(zl,---,zn), (M) x=r=(r,---,r,), then the problem to solve
becomes

max z'r (A.3)

st. ||z, <o. (A4)

A feasible solution of this optimization problem is

o, if r>0,
Z, = _ (A5)
{—5, if r<O.
With this solution
ZTr :Zin=15|ri|:5”r”1' (A'6)
So & ||r|, is a lower bound on the optimal objective value. When ||z||, <&,
z'r = Zin=1 Zh < ZTJZ'”M < Z?=15|ri| = 5”]’”1, (A7)
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so &]|r|,is an upper bound on the optimal objective value. Therefore, &|r|,is the optimal

objective value of problem (A.3) with constraint (A.4). Thus, 5H(M D leis the optimal

objective value of problem (A.1) with constraint (A.2).
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Appendix B

Farm Planning Case Study — Equations and Parameter Values

Formulation (S), formulation (NRS_IN) and formulation (AARS_IN) are provided for the farm

planning problem — uncertain case A.

B.1 Scenario Formulation (S)

Z (Crgur “Yins —C

min > x, +> | Pr| "

meQ seS sell,h h
- Z (Cm 'Wm,s
meQ,
subject to
> x, <L,
meQ
Yo X+ Yms —Wos 2 F, s, meQy,ses,

h |
Wy + W, o <Y X, meQ,,seSs,

ms —

W <Q,, meQ,,seS,

m,s —

X,=20, meQ,
Vs Wns 20, meQ,seSs,

m,s —

W, Wy 20, meQ,,ses.

(B.1)

(B.2)

(B.3)

(B.4)

(B.5)

(B.6)

(B.7)

(B.8)

Here, s e S is defined as the set of scenarios, Pr,denotes the probability of a given scenario s

occurring. The first stage variables are the amounts of land allocated to each crop denoted by X, .

The second stage variables are the amounts of corn and wheat purchased (y,, ;) and sold (w, ),
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and the amounts of sugar beets sold below (W:w,s) and above (ern,s) the quota. The amounts of

corn and wheat required to feed cattle are the uncertain parameters and is denoted by F_ .

B.2 Naive Robust Scenario Formulation (NRS_IN)

The naive robust scenario formulation is a hybrid of formulation (S) and formulation (R). The

intermediate representation is shown below by formulation (NRS)

min D ¢ x,+ Y.
meQ seS
subject to
> x, <L,
meQ

Y, X, + Yins — Wy s = Max

h |
Wi o + Wi <Y o X

ms —

h
Wm,s < Qm )

X >0,

m

meQ,

Yins: Wi =0,

m,s =

woow >0,

m,s? m,s

Pr,-

S

Z (Crgur ’ ym,s —C

me®,

G

meQ,

(Fm,s - Ifm,s)—i_ I:m,s )

meQ,,seSs,

meQ,seSs,

sell,h
m

meQ,,seS,

meQ,,seS.
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m,s

sell
m 'Wm,s)
sell I |
+ettwy )
meQ,ses,

(B.9)

(B.10)

(B.11)

(B.12)

(B.13)

(B.14)

(B.15)

(B.16)



Here, s Sis defined as the set of scenarios, Pr,denotes the probability of a given scenario s

occurring. With the assumption of uniform distribution, Pr, =—,s e S where |S| refers to the

S|
cardinality of set S. The first stage variables are the amounts of land allocated to each crop

denoted by X, . The second stage variables are the amounts of corn and wheat purchased (Y, )
and sold (w,, ), and the amounts of sugar beets sold below (W;S) and above (W:n’s) the quota.
The amounts of corn and wheat required to feed cattle are the uncertain parameters and is denoted

by F

m,s*

By applying Proposition 1 to constraint (B.11), the bilevel optimization problem is reduced to a

single-level problem. This problem is shown below as formulation (NRS_IN)

Z (Crgur ’ ym,s _Cr?we” 'Wm,s)
min > ¢ x,+> | Pr| " (B.17)
meQ seS sell,h h sell I |
- ctowl o+t W
I méz( m m,s m m,s) |
subject to
D % <L, (B.18)
meQ)

Yo Xt Vs — Wi g =0 - (Mn;?S)T +(Fe). meQ,ses, (B.19)
1

W +W <Y, X, meQ,,seS, (B.20)

W:LS <Q,, meQ,,seSs, (B.21)

x >0, meQ, (B.22)
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Yis: Wns =20, meQ,seS§, (B.23)
W, w20, meQ,,seS. (B.24)

The constraints containing the 1-Norm functions can be reformulated into linear equations based

.
on the example provided in section 3.1.3. The (M njyls) values are provided in Table B.1.

.
Table B.1 (Mr;ls) values for the farm planning problem — uncertain case A

( M v;rlmat,s )T 1’ \V/S

(ML) 1,Vs

B.3 Affinely Adjustable Robust Scenario Formulation (AARS_IN)

The uncertain parameters, F_ ., are now described by Z ( Brsnu Gsmu T ym’s)to separate the
nueNU

deterministic and uncertain elements. nu € NU is the set introduced as the number of uncertain

elements. Here, nue NU ={1, 2}, since there are two uncertain parameters (corn required to

feed cattle and wheat required to feed cattle). The values for S

m,s,nu

and y,, care shown below in

Table B.2.

TableB.2 g, and y, . values for the farm planning problem — uncertain case A

ﬂwheat 'S, 1Vvs
:B'wheat',s,'z 0,vs
i — 0,Vs
Beoms 2 1Vs
Vs 0,vs,meQ,
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The second stage variables are now represented by affine functions of uncertain parameters,

pur

where 'y, . in Problem (S) is replaced by ®PT & +4PY, w, is replaced by

O L E iy, Whis replaced by ®FN & +gei"and W, is replaced by

m,s,nu m,s ! m,s,nu s,nu

CDseII | SE +¢sel|,|
m,s,nu s,nu ms *

The intermediate formulation (AARS) formulation is given below and is a hybrid of formulation

(S) and formulation (AAR)

min Y ¢l -x, +

meQ
Z (quur (CI)IEU; nu _s,nu + pur) Se” (CD;:}IL nu Ss,nu + seII )) (B.25)
Z Prs meQy
seS . z (C;]ell,h (q);ell :u - + seII h)+C:neII,I (q):ll Inu - + seII | ))
L meQ, |
subject to
> x, <L, (B.26)
meQ)
max é: _F . _ﬁ +q)pur _q)sell
: s,nu gs,nu m,s,nu m,s,nu m,s,nu
VX + D | >0, o
nueny +(_ﬂm,s,nu +q)r%usr nu (Drsr?! nu) gs wt pyur ¢rf16lsl ( ' )
meQ),,seSs,
> ((@pth, + R )&+ )<Y X,,  meQyses, (B.28)
nueNU
> ((@F0) & +45")<Q,, meQ,ses, (8.29)
nueNU
x >0, meQ, (B.30)

Z (rzi?([(é:s,nu_fsnu) (I)r’:]“;'nu] (DrFTJlusrnu ‘fsnu+ pul’)zoy mEQDSES’ (831)
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Z (max [(és,nu _gs, ) q)rs:lé nu:| q)rsrfll nu gs,nu +¢:16Isl j = O ! me Ql’ Se S’ (832)
nueNU

Ss.nu
> ((q)i?'lﬂu)-fs,nu+¢§f,'s"h)20, meQ,,seS, (B.33)
nueNU
> (@hh)- &+ Se"')zo, meQ,,seS. (B.34)
nueNU

By applying Proposition 1 to constraints (B.27), (B.31), and (B.32) the bilevel optimization
problem is reduced to a single-level problem. This problem is shown below as formulation

(AARS_IN)

min Y ¢l -x, +

meQ

I r r = r W
n; (Cnrw)u (q)r?]us nu " Ss,nu + pu ) sell (CDrSnet nu - 9s,nu + Se” )) (B.35)
Pr|
gs: s ~ Z (C;e"‘h (q)fne”s :u ot seII h)_l_C;eII,I (q)?ne! |nLI _ seII | )) J
meQ,
subject to
D> % <L, (B.36)
meQ
Oy " (Ms_i\u )T '(_ﬂm,s,nu +(Drlr)1usr nu _q)rsnell nu)

1 (>0,

Y X+ Z o

nueNU +(_:Bm,s,nu n q)rl;usr N _q);ell N ) o pur ¢n51elsl (B.37)
meQ,ses,
ZN:U ((CD?ﬁ'; N ADE )& o g ) <Y.x, meQ,seS, (B.38)
> ((@5th)-En +40")<Q,, meQ,,ses, (B.39)
nieNU
X, =0, meQ, (B.40)
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JM2) (@2 ,)

+ Pur 'é?s,nu+ p”rjzo, meQ,seSs, (B.41)
1

m,s,nu m,s

et
et (_55 wel(M) -(@5h) o+ Qe LE g ) >0, meQ,seS, (B.42)
2, (@5th,)-& 0 +42") 20, meQ,ses, (B.43)
2, (@) &0 +42")20, meq,ses. (B.44)

Constraints (B.41)-(B.44) are to ensure that the affine functions for the second stage variables are

5 [0}

2,0

1) 10
non-negative. For formulation (AARS_IN), &, :( 1"”} and (M ’1)T :{O 1] To obtain the

T
appropriate values from the vector and matrix, o, and (M - ) were used as seen in the above

s,nu

equations. Their values are shown in Table B.3.

T
Table B.3 o, ,, and (M ! ) values for the farm planning problem — uncertain case A

s,nu

55,'1' 5wheat J Vs
55,'2' 5C0|'n 4 VS
(M. )T 1,Vs
(M2 )T 1,Vs
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B.4 Parameter Values
Table B.4 below displays the parameter values used for the deterministic formulation in the farm

planning case study.

Table B.4 Parameters and their values for the farm planning problem

Crop, m, Wheat ‘ Corn Sugar Beets
Total land area, L (acre) 500
Planting Cost, C” ($/acre) 150 230 260
Purchase price, CM" ($/T) 238 210 -
Selling price, ¢ ($/T) 170 150 ]
Selling price (under quota), C*"" ($/T) - - 36
Selling price (over quota), ¢ ($/T) - - 10
Yield, Y, (T/acre) 2.5 3 20
Reserved for feeding cattle, F_ (T) 300 340 -
Quota on production, Q. (T) - - 6,000
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Energy and Bioproduct Supply Chain Case Study — Equations

Appendix C

Formulation (S), formulation (NRS_IN) and formulation (AARS_IN) are provided for the energy

and bioproduct supply chain — uncertain case A.

C.1 Scenario Formulation (S)

seS

subject to

C

L1
qi,pi,s < HYpi,s ) A,pi’

inv __
S

L3,L4
;é p;Pqn,j", pp.s
max | Pr,-

L1 tr op inv
_Z Z qi,pi,s .Cpi —C; =G —C

iel piePl

iel meM piePI

L2,L.3 road,L2,L3 .trL2,L3 L2,L3
+ZZ Z Dm,n ) fm,n 'Cpi 'qm,n,pi,s

meM neN piePl

L3,L4 ¢roadl3,L4 Atrl3L4 ~L3L4
+ZZ Z Dn,j fn,j Cpp qn,j,pp,-%’

neN jeJ ppePP

iel meM piePI

meM

[ L1,L2
qi,pi,s - zqi,m,pi,s’

>4

iel

meM

_Ll,L2_ <
i,m, pi,s

L1,L2,uP

qpi

LLL2

¢’ =22, 2.0

opl2 ALLL2

NI

: qi,m,pi,s

chix,inv,LZ . yrhz + zz

neN teT

. price [ ql3Ls  price
CPP +ZZ z 0.9 (qn,je,pp,s CPP

neN j¢eJ ppePP

f road,L1,L.2 A tr,L1,L.2 L1,L2
i,m

Cpi ' qi,m,pi,s

opL3 L2L3
+Z Z Cpi,t qn,pi,t,s’

neN (pi,t)ePT

fix,inv,L3 L3 var,inv,L3 L2,L3
Ct yn,t + Z Ct qn,pi,t,s
(pi,t)ePT

VpiePl,Viel,VseS,

VpiePl,Viel,VseS,

L2
.ym ,

vYme M,VpiePl,VseS,
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(C.1)

(C.2)

(C.3)

(C.4)

(C.5)

(C.6)

(C.7)



>3 ghi <q?P ey, VmeM,VseS, (C.8)

iel piePl
Sginta - fem =g VmeM,VpiePl,VseS, (C.9)
iel neN
T2 = Y g2 vneN,vpiePl,Vses, (C.10)
meM (pi,t)ePT
T g2 <qt YR YneN,VieT,Vses, (C11)
(pi,t)ePT
Opoies * Foone = Onsiaprs: YN €N, V(pi, pp,t) e PIPT,Vs €S, (C.12)
D G s = D s vneN,VppePP,VseS, (C.13)
(pi, pp,t)ePIPT jed
m;%, _ZN:qﬁL:ps_DemJ s Vjeld,vppePP,VseS, (C.14)
ql pi, s’qlLriL;i s'q;Zanl s’qu;zpll_?s’quzpll_spt s'qr:_gjL:p s — O VI m n J pl pp t S. (C15)

Here, s e Sis defined as the set of scenarios, Pr,denotes the probability of a given scenario s

. . . 1
occurring and is again calculate by Pr, =—

S|

variables denoted by y-*and yan . The second stage variables are flow rates of the materials and

,S€ S . The first stage variables are the binary

L1L2 L2,L3 L2,L3 L2,L3 L3,L4 H
products denoted by qI vist Qimpiss OmnpissOnpitss Onpipprss and Oo 5. The uncertain

parameters are denoted by HY ;  and DemJ oS -

C.2 Naive Robust Scenario Formulation (NRS_IN)

Formulation (NRS) is a hybrid of formulation (S) and formulation (R). This intermediate

formulation can be formed in the similar method shown in Appendix B. Once Proposition 1 has
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been applied to the constraints containing uncertain parameters, formulation (NRS_IN) is shown

below
L3,L4 . price . L3,L4
ZZ Z qn,j°,pp,s CPP + ZZ Z 0.9 (qn,je,pp,s c
maxz PI'S- neN j°eJ ppePP neN j¢eJ ppePP
L1 tr op inv
sS _Z Z qi,pi,s 'Cpi _Cs _Cs _Cs
iel piePI
subject to
tr _ L1,L2 road,L1,L2 .trL1L2 L1,L2
C = ZZ Z Di,m ’ fi,m .Cpi 'qi,m,pi,s
iel meM piePI
L2,L3 road,L2,L3 tr,L2,L3 L2,L3
+ Z Z z Dm,n ) fm,n ’ Cpi ) qm,n,pi,s
meM neN piePl

L3,L4 road,L3,L4 tr,L3,L4 L3,L4
+ZZ Z Dn,J’ fn,j Cpp qn,J’,pp,S'

neN jed ppePP

op __ op,LZ. L1,L2 0p,L3_ L2,L3
Cr =222, 260 Uimais T2, 2, il it

iel meM piePI neN (pi,t)ePT

meM neN teT (pi,t)ePT

P
pp

inv fix,inv,L.2 L2 fix,inv,L3 L3 var,inv,L3 L2,L3
Cs = ZC ) ym +ZZ(Ct ) yn,t + z Ct 'qn,pi,t,s

_ T v 1 i
s <=3 s (Mi,;lai,s) Hl+(|-|Y pis * A’pi), VpiePl,Viel,VseS,
qil,_;i,s = Zqiﬁ’fa,s, vpiePl,Viel, Vses,
meM
Sz <Ay, YmeM,vpiePl,Vses,

iel

quLl,LZ Squ,UP_y;Z’ VmeM,VseS,

’)

J

i,m,pi,s
iel piePI
Sgte - fomt =g VmeM,VpiePl,VseS,
iel neN

D Onnis = D, Onwiisr  YneN,VpiePl,Vses,

m,n, pi,s
meM (pi,t)ePT

Z s <th3’UP.y;f, VYneN,VteT,VseS,

n,pit,s —
(pi,t)ePT
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(C.17)

(C.18)

(C.19)

(C.20)

(C.21)

(C.22)

(C.23)

(C.24)

(C.25)

(C.26)



Qs fomid =22 . vneN,V(pi, pp,t) € PIPT, Vs €S, (C.27)

pippt — Ohn,pi,pp.t.s?

Z qu;zpll_3p ts — qull_?]L;Ps’ vneN ! vpp < PP' vse S’ (C28)
(pi,pp.t)ePIPT jed
u up
< an3L4 < M H +(Dem-, ' ),
Jpp Ig\:, s =01 pps ( JPPS) A S pps (C.29)
VjeJ,VppePP,VseS,
G pis: CHmmnss Omncoisr Onogivs Ot apicss O ops = 0s Vi, m,n, j, pi, pp,t,s. (C.30)

The first stage variables are the binary variables denoted by yan and yan The second stage

L1,L2 L2,L3 L2,L3

variables are flow rates of the materials and products denoted by qI pist Gimpiss Omnpiss o pits

L2,L3

L3,L4
qn pi,pp.t,s ?

n,j.pp,s -

and Q The uncertain parameters are denoted by HY ; ;and Dem‘”

jipp.s
C.3 Affinely Adjustable Robust Scenario Formulation (AARS_IN)
Formulation (AARS) is composed of formulation (S) and formulation (AAR). For simplicity,

constraints (C.5) and (C.6) are combined and constraints (C.12) and (C.13) are combined to form

the following

HY o A < D Gimies vpiePl,Viel,VseSs, (C.31)
meM
D e fome =D Ouipsr VNEN,Vppe PP, Vs €S, (C.32)
(pi, pp,t)ePIPT jed

This reduces the number of second stage variables to four and now they are repalced by affine

L1,L2 L1,L2 L1,L2 L2,L3 -
functions, where @, is replaced by @y " S T Bmpiss Umnpis 1S replaced by
L2,L3 L2,L3 L2,L3 - L2,L3 L2,L3 L3,L4
CDm,n,pi,s,nu 'fs,nu +¢m,n,pi,s' qn pit,s IS replaced by ch,pi,t,s,nu : s,nu + n,pit,s and qn j.pp, s
L3,L4 L3,L4
replaced by d)n i opsuSsou T Pnipps -
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. . upP
The uncertain parameters, HY ; ;is now replaced by Z (ﬁpi,s,nu “Conu +7/pi,s)’ and Dem; ',
nueNU

is replaced by Z (ﬂj,pp,s,nu‘egs,nuﬂ/j,pp,s) to distinguish the deterministic and uncertain
nueNU

elements. The set nue NU = {L 2} is introduced. The values for # and y are shown below in
Table C.1.

Table C.1 £ and y values for the energy and bioproduct supply chain — uncertain case A

ﬂcorn stover',s,"l’ 1; VS

ﬂcorn stover',s,'2’ O’ \V/S

Boi s 0, Vs, nu, pi = corn stover
ﬂj,‘electricity',s,'Z' 1’ VJ ’ S

ﬂj,'electricity',s,'l‘ O’ VJ ' S

B, oo 0,Vj,s,nu, pp # electricity
7'corn stover',s O’ \V/S

Y vivs HY i, Vs, pi # corn stover
7j,'electricity',s 0’ VJ ' S

Yipps Demﬁ,p ,Vi,s, pp = electricity

Once Proposition 1 has been applied to the constraints containing uncertain parameters as seen in

Appendix B, formulation (AARS_IN) is given as

L3,L4 = L3,L4 price
ZZ Z Z ((Dn,j",pp,s,nu gsvnu+¢n,j°,pp,s) CPP

neN j°eJ ppePPnueNU

mcy Pl 13T ¥ Y 09((058,,, Bardin ) || cw

seS neN j¢eJ ppePPnueNU

_Z Z Z Z (((D:_rlnl_slsnu : g_s,nu + |Lr:1I;)2|s ) ' Cpi )_Cg _Csp _C;nv

iel meM piePlnueNU

subject to
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_ L1,L2 road,L1,L2 tr L1,L2 L1L2 L1,L2
_ZZ Z Z Di,m fi,m p| ((Dlm pi,s,nu gs nu + |,m,pi,s)
iel meM piePl nueNU

L2,L3 road,L.2,L3 tr L2,L3 L2,L3 L2,L3
+Z Z Z z Dmvn ’ fm,n pl (CDm n,pi,s,nu é:s nu + m,n,pi,s) (C34)

meM neN piePl nueNU

L3L4 ¢ road L34 clrLaLs L3,.L4 = L3,L4
+ZZ Z Z D”vJ' ) fnvi pp (ch j.pp,s,nu gs,nu +¢n is DPS)

neN jeJ ppePPnueNU

=33 2 > e (PG S Tl

iel meM piePlnueNU

op,L3 L2,.L3 = L2,.L3 (C.35)
+Z Z z Cp?,’t ((Dn pi,t,s,nu s,nu + n,p’i,t,s)’
neN (pi,t)ePTnueNU
f|x inv,L3
fi L2 L2 ynt
|nv C ix,inv, + varinv, ’ _ ’ , (036)
VR YD LSS e (0, E )
(pi,t)ePT nueNU
2\ L1L2
_§s,nu ' (Ms,nu) [Z cI)lmplsnu A1,pi 'ﬂpi,s,nuJ
z meM 1 S 01
nueNU 2 2 (C37)
(Zq):_rlnl_plsnu Apl ﬂplsnu] ésnu+z¢|l_r:1|;)|s_p\,pi'7/pi,s
meM meM
VpiePl,Viel,VseSs,
_ T 2
§s,nu ' (Msiu) [Zq):_#l_pl s nuj
Z iel 1 < qll;l L2,UP an;Z, (C 38)
nueNU — .
EOXTCRN RS v
iel iel
vYme M,VpiePl,VseS,
5s,nu' ( snu) (z Z(D:_rlnl_glsnu]
iel piePl L L2,UP
<
“Lg\l:u L1L2 3 L1L2 ! ym | (C.39)
+ z z CDI m, pi,s,nu 'é:s,nu +Z Z ¢|,m’,pi,s
iel piePl iel piePl
YmeM,VseS,

Do =Y o =0, VmeM,VpiePl,VseS, VnueNU, (C.40)

lmplsnu mnplsnu
iel neN
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gz L femiz _Ngleld —0 vmeM,VpiePl,VseS,

I,m,pi1,s m,n, pI1,s
iel neN
Do = D O =0, VneN,VpiePl,VseS,vnueNU,
meM (pi,t)ePT

3 g D i =0, VneN,vpiePl,vses,

m,n,pi,s n,pi,t,s
meM (pi,t)ePT

0,

s,nu

- (M;au)“[( 5 @ﬁ,ﬁw]

pi,t)ePT

1 L3,UP

q ynt’

nueNU
2 : L2,L.3 2 : L2,L3
+ (I)n pi,t,s,nu s,nu + ¢n,pi,t,s
(pi,t)ePT (pi,t)ePT

VYne N,VteT,VseS,

L2,L3 conv,L3 L3,L4
Z q)n,pi,t,s,nu fpl pp,t Zq)n j.pp.s,nu T

(pi, pp,t)ePIPT jed
Vvne N,VppePP,VseS,vnue NU,
D it =D A =0, VneN,VppePP,VseS,
(pi, pp,t)ePIPT jed
. T
_5s,nu ’ (Msiu) '(ﬁj,pp,s,nu - Zq)fjl_gpsnuJ
Z neN 1 2 O
nueNU L3,L4 L3 L4
+(ﬁj,pp,s,nu _ZN(Dn,j,pp,s,nuJ s,nu ZN n,j,pp,s +7j,pp,s
VjeJ,VppePP,VseS,
_ T
_5s,nu ) (Msrlw) (Zq)?JL:Psnuj
Dem; < >’ nen L1, Vjed,VppePP,VseS,
U
T o T
neN neN
_55 nu (MS_::]U)T '(q):_#l_pzisnu) . .
' ' T | >0, VpiePl,Viel,VmeM,VseS,

NUCNU L1,L2 L1,L2
+® 55 nu + ¢I

i,m, pi,s,nu ,m, pi,s
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.
5 MY (D2

> (M:5) ”””“’"S'"“)l >0, VpiePl,vneN,vmeM,VseS,  (C.50)

Ny +q)rl;12,;1l_j)i,s,nu'§_s,nu nlenL;s

-0,

Z "

nueNU L2,L3 E L2,L3
+d Eomu T o

n, pi,t,s,nu n, pi,t,s

sy (0.0

s,nu n,pi,t,s,nu

1 >0, VpiePl,VneN,VvteT,VseS, (C.51)

-0,

s,nu

Js) (oss,)

nueNu L3,L4 £ L3,L4
+(Dn,j,pp,s,nu é:s,nu +¢n,j,pp,s

11>0, VneN,Vjel,VppePP,vseS. (C52)

Here, constraints (C.49)-(C.52) are to ensure that the second-stage affine functions are non-

T
negative. The values for &, and (M o ) are shown in Table C.2.

s,nu

T
Table C.2 &, and (M - ) values for the energy and bioproduct supply chain — uncertain case

s,nu
A
55,'1‘ 5electricity ' Vs
55,'2' 5corn stover ! Vs
o \T
(M%) 1,Vs
AT
(M%) 1,¥s
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Appendix D

Energy and Bioproduct Supply Chain Case Study — Parameters

Tables D.1 to D.11provide the required parameter values for the energy and bioproduct supply

chain case study.

Table D.1 Availability of raw materials in each supply zone (A'pi)

,. | Cornstover | Wood chips Timber Manure MSW
Zone Corn (km") , 5 , .
(km?) (km?) (km?) (t/day) kg/capita - day
1 20 (80) 20 (80) - - 4 -
2 20 (80) 20 (80) - : ] 3
3 65 (75) 65 (75) 15 15 2.75 -
4 30 (40) 30 (40) 60 60 1.25 -
5 40 (90) 40 (90) 10 10 2.75 1
6 25 (100) 25 (100) - - 2.75 1
7 65 (100) 65 (100) - - 3 -
8 45 (85) 45 (85) 15 15 2 -
9 - - 100 100 - -
10 10 (70) 10 (70) 30 30 25 -

Note: The values in parenthesis are used for Uncertain Case A of Problem 2. Zones 5 and 6 have
populations of 30,000 and 28,000, respectively.

Table D.2 Yields (HY ;) and costs (c ;) of raw materials

Corn Corn stover | Wood chips Timber Manure MSW
Yield
730 840 9.6 96 - -
(t/(km?»y))
Cost (€/t) 85 30 40 90 10 -48
Note: Yield of manure and MSW is reflected in Table 1.
Table D.3 Upper limit of product demands ( Dem; ) and product prices (C;’;ice)
Heat Electricity Bioethanol DDGS Digestate Boards
Maximum 6.26 x 10° 87,000 3,480 tly No upper No upper No upper
Demand MJly MWhly bound bound bound
Price 0.017€/MJ | 100 €/MWh 550 €/t 120 €/t 24 €/t 300 €/t

Note: Minimum demands are zero unless indicated in the case studies.
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fix,inv,L2 fix,inv,L3

var,inv,L3 op,L2 ~op,L3

Table D.4 Preprocessing and main processing costs (C ,C ,C Coi T Chit )
Fixed Investment Cost Variable Investment )
Operating Cost (€/t)
(€ly) Cost (E/t)
Preprocessing Centres 50,000 - -

Corn stover —

) - - 3.0
compressing

Corn grains - drying - - 25.0

Timber - drying - - 25.0

Main Plant

Dry grind process 370,000 0.0047 40.0

Anaerobic digestion 30,658 7.0 15.3

Incineration 1,300,000 20.32 23.0

Sawing 20,000 3.07 7.43

Table D.5 Conversion factors of materials to products ( f ;""" f 1)

P,

Weight
] Loss Electricity Bioethanol Boards Digestate DDGS
Biomass ] Heat (MJ/t)
Ratio for (MWht) (t/t) (t/t) (t/t) (t/t)
Drying
0.25
0.323
Corn 0.2 - - . - - (dry
(dry grind) )
grind)
Wood 7,200 1.4
chips (incineration) | (incineration)
4,600 0.9
MSW - - - - -
(incineration) | (incineration)
Corn 8,000 1.55 0.4
stover (incineration) | (incineration) (digestion)
1,350 0.26 0.4
Manure - . . . . - - . . -
(digestion) (digestion) (digestion)
0.8
Timber 0.41 - - - . - -
(sawing)

Note: Related technology to produce the product is shown underneath the conversion factors.
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tr,La,Lb)

Table D.6 Transportation costs for materials and products (C,

Tractor with trailer Tank trailer MSW Truck
Material Rail (€/t-Kkm)
(€/t-km) €/t-km) €/t-km)
Corn 0.142 0.064 - -
Wood chips 0.24 0.064 - -
MSW - - - 115

Corn stover 0.75 0.064 - -
Manure - - 0.132 -
Timber 0.15 0.064 - -
Bioethanol - - 0.12 -
Digestate - - 0.132 -
DDGS - - 0.132 -
Boards - 0.064 - -

Note: Rail option is used for transportation from preprocessing centres to processing plants and for

transporting boards.

Table D.7 Distances between supply zones and preprocessing centres ( D;ly'Lz)

m; m, ms my Mms Me
iy 12 9 16 22 36 38
i 16 6 7 17 26 28
i3 24 14 7 8 17 18
iq 33 24 16 6 8 8
is 42 33 25 15 6 3
is 2 8 16 21 36 40
iy 11 6 7 17 26 30
ig 21 14 7 8 17 22
ig 31 24 16 6 8 14
10 41 33 25 15 6 12

Note: my, ..., mé6 denote the six preprocessing centres, respectively. iy, ..

zones, respectively. Road condition factors are set to be 1 for all routes.
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Table D.8 Distances between preprocessing centres and main plants (D, >")

n n, N
m; 2 22 41
m, 8 14 34
ms 16 5 25
my 26 6 15
ms 36 16 6
Mg 40 19 3

Note: ny, ..., nz denote the three main plants, respectively. m,, ..., mg denote the six preprocessing
centres. Road condition factors are set to be 1 for all routes.

Table D.9 Distances between main plants and customer locations ( D >**)
jl j2 j3
n, 3 40 34
n 21 20 27
n; 42 3 32

Note: ji, ..., j3 denote the three demand locations, respectively. ny, ..., n; denote the three main
plants. Road condition factors are set to be 1 for all routes.

Table D.10 Preprocessing capacities for different materials (>, q"*"")
Material Capacity (t/y)
Corn 500,000
Corn stover 160,000
Wood chips 3,000
Timber 30,000
Manure 10,000
MSW 30,000
Total raw materials 500,000
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Table D.11 Capacities of different processing technologies (g->"")

Technology Capacity (tly)
Dry grind 250,000
Anaerobic digestion 160,000
Incineration 390,000, 290,000, 500,000
Sawing 20,000

Note: Different incineration capacities are used for the three respective case studies.
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Appendix E
Industrial Chemical Supply Chain Case Study - Equations

Formulation (S), and formulation (AARS_IN) are provided for the industrial and chemical supply

chain case study — uncertain case A

E.1 Scenario Formulation (S)

max Z:Z:[Prs.((Revenuei'S -TC,,)(1- ri"“’))} (E.1)

iel seS
subject to
— FPPD pFP FPPW [JFP :
Revenue,, = > Y (fFr2-R7)+ Y Z(fi’mS P ) icl, seS, (E2)
(i,k)e® veVv (i,J)eQ veV
TC., =c¢™+c™+c +cl+¢ +cM +c +cP + ¢ + ¢V, (£3)
iel, seS§, '
c?=z-C™ iel, (E.4)
fr FP,PD fr,FP,PD FP,PW fr,FP,PW

G= Z Z(fi,k,v,s 'Ci,k )+ Z Z(fi,j,v,s 'Ci,j )

i,k)e® veV i,j)eQvev

(i,k)ed v (i,j)ev (E.5)

3> Y(fwe.crree gty iel,ses,

(i,))eQ (j,k)ell vev

¢t :rm_{ PIDILHHEL AR B IO Y ENHR IR I E6)

(i,k)e® veV (i,j)eQ veV
iel, se§,
| FP, PI FPPW ~WI)
o= > (for-cl)+ X Y (fFR-c), iel, ses, (E.7)
(i,v)e¥ (i,))eQ vev

CiTM:Z(fiTs'\A'C'CiTM)’ iel, ses, (E.8)
ueU

Cisst = Z( fi,F:JF.esM'C 'ti,QuMZ)'CiRMZ’ iel, ses, (E.9)
ueU

el = Z( .o -qfu“"s) .CF™, iel, seSs, (E.10)
ueU
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C_waste =Z(fPRMC ql\JNaste) Ciwaste’ i e I, SES,

s Lu,s
ueU

OPVC Cvar { Z (f|'jlpsp):|’ iEl, ses,

(i,v)e¥

fFPp
fPRMC i,v,s . _td b_td
u; [W’H ;o FP/24/365/((365—Oi).Ui)H e J

-24-365 (365-0;)-U, /365 iel, seSs,

)
PRMC fFPp | I
f. i.v.s m*
g‘ (.w 8™ 124/365/((365-0)U,) [ "

:24.365-((365-0;)-U, /365), i<l, seS,

1,u,s 1 L,V,S
ueU (i,v)e¥

Z(fPRMc EPRM) aavg,FP_YiFP: Z (fFPp), iel, SeS,

Z (fFPPW)+ Z (fFPPD) XFP fFPP _ Dif\f’.RiT/SGS, (i,v) eV, seS,

i,j,v,s ik,v,s

(i,))eQ (i,k)e®

Lv,s

Z (fFPWD) XFP Z(fFPPW) Dis.Ris/365, jeld, veV, seS§,

ikv,s i,j.v,s
(j.k)erT iel
S(fhvege) <Y (fie-Qw), iel, weW, sesS,
ueU uel
(e B <1 g, e, ses,
ueU ueU

Z(fPRMP)+fPRMW<MPRM’ ueU, se§,

1,u,s
iel

XLIJDRM,W_R:RM,W+ fuPRM,W_Z(fPRMWP)>O ueU, seSs,

1Lu,s
iel
fime - S XG0+ + BT —REY, el ueU, ses,

Z fI'T(PvPsD_'_ Z fJFl':\\/NsDz z (nk,nu'E\TLn'gs,nu)’ kEK’ VEV’ SES’

(1)=0 (j0en nlieNU
z, <Z™, iel,

z fFPp_Z iel, se§,

1,V,S
(iv)e¥
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(E.11)

(E.12)

(E.13)

(E.14)

(E.15)

(E.16)

(E.17)

(E.18)

(E.19)

(E.20)

(E.21)

(E.22)

(E.23)

(E.24)

(E.25)



FPPD ¢ FPPW ¢FPWD ¢PRMC £PRMP £PRMW ¢PRMWP ¢FPp .o
Zi ! fi,k,v,s ! fi,j,v,s ! fj,k,v,s ! fi,u,s ! fi,u,s ! fu,s ! fi,u,s ' fi,v,s 20' VI’ J,k,V,U,S. (E26)

Here, s e Sis defined as the set of scenarios, Pr,denotes the probability of a given scenario s

. . 1 . . .
occurring and is calculated by Pr,=-—,seS. The first stage variables are the determined

S|
capacities of the plants z; . The second stage variables are flow rates of the primary raw materials

and the final products denoted by fire, filve  flive s finerc, figar, oMW - fFRmnr

ikvs * tijvs 0 Tjkyvs o Tius iu,s iu,s )

and 7P, The uncertainty in demand is now represented through the expression

——min —min . . L
Z (Uk,nu - Dk -fs’nu), where Dy represents the nominal values used in the deterministic
nueNU

formulation. &, are the uncertain parameters that is multiplied by the nominal demand value
and 7, ,, is introduced so that the uncertain parameters are multiplied for the correct regional

market locations. These & and 7 values are shown below in Table E.1.

Table E.1 £ and 7 values for the industrial chemical supply chain — uncertain case A

o {1£0.4}
o2 {1i 0.3}
My 1L k=123
v 0,k=4,5
Mo 0,k=12,3
M2 1L k=45
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Here, the uncertainty region can be defined by == {.f : HM (5—5)” < 5} , Where the uncertain

- (1 10
parameters are denoted by & = (?J , the nominal values are denoted by & = (J M :{ }

2 0 1
0.4
,and 0 = )
(0'3]

< 5i,s}’ where

‘Mi,s( i, _é?i,s)

(G) =[S w2t 0 v aas ()
gi,s_ 52’5 ’é:i,s_ 52’5 J is 0 1’ yan is 52 1 VS.

The uncertainty subregions are defined as ELS:{;’S:

E.2 Adjustable Robust Scenario Formulation (AARS_IN)

Formulation (AARS) is a hybrid of formulation (S) and (AAR). The second stage variables here

are now replaced by affine functions, in which f.\'vc is replaced by @5 & +dire,

FPPW - FP.PW FP.PW FPWD . FP,WD FP,WD
f; is replaced by CI)i,j,v,s,nu 'és,nu +¢I,j,v,s ’ fj,k,v,s is replaced by CDj,k,v,s,nu .é:San +¢j,k,v,s !

i,j,v,s

PRM,C . PRM,c PRM,c PRM,P . PRM,P PRM,P
f IS replaced by . 'fs,nu +¢|,u,s ) fi,u,s IS replaced by q)i,u,s,nu'é:s,nu—i_ us

ius i,u,s,nu

PRM,W : PRM,W PRM,W PRM,WP . PRM,WP PRM,WP
fu,s IS replaced by q)u,s,nu 'gs,nu +¢u,s ! fi,u,s IS replaced by CI)i,u,s,nu 'gs,nu +¢|,u,s

FP,p FP,p

and f. Pisreplaced by ®7° & . +4T7.

1LVv,s

The intermediate formulation (AARS) can be expressed through a method shown in Appendix B.
Once Proposition 1 has been applied to the constraints containing an optimization expression,

formulation (AARS_IN) is given as
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max ZZ[PrS-((RevenueiyS -TC,.)(1- ri‘”C))} (E.27)

iel seS
subject to
— FP,PD z FP,PD FP
ReVenuei,s - Z Z ( Z ch K,v,s,nu 'é:s,nu + |,k,v,sj' F)k,v
(i,k)e® vev nueNU
(E.28)
FP,PW FPPW | BFP :
+ Z Z(( Z (D| jv,s,nu é:s,nu + 1,j,v,8 J'Pj,v j’ e I’ SES’
(i,j)eQ veV nueNU
TC, =C™+C™ +T L +CY 4T +Ca +C L +C L +T 4T LS,
: ' (E.29)
iel, seS§,
c*® =z -C®, iel, (E.30)
=fr FP,PD FP,PD fr,FP,PD
Ci,s Z Z(( Z q)lkvsnu s,nu + |,k,v,sj'ci,k J
(i,k)ed® vev nueNU
FPPW  Z FP,PW fr,FP,PW
+ Z Z(( z (Dljvsnu '§s,nu+¢|,j,v,s j'Ci,j j (E31)
(i,j)eQ veV nueNU
FP,WD FP,WD fr,FP,WD fr,PW H
+Z Z Z([ Z (Djkvsnu é:s,nu+¢j,k,v,sj'cj,k q|] )1 IGI; SES,
(i,])eQ (j,k)ell vev nueNU
FP,PD FP,PD FP ..du
Z Z[( Z Clevsnu s,nu+ |,k,v,sJ'Pk,v r|k]
_ (i,k)e® vev nueNU .
Ci‘fzrt”‘ , iel, seS, (E32)
FPPW % FPPW | BFP adu
+ Z Z([ Z ch jv,s,nu 'és,nu +¢|,j,v,s j I:)j,v ) rlj J
L (i,j)eQvev nueNU |
PP = FP.p PI
(( |v snu - Ss,nu + 1,v,s ]CI )
@, v)e‘F nueNU
(E.33)
FPPW  F FP,PW wi ;
+ Z Z(( ®|jvsnu'§s,nu+¢|,j,v,s ]C] j’ lel, S€S1
(i,j)eQ veV nueNU
—PRM PRM,c = PRM,c PRM :
q).usnu‘fs,nu“/ﬁ.us }Ci]u , lel, seS§, (E.34)
ueU nueNU
—RM2 PRM,c = PRM,c RM2 RM2 H
®|usnu'§s,nu+¢|,u,s j'qi,u 'Ci y 1€ I’ SES’ (E'35)
ueU nueNU
—RM3 PRM,c = PRM,c RM3 RM3 :
[ |u,s,nu 'gs,nu +¢|,u,s j'qi,u jCI ! S I ! Se S’ (E36)
ueU nueNU



522[[ > @ St”ﬁu-ri,nuwfii”‘] g |-C™*, iel, seS, (E.37)

ueu nueNU
=OPVC var FP,p FP,p f
C'S _C Z ( Z CI)lvsnu s,nu+ |,v,sj , lel, SES; (E38)
| (i,v)e¥ \\nueNU

uel

S (0 ). +Z¢.TZ”°]
ueU

p  ueU

(iv)e¥ X

¥ (o) (g

_5s,nu
= )
(zcbss;z,m-Aj [z i j

(i,v)e¥ (i,v)e¥

(E.39)

iel, se§,

where,

A ([ 1 J-mi“‘+bfdJ-24-365-((365—Oi)-Ui/365), iel.

8" /24/365/((365-0,)-U, )

> [0

nueNU

(i) T

ueU
-0, 1,

s.n ( snu) ( Z q)lFsgnu i)
< Z (i,v)e¥ ’
BRIDCRCYERTS Y

(i,v)e¥ (i,v)e¥

L0 ). «:mzwj

1 ueU ueU

(E.40)

! iel, seS§,

where,

1 wl wi .
B = m" +b™ |-24-365-((365-0,)-U, /365), i<l.
i {LaiangP /24/365/((365—O|)U|)] m= +D, J (( l) i ) le

Z(q)PRMc EPRM) avg,FP YFP Z (I)IFsznu—O, iel, seS, nueNU, (E.41)

i,u,s,nu
ueU (i,v)e¥
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Z(ﬂpfzﬂc EPRM) qveFP YFP Z ¢|F\f’p_ Ciel, ses, (E42)
ueU (i,v)e¥
6 (M;;U)T-( S (@7 )e 3 (07, ) cbrsznuj
(i,j)eQ (i,k)e® L
» [( S (@7 )e Y (cbr,zzs,z,m)—®Eszz,nujjam
nueNU (i.])e0 (i.K)e®
-3 () 3 ()4
i,j)eQ i,k)e®
(E.43)
<X _DF.R¥ /365, (iv)c¥, e,
q)FPWD
. 2, OT)
S,HU' s,nu :
_(iég(q)lﬂjsv!nu)
’ 1
> 00 3 (o) | £ [sxE-DE RIS
nue j.k)e i,j)e :
£ Y ()= > (a5
(j,k)ell (1,))eQ

123

jeld, veV, seS§,



O nu

(M)

Z[ OFME g

nueNU

¥ (o

u

+ZU:(

u

PRMC
1,u,s

im|

(m2)"

PRM, PRM PRM;, = .
z (z<q)lusr?u E ) Z(q)lusr?u' ilmp)j'é:s,nu SO’ |€|, SES;
nueNU uelU uel
PRM PRM PRM,
+ (lusC E ) (¢|usc Imp)
ueU ueU
T PRM,P PRM,W
5y (ML) (z(@.m) o j
iel i
PRM,P PRM,W r PRM
z +(z (I)IUSHU +(I)USHUJ§SHU SI\/IU 1 UGU’ SES'
nueNU iel
PRM,P PRMW
3 (AR ) +
iel
_ T
5 M) [@sz“:uw (@f’i?:zp)j
iel 1
KR 3 @ - (o) | )
nueNU iel
PRM\W PRM,WP
+¢u,s - (¢i,u,s )
icl
uelU, seS§,

i,u,s,nu qLIW

PRM,c

(UJ

mp

uelU

PPRVIC
IUSﬂLI

Z(q)PRMc EPRM)
{ UZ((DPRMC }

u

eU
|mp
| w

A )- Z(ﬁf’ﬂ“ Q)

+

|mp)

1
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i,u,s,nu qUW

+

Qe )j

1

iel, weW, seS8,
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(E.46)

(E.47)

(E.48)



nueNU

T
-1 PRM,c PRM,P PRM,WP
§s,nu ’ (Ms,nu) '(q)i,u,s,nu _cDi,u,s,nu _(Di,u,s,nu ) ) +
PRM.c PRM,P PRMWP\ Z PRM,P PRM,P
Z (cDi,u,s,nu _CDi,u,s,nu _q)i,u,s,nu )'é:s,nu < Xi,u - Ri,u )
nueNU (E49)

PRM, PRM,P PRM,WP
+¢|,u,s,ncu - ¢|,u,s - ¢|,u,s

iel, ueU, seS§,

_ T min
_5s,nu ' (Msiu) [ Z CDIFiT/DSnu + Z (D'J:ka\\lllznu - Dk,v 'ﬂk,nu]
(i.K)<0 (jR)er A
Z + Z cDIFi?/Dsnu + Z (D'J:PkV\\//Eanu - DIT\I/n M nu ( s,nu) 20,
(iK)<® (jK)er (E.50)
+PL ke T 937 kne
keK, veV, seS§,
z <Z™ iel, (E.51)
_ T
S (M) | 3 0tz
(iv)e¥ X )
> <z, iel, se§, (E.52)
nueNU P — P
+ Z q)i,v:’s),nu 'é:s,nu + Z ¢|,v,'sp,nu
(i,v)e¥ (i,v)e¥

T
-1 FP,PD
' (M ) '((Di,k,v,s,nu) i,k,v,s,nu 1,k,v,s

) é?s L+ FP,PD) >0,
1

nueNU (E.53)
iel, keK, veV, seS8,
1 \T —=
> (<G| Ma) (@7 )|+ B+ )20 s
iel, jed, veV, seS§,
— T -
> (B[ Man) (@2, )] + 0T B+ 20
nueNU 1 (E.55)

jeld, keK, veV, se§,
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1\T =
3 (gt (o) <o E e 20 56
iel,ueU, seS§,
T _
—5 . M -1 . @PRM,P ‘ + (DFRM,P . + PRM,P) 2 0,
ngu( s,nu ( s,nu) ( |,u,s,nu) A i,u,s,nu é:s,nu ¢|,u,s (E.57)
iel, ueU, se§,
T _
_5 . M -1 . @PRM,W ‘ + @PRM,W . + PRM,W) 2 0,
ngu( s,nu ( s,nu) ( u,s,nu ) A u,s,nu és,nu ¢u,s (E.58)
uelU, seS§,
1\T =
m;u (_5s,nu : (M s;u ) ’ ((DIPS'\SA}Y:J/P) X + q)lF’S'\s/'yr\]/:J/P : é:s,nu + ¢IF,)UR,2AYWP) >0, (E59)
iel,ueU, seS§,
— T i
nueZNU (_5s,nu : (M s;u ) ' (q)::sgnu ) A + CD.FSEnu : gs,nu + |vasp) 2 O' (E60)

iel, keK, veV, seS.

Here constraints (E.52)-(E.59) are to ensure that the affine functions for the second stage

T
variables are non-negative. The values for o, and (M > ) are shown in Table E.2.

s,nu

T
Table E.2 o, , and (M o ) values for the industrial supply chain — uncertain case A

55,'1‘ 51’ Vs
55,.2.1 : 0,,Vs
(M%) 1,Vs
(M%) 1,Vs
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Appendix F

Industrial Chemical Supply Chain Case Study - Parameters

Tables F.1 to F.35 provide the parameter values used for the industrial chemical supply chain

case study problem. The capacity cost (C**) is a scalar set to $1500 $/t and the transfer price

rate (r') is 96.00%.

Table F.1 Income tax rates (™)

Plant 1 2 3 4 5
Income Tax 10.0% 30.0% 30.0% 30.0% 2 5%
Rate
Table F.2 Duty rates (rifjku ) from plants to regional markets
Ship From / Ship To Regionl Region2 Region3 Region4 Region5
PLANT1 2.5% 6.5% 0.0% 1.2% 0.0%
PLANT?2 2.5% 6.5% 0.0% 1.2% 0.0%
PLANT3 2.5% 6.5% 0.0% 1.2% 0.0%
PLANT4 2.5% 6.5% 2.5% 1.2% 0.0%
PLANTS 1.8% 0.0% 0.6% 1.2% 6.0%
Table F.3 Estimated duty rates (ﬁdJ“ ) from plants to regional warehouses
Ship From / Ship To Regionl Region2 Region3 Region4 Region5
PLANT1 2.5% 6.5% 0.0% 1.2% 0.0%
PLANT?2 2.5% 6.5% 0.0% 1.2% 0.0%
PLANT3 2.5% 6.5% 0.0% 1.2% 0.0%
PLANT4 2.5% 6.5% 2.5% 1.2% 0.0%
PLANTS 1.8% 0.0% 0.6% 1.2% 6.0%
Table F.4 Maximum allowable capacities (Z,™)
Plant 1 2 3 4 5
Capacity (t) 12,000,000 7,600,000 5,600,000 4,000,000 7,200,000
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RM2

Table F.5 RM2 to PRM grade ratio (q;,")

PRM NAME PLANT1 PLANT?2 PLANT3 PLANT4 PLANTS
PRM-1 0.25 0.23 0.21 0.22 0.25
PRM-2 0.25 0.23 0.21 0.22 0.25
PRM-3 0.25 0.23 0.21 0.22 0.25
PRM-4 0.25 0.23 0.21 0.22 0.25
PRM-5 0.25 0.23 0.21 0.22 0.25
PRM-6 0.25 0.23 0.21 0.22 0.25
PRM-7 0.24 0.23 0.20 0.21 0.25
PRM-8 0.25 0.23 0.21 0.22 0.25
PRM-9 0.24 0.22 0.20 0.21 0.25
PRM-10 0.25 0.23 0.20 0.22 0.25
PRM-11 0.24 0.22 0.20 0.21 0.24
PRM-12 0.24 0.23 0.20 0.21 0.25
PRM-13 0.25 0.23 0.21 0.22 0.25
PRM-14 0.10 0.10 0.10 0.10 0.10
PRM-15 0.24 0.22 0.20 0.21 0.24
PRM-16 0.22 0.21 0.19 0.20 0.23
PRM-17 0.25 0.23 0.21 0.22 0.25
PRM-18 0.25 0.23 0.20 0.22 0.25
PRM-19 0.24 0.23 0.20 0.21 0.25
PRM-20 0.24 0.22 0.20 0.21 0.24
PRM-21 0.25 0.23 0.21 0.22 0.25
PRM-22 0.25 0.23 0.21 0.22 0.25
PRM-23 0.25 0.23 0.21 0.22 0.25
PRM-24 0.24 0.22 0.20 0.21 0.24
PRM-25 0.25 0.23 0.21 0.22 0.25
PRM-26 0.23 0.21 0.19 0.20 0.23
PRM-27 0.23 0.22 0.19 0.20 0.24
PRM-28 0.22 0.21 0.19 0.20 0.23
PRM-29 0.23 0.21 0.19 0.20 0.23
PRM-30 0.23 0.22 0.19 0.20 0.24
PRM-31 0.22 0.21 0.19 0.19 0.23
PRM-32 0.23 0.21 0.19 0.20 0.23
PRM-33 0.23 0.21 0.19 0.20 0.23
PRM-34 0.22 0.21 0.19 0.19 0.23
PRM-35 0.22 0.21 0.19 0.20 0.23
PRM-36 0.22 0.21 0.19 0.20 0.23
PRM-37 0.22 0.21 0.19 0.20 0.23
PRM-38 0.22 0.21 0.18 0.19 0.23
PRM-39 0.22 0.21 0.19 0.19 0.23
PRM-40 0.00 0.00 0.00 0.00 0.00
PRM-41 0.23 0.21 0.19 0.20 0.23
PRM-42 0.22 0.21 0.19 0.20 0.23
PRM-43 0.22 0.21 0.19 0.20 0.23
PRM-44 0.23 0.21 0.19 0.20 0.23
PRM-45 0.22 0.21 0.18 0.19 0.23
PRM-46 0.22 0.21 0.18 0.19 0.23
PRM-47 0.22 0.21 0.18 0.19 0.23
PRM-48 0.23 0.21 0.19 0.20 0.23
PRM-49 0.21 0.20 0.18 0.18 0.21
PRM-50 0.23 0.21 0.19 0.20 0.23

128




PRM-51 0.23 0.21 0.19 0.20 0.23
PRM-52 0.17 0.16 0.14 0.15 0.17
PRM-53 0.22 0.21 0.18 0.19 0.22
PRM-54 0.23 0.21 0.19 0.20 0.23
PRM-55 0.21 0.20 0.18 0.18 0.21
Table F.6 RM3 to PRM grade ratio (g, )
PRM NAME PLANT1 PLANT?2 PLANT3 PLANT4 PLANT5
PRM-1 0.11 0.11 0.15 0.13 0.11
PRM-2 0.12 0.12 0.15 0.14 0.12
PRM-3 0.13 0.13 0.17 0.16 0.14
PRM-4 0.13 0.13 0.17 0.16 0.14
PRM-5 0.14 0.14 0.18 0.17 0.14
PRM-6 0.13 0.13 0.17 0.16 0.13
PRM-7 0.12 0.12 0.16 0.15 0.12
PRM-8 0.15 0.15 0.18 0.18 0.15
PRM-9 0.10 0.10 0.14 0.12 0.09
PRM-10 0.19 0.18 0.24 0.23 0.19
PRM-11 0.17 0.16 0.21 0.20 0.17
PRM-12 0.17 0.17 0.21 0.21 0.18
PRM-13 0.19 0.19 0.25 0.23 0.19
PRM-14 0.70 0.60 0.66 0.80 0.70
PRM-15 0.22 0.21 0.27 0.27 0.22
PRM-16 0.44 0.39 0.54 0.51 0.44
PRM-17 0.30 0.28 0.34 0.35 0.30
PRM-18 0.22 0.21 0.26 0.27 0.22
PRM-19 0.21 0.20 0.27 0.25 0.21
PRM-20 0.25 0.23 0.29 0.29 0.25
PRM-21 0.24 0.23 0.30 0.29 0.25
PRM-22 0.24 0.22 0.29 0.28 0.24
PRM-23 0.24 0.22 0.29 0.28 0.24
PRM-24 0.22 0.21 0.27 0.26 0.29
PRM-25 0.30 0.28 0.34 0.35 0.30
PRM-26 0.37 0.33 0.43 0.42 0.39
PRM-27 0.31 0.29 0.38 0.37 0.38
PRM-28 0.41 0.36 0.49 0.47 0.42
PRM-29 0.36 0.33 0.43 0.42 0.43
PRM-30 0.37 0.34 0.45 0.43 0.37
PRM-31 0.47 0.42 0.57 0.54 0.52
PRM-32 0.41 0.36 0.49 0.47 0.48
PRM-33 0.40 0.36 0.48 0.46 0.47
PRM-34 0.46 0.41 0.55 0.53 0.52
PRM-35 0.42 0.38 0.51 0.49 0.49
PRM-36 0.44 0.39 0.54 0.51 0.44
PRM-37 0.42 0.37 0.49 0.48 0.44
PRM-38 0.44 0.39 0.53 0.51 0.49
PRM-39 0.45 0.40 0.55 0.52 0.45
PRM-40 0.00 0.00 0.00 0.00 0.00
PRM-41 0.38 0.34 0.47 0.44 0.38
PRM-42 0.46 0.41 0.56 0.53 0.52
PRM-43 0.44 0.39 0.54 0.51 0.44
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PRM-44 0.39 0.35 0.48 0.45 0.39
PRM-45 0.48 0.42 0.57 0.55 0.53
PRM-46 0.48 0.42 0.57 0.55 0.53
PRM-47 0.48 0.42 0.57 0.55 0.49
PRM-48 0.44 0.39 0.53 0.51 0.44
PRM-49 0.50 0.45 0.59 0.58 0.58
PRM-50 0.39 0.35 0.48 0.45 0.39
PRM-51 041 0.36 0.49 0.47 0.48
PRM-52 0.38 0.33 0.38 0.44 0.37
PRM-53 0.49 0.43 0.60 0.56 0.49
PRM-54 0.39 0.35 0.47 0.45 0.46
PRM-55 0.52 0.46 0.61 0.60 0.57

Table F.7 Waste to PRM grade ratio (g!"**)

PRM WASTE
NAME FACTOR
PRM-1 4.00%
PRM-2 4.40%
PRM-3 5.00%
PRM-4 5.00%
PRM-5 5.00%
PRM-6 5.50%
PRM-7 6.50%
PRM-8 6.50%
PRM-9 5.80%
PRM-10 11.50%
PRM-11 9.20%
PRM-12 9.30%
PRM-13 10.30%
PRM-14 4.31%
PRM-15 16.00%
PRM-16 40.72%
PRM-17 16.60%
PRM-18 11.86%
PRM-19 14.70%
PRM-20 15.00%
PRM-21 14.90%
PRM-22 14.70%
PRM-23 14.70%
PRM-24 14.23%
PRM-25 16.60%
PRM-26 31.70%
PRM-27 25.00%
PRM-28 36.30%
PRM-29 29.59%
PRM-30 30.22%
PRM-31 42.10%
PRM-32 34.70%
PRM-33 33.70%
PRM-34 40.00%
PRM-35 36.20%
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PRM-36 40.24%

PRM-37 36.50%

PRM-38 40.00%

PRM-39 41.90%

PRM-40 34.00%

PRM-41 34.63%

PRM-42 40.20%

PRM-43 40.72%

PRM-44 35.00%

PRM-45 43.00%

PRM-46 43.00%

PRM-47 43.00%

PRM-48 38.20%

PRM-49 48.00%

PRM-50 35.00%

PRM-51 34.70%

PRM-52 52.00%

PRM-53 46.36%

PRM-54 32.95%

PRM-55 50.00%

Table F.8 Impurity content (¢'™) in PRM

u,w
PRM
grade / 1 2 3 4 5 6 7 8 9 10 11 12 13
Impurity
1 0.00% 0.76% 0.00% 0.51% 0.01% 0.14% 0.03% 0.05% 0.34% 0.02% 0.78% 0.26% 0.33%
2 0.00% 0.42% 0.00% 0.30% 0.02% 0.13% 0.01% 0.03% 0.37% 0.02% 1.15% 0.25% 1.00%
3 0.00% 2.88% 0.00% 0.40% 0.03% 0.13% 0.04% 0.03% 0.36% 0.04% 1.30% 0.25% 0.80%
4 0.00% 2.19% 0.00% 0.33% 0.04% 0.05% 0.08% 0.03% 0.32% 0.10% 1.06% 0.11% 0.02%
5 0.00% 0.64% 0.00% 0.90% 0.00% 0.10% 0.05% 0.05% 0.00% 0.01% 2.00% 0.38% 1.00%
6 0.00% 2.50% 0.00% 0.40% 0.04% 0.12% 0.04% 0.12% 0.38% 0.06% 1.20% 0.18% 0.65%
7 0.00% 0.66% 0.00% 0.11% 0.00% 0.21% 0.05% 0.06% 0.21% 0.04% 0.72% 0.58% 1.08%
8 0.00% 0.66% 0.00% 0.45% 0.09% 0.11% 0.04% 0.04% 0.30% 0.02% 1.70% 0.20% 1.80%
9 0.00% 2.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
10 0.00% 5.50% 0.00% 1.10% 0.07% 0.18% 0.40% 1.30% 0.27% 0.03% 1.40% 0.21% 0.20%
1 1 11.64% 4.40% 0.00% 1.00% 0.04% 0.13% 0.39% 1.10% 0.23% 0.03% 1.15% 0.16% 0.15%
12 0.00% 1.80% 0.00% 0.38% 0.02% 0.11% 0.03% 0.05% 0.36% 0.04% 1.95% 0.17% 2.30%
13 0.00% 8.30% 0.00% 1.40% 0.10% 0.08% 1.15% 0.51% 0.33% 0.00% 1.00% 0.13% 0.11%
14 0.00% 0.84% 0.00% 0.22% 0.02% 0.15% 0.04% 0.03% 0.38% 0.05% 0.61% 0.62% 0.93%
15 0.00% 8.74% 0.00% 0.67% 0.15% 0.18% 0.34% 1.37% 0.12% 0.13% 1.30% 0.46% 0.09%
16 0.00% 36.02% 0.00% 0.84% 0.03% 0.23% 0.36% 1.05% 0.13% 0.07% 0.64% 0.25% 0.10%
17 0.00% 8.20% 0.00% 1.90% 0.32% 0.17% 5.10% 0.27% 0.04% 0.00% 1.70% 0.29% 0.02%
18 0.00% 4.24% 0.00% 1.79% 0.06% 0.23% 0.12% 0.04% 0.27% 0.07% 3.08% 0.24% 0.24%
19 0.00% 9.76% 0.00% 0.76% 0.02% 0.21% 0.78% 1.65% 0.17% 0.06% 0.76% 0.29% 0.13%
20 10.00% 6.00% 0.00% 1.60% 0.08% 0.65% 1.30% 1.20% 0.15% 0.05% 2.00% 0.35% 0.25%
2 1 0.00% 11.20% 0.00% 1.10% 0.15% 0.16% 0.85% 1.77% 0.14% 0.00% 1.70% 0.23% 0.18%
22 0.00% 11.70% 0.00% 1.00% 0.15% 0.16% 0.87% 1.72% 0.15% 0.01% 1.35% 0.23% 0.22%
23 0.00% 11.70% 0.00% 1.00% 0.15% 0.16% 0.87% 1.72% 0.15% 0.01% 1.35% 0.23% 0.22%
24 0.00% 7.87% 0.00% 1.15% 0.04% 0.18% 0.06% 0.11% 0.33% 0.21% 0.83% 0.22% 0.23%
25 0.00% 8.20% 0.00% 1.90% 0.32% 0.17% 5.10% 0.27% 0.04% 0.00% 1.70% 0.29% 0.02%
26 0.00% 20.00% 0.00% 1.40% 0.09% 0.29% 0.40% 0.70% 0.18% 0.20% 1.36% 0.32% 0.24%
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27 0.00% 20.00% 0.00% 0.85% 0.04% 0.07% 0.14% 0.75% 0.24% 0.19% 0.60% 0.10% 0.40%

28 0.00% 27.30% 0.00% 0.72% 0.04% 0.37% 0.22% 0.87% 0.16% 0.09% 1.50% 0.36% 0.55%

29 0.00% 20.94% 0.00% 1.67% 0.02% 0.10% 0.13% 0.61% 0.20% 0.06% 1.04% 0.21% 0.52%

30 0.00% 23.37% 0.00% 2.63% 0.06% 0.32% 0.19% 0.62% 0.19% 0.05% 1.37% 0.16% 0.06%

31 0.00% 37.69% 0.00% 0.87% 0.02% 0.07% 0.10% 1.39% 0.15% 0.06% 0.67% 0.11% 0.46%

32 0.00% 28.60% 0.00% 1.30% 0.03% 0.06% 0.19% 1.03% 0.13% 0.16% 0.75% 0.08% 0.27%

33 0.00% 26.00% 0.00% 1.00% 0.12% 0.77% 0.33% 1.00% 0.13% 0.14% 0.90% 0.70% 0.09%

34 0.00% 31.50% 0.00% 1.30% 0.02% 0.17% 0.21% 1.00% 0.19% 0.08% 1.60% 0.20% 0.70%

35 0.00% 30.40% 0.00% 1.00% 0.05% 0.21% 0.72% 0.30% 0.08% 0.14% 0.95% 0.26% 0.11%

36 0.00% 35.45% 0.00% 1.06% 0.02% 0.04% 0.54% 0.39% 0.28% 0.08% 1.05% 0.06% 0.12%

37 0.00% 24.90% 0.00% 1.33% 0.08% 0.70% 0.60% 0.86% 0.13% 0.18% 1.35% 0.66% 0.40%

38 0.00% 33.40% 0.00% 0.84% 0.01% 0.06% 0.12% 1.15% 0.16% 0.04% 0.57% 0.15% 0.10%

39 0.00% 37.60% 0.00% 0.46% 0.11% 0.12% 0.23% 0.95% 0.09% 0.09% 0.90% 0.32% 0.06%
40 0.00% 21.74% 2.90% 2.20% 0.03% 0.12% 0.15% 0.48% 0.19% 0.14% 4.05% 0.18% 1.38%
41 0.00% 27.95% 0.00% 0.80% 0.11% 0.68% 0.37% 0.79% 0.13% 0.08% 0.59% 0.60% 0.03%
42 0.00% 36.50% 0.00% 0.90% 0.02% 0.06% 0.12% 1.45% 0.15% 0.06% 0.85% 0.08% 0.46%
43 0.00% 36.02% 0.00% 0.84% 0.03% 0.23% 0.36% 1.05% 0.13% 0.07% 0.64% 0.25% 0.10%
44 0.00% 29.98% 0.00% 0.96% 0.02% 0.28% 0.60% 0.86% 0.12% 0.07% 0.72% 0.23% 0.06%
45 0.00% 36.30% 0.00% 0.82% 0.02% 0.42% 0.33% 1.55% 0.19% 0.06% 0.80% 0.40% 0.30%
46 0.00% 36.30% 0.00% 0.82% 0.02% 0.42% 0.33% 1.55% 0.19% 0.06% 0.80% 0.40% 0.30%
47 0.00% 34.50% 0.00% 1.10% 0.07% 1.25% 1.40% 0.90% 0.10% 0.13% 0.76% 0.30% 0.14%
48 0.00% 32.30% 0.00% 0.88% 0.08% 0.09% 0.24% 0.88% 0.18% 0.03% 2.37% 0.15% 0.04%
49 0.00% 36.10% 0.00% 0.85% 0.08% 0.15% 0.54% 0.33% 0.13% 0.14% 0.62% 0.19% 0.15%

50 0.00% 29.98% 0.00% 0.96% 0.02% 0.28% 0.60% 0.86% 0.12% 0.07% 0.72% 0.23% 0.06%

51 0.00% 28.60% 0.00% 1.30% 0.03% 0.06% 0.19% 1.03% 0.13% 0.16% 0.75% 0.08% 0.27%

52 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%

53 0.00% 43.65% 0.00% 0.48% 0.01% 0.13% 0.49% 1.04% 0.11% 0.04% 0.48% 0.18% 0.08%

54 0.00% 27.05% 0.00% 1.22% 0.03% 0.06% 0.18% 0.98% 0.15% 0.16% 0.72% 0.08% 0.29%

55 0.00% 36.30% 0.00% 0.82% 0.02% 0.42% 0.33% 1.55% 0.19% 0.06% 0.80% 0.40% 0.30%

Table F.8 Continued
PRM
grade/ | 14 | 15 | 16 | 17 | 18 | 19 | 20 | 21 | 22 | 23 | 24 | 25 | 26 | 27 | 28
Impurity

l 0.00% 0.02% 0.0013% 0.0021% 0.0000% 0.0900% 0.0018% 0.0005% 0.0023% 0.0096% 0.0246% 0.0000% 0.0018% 0.0044% 0.0000%
2 0.00% 0.03% 0.0018% 0.0044% 0.0200% 0.1400% 0.0025% 0.0008% 0.0070% 0.0250% 0.0218% 0.0000% 0.0017% 0.0000% 0.0000%
3 0.00% 0.03% 0.0012% 0.0038% 0.0200% 0.1400% 0.0025% 0.0003% 0.0070% 0.0180% 0.0251% 0.0000% 0.0017% 0.0000% 0.0000%
4 0.00% 0.02% 0.0039% 0.0018% 0.0000% 0.3800% 0.0658% 0.0004% 0.0003% 0.0027% 0.0224% 0.0000% 0.0017% 0.0068% 0.0000%
5 0.00% 0.00% 0.0072% 0.0045% 0.0000% 0.0000% 0.0000% 0.0000% 0.0000% 0.0000% 0.0000% 0.0000% 0.0000% 0.0000% 0.0000%
6 0.00% 0.03% 0.0025% 0.0030% 0.0200% 0.0200% 0.0125% 0.0025% 0.0200% 0.0093% 0.0311% 0.0000% 0.0018% 0.0007% 0.0000%
7 0.00% 0.03% 0.0031% 0.0030% 0.0000% 0.0000% 0.1665% 0.0010% 0.0018% 0.0023% 0.0053% 0.0000% 0.0008% 0.0010% 0.0000%
8 0.00% 0.03% 0.0055% 0.0055% 0.0200% 0.1800% 0.0030% 0.0008% 0.0128% 0.0135% 0.0214% 0.0078% 0.0017% 0.0003% 0.0000%
9 0.00% 0.00% 0.0000% 0.0000% 0.0000% 0.0000% 0.0000% 0.0000% 0.0000% 0.0000% 0.0000% 0.0000% 0.0000% 0.0000% 0.0000%
]_O 0.00% 0.03% 0.0300% 0.0010% 0.0000% 0.0000% 0.2000% 0.0010% 0.0000% 0.0040% 0.0210% 0.0000% 0.0019% 0.0004% 0.0000%
]_ ]_ 0.00% 0.02% 0.0130% 0.0013% 0.0000% 0.2500% 0.4500% 0.0001% 0.0017% 0.0025% 0.0000% 0.0000% 0.0028% 0.0020% 0.0000%
12 0.00% 0.02% 0.0080% 0.0060% 0.0000% 0.3000% 0.0085% 0.0063% 0.0285% 0.0550% 0.0247% 0.0000% 0.0018% 0.0010% 0.0000%
13 0.00% 0.03% 0.0120% 0.0005% 0.0000% 0.0000% 0.0660% 0.0000% 0.0000% 0.0000% 0.0206% 0.0000% 0.0017% 0.0000% 0.0000%
14 0.00% 0.02% 0.0047% 0.0027% 0.0200% 0.1400% 0.0100% 0.0041% 0.0257% 0.0206% 0.0258% 0.0000% 0.0018% 0.0003% 0.0000%
15 0.00% 0.00% 0.0053% 0.0025% 0.0000% 0.0000% 0.0114% 0.0049% 0.0143% 0.0006% 0.0318% 0.0000% 0.0022% 0.0330% 0.0000%
16 0.00% 0.02% 0.0096% 0.0006% 0.0000% 0.0000% 0.0000% 0.0039% 0.0339% 0.0059% 0.0156% 0.0000% 0.0020% 0.0155% 0.0000%
17 0.00% 0.02% 0.0030% 0.0005% 0.0100% 0.0700% 0.0370% 0.0013% 0.0048% 0.0005% 0.0206% 0.0000% 0.0017% 0.0005% 0.0000%
18 0.00% 0.00% 0.0223% 0.0016% 0.0000% 0.0000% 0.0243% 0.0110% 0.0787% 0.0124% 0.0000% 0.0000% 0.0000% 0.0000% 0.0000%
19 0.00% 0.04% 0.0076% 0.0012% 0.0000% 0.0000% 0.0000% 0.0029% 0.0271% 0.0083% 0.0223% 0.0000% 0.0033% 0.0241% 0.0000%
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20 0.00% 0.03% 0.0160% 0.0025% 0.0000% 0.2000% 0.3000% 0.0010% 0.0000% 0.0040% 0.0210% 0.0000% 0.0019% 0.0004% 0.0000%
2 1 0.00% 0.02% 0.0010% 0.0010% 0.0100% 0.1000% 0.0600% 0.0005% 0.0000% 0.0004% 0.0210% 0.0210% 0.0018% 0.0001% 0.0010%
22 0.00% 0.02% 0.0012% 0.0005% 0.0100% 0.1200% 0.0680% 0.0009% 0.0027% 0.0011% 0.0197% 0.0210% 0.0017% 0.0003% 0.0010%
23 0.00% 0.02% 0.0012% 0.0005% 0.0100% 0.1200% 0.0680% 0.0009% 0.0027% 0.0011% 0.0197% 0.0210% 0.0017% 0.0003% 0.0010%
24 0.00% 0.03% 0.0240% 0.0020% 0.2000% 0.7300% 0.0126% 0.0200% 0.0881% 0.0132% 0.0226% 0.0150% 0.0019% 0.0037% 0.0000%
25 0.00% 0.02% 0.0030% 0.0005% 0.0100% 0.0700% 0.0370% 0.0013% 0.0048% 0.0005% 0.0206% 0.0000% 0.0017% 0.0005% 0.0000%
26 0.02% 0.02% 0.0140% 0.0020% 0.0000% 0.8000% 0.0600% 0.0155% 0.0630% 0.0200% 0.0220% 0.0000% 0.0000% 0.0190% 0.0163%
27 0.00% 0.02% 0.0030% 0.0020% 0.2000% 0.7000% 0.0090% 0.0060% 0.0520% 0.0135% 0.0200% 0.0610% 0.0020% 0.0085% 0.0010%
28 0.00% 0.02% 0.0115% 0.0018% 0.0000% 0.6300% 0.0210% 0.0195% 0.0732% 0.0130% 0.0154% 0.0000% 0.0022% 0.0187% 0.0000%
29 0.00% 0.03% 0.0369% 0.0017% 0.2000% 0.6000% 0.0342% 0.0101% 0.0784% 0.0093% 0.0195% 0.0200% 0.0020% 0.0111% 0.0000%
30 0.00% 0.00% 0.0175% 0.0010% 0.0000% 0.0000% 0.0228% 0.0110% 0.1000% 0.0078% 0.0000% 0.0000% 0.0000% 0.0000% 0.0000%
3 1 0.00% 0.00% 0.0043% 0.0009% 0.2000% 0.0200% 0.0161% 0.0025% 0.0291% 0.0071% 0.0146% 0.0000% 0.0022% 0.0268% 0.0030%
32 0.01% 0.02% 0.0030% 0.0015% 0.2000% 0.6500% 0.0070% 0.0050% 0.0500% 0.0085% 0.0160% 0.0000% 0.0022% 0.0150% 0.0010%
33 0.01% 0.02% 0.0045% 0.0019% 0.2000% 0.6000% 0.0100% 0.0117% 0.0900% 0.0075% 0.0163% 0.0150% 0.0024% 0.0180% 0.0010%
34 0.00% 0.00% 0.0420% 0.0014% 0.2000% 0.3746% 0.0101% 0.0150% 0.1008% 0.0093% 0.0166% 0.0240% 0.0024% 0.0285% 0.0028%
35 0.00% 0.02% 0.0210% 0.0018% 0.2000% 0.6000% 0.2000% 0.0026% 0.0300% 0.0060% 0.0200% 0.0000% 0.0030% 0.0250% 0.0000%
36 0.00% 0.02% 0.0122% 0.0021% 0.0000% 0.0000% 0.0461% 0.0034% 0.0340% 0.0074% 0.0162% 0.0000% 0.0019% 0.0283% 0.0000%
37 0.01% 0.01% 0.0165% 0.0025% 0.0000% 0.8000% 0.0210% 0.0115% 0.0500% 0.0125% 0.0180% 0.0000% 0.0025% 0.0229% 0.0000%
38 0.00% 0.02% 0.0170% 0.0015% 0.2000% 0.1000% 0.0216% 0.0065% 0.0560% 0.0076% 0.0159% 0.0000% 0.0023% 0.0114% 0.0000%
39 0.00% 0.00% 0.0037% 0.0017% 0.0000% 0.0000% 0.0079% 0.0034% 0.0099% 0.0004% 0.0220% 0.0000% 0.0015% 0.0228% 0.0000%
40 0.00% 0.14% 0.0450% 0.0030% 0.0000% 0.0000% 0.0190% 0.0028% 0.0238% 0.0061% 0.0000% 0.0000% 0.0000% 0.0205% 0.0000%
41 0.00% 0.00% 0.0055% 0.0017% 0.0000% 0.0000% 0.0000% 0.0099% 0.0000% 0.0078% 0.0000% 0.0000% 0.0000% 0.0154% 0.0000%
42 0.00% 0.00% 0.0045% 0.0015% 0.2000% 0.4000% 0.0120% 0.0020% 0.0300% 0.0070% 0.0146% 0.0000% 0.0022% 0.0280% 0.0030%
43 0.00% 0.02% 0.0096% 0.0006% 0.0000% 0.0000% 0.0000% 0.0039% 0.0339% 0.0059% 0.0156% 0.0000% 0.0020% 0.0155% 0.0000%
44 0.01% 0.01% 0.0032% 0.0008% 0.0000% 0.0000% 0.0145% 0.0035% 0.0220% 0.0095% 0.0315% 0.0000% 0.0035% 0.0185% 0.0000%
45 0.00% 0.00% 0.0185% 0.0015% 0.2000% 0.0200% 0.0010% 0.0055% 0.0550% 0.0105% 0.0140% 0.0000% 0.0026% 0.0230% 0.0010%
46 0.00% 0.00% 0.0185% 0.0015% 0.2000% 0.0200% 0.0010% 0.0055% 0.0550% 0.0105% 0.0140% 0.0000% 0.0026% 0.0230% 0.0010%
47 0.01% 0.02% 0.0100% 0.0016% 0.0000% 0.5700% 0.0121% 0.0089% 0.0324% 0.0100% 0.0143% 0.0000% 0.0000% 0.0237% 0.0000%
48 0.00% 0.02% 0.0113% 0.0000% 0.0000% 0.0000% 0.0059% 0.0042% 0.0284% 0.0360% 0.0100% 0.0000% 0.0010% 0.0200% 0.0000%
49 0.01% 0.05% 0.0159% 0.0010% 0.2000% 1.0000% 0.0136% 0.0027% 0.0173% 0.0014% 0.0058% 0.0188% 0.0084% 0.0402% 0.0030%
50 0.01% 0.01% 0.0032% 0.0008% 0.0000% 0.0000% 0.0145% 0.0035% 0.0220% 0.0095% 0.0315% 0.0000% 0.0035% 0.0185% 0.0000%
5 1 0.01% 0.02% 0.0030% 0.0015% 0.2000% 0.6500% 0.0070% 0.0050% 0.0500% 0.0085% 0.0160% 0.0000% 0.0022% 0.0150% 0.0010%
52 0.00% 0.00% 0.0000% 0.0000% 0.0000% 0.0000% 0.0000% 0.0000% 0.0000% 0.0000% 0.0000% 0.0000% 0.0000% 0.0000% 0.0000%
53 0.00% 0.02% 0.0048% 0.0008% 0.0000% 0.0000% 0.0000% 0.0019% 0.0171% 0.0052% 0.0140% 0.0000% 0.0021% 0.0152% 0.0000%
54 0.00% 0.02% 0.0030% 0.0016% 0.2000% 0.6590% 0.0074% 0.0052% 0.0504% 0.0094% 0.0167% 0.0110% 0.0022% 0.0138% 0.0010%
55 0.00% 0.00% 0.0185% 0.0015% 0.2000% 0.0200% 0.0010% 0.0055% 0.0550% 0.0105% 0.0140% 0.0000% 0.0026% 0.0230% 0.0010%
Table F.8 Continued
PRM
grade/ 29 30 31 32 33 34 35 36 | 37 | 38 | 39 | 40 41
Impurity

l 6.58% 0.0034% 0.09% 0.07% 0.67% 43.42% 44.74% 0.00% 0.58% 0.04% 0.12% 0.01% 10.53%

2 6.55% 0.0062% 0.05% 0.05% 1.37% 238.10% 88.10% 0.00% 0.00% 0.03% 0.08% 0.02% 8.93%

3 0.95% 0.0050% 0.10% 0.10% 1.16% 27.78% 12.50% 0.00% 0.00% 0.07% 0.13% 0.03% 2.34%

4 1.37% 0.0057% 0.15% 0.14% 0.34% 0.91% 14.61% 0.00% 0.31% 0.12% 0.17% 0.04% 5.02%

5 7.81% 0.0117% 0.10% 0.05% 1.00% 156.25% 0.00% 0.00% 0.00% 0.05% 0.10% 0.00% 15.63%

6 4.80% 0.0055% 0.20% 0.12% 1.03% 26.00% 15.20% 0.00% 0.03% 0.08% 0.24% 0.04% 6.40%

7 8.33% 0.0061% 0.11% 0.06% 1.29% 163.64% 31.06% 0.00% 0.15% 0.06% 0.11% 0.00% 15.91%

8 5.30% 0.0110% 0.16% 0.15% 2.10% 272.73% 45.45% 0.00% 0.04% 0.13% 0.18% 0.09% 11.36%

9 0.00% 0.0000% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%

10 22.35% 0.0310% 1.77% 0.49% 0.47% 3.64% 4.91% 0.00% 0.01% 0.53% 1.79% 0.08% 30.91%

11 25.00% 0.0143% 1.53% 0.43% 0.38% 3.41% 5.23% 0.00% 0.05% 0.47% 1.53% 0.04% 33.86%

12 2.78% 0.0140% 0.10% 0.08% 2.66% 127.78% 20.00% 0.01% 0.06% 0.06% 0.13% 0.02% 4.44%

133




13 6.14% 0.0125% 1.76% 1.27% 0.44% 1.33% 3.98% 0.00% 0.00% 1.39% 1.78% 0.11% 20.00%
14 3.57% 0.0074% 0.09% 0.08% 1.30% 110.12% 44.64% 0.00% 0.04% 0.06% 0.11% 0.02% 7.74%
15 15.67% 0.0078% 1.86% 0.53% 0.21% 0.99% 1.42% 0.01% 0.38% 0.58% 1.89% 0.18% 19.50%
16 2.92% 0.0101% 1.44% 0.40% 0.23% 0.28% 0.36% 0.01% 0.04% 0.65% 0.04% 0.05% 3.90%
17 3.29% 0.0035% 5.69% 5.44% 0.06% 0.24% 0.49% 0.00% 0.01% 6.50% 5.71% 0.38% 65.49%
18 0.94% 0.0239% 0.22% 0.18% 0.51% 5.67% 6.37% 0.01% 0.00% 0.20% 0.22% 0.07% 3.73%
19 16.86% 0.0087% 2.44% 0.82% 0.30% 1.30% 1.79% 0.00% 0.25% 0.93% 2.46% 0.02% 24.85%
20 6.00% 0.0185% 2.58% 1.40% 0.40% 4.17% 2.50% 0.00% 0.01% 1.62% 2.60% 0.09% 41.67%
21 15.80% 0.0020% 2.77% 1.02% 0.32% 1.61% 1.25% 0.00% 0.00% 1.18% 2.79% 0.18% 23.39%
22 14.70% 0.0017% 2.74% 1.04% 0.37% 1.88% 1.28% 0.00% 0.00% 1.20% 2.76% 0.18% 22.14%
23 14.70% 0.0017% 2.74% 1.04% 0.37% 1.88% 1.28% 0.00% 0.00% 1.20% 2.76% 0.18% 22.14%
24 1.40% 0.0260% 0.21% 0.13% 0.56% 2.92% 4.19% 0.02% 0.05% 0.12% 0.24% 0.05% 2.16%
25 3.29% 0.0035% 5.69% 5.44% 0.06% 0.24% 0.49% 0.00% 0.01% 6.50% 5.71% 0.38% 65.49%
26 3.50% 0.0160% 1.19% 0.53% 0.42% 1.20% 0.90% 0.02% 0.10% 0.72% 1.23% 0.13% 5.50%
27 3.75% 0.0050% 0.93% 0.20% 0.64% 2.00% 1.20% 0.01% 0.04% 0.23% 0.95% 0.05% 4.45%
28 3.19% 0.0133% 1.13% 0.28% 0.71% 2.01% 0.59% 0.03% 0.07% 0.41% 1.15% 0.06% 3.99%
29 2.90% 0.0386% 0.76% 0.17% 0.72% 2.47% 0.96% 0.01% 0.05% 0.21% 0.78% 0.03% 3.51%
30 2.66% 0.0185% 0.87% 0.25% 0.26% 0.27% 0.82% 0.02% 0.00% 0.35% 0.87% 0.09% 3.45%
31 3.68% 0.0052% 1.51% 0.14% 0.61% 1.21% 0.40% 0.00% 0.07% 0.22% 1.53% 0.04% 3.95%
32 3.60% 0.0045% 1.25% 0.24% 0.40% 0.94% 0.45% 0.01% 0.05% 0.34% 1.27% 0.05% 4.2T%
33 3.85% 0.0064% 1.45% 0.48% 0.22% 0.35% 0.50% 0.02% 0.07% 0.68% 1.48% 0.18% 5.12%
34 3.17% 0.0434% 1.23% 0.25% 0.89% 2.22% 0.62% 0.03% 0.09% 0.38% 1.25% 0.03% 3.84%
35 0.99% 0.0228% 1.07% 0.79% 0.19% 0.36% 0.26% 0.00% 0.08% 1.20% 1.09% 0.07% 3.36%
36 1.10% 0.0143% 0.94% 0.57% 0.40% 0.34% 0.79% 0.01% 0.08% 0.92% 0.96% 0.03% 2.61%
37 3.45% 0.0190% 1.54% 0.71% 0.53% 1.61% 0.52% 0.02% 0.09% 1.07% 1.57% 0.13% 5.86%
38 3.43% 0.0184% 1.27% 0.14% 0.26% 0.29% 0.48% 0.01% 0.03% 0.21% 1.29% 0.02% 3.77%
39 2.52% 0.0054% 1.29% 0.36% 0.15% 0.16% 0.23% 0.01% 0.06% 0.58% 1.31% 0.18% 0.00%
40 2.21% 0.0116% 2.37% 1.49% 0.24% 0.41% 0.29% 0.02% 0.07% 2.58% 2.39% 0.12% 6.67%
41 2.83% 0.0072% 1.27% 0.48% 0.16% 0.11% 0.47% 0.02% 0.06% 0.73% 1.27% 0.17% 4.15%
42 3.97% 0.0060% 1.59% 0.16% 0.61% 1.26% 0.41% 0.00% 0.08% 0.23% 1.61% 0.03% 4.30%
43 2.92% 0.0101% 1.44% 0.40% 0.23% 0.28% 0.36% 0.01% 0.04% 0.65% 0.04% 0.05% 3.90%
44 2.87% 0.0040% 1.48% 0.66% 0.18% 0.20% 0.40% 0.01% 0.06% 0.95% 1.52% 0.03% 4.87%
45 4.29% 0.0200% 1.90% 0.36% 0.49% 0.83% 0.52% 0.01% 0.06% 0.61% 1.91% 0.03% 5.18%
46 4.2T% 0.0200% 1.90% 0.36% 0.49% 0.83% 0.52% 0.01% 0.06% 0.61% 1.91% 0.03% 5.18%
47 2.61% 0.0116% 2.37% 1.49% 0.24% 0.41% 0.29% 0.02% 0.07% 2.58% 2.39% 0.12% 6.67%
48 2.74% 0.0113% 1.20% 0.33% 0.21% 0.12% 0.54% 0.01% 0.06% 0.51% 1.21% 0.12% 3.48%
49 0.90% 0.0169% 0.94% 0.63% 0.29% 0.42% 0.37% 0.01% 0.11% 1.18% 0.95% 0.15% 2.39%
50 2.87% 0.0040% 1.48% 0.66% 0.18% 0.20% 0.40% 0.01% 0.06% 0.95% 1.52% 0.03% 4.87%
51 3.60% 0.0045% 1.25% 0.24% 0.40% 0.94% 0.45% 0.01% 0.05% 0.34% 1.27% 0.05% 4.2T%
52 0.00% 0.0000% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
53 2.37% 0.0055% 1.54% 0.51% 0.19% 0.18% 0.25% 0.00% 0.03% 0.93% 0.03% 0.02% 3.49%
54 3.63% 0.0046% 1.19% 0.23% 0.44% 1.13% 0.59% 0.01% 0.05% 0.32% 1.21% 0.05% 4.30%

4.29% 0.0200% 1.90% 0.36% 0.49% 0.83% 0.52% 0.01% 0.06% 0.61% 1.91% 0.03% 5.18%

Table F.9 Proportion of FP shipped f lant to the regional wareh frPwW
aple . roportion o snipped trrom plant 1o the regional warenouse qi i
:

Shipped from RegWrhsl RegWrhs2 RegWrhs3 RegWrhs4 RegWrhs5
PLANT1 0.0% 0.0% 23.9% 43.5% 0.0%
PLANT2 35.3% 7.7% 72.8% 56.4% 29.6%
PLANT3 0.0% 0.0% 2.9% 0.2% 25.9%
PLANT4 24.9% 10.1% 0.4% 0.0% 44.6%
PLANT5 39.9% 82.1% 0.0% 0.0% 0.0%
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Table F.10 Maximum impurity limit (Q

imp
W

Impurity / Plantl Plant2 Plant3 Plant4 Plant5
Plant
Impurity-1 100.0% 100.0% 100.0% 100.0% 100.0%
Impurity-2 100.0% 100.0% 100.0% 100.0% 100.0%
Impurity-3 100.0% 100.0% 100.0% 100.0% 100.0%
Impurity-4 1.50% 1.20% 1.50% 1.50% 1.00%
Impurity-5 0.21% 0.12% 0.10% 0.16% 0.08%
Impurity-6 100.0% 0.45% 0.20% 0.25% 100.0%
Impurity-7 1.00% 1.00% 1.10% 100.0% 0.35%
Impurity-8 1.00% 100.00% 100.00% 100.00% 100.00%
Impurity-9 100.0% 1.08% 100.0% 100.0% 100.0%
Impurity-10 0.25% 0.10% 0.20% 0.20% 100.0%
Impurity-11 1.50% 1.50% 2.00% 2.50% 100.0%
Impurity-12 1.00% 100.0% 100.0% 100.0% 100.0%
Impurity-13 1.00% 100.0% 100.0% 100.0% 100.0%
Impurity-14 100.0% 100.0% 100.0% 100.0% 100.0%
Impurity-15 100.0% 100.0% 100.0% 100.0% 100.0%
Impurity-16 100.00% 100.00% 100.00% 100.00% 100.00%
Impurity-17 100.00% 100.00% 100.00% 100.00% 100.00%
Impurity-18 100.0% 100.0% 100.0% 100.0% 100.0%
Impurity-19 100.0% 100.0% 100.0% 100.0% 100.0%
Impurity-20 100.0% 100.0% 100.0% 100.0% 100.0%
Impurity-21 50 90 60 42.5 1,000,000
Impurity-22 100.0% 100.0% 100.0% 100.0% 100.0%
Impurity-23 100 120 75 130 600
Impurity-24 100.0% 100.0% 100.0% 100.0% 100.0%
Impurity-25 100.0% 100.0% 100.0% 100.0% 100.0%
Impurity-26 100.0% 100.0% 100.0% 100.0% 100.0%
Impurity-27 100.0% 100.0% 100.0% 100.0% 100.0%
Impurity-28 100.0% 100.0% 100.0% 100.0% 100.0%
Impurity-29 100.0% 100.0% 4.0% 100.0% 100.0%
Impurity-30 183 500 100 150 500
Impurity-31 100.0% 100.0% 100.0% 2.55% 100.0%
Impurity-32 100.0% 1.85% 100.0% 100.0% 100.0%
Impurity-33 100.0% 100.0% 100.0% 100.0% 1.60%
Impurity-34 100.0% 100.0% 1.00% 100.0% 100.0%
Impurity-35 100.0% 100.0% 0.66% 100.0% 100.0%
Impurity-36 1,000,000.00 | 1,000,000.00 1,000,000.00 52 1,000,000.00
Impurity-37 100.0% 100.0% 0.07% 100.0% 100.0%
Impurity-38 1.20% 100.0% 100.0% 100.0% 100.0%
Impurity-39 100.00% 1.85% 100.00% 100.00% 100.00%
Impurity-40 100.0% 0.12% 100.0% 100.0% 100.0%
Impurity-41 100.0% 100.0% 100.0% 100.0% 100.0%
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Table F.11 Price of final product ( PkF;’) in $/t

FP GRADE Regionl Region2 Region3 Region4 Region5
Grade-1 5,000 5,000 5,100 5,300 5,300
Grade-2 5,000 5,100 5,100 5,300 5,300
Grade-3 - - - - -
Grade-4 - - - - -
Grade-5 - - - - -
Grade-6 - - - - -
Grade-7 5,000 5,000 5,100 5,300 5,200
Grade-8 5,000 5,000 5,100 5,300 5,200
Grade-9 5,000 5,000 5,100 5,300 5,200
Grade-10 5,000 5,100 5,100 5,300 5,200
Grade-11 5,000 5,100 5,100 5,300 5,200
Grade-12 5,000 5,000 5,200 5,300 5,200
Grade-13 5,000 5,100 5,200 5,200 5,200
Grade-14 5,000 5,000 5,100 5,300 5,200
Grade-15 5,000 5,000 5,100 5,300 5,200
Grade-16 5,000 5,100 5,100 5,300 5,200
Grade-17 5,000 5,100 5,100 5,300 5,200
Grade-18 5,000 5,000 5,100 5,200 5,200
Grade-19 5,000 5,000 5,100 5,200 5,200
Grade-20 5,000 5,100 5,100 5,200 5,200
Grade-21 5,000 5,000 5,100 5,300 5,200
Grade-22 5,000 5,100 5,100 5,200 5,200
Grade-23 5,000 5,000 5,100 5,300 5,200

Table F.12 Estimated price of FP at regional warehouse (Pff ) in $/t

FP GRADE RW1 RW2 RW3 RW4 RW5
Grade-1 5,000 5,000 5,100 5,300 5,300
Grade-2 5,000 5,100 5,100 5,300 5,300
Grade-3 - - - - -
Grade-4 - - - - -
Grade-5 - - - - -
Grade-6 - - - - -
Grade-7 5,000 5,000 5,100 5,300 5,200
Grade-8 5,000 5,000 5,100 5,300 5,200
Grade-9 5,000 5,000 5,100 5,300 5,200
Grade-10 5,000 5,100 5,100 5,300 5,200
Grade-11 5,000 5,100 5,100 5,300 5,200
Grade-12 5,000 5,000 5,200 5,300 5,200
Grade-13 5,000 5,100 5,200 5,200 5,200
Grade-14 5,000 5,000 5,100 5,300 5,200
Grade-15 5,000 5,000 5,100 5,300 5,200
Grade-16 5,000 5,100 5,100 5,300 5,200
Grade-17 5,000 5,100 5,100 5,300 5,200
Grade-18 5,000 5,000 5,100 5,200 5,200
Grade-19 5,000 5,000 5,100 5,200 5,200
Grade-20 5,000 5,100 5,100 5,200 5,200
Grade-21 5,000 5,000 5,100 5,300 5,200
Grade-22 5,000 5,100 5,100 5,200 5,200
Grade-23 5,000 5,000 5,100 5,300 5,200
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Table F.13 Fixed costs (C™) and other plant variable costs (C**")

PLANT1 PLANT?2 PLANT3 PLANT4 PLANTS
Other PIanFtGV?gjl_lt_)le Cost of 200 250 275 300 400
FIXED COST ($MM) 30.00 120.00 40.00 100.00 20.00
Table F.14 Freight cost from plants to regional markets (Ci""") in $/t
Ship From / Ship To Regionl Region2 Region3 Region4 Region5
PLANT1 181 212 194 83 251
PLANT?2 201 258 215 166 138
PLANT3 455 455 455 383 176
PLANT4 205 205 275 196 135
PLANT5 53 45 226 226 226
Table F.15 Freight cost from plants to regional warehouses (Cif’erP’PW) in $/t
Ship From / Ship To RW1 RW2 RW3 RW4 RW5
PLANT1 181 212 194 83 251
PLANT?2 201 258 215 166 138
PLANT3 455 455 455 383 176
PLANT4 205 205 275 196 135
PLANT5 53 45 226 226 226

Table F.16 Freight cost from regional warehouses to regional markets (C{c """ ) in $/t

Ship From / Ship To Regionl Region2 Region3 Region4 Region5
RW1 105 - - - -
RW?2 - - - - -
RW3 - - 105 - -
RW4 - - - 105 -
RW5 105 105 105 105 105

Table F.17 Plant on-site inventory cost (C7') in $/t

PLANT Cost
PLANT1 9.5
PLANT?2 23.0
PLANT3 0.0
PLANT4 20.0
PLANTS 3.1

Table F.18 Regional warehouse inventory cost (CJWI ) in $/t

Warehouse Cost
RW1 9.5
RW2 23.0
RW3 0.0
RW4 20.0
RW5 3.1
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Table F.19 Cost of primary raw material (CiPRM ) in $/t

u

PRM NAME PLANT1 PLANT?2 PLANT3 PLANT4 PLANT5
PRM-1 10,061.00 10,059.00 10,064.00 10,069.00 10,072.00
PRM-2 2,062.00 2,060.00 2,065.00 2,070.00 2,073.00
PRM-3 2,062.00 2,060.00 2,065.00 2,070.00 2,073.00
PRM-4 10,076.00 10,074.00 10,079.00 10,084.00 10,087.00
PRM-5 10,071.00 10,069.00 10,074.00 10,079.00 10,082.00
PRM-6 2,072.00 2,070.00 2,075.00 2,080.00 2,083.00
PRM-7 2,062.00 2,060.00 2,065.00 2,070.00 2,073.00
PRM-8 2,552.00 2,553.00 2,558.00 2,563.00 2,566.00
PRM-9 1,962.00 1,960.00 1,965.00 1,970.00 1,973.00
PRM-10 2,562.00 2,560.00 2,565.00 2,570.00 2,573.00
PRM-11 2,562.00 2,560.00 2,565.00 2,570.00 2,573.00
PRM-12 1,962.00 1,960.00 1,965.00 1,970.00 1,973.00
PRM-13 1,957.00 1,955.00 1,960.00 1,965.00 1,968.00
PRM-14 10,061.00 10,059.00 10,064.00 10,069.00 10,072.00
PRM-15 10,071.00 10,069.00 10,074.00 10,079.00 10,082.00
PRM-16 10,071.00 10,069.00 10,074.00 10,079.00 10,082.00
PRM-17 10,071.00 10,069.00 10,074.00 10,079.00 10,082.00
PRM-18 10,071.00 10,069.00 10,074.00 10,079.00 10,082.00
PRM-19 10,061.00 10,059.00 10,064.00 10,069.00 10,072.00
PRM-20 1,562.00 1,560.00 1,565.00 1,570.00 1,573.00
PRM-21 1,562.00 1,560.00 1,565.00 1,570.00 1,573.00
PRM-22 752.00 753.00 758.00 763.00 766.00
PRM-23 10,051.00 10,052.00 10,057.00 10,062.00 10,065.00
PRM-24 10,061.00 10,059.00 10,064.00 10,069.00 10,072.00
PRM-25 557.00 555.00 560.00 565.00 568.00
PRM-26 562.00 560.00 565.00 570.00 573.00
PRM-27 612.00 570.32 556.40 584.61 673.00
PRM-28 662.00 660.00 665.00 670.00 673.00
PRM-29 10,061.00 10,059.00 10,064.00 10,069.00 10,072.00
PRM-30 10,061.00 10,059.00 10,064.00 10,069.00 10,072.00
PRM-31 10,061.00 10,059.00 10,064.00 10,069.00 10,072.00
PRM-32 612.00 570.32 556.40 584.61 673.00
PRM-33 572.00 570.00 575.00 580.00 583.00
PRM-34 10,071.00 10,059.00 10,064.00 10,069.00 10,072.00
PRM-35 372.00 370.00 375.00 380.00 383.00
PRM-36 10,066.00 10,064.00 10,069.00 10,074.00 10,077.00
PRM-37 362.00 360.00 365.00 370.00 373.00
PRM-38 462.00 460.00 465.00 470.00 473.00
PRM-39 372.00 370.00 375.00 380.00 383.00
PRM-40 362.00 360.00 365.00 370.00 373.00
PRM-41 10,071.00 10,069.00 10,074.00 10,079.00 10,082.00
PRM-42 1,511.00 594.99 548.58 600.00 1,512.00
PRM-43 10,061.00 10,059.00 10,064.00 10,069.00 10,072.00
PRM-44 10,071.00 10,069.00 10,074.00 10,079.00 10,082.00
PRM-45 362.00 360.00 365.00 370.00 373.00
PRM-46 362.00 360.00 365.00 370.00 373.00
PRM-47 262.00 260.00 265.00 270.00 273.00
PRM-48 10,061.00 10,059.00 10,064.00 10,069.00 10,072.00
PRM-49 10,071.00 10,069.00 10,074.00 10,079.00 10,082.00
PRM-50 10,071.00 10,069.00 10,074.00 10,079.00 10,082.00
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PRM-51 10,071.00 10,069.00 10,074.00 10,079.00 10,082.00

PRM-52 10,061.00 10,059.00 10,064.00 10,069.00 10,072.00

PRM-53 10,061.00 10,059.00 10,064.00 10,069.00 10,072.00

PRM-54 10,061.00 10,014.00 10,019.00 10,024.00 10,027.00

PRM-55 10,061.00 10,059.00 10,064.00 10,069.00 10,072.00

Table F.20 Cost of RM2 (CF?), RM3 (C"?), and waste (C****) in $/t
PLANT1 PLANT?2 PLANT3 PLANT4 PLANTS

RM-2 Price 200 250 300 275 400
RM-3 Price 300 250 350 275 375
Waste Price 40 35 100 110 55

Table F.21 Average additive factors (2™ ), minimum turndown slope (m"*) and intercept

(b™), waste limit slope (m"') and intercept (b"), scheduled outage (O, ), plant uptime (U,),
Yield of FP (Y,") and maximum limit for total blend (Q"™)

PLANT1 PLANT?2 PLANT3 PLANT4 PLANT5
Average
additive 1.078 1.046 1.022 1.077 1.070
factor
Minimum
turndown 3.50 4.20 4.00 3.00 2.40
slope
Minimum
turndown 0 0 0 0 0
intercept
Waste limit 2.00 2,50 2.50 2.00 2.50
slope
Waste limit 15 31 23 27 6
Intercept
Scheduled 10.0 15.0 15.0 10.67 8.0
outage (d/y)
Plant uptime 95.00 % 90.00 % 85.00 % 93.33 % 95.00 %
Yield 98.0 % 98.0 % 98.0 % 98.0 % 98.0 %
Pmdﬁﬁgii"end 100.0% 80.0 % 80.0 % 90.0 % 100.0%

Table F.22 Effective percentage in PRM for generating FP (ES™™')

PRM NAME | PRODUCT
Mix
PRM-1 96.00%
PRM-2 0.00%
PRM-3 95.00%
PRM-4 95.00%
PRM-5 95.00%
PRM-6 94.50%
PRM-7 93.50%
PRM-8 93.50%
PRM-9 94.20%
PRM-10 88.50%
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PRM-11 77.86%
PRM-12 90.70%
PRM-13 89.70%
PRM-14 95.69%
PRM-15 84.00%
PRM-16 59.28%
PRM-17 83.40%
PRM-18 88.14%
PRM-19 85.30%
PRM-20 73.89%
PRM-21 85.10%
PRM-22 85.30%
PRM-23 85.30%
PRM-24 85.77%
PRM-25 83.40%
PRM-26 68.30%
PRM-27 75.00%
PRM-28 63.70%
PRM-29 70.41%
PRM-30 69.78%
PRM-31 57.90%
PRM-32 65.30%
PRM-33 66.30%
PRM-34 60.00%
PRM-35 63.80%
PRM-36 59.77%
PRM-37 63.50%
PRM-38 60.00%
PRM-39 58.10%
PRM-40 66.00%
PRM-41 65.37%
PRM-42 59.80%
PRM-43 59.28%
PRM-44 65.00%
PRM-45 57.00%
PRM-46 57.00%
PRM-47 57.00%
PRM-48 61.80%
PRM-49 52.00%
PRM-50 65.00%
PRM-51 65.30%
PRM-52 48.00%
PRM-53 53.64%
PRM-54 67.05%
PRM-55 50.00%
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Table F.23 Beginning inventory of FP at plants ( X, ) int

FP Grade PLANT1 PLANT2 PLANTS3 PLANT4 PLANT5
Grade-1 35,000 0 0 10,000 0
Grade-2 30,000 30,000 0 1,800 10,000
Grade-3 0 0 0 0 0
Grade-4 0 0 0 0 0
Grade-5 0 0 0 0 0
Grade-6 0 0 0 0 0
Grade-7 0 18,000 0 1,600 0
Grade-8 0 0 0 25 0
Grade-9 0 200 0 20,000 0

Grade-10 0 45,000 0 0 0

Grade-11 0 8,000 0 0 2,000

Grade-12 0 0 0 500 0

Grade-13 0 6,000 0 0 0

Grade-14 0 25,000 0 43,000 3,000

Grade-15 0 0 0 13,000 0

Grade-16 0 0 0 45,000 1,500

Grade-17 0 0 8,000 0 0

Grade-18 350 15,000 0 750 7,500

Grade-19 0 60 0 19,000 5,000

Grade-20 0 0 10,000 0 0

Grade-21 0 500 0 25,000 0

Grade-22 0 0 40,000 0 0

Grade-23 0 150 0 1,000 0

Table F.24 Beginning inventory of FP at regional warehouses ( X JFS) int

FP Grade | RegWrhsl | RegWrhs2 | RegWrhs3 | RegWrhs4 | RegWrhsb
Grade-1 1,000 13,000 60,000 0 0
Grade-2 50,000 30,000 35,000 55,000 100
Grade-3 0 0 0 0 0
Grade-4 0 0 0 0 0
Grade-5 0 0 0 0 0
Grade-6 0 0 0 0 0
Grade-7 4,500 325 3,500 1,100 19,000
Grade-8 0 25 0 0 0
Grade-9 30,000 6,000 16,000 5,000 0

Grade-10 26,000 4,500 35,000 9,000 10,000

Grade-11 3,000 15,000 20,000 350 1,900

Grade-12 2,500 200 1,000 0 0

Grade-13 10,000 3,000 1,300 650 1,600

Grade-14 48,000 30,000 43,000 19,000 3,000

Grade-15 0 0 0 0 0

Grade-16 1,000 0 0 0 2,000

Grade-17 0 0 0 0 0

Grade-18 8,000 6,000 12,000 4,000 1,000

Grade-19 6,500 700 10,000 3,000 0

Grade-20 0 0 0 0 800

Grade-21 13,000 3,500 8,500 2,000 500

Grade-22 0 0 8,000 150 13,000

Grade-23 7,000 350 1,900 75 0
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PRM,P

Table F.25 Beginning inventory of PRM at plants ( X; ;™" ) int

PRM NAME PLANT1 PLANT?2 PLANT3 PLANT4 PLANTS
PRM-1 0 0 0 0 0
PRM-2 80,088 0 0 2,280 0
PRM-3 0 0 0 0 0
PRM-4 0 0 0 0 0
PRM-5 0 0 0 0 0
PRM-6 0 0 0 0 20,216
PRM-7 0 0 0 0 0
PRM-8 0 0 0 0 181,952
PRM-9 0 0 0 0 149,928
PRM-10 0 0 0 83,632 0
PRM-11 2,144 0 0 0 12,312
PRM-12 0 0 0 77,688 0
PRM-13 259,592 0 2,592 53,456 80,800
PRM-14 0 0 0 0 0
PRM-15 0 0 0 0 0
PRM-16 0 0 0 0 0
PRM-17 0 0 0 0 0
PRM-18 0 0 0 0 0
PRM-19 0 0 0 0 0
PRM-20 0 0 0 317,704 0
PRM-21 0 0 0 0 0
PRM-22 168,456 0 0 336,232 53,720
PRM-23 0 0 0 0 0
PRM-24 0 0 0 0 39,440
PRM-25 0 128,256 11,136 209,488 0
PRM-26 0 0 6,576 145,056 0
PRM-27 0 0 28,312 0 0
PRM-28 37,584 604,992 0 6,296 27,928
PRM-29 0 0 0 0 0
PRM-30 0 0 0 0 0
PRM-31 0 0 0 0 0
PRM-32 0 19,968 45,752 0 0
PRM-33 57,440 0 488 0 0
PRM-34 0 0 0 0 0
PRM-35 4,816 0 80,000 0 0
PRM-36 0 0 0 0 0
PRM-37 119,912 263,808 0 40,000 0
PRM-38 0 0 0 0 0
PRM-39 0 0 0 0 0
PRM-40 0 0 0 33,800 0
PRM-41 0 0 0 0 0
PRM-42 0 57,112 285,776 4,872 0
PRM-43 0 0 0 0 0
PRM-44 0 0 0 0 0
PRM-45 0 275,528 0 0 0
PRM-46 0 0 0 0 0
PRM-47 0 244,136 12,000 0 0
PRM-48 0 0 0 0 0
PRM-49 0 0 0 0 0
PRM-50 0 0 0 0 0
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PRM-51 0 0 0 0 0
PRM-52 0 0 0 0 0
PRM-53 0 0 0 0 0
PRM-54 0 0 0 0 0
PRM-55 0 0 0 0 0

Table F.26 Beginning inventory of PRM at PRM warehouse ( X /*™") int

PRM
PRM NAME Warehouse

PRM-1 0

PRM-2

PRM-3

PRM-4

PRM-5

PRM-6

PRM-7

PRM-8

PRM-9

PRM-10

PRM-11

PRM-12

PRM-13

PRM-14

PRM-15

PRM-16

PRM-17

PRM-18

PRM-19

PRM-20

PRM-21

PRM-22

PRM-23

PRM-24

PRM-25

PRM-26

PRM-27

PRM-28

PRM-29

PRM-30

PRM-31

PRM-32

PRM-33

PRM-34

PRM-35

PRM-36

PRM-37

PRM-38

PRM-39

PRM-40

PRM-41

PRM-42

OO|O|0O|O0|0O|O|O|0O|0|0O|0O|0O|0O|0|0O|0O|0|0|0|0|0O|O|0|0|0|Oo|o|o|Oo|0|0|o|o|o|o|o|o|o|o|o|o

PRM-43
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PRM-44

PRM-45

PRM-46

PRM-47

PRM-48

PRM-49

PRM-50

PRM-51

PRM-52

PRM-53

PRM-54

PRM-55

O|O|O|0|0O|Oo|o|o|O|o|o|o

Table F.27 Demand parameters for uncertain case A and B (D) in kt

Regional Market
FP
Grade 1 2 3 4 5
1 147 1 343 60 56
2 181 361 213 638 15
3 0 0 0 0 0
4 0 0 0 0 0
5 0 0 0 0 0
6 0 0 0 0 0
7 6 25 21 7 26
8 1 0 0 0 0
9 53 99 53 39 57
10 43 172 249 172 119
11 84 28 126 23 35
12 4 14 6 0 0
13 28 67 7 7 18
14 186 329 263 158 158
15 0 0 0 0 77
16 0 13 0 0 270
17 0 0 0 0 49
18 38 84 85 57 49
19 4 116 56 53 11
20 0 0 0 0 60
21 23 83 50 9 145
22 0 0 2 2 301
23 3 43 11 1 4
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Table F.28 Demand parameters for uncertain case C (D" ) in kt
Regional Market
FP
Grade 1 2 3 4 5
1 220 1 513 89 84
2 270 539 318 954 23
3 0 0 0 0 0
4 0 0 0 0 0
5 0 0 0 0 0
6 0 0 0 0 0
7 8 37 31 10 39
8 1 0 0 0 0
9 78 149 78 58 86
10 64 256 371 256 178
11 126 42 188 35 52
12 5 21 9 0 0
13 42 99 10 10 26
14 278 492 392 235 235
15 0 0 0 0 115
16 0 19 0 0 404
17 0 0 0 0 73
18 56 126 127 86 73
19 6 173 84 78 17
20 0 0 0 0 90
21 35 123 75 14 217
22 0 0 3 3 450
23 4 64 16 1 5
Table F.29 Reference demand of FP at plants (D} ) in t
FP Grade PLANT1 PLANT?2 PLANT3 PLANT4 PLANT5
1 285,000 0 0 80,000 0
2 266,400 245,400 0 25,000 83,000
3 0 0 0 0 0
4 0 0 0 0 0
5 0 0 0 0 0
6 0 0 0 0 0
7 0 15,000 0 13,000 0
8 0 0 0 200 0
9 0 2,000 0 167,000 0
10 0 351,000 0 0 0
11 0 65,000 0 0 15,000
12 0 0 0 3,114 0
13 0 52,000 0 0 0
14 0 190,000 0 153,000 25,000
15 0 0 0 110,000 0
16 0 0 0 370,000 10,000
17 0 0 70,000 0 0
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18 2,500 125,000 0 7,000 59,000
19 0 500 0 150,000 40,000
20 0 0 80,000 0 0

21 0 4,000 0 216,000 0

22 0 0 331,600 0 0

23 0 150 0 7500 0

Table F.30 Reference demand of FP at regional warehouse ( Dij,) int

FP Grade RW1 RW2 RW3 RW4 RW5
1 10,000 1,000 490,000 0 0
2 250,000 420,000 270,000 450,000 800
3 0 0 0 0 0
4 0 0 0 0 0
5 0 0 0 0 0
6 0 0 0 0 0
7 3,000 35,000 30,000 9,000 15,000
8 300 0 0 0 0
9 25,000 130,000 65,000 40,000 0

10 38,000 225,000 300,000 75,000 87,000

11 120,000 25,000 180,000 3,000 15,000

12 2,000 20,000 9,000 0 0

13 25,000 75,000 10,000 5,000 13,000

14 250,000 400,000 350,000 170,000 23,000

15 0 0 0 0 0

16 0 8,000 0 0 16,000

17 0 0 0 0 0

18 50,000 65,000 100,000 30,000 8,000

19 6,000 55,000 70,000 20,000 0

20 0 0 0 0 6,000

21 30,000 110,000 70,000 10,000 3,000

22 0 0 60,000 1,000 100,000

23 2,000 60,000 15,000 600 0

Table F.31 Target inventory day supply of FP at the plants ( Rff)

FP GRADE PLANT1 PLANT?2 PLANT3 PLANT4 PLANT5
Grade-1 35.00 35.00 35.00 35.00 35.00
Grade-2 35.00 35.00 35.00 35.00 35.00
Grade-3 35.00 35.00 35.00 35.00 35.00
Grade-4 35.00 35.00 35.00 35.00 35.00
Grade-5 35.00 35.00 35.00 35.00 35.00
Grade-6 35.00 35.00 35.00 35.00 35.00
Grade-7 35.00 35.00 35.00 35.00 35.00
Grade-8 35.00 35.00 35.00 35.00 35.00
Grade-9 35.00 35.00 35.00 35.00 35.00
Grade-10 35.00 35.00 35.00 35.00 35.00
Grade-11 35.00 35.00 35.00 35.00 35.00
Grade-12 35.00 35.00 35.00 35.00 35.00
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Grade-13 35.00 35.00 35.00 35.00 35.00
Grade-14 35.00 35.00 35.00 35.00 35.00
Grade-15 35.00 35.00 35.00 35.00 35.00
Grade-16 35.00 35.00 35.00 35.00 35.00
Grade-17 35.00 35.00 35.00 35.00 35.00
Grade-18 35.00 35.00 35.00 35.00 35.00
Grade-19 35.00 35.00 35.00 35.00 35.00
Grade-20 35.00 35.00 35.00 35.00 35.00
Grade-21 35.00 35.00 35.00 35.00 35.00
Grade-22 35.00 35.00 35.00 35.00 35.00
Grade-23 35.00 35.00 35.00 35.00 35.00
Table F.32 Target inventory day supply of FP at the regional warehouses ( Rsz)

FP GRADE RW1 RW?2 RW3 RWA4 RW5
Grade-1 35.00 35.00 35.00 35.00 35.00
Grade-2 35.00 35.00 35.00 35.00 35.00
Grade-3 35.00 35.00 35.00 35.00 35.00
Grade-4 35.00 35.00 35.00 35.00 35.00
Grade-5 35.00 35.00 35.00 35.00 35.00
Grade-6 35.00 35.00 35.00 35.00 35.00
Grade-7 35.00 35.00 35.00 35.00 35.00
Grade-8 35.00 35.00 35.00 35.00 35.00
Grade-9 35.00 35.00 35.00 35.00 35.00
Grade-10 35.00 35.00 35.00 35.00 35.00
Grade-11 35.00 35.00 35.00 35.00 35.00
Grade-12 35.00 35.00 35.00 35.00 35.00
Grade-13 35.00 35.00 35.00 35.00 35.00
Grade-14 35.00 35.00 35.00 35.00 35.00
Grade-15 35.00 35.00 35.00 35.00 35.00
Grade-16 35.00 35.00 35.00 35.00 35.00
Grade-17 35.00 35.00 35.00 35.00 35.00
Grade-18 35.00 35.00 35.00 35.00 35.00
Grade-19 35.00 35.00 35.00 35.00 35.00
Grade-20 35.00 35.00 35.00 35.00 35.00
Grade-21 35.00 35.00 35.00 35.00 35.00
Grade-22 35.00 35.00 35.00 35.00 35.00
Grade-23 35.00 35.00 35.00 35.00 35.00

Table F.33 Target inventory of PRM at the plants (R™™" ) in t
PRM
NAME PLANT1 | PLANT2 | PLANT3 | PLANT4 | PLANTS
PRM-1 0 0 0 0 0
PRM-2 0 0 0 0 0
PRM-3 0 0 0 0 0
PRM-4 0 0 0 0 0
PRM-5 0 0 0 0 0
PRM-6 0 0 0 0 0
PRM-7 0 0 0 0 0
PRM-8 0 0 0 0 80,000

147




120,000

40,000

80,000

0

0

0

80,000

240,000

112,000

0

0

0

40,000

0

16,000

8,000

16,000

32,000

40,000

0

0

0

0

16,000

40,000

0

16,000

0

160,000

80,000

80,000

0
0

0
120,000

0
0
0
0
0
0
0
0
80,000

0
0
0
0
0
0
0
0
0
0
0
0
0

0
64,000

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

PRM-9
PRM-10

PRM-11

PRM-12

PRM-13

PRM-14

PRM-15

PRM-16

PRM-17

PRM-18

PRM-19

PRM-20

PRM-21

PRM-22

PRM-23

PRM-24

PRM-25

PRM-26

PRM-27

PRM-28

PRM-29

PRM-30

PRM-31

PRM-32

PRM-33

PRM-34

PRM-35

PRM-36

PRM-37

PRM-38

PRM-39

PRM-40

PRM-41

PRM-42

PRM-43

PRM-44

PRM-45

PRM-46

PRM-47

PRM-48

PRM-49

PRM-50

PRM-51

PRM-52

PRM-53

PRM-54

PRM-55
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Table F.34 Target inventory of PRM at the PRM warehouse (R™™" ) int

PRM
PRM NAME Warehouse

PRM-1 0

PRM-2

PRM-3

PRM-4

PRM-5

PRM-6

PRM-7

PRM-8

PRM-9

PRM-10

PRM-11

PRM-12

PRM-13

PRM-14

PRM-15

PRM-16

PRM-17

PRM-18

PRM-19

PRM-20

PRM-21

PRM-22

PRM-23

PRM-24

PRM-25

PRM-26

PRM-27

PRM-28

PRM-29

PRM-30

PRM-31

PRM-32

PRM-33

PRM-34

PRM-35

PRM-36

PRM-37

PRM-38

PRM-39

PRM-40

PRM-41

PRM-42

PRM-43

PRM-44

PRM-45

PRM-46

PRM-47

PRM-48

PRM-49

OO0 |0O|0O|I0O|0O|0O|0|0O|0O(0O|0O|0|0|0O|0O|0|0|0|0|0O|0O(O|0O|0|0|0O|0|0O|0|0|0|o|o|o|0O|0|o|o|o|o|o|o|o|o|o|o|o

PRM-50
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PRM-51

PRM-52

PRM-53

PRM-54

PRM-55

o|o|o|o|o

Table F.35 PRM availability (M ™) in t

PRM
PRM NAME Availability

PRM-1 0
PRM-2 50,000
PRM-3 0
PRM-4 0
PRM-5 0
PRM-6 30,000
PRM-7 0
PRM-8 600,000
PRM-9 400,000
PRM-10 60,000
PRM-11 0
PRM-12 0
PRM-13 1,000,000
PRM-14 0
PRM-15 0
PRM-16 0
PRM-17 0
PRM-18 0
PRM-19 0
PRM-20 150,000
PRM-21 350,000
PRM-22 2.500,000
PRM-23 0
PRM-24 0
PRM-25 1,000,000
PRM-26 650,000
PRM-27 520,000
PRM-28 0
PRM-29 0
PRM-30 0
PRM-31 0
PRM-32 1,000,000
PRM-33 0
PRM-34 0
PRM-35 250,000
PRM-36 0
PRM-37 1,400,000
PRM-38 0
PRM-39 0
PRM-40 0
PRM-41 0
PRM-42 390,000
PRM-43 0

150



PRM-44 0
PRM-45 2,500,000
PRM-46 0
PRM-47 625,000
PRM-48 0
PRM-49 0
PRM-50 0
PRM-51 0
PRM-52 0
PRM-53 0
PRM-54 0
PRM-55 0
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Appendix G
Dantzig-Wolfe Subproblems for Formulation (AARS_IN)

Here, the Dantzig-Wolfe decomposition formulations for the results obtained in Chapter 5 are

shown for the industrial case study problem. The formulations for the DWD1 algorithm are first

described. Capacity as an integer variable is represented by ziint and the setG" = {1 Nh} cG

is introduced to denote the columns generated for the restricted master problem (this is consistent

to J*={1...,N,} =J used in Chapter 5).

G.1 Subproblems for DWD1

The phase 1 feasibility problem is shown below

Problem (FP1)

subject to
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4., >0, s€S,geG", (G.7)

S,

where AV, is the artificial slack variable required for the phase 1 problem. Through solving the

restricted master problem, Lagrange multipliers can be obtained. p,(h)(consistent to 7Z':) used in

Chapter 5) is obtained from constraint (G.4) and using these multipliers, the related phase 1

subproblems can be formulated and solved for s € S
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Here, RC,  refers to the remaining cost terms that are not explicitly calculated in the restricted

master problem. Proceeding to the phase 2 problem, the restricted master problem formulation is
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The Lagrange multipliers are again obtained through solving the restricted master problem. p,(h)

is obtained from constraint (G.41) (consistent to 7 used in Chapter 5), 2, ™" from (G.39), and
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1.™ from (G.40). The multipliers are required for the pricing problems and for the convergence

criteria. The objective function for the phase 2 pricing problems is shown below and the

constraints are the same as those in the phase 1 subproblems. The problem is solved for s € S

Problem (PPLy)
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subject to,

constraints (G.9)-(G.37).

G.2 Subproblems for DWD2

The DWD1 procedure provides a feasible sub-optimal solution that can be used as the initial

extreme points for the DWD2 procedure. This means that the phase 1 problem for DWD?2 is not

required. The phase 2 restricted master problem is
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Problem (RMP2)
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The Lagrange multipliers are obtained through solving the restricted master problem. p@*is

obtained from constraint (G.47), Pi(,:)_ is obtained from (G.48) (these are consistent to 7Z':) used in

Chapter 5), 1,™* from (G.49), and 2"~ from (G.50). The phase 2 pricing problems are shown

below and solved for se S
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