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Tool for Assisting in Petroleum Product Transportation Logistics

Cross-References and Related Applications

This application claims the benefit of provisional U.S. Patent Application No. 61/220,159
(filed 24 June 2009), which is incorporated by reference herein in its entirety. This application is
also related to U.S. Application Serial No. 12/292,600 entitled: “System for Bulk Product
Allocation, Transportation and Blending” (by Song et al., filed on 21 November 2008), which is

incorporated by reference herein.

Technical Field
The present invention relates to a system for planning the transportation and inventory

management of petroleum products using a fleet of vessels.

Background
Current approaches to optimizing product transportation, whether for the movement of

discrete products or bulk products, generally focus on transportation routing and/or vehicle
scheduling and do not consider inventory management. In addition, these approaches typically
require one or more of the following: a single homogeneous cargo or multiple cargos that cannot
be mixed; the use of a homogenous fleet of vessels; travel between a single supply location and a
single demand location; and a constant rate of supply and demand. Generally, these approaches
also focus on minimizing cost rather than maximizing net profit.

TurboRouter® is a tool recently developed by the Norwegian Marine Technology
Research Institute, MARINTEK Logistics. It performs vessel routing and scheduling
calculations. The purpose of the tool is to allow a commercial shipping company, as opposed to
a chartering party, to maximize the revenue obtained by shipping optional cargo in addition to
contract cargos that must be shipped. This tool, however, does not account for inventory
management or envision blending.

The shipping of ammonia has been addressed by M. Christiansen et. al., Decomposition

of a combined inventory and time constrained ship routing problem, Transportation Science,
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33(1): 3-16 (1999). This article poses the problem where inventory management and routing are
constrained by time-window requirements and vessels are permitted to carry partial loads. A fleet
of vessels transport a single bulk product between production and consumption harbors. The
economic calculations of this approach oversimplify real problems and assume constant rates of
production and consumption.

The minimum cost inventory routing problem for multiple bulk liquid products (which
cannot be mixed) is addressed by D. Ronen, Marine inventory routing: shipments planning,
Journal of the Operational Research Society, 53: 108-114 (2002). The vessels in this routing
problem have multiple compartments and each vessel is restricted to loading and unloading at
only one port. Additionally, this routing problem only allows a homogeneous pool of vessels.

There have been numerous publications in the field of vessel routing and scheduling.

One survey article is Ship routing and scheduling: status and perspectives, Transportation
Science, 38(1): 1-18, M. Christiansen, K. Fagerholt, and D. Ronen (2004). One overview article
is Marine Transportation, Handbooks in Operations Research and Management Science:
Transportation, M. Christiansen, K. Fagerholt, B. Nygreen, D. Ronen, edited by C. Barnhart and
G. Laporte (2007).

One publication of note is Scheduling Ocean Transportation of Crude QOil, Management
Science, G.G. Brown, G.W. Graves, D. Ronen, 33(3): 335-346 (1987). This paper addresses a
crude oil marine transportation problem. The modeling problem described therein includes the
following assumptions/simplifications: (1) each cargo (i.e., crude oil to be shipped) moves
between a single loading port and a single discharging port; (2) the cargo shipped must always be
a full vessel load (i.e., the cargo must be of a fixed size); and (3) cach vessel is the same size. In
addition, the objective function of the model is to minimize cost as opposed to net profit margin.

Another publication of note is Fleet management models and algorithms for an oil tanker
routing and scheduling problem, H.D. Sherali, S.M. Al-Yakoob, M.M. Hassan, IIE Trans. 31:
395-406 (1999). This paper also addresses a crude oil marine transportation modeling problem.
Again, the modeling problem characteristics are such that each voyage must consist of a single
loading port and a single discharging port and each cargo must be a full vessel load. In addition,
the objective is to minimize cost as opposed to net profit margin. The problem addressed in this
paper is different from the preceding paper in that the vessels do not have to be the same size and

there is an explicit treatment of vessel compartments.
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There is a need in the art for an application that optimizes the total net profit associated
with product allocation, transportation routing, transportation vehicle/route scheduling, and
product blending. There is a need in the art for an application that perform this function in a
manner that permits the movement of multiple types and qualities of bulk products, each with
non-constant rates of supply (production) and demand (consumption), and each with different
monetary values, from one or more supply locations to one or more demand locations, using a
heterogeneous fleet of vessels, where each vessel may make multiple loads and discharges. In
particular, such an application would provide significant financial benefits in the movement of

petroleum and petroleum derived products from supply locations to demand locations.

Summary
The present invention provides a tool for determining bulk product allocation,

transportation routing, vehicle/route scheduling, and/or blending operations. The tool is capable
of handling a typical petroleum product transportation problem, which can be quite complex. A
typical petroleum product transportation problem involves, infer alia, multiple supply locations
each with multiple production products, each with different properties and different economic
valuations, multiple demand locations each with multiple demand stream needs, each having
different requirements and different price valuations for delivered products that meet the
requirements, non-constant rates of supply and demand, and a heterogencous fleet of
transportation vehicles.

The present invention uses advanced modeling and optimization technology to find a
solution (either optimal or near optimal) for the allocation of bulk products, vehicle routing,
vehicle scheduling, and bulk product blending. In some cases, solutions to the model may be
used to determine a transportation plan that includes one or more of the following: (i) the
allocation of products produced at one or more supply locations to meet the consumption
demands of one or more demand locations; (ii) a transportation routing schedule to implement
the allocation plan; and (ii1) a transportation vehicle/route schedule to implement the routing
schedule. In a preferred embodiment, the transportation plan will also provide details for bulk
product blending to be performed on-shore and/or onboard the vehicle during loading, transit, or

discharge.
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In one embodiment, the present invention provides a method for transporting bulk
products, comprising receiving a data set comprising:

(a) anidentification of a plurality of supply locations and a plurality of demand
locations, each supply location having a supply stream of bulk products and each demand
location having a demand stream for bulk products;

(b) for each supply location, data relating to the existing inventory, the anticipated
production, the property specifications, and the monetary values of the bulk products from the
supply stream;

(c) for each demand location, data relating to the existing inventory, the anticipated
consumption, the property specification requirements, and the monetary values of the bulk
products that meet the property specification requirements of the demand stream;

(d) identification of a fleet of vehicles that load bulk products at the supply locations and
discharge bulk products at the demand locations;

(e) data relating to the availability and capacity of each vehicle in the fleet;

(f) data relating to the costs for transporting bulk products from the supply locations to
the demand locations; and

{(g) identification of one or more blending tanks, each located at a supply location or a
demand location, for receiving and discharging bulk products.

A mixed integer non-linear programming (MINLP) model is populated using the data set.
The MINLP comprises an objective function for net profit margin and a plurality of constraints.
The objective function for net profit margin comprises the sum of the monetary values of the
bulk products discharged directly to the demand streams from the vehicles, the sum of the
monetary values of the bulk products discharged from ecach blending tank to a demand stream,
minus the sum of the monetary values of the bulk products loaded from the supply streams,
minus costs related to the transportation of the bulk products between the supply locations and
the demand locations, minus costs related to the use of each blending tank for receiving and
discharging bulk products. In some cases, the objective function further comprises the sum of
the inventory holding costs. The constraints include one or more non-linear terms (e.g., bilinear
terms) relating to the quantity(ies) and/or property(ies) of blending tank content.

The MINLP model is solved for maximizing the objective function for net profit margin.

Based on the solution obtained, one or more bulk products are physically transported to a
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demand location, or from a supply location, or both. In some cases, the method further
comprises, based on the solution obtained, physically transferring a bulk product into a blending
tank containing another bulk product, and blending the bulk products in the blending tank to
form a new blended bulk product. The bulk product may be transferred into the blending tank
from any of various sources, including a vehicle, pipeline, or another tank.

[016] In another embodiment, the present invention provides an optimization apparatus for
determining the transportation of bulk products according to the above-described method. In
another embodiment, the present invention provides a program storage device readable by a
machine, tangibly embodying a program of instructions executable by the machine to perform
the above-described method steps for determining the transportation of bulk products.

[017] In another embodiment, the present invention provides a method of operating an
optimization apparatus that comprises a memory device, a modeling application, and a solver.
The optimization apparatus is operated by: (I) loading into the memory device a data file
containing the above-described data; (II) executing the modeling application to populate the
above-described mixed integer non-linear programming model using the data file; and (I1I)
running the solver to obtain a solution to the mixed integer non-linear programming model for
maximizing the objective function for net profit margin. The apparatus may have one or more

solvers, which may be used in combination (e.g., sequentially or iteratively).

Brief Description of the Drawings
[018] FIG. 1 represents a transportation problem involving a set of supply ports, a set of

demand ports, and a fleet of vessels that can be modeled by the present invention.

[019] FIG. 2 shows a schematic diagram of a demand port that can be modeled by the present
invention.
[020] FIG. 3 shows a time-space network formulation in which a vessel is a commodity and

nodes represent a possible visit to a port at a particular time.

[021] FIGS. 4 and 5 show flowcharts illustrating a solution algorithm.
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Detailed Description

"Allocation," when used with respect to the movement of product from supply locations
to demand locations, refers to determinations regarding the identity and/or amount of supply-side
product to be transported and demand side product needs to be met.

"Bulk product" means any product that is unbound and substantially fluid as loaded; in
other words, it is in a loose unpackaged form. Examples of bulk products include petroleum
products.

"Code" embraces both source code and object code.

"Computer-readable medium" includes any mechanism for storing or transmitting
information in a form readable by a computer. For example, a computer-readable medium
includes, but is not limited to, read only memory (“ROM”), random access memory (“RAM™),
magnetic disk storage media, optical storage media, flash memory devices, etc.

"Discharge location,” "demand location" and "destination location," as used
synonymously herein, refer to a place where transported cargo is unloaded. Similarly,
"discharge port,” "demand port" and "destination port" are each synonymous terms that refer to a
port where cargo is discharged.

"non

"Load location," "supply location" and "origin location," as used synonymously herein,
refer to a place where transported cargo is loaded. Similarly, "load port," "supply port," and
"origin port" are each synonymous terms that refer to a port where cargo is loaded.

"Transportation routing," when used with respect to the movement of product from
supply locations to demand locations, refers to determinations regarding the number of trips,
sequence of stops, and assignment of vessels to perform a product allocation.

"Transportation vehicle/route scheduling” refers to the assignment of time to each activity
to perform a plan for transportation routing.

"Vehicle" means any vessel, barge, plane, train, truck or other mechanical means of
transportation.

"Vessel" means any ship, barge or other water faring vehicle.

An example of a transportation problem that can be modeled by an embodiment of the
present invention will now be described. FIG. 1 shows a schematic illustration representing a
problem involving the transportation of petroleum products (i.e., bulk products represented as

barrels 72). Petroleum products need to be transported from the supply ports (i.e., supply
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locations) 50, 52, 54, and 56 to the demand ports (i.c., demand locations) 60, 62, 64, and 66. A
fleet 70 of vessels are available to physically transport the petroleum products from the supply
locations to the demand locations.

Each supply location can produce multiple supply streams (represented by arrows 58) of
bulk product, each stream having its own propertics and monetary valuation based thereon, and
each stream having its own accumulated inventory, storage constraints and production profile.

In addition, cach demand location can require multiple demand streams (represented by arrows
68) of bulk product, each strecam having its own property range requircments and property based
monetary valuation for actual bulk products that are delivered to meet those requirements, and
each stream having its own inventory, storage constraints and consumption schedule. The
different bulk product streams are loaded into separate segregations of the same transportation
vehicle. However, the different bulk products can be blended (on-shore and/or onboard a vehicle
during loading, discharge, or transit), in a manner that changes the properties of one or more of
the loaded bulk products and benefits the overall value of bulk products delivered to meet the
demand location requirements. Each of these points is further elaborated upon below.

Each supply location may produce multiple bulk products. In other words, each supply
location can produce multiple streams of different types and/or grades of bulk product. Thus, for
example, the bulk product produced at one supply location might be a single stream of a specific
grade of gasoline. Alternatively, the bulk product produced at the supply location might be
multiple streams of different grades of vacuum gas oil (VGO), such as low sulfur VGO and high
sulfur VGO. Preferably, the user identifies each supply location to be considered by the
modeling tool and its corresponding production streams.

Each production stream has its own properties and property based monetary valuation.
The properties may be chemical or physical, but typically relate to chemical composition of the
production stream. For example, the value of fuel products, such as VGO and gasoline, typically
rise or fall based on composition (e.g., nitrogen content, sulfur content, etc.). Preferably, the user
designates each supply stream monetary value based on current prices in the local spot market
for the supply location.

Each production stream also has its own accumulated inventory, preferred minimum and
maximum storage constraints and anticipated production schedule. The production profile does

not have to be constant or continuous. The modeling tool considers these factors when
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developing the allocation, transportation routing and transportation vehicle/route schedules.
Preferably, the user designates the existing inventories, preferred storage constraints and
anticipated production schedule for each production stream.

Each demand location may consume multiple bulk products. In other words, each
demand location may consume multiple streams of different types and/or grades of bulk product.
Thus, for example, the bulk product consumed by one supply location might be a particular
grade of gasoline. Alternatively, the bulk product consumed by the demand location might be
multiple streams of different grades of VGO. Preferably, the user identifies each demand
location to be considered by the modeling tool and its corresponding demand streams.

Each demand stream has its own property range requirements and property based
monetary valuations for actual bulk products that are delivered to meet those requirements. The
properties may be chemical or physical, but typically relate to the chemical composition of the
delivered bulk product. For example, fuel products, such as different grades of gasoline or VGO,
must meet the specific compositional range requirements of a demand stream (e.g., nitrogen
content, sulfur content, etc.) to be acceptable. However, all fuel products that meet the
requirements are not the same and the actual value of any particular product that meets the
requirements may vary depending upon where, within the required property ranges, the
properties of the particular product actually fall. Accordingly, a base monetary value is typically
set for an average product that meets the property range requirements of the demand stream. In
addition, property based adjustment factors are provided to adjust the base monetary value for
actual bulk products that are delivered based on their properties relative to the properties of the
average product. Preferably, the base monetary value and property adjustment factors are input
by the user based on value assessments in the local spot market for the demand location.

Each demand stream also has its own accumulated inventory, preferred minimum and
maximum storage constraints and anticipated consumption schedule. The consumption profile
does not have to be constant or continuous. The modeling tool considers these factors when
developing the allocation, transportation routing and transportation vehicle/route schedules.
Preferably, the user designates the existing inventories, preferred storage constraints and
anticipated consumption schedule for each demand stream.

The vehicles may be homogeneous or heterogeneous in capacity and cost. In one

embodiment, the vehicles are heterogencous in both capacity and cost. The vehicles utilized in
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the invention will typically contain multiple segregations to permit the transport of multiple
products without unintentionally compromising the compositional integrity of the products.
Accordingly, each bulk product that is loaded from each supply location is transported in one or
more separate segregations of the same transportation vehicle.

The different bulk products loaded onto each transportation vehicle can be blended as the
products are loaded onto or discharged from the transportation vehicle, or during vehicle transit,
in a manner that changes the properties of one or more of the loaded bulk products and benefits
the overall value (e.g., monetary value) of bulk products delivered to meet demand location
requirements. For example, different products can be blended by simultaneous load or
discharge, at defined rates, through the same load or discharge tube. In other words, by opening
and closing valves for different product streams leading to a common load or discharge tube, in a
controlled manner, products can be mixed in the tube at different rates.

The modeling tool can also take into consideration the availability of on-shore blending
for bulk products to meet the specification/property range requirements of the demand streams.
This on-shore blending may occur before loading of bulk products onto a vessel (i.e., at a supply
location), or after unloading from a vessel (i.e., at a demand location), or both.

In certain embodiments, one or more demand locations have at least one blending tank
for receiving bulk products from a vessel. For example, two or more of the vessels may
discharge different bulk products (simultaneously or consecutively) into a blending tank(s) to
form a new blended bulk product for discharge to a demand stream. The blended bulk product is
fed into the demand stream to increase the overall value of the bulk products being discharged to
the demand streams.

For example, FIG. 2 shows a demand port having a discharge tank 10 for receiving on-
specification bulk products for discharge to a demand stream 12. The demand port also has a
user-company owned blending tank 20 for blending bulk products to the property specifications
required by demand stream 12. The blended bulk products from blending tank 20 feeds into
discharge tank 10. FIG. 2 also shows blending tanks 30 and 32 located off-site that are available
for leasing.

Vessel A arriving at the demand port can unload its bulk products directly to the demand
stream 12 via discharge tank 10, into blending tank 20 for blending, or both. Likewise, Vessel B

arriving at the demand port can unload its bulk products directly to the demand stream 12 via
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discharge tank 10, into blending tank 20 for blending, or both. The modeling tool may provide a
blending plan recommending that Vessel A discharge at least some of its bulk products into
blending tank 20, and Vessel B discharge at least some of its bulk products into blending tank 20
to form a blended bulk product that meets the specification requirements of demand stream 12.
The blended bulk product is then fed into discharge tank 10 for discharge into the demand stream
12.

In a similar manner, off-site tanks 30 and 32 can be leased for blending bulk products
unloaded by Vessels C and D. The blended bulk products in these leased tanks can be moved
(e.g., by barge or pipeline) to blending tank 20 for further blending or to discharge tank 10 for
discharge to demand stream 12. The model may also take into consideration the costs associated
the leasing of the off-site tanks and the transport of bulk products from the leased tanks. The
model may also take into consideration the availability of spot purchases of bulk products from
3rd parties for feeding into discharge tank 10, blending tank 20, and/or the leased tanks. In such
cases, bulk products from a vessel may be blended with bulk products from spot purchases to
form the blended bulk product. In alternate embodiments, the on-shore blending may take place
at one or more supply locations, or at both supply and demand locations.

In addition, due to the flexibilities in the compartments of vessels, a vessel may load
several products and move and blend them into several new products during transit. Blended
products may be prepared for several demand streams, depending upon the economics and
consumption rates of the demand streams. The value of a blended product is its value, in view of
its properties, to the demand port where the product is delivered - which can be assessed, for
example, based on the local spot market for the demand port. An example includes blending a
lower value product (e.g., high sulfur VGO (HSVYGOQ)), which is not acceptable for many VGO
demand streams, with a high quality product (e.g., low sulfur VGO (LSVGO)), to create a new
product stream that is acceptable. Therefore the modeling tool not only saves transportation
costs, but can also create value by reducing quality giveaway.

The modeling tool may account for ane or more, and preferably all, of the following: (i)
the availability, cost, capacity and current cargo of cach vehicle in an available fleet; (ii) the
relative separation, in travel time and/or distance, of each supply location and demand location
from one another and travel cost for traversing the same; (ii) any vehicle size restrictions, loading

restrictions and/or discharge restrictions at each supply location and demand location; (iv)
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holding costs, if any, for storing bulk product at the supply locations, demand locations and/or
on-board the transportation vehicles; and (v) the availability of spot market purchases to augment
supply deficits and/or spot market sales to deplete supply overages. Each of the additional points
is discussed in more detail below.

First, when assigning specific vehicles to perform specific transportation routes, factors
considered by the modeling tool may include the time availability, carrying capacity, associated
transportation costs (e.g., flat rate, overage costs, demurrage costs, etc.), and current cargo for
cach vehicle in an available fleet of vehicles. The vehicles may be selected from spot vehicles,
term vehicles or any mixture thereof. Less desirably, if the available fleet of vehicles is neither
fully known nor anticipated general information regarding a desired class of vehicles (e.g., an
Aframax or a Panamax vessel) can be utilized. Preferably, this information is input by the user
for each chartered or anticipated vehicle in the available fleet.

Second, when designing transportation routes, factors considered by the modeling tool
may include the relative geographic location, in time and/or distance, of cach supply location and
each demand location from one another and the relative cost of traversing the same. Preferably,
the user inputs information regarding the relative separations for each location and relative travel
cost (e.g., the Worldscale rate for the trade route). Preferably, this information is input by the
user for each supply location, demand location and each travel leg between locations.

Third, when designing transportation routes and assigning specific vehicles to specific
routes, factors considered by the modeling tool may include any vehicle size restrictions, loading
restrictions and/or discharge restrictions at each supply location and demand location. For
example, some ports have inlet draft and outlet draft restrictions, load and/or discharge blackout
days, and minimum and maximum amounts of cargo that can be loaded and/or discharged.
Preferably, any such restrictions are input by the user for each supply location and demand
location.

Fourth, holding costs are generally incurred for every unit of bulk product production that
is not moved immediately. Holding costs are also incurred for every unit of bulk product
delivered that is not consumed immediately. Holding costs are also incurred for every unit of
bulk product that sits in a vehicle without being loaded, unloaded, or actively transported. There
may be a single universal holding cost applicable for all holding scenarios. Alternatively, there

may be one holding cost for all supply locations, one holding cost for all demand locations, and
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ong holding cost for all transportation vehicles. Alternatively, there may be a separate holding
cost for each demand location, each supply location and each transportation vehicle. Holding
costs are preferably input by the user. Holding costs can be incurred at the supply side, demand
side, or on-board a vessel. The modeling tool may take into account one or more of the
inventory holding costs.

Fifth, and finally, there may be instances where the production at the supply locations
under consideration either cannot meet, or exceeds, the consumption at the demand locations. In
such cases, factors considered by the model may include the availability of bulk product
purchases on the spot market to augment production and/or the availability of bulk product sales
on the spot market to deplete production. Preferably, the user specifies the identity, location,
amount and price of bulk products that can be purchased and/or sold on the spot market.

With respect to the use of blending tanks for on-shore blending, factors considered by the
modeling tool may include one or more of the following: tank capacity, tank leasing costs, tank
location, bulk product compatibilities or restrictions, demand stream or supply stream
compatibilities or restrictions, content specifications, initial inventory, mapping to valuation
streams, and content specification constraints. There may also be additional factors to be
considered for leased tanks (examples to be provided below in the worksheet details). Decision
variables relating to the use of blending tanks may include, for example: binary decisions about
whether to use a particular tank, binary decision about whether to lease a tank, discharge amount
to a blending tank from a vessel, discharge amount from a blending tank to a demand stream,
amount of spot market purchases discharged to a blending tank, or inventory levels in the

blending tanks.

Implementation for Marine Transportation

The transportation of the bulk products involves a physical movement of the bulk product
from one location to another. The vehicular mode of bulk product transportation is not restricted
and may be vessel, plane, train, truck or any combination thereof. However, in a preferred
embodiment, the bulk products are transported by vessel. Accordingly, in this preferred
embodiment, each vehicle is a vessel, each route to be performed is a voyage, each supply

location is a supply port and each demand location is a demand port.

12
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In a marine context, factors that may be taken into account by the modeling tool of the
present invention include one or more of the following: (i) existing inventory, anticipated
production, properties and monetary value of the bulk product(s) produced at each supply port;
(ii) existing inventory, anticipated consumption and property requirements of bulk product(s)
needed at each demand port and the monetary value of bulk products that meet the property
requirements; and (iii) opportunities to blend different bulk products to benefit the overall value
of delivered bulk products. Preferably, the model takes into account items (1) and (i1) above are
taken into account. Ideally, the model takes into account each of items (1), (i) and (iii).

More particularly, each supply port can produce multiple supply streams of bulk product,
each stream having its own properties and monetary valuation based thercon, and each stream
having its own accumulated inventory, storage constraints and production schedule. In addition,
each demand port can require multiple demand streams of bulk product, each stream having its
own property range requirements and property based monetary valuation for actual bulk products
that are delivered to meet those requirements, and each stream having its own inventory, storage
constraints and consumption schedule. Finally, different bulk product streams are loaded into
separate segregations of the same transportation vehicle. However, the different bulk products
can be blended (on-shore or onboard a vehicle during loading, discharge, or transit) in a manner
that changes the properties of one or more of the loaded bulk products and benefits the overall
value of bulk products delivered to meet demand location requirements.

With respect to the present invention being implemented for a marine context, other
factors that may be taken into consideration include one or more, and preferably all, of the
following: (i) the availability, cost, capacity and current cargo of each vessel in an available
fleet; (i1) the relative separation, in travel time and/or distance, of each supply port and demand
port from one another and cost for traversing the same; (iii) any vessel draft restrictions, loading
restrictions and/or discharge restrictions at each supply location and demand location; (iv) the
holding costs, if any, for storing bulk product at the supply ports, demand ports and/or on-board
the vessels; locations; and (v) the availability of spot market purchases to augment supply

deficits and spot market sales to deplete supply overages.
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Implementation for Bulk Products

The types of bulk product transported in the problem to be solved are not restricted.
However, in a preferred embodiment, the bulk products are petroleum products, which may be
selected from one or more grades of petroleum and/or products derived from petroleum. In a
more preferred embodiment, the bulk products are selected from one or more grades of the
following products: crude oil; gasoline; gas oil; condensate; distillate; and intermediate

petrochemical feed stock.

Work Process Using the Modeling Tool

The modeling tool of the present invention may be used to make various decisions,
including determining bulk product allocation, transportation routing, transportation
vehicle/route scheduling, and blending plans. In one embodiment, the work process for
operating the modeling tool of the present invention comprises three steps.

The first step is entering data into a database. The database may be integral to, or
interfaces with, a computer application. The data typically comprises one or more, and
preferably all, of the following: (i) information regarding each supply stream at each supply
location to be considered and its properties, monetary valuation, accumulated inventory, storage
constraints and production schedule; (ii) information regarding each demand stream at each
demand location to be considered and its property range requirements, property based monetary
valuation for actual bulk products that are delivered to meet those requirements, inventory,
storage constraints and consumption schedule; (iii) information regarding the availability, cost,
capacity and current cargo of each vehicle in an available fleet; (iv) information regarding the
relative separation, in travel time and/or distance, of each supply location and demand location
from one another and cost for traversing the same; (v) information regarding vehicle size
restrictions, loading restrictions and discharge restrictions at each supply location and demand
location; and (vi) information regarding holding costs, if any, for storing bulk product at the
supply locations, demand locations and/or on-board the transportation vehicles; and (vii)
information regarding the availability of spot market purchases to augment supply deficits and
spot market sales to deplete supply overages. Additional data that may be contained in the

database are explained in the worksheet descriptions below.
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The second step in the process is performing the mathematical and/or data processing
operations for formulating and/or populating the model, and then solving the model. This
process may be performed by a computer application. One or more of the following parameters
may be taken into account in formulating, populating, and/or solving the model: (i) existing
inventory, anticipated production, properties and monetary value of bulk product(s) produced at
each supply location, (ii) existing inventory, anticipated consumption and property requirements
of bulk product(s) needed at each demand location and the monetary value of bulk products that
meet the property requirements, and, optionally, (iii) opportunities to blend different bulk
products to benefit the overall value of delivered bulk products.

The present invention contemplates various approaches to solving the model. If no
feasible solution is found, then the user may restart the process using an altered data sct or permit
more time for finding a solution. Alternatively, the user can view the highest ranked (i.e., least
penalized) infeasible solution. The model may not find a feasible solution if either (a) no
feasible solution exists or (b) the solution calculation is prematurely terminated and, in such
cases, the solution found will be the best solution given the data set and time permitted. The
application should flag any solution that is not feasible and the reason for the infeasibility.

The user may review the solution results to insure that the results are acceptable. If the
results are not deemed satisfactory, or if the user wants to perform an additional what-if analysis,
then the user can restart the process with an adjusted data set. Based on the solution obtained,
one or more of the following may be determined or planned: bulk product allocations,
transportation routing, transportation vehicle/route scheduling, and blending of bulk products
within a within a planning horizon, in order to maximize total net profit margin.

For example, the modeling tool may specify a recommended transportation program
detailing each of the following: (i) the allocation of products produced at one or more supply
locations to meet the consumption demands of one or more demand locations; (ii) a
transportation routing schedule to implement the allocation plan; and (iii) a transportation
vehicle/route schedule to implement the routing schedule. In a preferable embodiment, the
transportation program will also detail (iv) a schedule for blending product on-shore and/or
onboard a vehicle during product loading, transit, or discharge. The results can then be stored in

the form of one or more reports, spreadsheets, etc.
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The third step in the process is to enact the plan. In other words, the solution will
designate product to be moved between different locations, routes to be performed to move the
product, vehicles to be utilized on each route, and specific blending operations to be performed
during the loading, discharge and/or movement of bulk product by each vehicle. Each
designated vehicle will be assigned the identified route, physically load the designated products
at the designated times from each supply port on the route, physically perform any designated
blending operations (on-shore and/or onboard a vehicle during loading, discharge, or transit), and
physically deliver the designated products at the designated times to the designated demand ports
for the designated demand streams. Also, in some cases, enacting the plan involves physically

blending bulk products in on-shore blending tanks.

METEOROID - Introduction

This example describes one particular embodiment of the invention and its use in finding
a solution (either optimal or near optimal) for the allocation, transportation routing,
vessel/voyage scheduling and blending planning to maximize total net profit margin in the
movement of VGO from supply ports to demand ports to feed FCC units within a given planning
horizon. In this embodiment, each supply port produces one or more streams of VGO, each
stream having an independent composition and/or property set, and each stream having an
independent inventory and production schedule. Similarly, each demand port requires one or
more streams of VGO for its FCC units, each stream having independent ranges of property
requirements, and each stream having an independent inventory and consumption schedule. In
addition, each load and discharge port has unique physical and temporal restrictions for vessel
usage and each vessel has unique size, availability, capacity, and cost parameters. The
allocation, transportation routing, voyage/vessel scheduling and blending are optimized, in view
of all of these factors, to meet the demand consumption using the load port production in a
manner that maximizes total net profit. For reference purposes, the particular computer

application described in this embodiment is nicknamed "METEOROID."
METEOROID - Hardware and Software Requirements

METEOROID has some basic preferred hardware and software configurations. First,

METEOROID prefers a relatively modern processor (e.g., a 3GHz processor with 2GB of
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RAM). Second, METEOROID prefers a relatively modern operating system such as Microsoft
Windows XP Professional (v. 2002, SP1). Third, since METEOROQID is an AIMMS modeling
application, it requires a licensed version of a relatively modern AIMMS modeling system (e.g.,
AIMMS version 3.6.2). AIMMS, a product of Paragon Decision Technology B.V., is an
advanced development system for building optimization based decision support applications.
AIMMS provides a mathematical modeling language that is designed for the development of
modeling applications, a graphical interactive user interface that developers can tailor for the
applications, and an ability to link the applications to optimization solvers (e.g., CPLEX, XPress,
XA, KNITRO, etc.). Fourth, METEOROID prefers a relatively modern version of Microsoft
Excel (e.g., Microsoft Office Excel 2003). METEOROID uses an Excel workbook for data entry
and, in addition, the results from the METEOR OID model can be stored in Excel format. Fifth,
and finally, although programs written in AIMMS can perform some calculations, METEOROID
requires a solver (e.g., CPLEX, XPress, XA, KNITRO, etc.) to solve the programming models in
the application.

METEOROID - Work Process

The basic process for METEOROID beings with the user entering the necessary data into
an Excel workbook. Second, the user causes the computer to read the data from the Excel
workbook into a METEOROID AIMMS application. Third, the user examines the data and
validates data transfer using an AIMMS interface page. If errors in the data exist, the user
restarts the process. Alternatively, the user can make changes directly to some of the data
through the AIMMS interface pages, however, such changes are not saved in the Excel
workbook for future program runs. Fourth, the user executes the optimization model on the
computer either through an exact method or through various heuristic options. If the model does
not have a feasible solution, then the user restarts the process using an altered data set.
Alternatively, the user can view the highest ranked (i.e., least penalized) infeasible solution.
Fifth, the user reviews the results through various AIMMS interface pages. If the results are not
satisfactory, or the user wants to perform a what-if analysis, the user restarts the process using a
different data set. If the reports are satisfactory, then the user saves and/or generates reports that
record the solution. The user then enacts the solution. The ultimate result of the process is the

assignment and, thereby, movement of vessels from various locations to load, move and
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discharge product from supply locations to demand locations and the transformation of products
through blending during loading, discharge, or transportation.

METEOROID uses an Excel workbook for data entry. In general, the data comprises
information regarding identity, physical restrictions, production schedule and inventories of
supply ports, the identity, physical restrictions, consumption schedule and inventories of demand
ports, variations in stream value based on composition and/or properties and the physical
parameters, capacity, cost and availability of transportation vessels.

The Excel workbook includes the following worksheets: (i) a Start worksheet that
contains preliminary inputs regarding the planning horizon, optional parameters, penalties and
inventory holding cost; (ii) a Port worksheet that defines the load and discharge ports to be
considered in the modeling problem and physical and temporal restrictions for the same; (iii) a
Product-Spec_Def worksheet that sets forth the properties used to assign a monetary value to the
bulk product being transported (e.g., VGO for FCC units), the direction in which changes in such
properties affect monetary value and typical property values for different grades of the bulk
product; (iv) a Product-Supply worksheet that identifies the supply streams to be considered in
the modeling problem, properties regarding the same and the monetary valuation of the same; (v)
a Product-Demand worksheet that identifies the demand streams to be considered in the
modeling problem, property range requirements for the same, the monetary valuation of a typical
stream of the required grade that meets the range requirements and property specific monetary
adjustment factors to determine the monetary valuation of actual streams delivered to meet the
range requirements; (vi) a Production worksheet that details projected production/inventory for
each supply stream during the production horizon assuming no inventory is moved; (vii) a
Consumption worksheet that details the projected consumption/inventory for each demand
stream during the consumption horizon assuming no additional inventory is delivered; (viii) a
Legs worksheet that allows a user to forbid voyage legs between specified ports; (ix) a Ship
worksheet that identifies the spot vessel charters that have been made and that are of interest, as
well as the physical and cost parameters for the same and any relevant port restrictions for the
same; (x) a Time worksheet that records the average days it takes a vessel to transit each
potential leg in a voyage; (ix) a Cost worksheet that records a leg rate for each potential voyage
leg between ports; (xii) a BlackOut worksheet that records any days within the relevant

production horizon or consumption horizons in which a load port will not be available for cargo
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loading or a discharge port will not be available for cargo discharge, respectively; (xiii) a
Tank Details worksheet containing information related to the blending tanks; and (xiv) a
Tank Specs worksheet containing information related to the contents of the blending tanks.
Entering data into the twelve worksheets for the first time can be work intensive. However,
thereafter, the job is much easier since much of the data is relatively static (e.g., travel time
between ports, the physical characteristics of each available vessel, port constraints, etc.). The
user starts with a copy of an existing data file and updates dynamic information therein to the
extent that changes have occurred. Preferably, this is done routinely as part of a regular process.
The Start worksheet contains preliminary inputs regarding the planning horizon, optional
parameters, penalties, and inventory holding costs. The data in the Start worksheet includes the
following: .
"Number of Outlook Days" - The number of days in the planning period.

b. "Number of Rollover Days" - Production must be produced and moved before it can meet
consumption. Therefore, there should be an offset in the production and consumption
horizons considered. This offset is the number of rollover days.

¢. *“Production Start Date" - The first day in the production horizon. This is the start date
for the planning period.

d. Production End Date" - The last day in the production horizon. Preferably, this date is
automatically projected by adding the number of outlook days to the production start date
and deducting the number of rollover days.

¢. "Demand Start Date" - The first day in the consumption horizon. Preferably this date is
automatically projected by adding the number of rollover days to the production start
date.

f. "Demand End Date" - The last day in the consumption horizon. Preferably this date is
automatically projected by adding the number of rollover days to the production end date.
This date represents the end of the planning period.

g. "Minimum Total VGO Transported” - An optional ficld where the user can input, if
desired, a minimum amount of product, in ktons, to be transported in the problem
solution.

h. "Minimum Number of Ships" - An optional field where the user can input, if desired, the

minimum number of vessels to be utilized in the problem solution.
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1. "Maximum Number of Ships" - An optional field where the user can input, if desired, the
maximum number of vessels to be used in the problem solution.

j- "Maximum Cost per Ton of VGO" - An optional field where the user can input, if
desired, the maximum vessel transportation cost, in U.S. k$/ton, permitted in the problem
solution.

k. "Load Side Slack Penalty” - A problem may not have a feasible solution. If so, it may be
desirable to view ranked infeasible solutions. A load side slack penalty can be used to
evaluate infeasible solutions. A penalty value is assigned for every kton of production
inventory in an infeasible solution that is not either stored in supply side inventory
holding or moved to a discharge port. For example, if the load side slack penalty is 1,
and a load port generates 20 ktons of VGO during a production horizon and can only
store 10 ktons, and the solution is only able to transport 9 of the remaining 10 ktons to
discharge ports, then one ton [i.e., (20 - 10) - 9 = 1] remains unaccounted for and the load
side slack penalty willbe 1 (e, 1 x 1 = 1).

1. "Discharge Side Slack Penalty" - Again, a problem may not have any feasible solutions.
If so, it may be desirable to view ranked infeasible solutions. A discharge side slack
penalty can also be used, either alone or in conjunction with a load side slack penalty, to
evaluate infeasible solutions. A penalty value is assigned for every kton of consumption
demand in an infeasible solution that is not either met through existing demand side
inventory holding or through additional inventory delivery. For example, if the discharge
side slack penalty is 3, and a discharge port demands 10 ktons of VGO during a
consumption horizon and only has 2 ktons of VGO in existing storage, and the solution is
only able to deliver 7 ktons of additional VGO, then one ton of demand [7.¢., (10 -2) -7
= 1] is not met an the discharge side slack penalty is 3 (i.e., 1 x 3 =3).

m. "Inventory Holding Cost at Load Port" - This is an assigned value, in U.S. $/kton,
incurred for every day inventory sits in a storage tank at a supply port.

n. "Inventory Holding Cost at Discharge Port" - This is an assigned value, in U.S. $/kton,
for every day inventory sits in a holding tank at a demand port.

0. "Inventory Holding Cost on Ship" - This is an assigned value, in U.S. $/kton, for every

day inventory sits in a transportation vessel.
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[071]

The Port worksheet defines the load ports and discharge ports to be considered by the

modeling tool, and physical and temporal restrictions for the same. The Port worksheet includes

a table for user-company load ports and a table for 3rd party load ports. For each, the user inputs

the following information:

a.

b.

[072]

"Load Port" - the name of each load port;

"On/Off" - a "1" is entered for each load port should be considered and a "0" is entered
for each load port should not be considered;

"Load Port w/ Draft" - the load port name is re-entered for cach load port that contains
draft restrictions (a blank indicates that no such restrictions exist); and

"No Aframax Load Ports" - the load port name is re-entered for each load port that does
not serve Aframax class vessels (a blank indicates that no such restrictions exist).

The Port worksheet includes a table for spot market purchases. In this table, for a spot

purchase port (USSPOT Pur), the user inputs the following information:

C.

[073]

"Spot purchase (by barge)" - the name, which may simply be a place holder, of each
anticipated spot purchase port where spot purchases might be made to augment
production (spot market purchases are generally handled by barge); and

"On/Off" (Spot Market Purchase) - a "1" is entered by the spot purchase port if the
production on the load supply side can be augmented with spot market purchases and a
"0" is entered if such purchases are not an option.

The Port worksheet includes a table for user-company discharge ports and a table for 3rd

party discharge ports. For each, the user inputs the following information:

g.
h.

"Discharge Port" - the name of each discharge port;

"On/Off" - a "1" is entered for each discharge port that should be considered and a "0" is
entered for each discharge port that should not be considered,

"Discharge Port w/ Draft” - the discharge port name is re-entered for each discharge port
that contains draft restrictions (a blank indicates that no such restrictions exist); and

"No Aframax Discharge Ports" - the discharge port name is re-entered for each discharge
port that does not serve Afromax class vessels (a blank indicates that no such restrictions
exist).

The Port worksheet includes a table for spot market sales. In this table, for a spot sale

port (USSPOT _Sale), the user inputs the following information:
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"Spot sale (by ship)” - the name of the anticipated spot sale port where excess production
might be sold on the spot market (spot market sales are generally handled by ship),
"On/Off" - a "1" is entered for the spot sale port if production can be depleted by spot
market sales and a "0" is entered if this should not be an option;

"Spot sale (by ship) w/ draft” - the spot sale port name is re-entered if the spot sale port
that has draft restrictions (a blank means no such restrictions exist); and

"No Aframax Spot Sale (by ship)" - the spot sale port name is re-entered if the spot sale
port that does not serve Aframax class vessels (a blank means no such restriction exists).

The Port worksheet includes a table for user-company load port properties and a table for

3rd party load port properties. For each, the user inputs the following information:

0.

P.

"Load Port" - the name of each load port;

"Min Flow" - the minimum amount, in ktons, that each load port will permit a vessel to
load;

"Max Flow" - the maximum amount, in ktons, that each load port will permit a vessel to
load;

"Outlet Draft limit" - the maximum draft, in ktons, that a vessel can carry to each load
port considering the load port's outlet route draft limit (this value typically changes with
each vessel, but a single value is utilized here since the vessels in this example are all
gither Aframax or Panamax class ships);

"Inlet Draft limit" - the maximum draft, in ktons, that a vessel can carry to each load port
considering the load port's inlet route draft limit (again, this value typically changes with
each vessel, but a single value is utilized here since the vessels in this example are all
gither Aframax or Panamax class ships);

"Revisit limit" - the maximum times any vessel can visit each load port on a single
voyage; and

"Days For Next Visit (adjacency) - the minimum number of days that must elapse
between consecutive vessel visits to each load port is input for company (XOM) load
ports only.

The Port worksheet includes a table for user-company discharge port propertics and a

table for 3rd party discharge port properties. For each, the user inputs the following information:

V.

"Discharge Port" - the name of each discharge port;
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Ww.

aa.

bb.

"Min Flow" - the minimum amount, in ktons, that each discharge port will permit a
vessel to discharge;

"Max Flow" - the maximum amount, in ktons, that each discharge port will permit a
vessel to discharge;

"Panamax Inlet Draft Limit" - the maximum weight of cargo, in ktons, that a Panamax
can carry to each discharge port considering the discharge port's inlet route draft limits;
"Aframax Inlet Draft Limit" - the maximum weight of cargo, in ktons, that a Aframax can
carry to cach discharge port considering the discharge port's inlet route draft limits;
"Revisit limit" - the maximum times a single vessel can visit each discharge port on a
single voyage; and

"Days For Next Visit (adjacency) - the minimum number of days that must elapse
between consecutive vessel visits to each discharge port is input for company (XOM)
discharge ports only.

The Port worksheet includes a table for the properties of spot sales ports (by ship). In this

table, for the spot sale port (USSPOT_Sale), the user enters the following information:

CC.

dd.

cC.

ff.

gg.

hh.

"Spot Sale (by ship)" - the name of the anticipated spot sale port;

"Min Flow" - the minimum amount, in ktons, that the spot sale port will permit a vessel
to discharge;

"Max Flow" - the maximum amount, in ktons, that the spot sale port will permit a vessel
to discharge;

"Panamax Inlet Draft Limit" - the maximum weight of cargo, in ktons, that a Panamax
can carry to the spot sale port considering the spot sale port's inlet route draft limit;
"Aframax Inlet Draft Limit" - the maximum weight of cargo, in ktons, that a Aframax can
carry to the spot sale port considering the spot sale port's inlet route draft limit; and
"Discharge Revisit limit" - the maximum times a single vessel can visit the spot sale port
on a single voyage.

The Product-Spec_Def contains properties used to assign a monetary value to the bulk

product being transported (e.g., VGO for FCC units), the direction in which changes in such

properties affect the monetary value and typical property values for different grades of the bulk

product. This worksheet has two tables.
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[078] The first table identifies the propertics that can affect the monetary valuation for the bulk
product. In this case, the properties are as follows: sulfur content; analine content; Conradson
carbon residue (CCR) content; nitrogen (N2) content; sodium (Na) content; nickel (Ni) content;
copper (Cu) content; iron (Fe) content; vanadium (Va) content; and 50% temperature (i.e., the
temperature at which half of the product evaporates). For each identified property, the units of
measurement are specified. In addition, for each property, the following data is provided:

a. "Reverse" - whether higher (Y) values or lower (N) values of the property raise the bulk
product value; and

b. "Value Base Unit" - the degree of property change for which the monetary adjustment
factor (discussed later in the Product-Demand worksheet) is based.

[079] The second table sets forth the typical property values for different grades of VGO. The
different grades are low sulfur VGO, medium sulfur VGO and high sulfur VGO. The table lists
the minimum and maximum sulfur content for each grade as well as the typical values for each
property set forth in the first table measured in the same units.

[080] The Product-Supply worksheet identifies the supply streams to be considered by the
modeling tool, properties regarding the same and the monetary valuation of the same. This
worksheet has two tables.

[081] The first table identifies the supply streams and some basic information pertaining to the
same. The following data is provided in this table for each supply stream:

"Name" - the name of the supply stream;

b. "On/Off" - a"1" is entered if the supply stream should be considered and a "0" is entered
if the supply stream should not be considered;

c. "Port" - the load port where each supply stream is produced is indicated (some load ports
produce multiple supply streams); and

d. "Barrels/Ton Calculated" - the barrels per ton for each supply stream is either
automatically retrieved or automatically calculated from user inputs in subsequent
columns entitled "Barrels/Ton," "API" and/or "density."

[082] The second table identifies, for each VGO supply stream to be considered, the property
values for each property listed in the Product-Spec Def worksheet measured in the same units.
Accordingly, for each supply stream to be considered (i.¢., for each supply stream marked as "1"

in the "On/Off" column of the Supply table), values for the following properties are set forth:
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sulfur content; analine content; Conradson carbon residue (CCR) content; nitrogen (N2) content;
sodium (Na) content; nickel (N1) content; copper (Cu) content; iron (Fe) content; vanadium (Va)
content; and 50% temperature. In addition, for each supply stream, a stream "Value" is provided,
which is the monetary assessment, in U.S. $/B, of the supply stream value in the applicable spot
market of the supply port.

The Product-Demand worksheet identifies the demand streams to be considered by the
modeling tool, property range requirements for the same, the monetary valuation of a typical
stream of the required grade that meets the range requirements and property specific monetary
adjustment factors to determine the monetary valuation of actual streams delivered to meet the
range requirements. This worksheet has five tables.

The first table identifies the demand streams requiring product delivery and some basic
information pertaining to the same. The following data is provided in this table for each demand
stream:

¢. "Name" - the name of each demand stream;
f. "On/Off" - a"1" is entered if the demand stream requirements should be considered and a

"0" is entered if the demand stream requirements should not be considered;

g. "Port" - the discharge port where each demand stream is consumed is indicated (some
discharge ports consume multiple streams);

h. "Feed Type" - the type of unit (e.g., FCC unit) that each demand stream feeds; and

1. "Barrels/Ton Calculated"” - the barrels per ton for each demand stream is either
automatically retrieved or automatically calculated from user inputs in subsequent
columns entitled "Barrels/Ton," "API" and/or "density” (this information is an estimate
since actual values will vary depending on the properties of the actual streams delivered
to meet demand stream consumptions).

The second table provides a base monetary valuation, in U.S. $/B, for a typical stream
meeting the property range requirements of the demand port stream. The monetary valuation is a
value assessment of the typical stream on the local spot market applicable to the demand port.
For this calculation, the propertics of a typical stream are taken from the Product-Spec_Def
worksheet. In other words, if the demand stream is an HSVGO stream, then the typical stream
used in this base value calculation will correspond to the typical HSVGO stream set forth in the

Product-Spec_Def worksheet.
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The third and fourth tables provide minimum and maximum property requirements for
additional inventory delivered to meet the demand stream consumption. The properties listed are
the same properties set forth in the Product-Spec_Def worksheet measured in the same units.
Accordingly, for each demand stream to be considered (i.e., for each demand stream marked as
"1" in the "On/Off" column of the Demand table), minimum and maximum values for the
following properties are provided: sulfur content; analine content; Conradson carbon residue
(CCR) content; nitrogen (N2) content; sodium (Na) content; nickel (N1i) content; copper (Cu)
content; iron (Fe) content; vanadium (Va) content; and 50% temperature. It should be noted that
one of the minimum and maximum values will be a soft limit and the other will be a hard limit,
depending on whether the monetary valuation rises or false with increasing values for the
property. A soft limit for a demand stream property means that the refinery will accept delivered
product outside the property limit to meet demand stream consumption, but the refinery will not
pay any additional value for exceeding the limit. A hard limit for a demand stream property
means that the refinery will not accept delivered product outside the property limit to meet
demand stream consumption. Whether a limit for a property is hard or soft can be determined
from the “Reverse” field in the Product-Spec Def worksheet. If the monetary valuation of the
demanded product (VGO) rises with increasing property values (e.g., analine content), then the
upper limit is the soft limit and the lower limit is the hard limit. If the monetary valuation of the
product lowers with increasing property values (e.g., sulfur content) then the lower limit is the
soft limit and the upper limit is the hard limit. Because the refinery will pay no additional
monetary value for exceeding a soft limit, if a product is delivered with one or more properties
outside a soft limit, then the product properties that are outside the soft limit will be assumed by
the modeling program to equal, rather than exceed, the soft limit for the calculation of value
adjustment.

The fifth table provides monetary adjustment factors that are both demand stream specific
and property specific. More particularly, a monetary adjustment factor is provided for cach
demand stream for each of the properties listed in the Product-Spec_Def worksheet, namely:
sulfur content; analine content; Conradson carbon residue (CCR) content; nitrogen (N2) content;
sodium (Na) content; nickel (N1i) content; copper (Cu) content; iron (Fe) content; vanadium (Va)
content; and 50% temperature. Monetary adjustment factors are used in calculating the monetary

value of the streams actually delivered to meet demand stream consumption and minimum and
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maximum property requirements. The reason monetary adjustment factors are needed is that it is
highly unlikely that a delivered stream will conform exactly to the typical stream for which the
base value is derived. In fact, the actual value for the delivered streams may vary greatly based
on the actual properties of the delivered streams. The degree of this variance, per value base unit
set forth in the Product-Spec_Def worksheet, is reflected in the monetary adjustment factors.

For example, suppose a property of a delivered stream is within the maximum and
minimum values required for the demand stream, but is nonectheless different than a typical
stream upon which the base value in the Base Value table has been calculated. If so, then an
adjustment to the base value needs to be calculated in the following manner:

A= {[(Pr-PayVBU] x MAF}
where A is the adjustment in U.S. $/B, Pr is the typical property value taken from the Product-
Spec_Def worksheet, Py is the actual property value of the discharged product, VBU is the value
base unit for the property taken from the Product-Spec Def worksheet and MAF is the monetary
adjustment fact in U.S. $/B. This is done each time there is a property variance. Each
adjustment factor is then added or subtracted from the base value, depending on whether the
change in property value was monetarily beneficial or detrimental as indicated in the "Reverse”
field of the Product-Spec_Def worksheet, to generate the actual monetary valuation of the
delivered product.

The Production worksheet details projected production/inventory for each supply stream
during the production horizon assuming no inventory is moved. This worksheet has three tables.
The first table details the daily projected inventory (Inv) and minimum (Min) and

maximum (Max) inventory constraints for each user-company supply stream during the
production time horizon. The inventory minimum, in ktons, is the minimum amount of the
supply stream (typically zero) that the supply port requires in storage on any given day.
Conversely, the inventory maximum, in ktons, is the maximum amount of the supply stream that
the supply port permits on any given day. As indicated, as production continues but inventory is
not moved, the inventory maximum is eventually reached and, thereafter, surpassed more and
more cach day. This time table of inventory build-up and inventory capacity is considered for
voyage load schedules.

The second table identifies the supply streams, if any, that can be loaded at third party

ports to augment company production, the start and end dates that mark the time window when
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such pick-ups can occur, and the amounts, in ktons, that can be loaded. Generally, this data
reflects contract terms. The third table identifies the supply streams that may be purchased on
the spot market to augment production. The daily projected availability of such streams, in
ktons, is provided (which generally remains steady).

The Consumption worksheet details projected consumption/inventory for each demand
stream during the consumption window assuming no additional inventory is delivered. This
worksheet has three tables.

The first table details the daily projected inventory (Inv) and minimum (Min) and
maximum (Max) inventory constraints for each user-company demand stream during the
consumption time period under consideration. The inventory minimum, in ktons, is the
minimum amount of product for the demand stream that the demand port requires on any given
day. Conversely, the inventory maximum, in ktons, is the maximum amount of product for the
demand stream that the demand port will permit on any given day (typically this equals the
maximum storage capacity). As inventory depletes and is not replenished, the demand stream
needs will eventually cease to be met and, thereafter, projected inventory has negative values.
This time table of inventory depletion and inventory capacity is considered for voyage delivery
schedules.

The second table entitled identifies the demand streams, if any, that can be discharged to
third party ports to deplete overage, the start and end dates that mark the time window when such
deliveries should can occur, and the amounts, in ktons, that can be discharged. Generally, this
data reflects contract terms. The third table identifies the demand streams that may be sold on
the spot market to deplete overage. The daily projected availability of such streams, in ktons, is
provided (which generally remains steady).

The Legs worksheet allows the user to forbid voyages that have legs between specific
load ports, between specific discharge ports, and between specific load and discharge ports. This
worksheet has three tables.

The first table provides a matrix of load port origins ("from™) and load port destinations
("to"). By entering a one (1) into a cell representing any origin/destination combination of two
load ports, any voyage comprising a leg from the indicated origin load port to the indicated
destination load port is forbidden. The second table provides a matrix of load port origins

("from") and discharge port destinations ("to"). By entering a one (1) into any cell representing
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any origin/destination combination of load port and destination port, any voyage comprising a
leg from the indicated origin load port to the indicated destination discharge port is forbidden.
The third table provides a matrix of discharge port origins ("from") and discharge port
destinations ("to"). By entering a one (1) into a cell representing any origin/destination
combination of two discharge ports, any voyage comprising a leg from the indicated origin
discharge load port to the indicated destination discharge port is forbidden.

The Ship worksheet identifies the spot vessel charters that have been chartered or are of
interest (this particular example only employs spot vessels), as well as the physical and cost
parameters for the same and relevant port restrictions for the same. This worksheet has three
tables.

The first table contains the information set forth below for each vessel.

“Name” - the name of the vessel,;

b. "Vessel Use" - whether the vessel is already "chartered” (and, therefore, must be used) or
whether the spot vessel would be a "new" charter.

"Vessel Type" - whether the vessel is an "Aframax” or "Paramax” class vessel.

d. "Max Capacity" - the maximum vessel capacity of the vessel in ktons.

¢. "Worldscale" - the vessel specific rate, relative to Worldscale100, that the spot vessel
charges. Worldscale is a periodically updated average rate (in U,S. $/kton) for carrying
cargo on various routes. This average value is designated as Worldscale100 (WS100).

Depending on market conditions, vessel size, etc., a spot vessel may charge more or less

than WS100 for performing voyages. This variation, expressed as a percentage of

WS 100, typically ranges from 40% (0.40) to 200% (2.00).

f. "Base Volume" - the part cargo minimum, in ktons, for which the vessel will charge even
if less volume is loaded;

g. "Overage" - the percentage of the basic transportation rate the spot vessel charges for
cach additional ton of cargo transported over the base volume;

h. "Demurrage" - the idle cost of the vessel in U.S. k$/day;

i. "Max Demurrage Days (Actual)" - the maximum demurrage days allowed;

j. "Start Date (chartered date) for vessel" - the first date of the vessel's contract;

k. "Last Window Date" - the last day loading on the vessel should finish;
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l.  "Actual Arrival Date for Chartered Vessels" - the first day a previously chartered vessel
is actually available (which may be earlier than the start date from which demurrage is
calculated);

m. "Penalty / (Incentive) to use Vessel" - penalties or incentives to use a specific vessel; and

n. "Min % Basis Vol" - the minimum percentage of the base volume that must be loaded.
The second table provides one matrix of vessel names and load ports and another matrix

of vessel names and discharge ports. By entering a one (1) in a cell representing any
combination of a given vessel and a port, any voyage wherein the given vessel travels to the
given port is forbidden. The third table provides a matrix of vessel names and supply streams. It
may be that, at the start of the planning period, some of the vessels to be considered in the
loading and delivery schedules are already partially or fully loaded. If so, the amount, in ktons,
of each supply stream already loaded on the vessel is entered in the corresponding to the vessel
and the loaded streams.

The Time worksheet records the average days it takes a vessel to transit cach potential leg
in a voyage. This worksheet has three tables. The first table provides a matrix of origin load
ports ("from") and destination load ports ("to™). The average travel time, in days, for a vessel to
move from each origin load port to each destination load port is set forth in the cell representing
the origin load port / destination load port combination.

The second table provides a matrix of origin load ports ("from") and destination
discharge ports ("to"). The average travel time, in days, for a vessel to move from each origin
load port to each destination discharge port is set forth in the cell representing the origin load
port / destination discharge port combination. The third table provides a matrix of discharge load
ports ("from") and destination discharge ports ("to"). The average travel time, in days, for a
vessel to move from each origin discharge port to each destination discharge port is set forth in
the cell representing the origin discharge port / destination discharge port combination.

The Cost worksheet records the trade route specific Worldscale100 rate (in U.S. $/ton)
for moving cargo on cach potential leg in a voyage. The trade route specific Worldscale100 rate,
when multiplied by (a) the base volume (provided in the Ship worksheet) and (b) the relative
percentage of the Worldscale100 rate a vessel charges (provided in the Ship worksheet), equals
the flat rate the vessel will charge to perform the voyage leg. Similarly, this rate, when

multiplied by (a) the overage rate for a vessel (provided in the Ship worksheet), (b) the overage
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amount, in ktons, and (¢) the relative percentage of the Worldscale100 rate a vessel charges
(provided in the Ship worksheet), equals the overage cost for a voyage leg. Even though a
specific leg does not have any overage, if a voyage has any overage leg, overage cost is charged
to all the legs in the voyage based on the maximum amount of overage in that voyage. The total
cost to perform any given voyage is then the sum of the flat rate and overage costs for cach leg of
the voyage using the vessel. This worksheet has three tables.

[0103] The first table provides a matrix of origin load ports ("from') and destination load ports
("to™). The average cost, in U.S. k¥/kton, for a vessel to carry cargo from any origin load port to
any destination load port is set forth in the cell representing the combination of the origin load
port and the destination load port. The second table provides a matrix of origin load ports
("from") and destination discharge ports ("to"). The average cost, in U.S. k$/kton, for a vessel to
carry cargo from any origin load port to any destination discharge port is set forth in the cell
representing the combination of the origin load port and the destination discharge port. The third
table provides a matrix of origin discharge ports ("from") and destination discharge ports ("to").
The average cost, in U.S. k$/kton, for a vessel to carry cargo from any origin discharge port to
any destination discharge port is set forth in the cell representing the combination of the origin
discharge port and the destination discharge port.

[0104] The BlackOut worksheet records any days within the relevant production or consumption
horizons in which a load port will not be available for cargo loading or a discharge port will not
be available for cargo discharge, respectively. This worksheet has two tables.

[0105] The first table sets forth the first and last day in the production window and provides a
matrix of each day in the production window and each load port. If, for any load port, there will
be one or more days when cargo cannot be loaded at the port, then a "Yes" is entered into the
cells corresponding to those days at the load port. Otherwise, the default for all the cells is "No"
- meaning that cargo can be loaded at the given port on the given day. The second table sets
forth the first and last day in the consumption window and provides a matrix of each day in the
consumption window and each discharge port. If, for any discharge port, there will be one or
more days when cargo cannot be discharged at the port, then a "Yes" is entered in the cell
corresponding those days at the discharge port. Otherwise, the default for all the cells is "No" -
meaning that cargo can be discharged at the given port on the given day.

[0106] The Tank Details worksheet provides details regarding the blending tanks:
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a) Basic tank inputs: port location of tank, initial inventory in tank, density of
initial inventory in tank, cost of initial inventory.

b) Allowed stream transfers to specify which streams are allowed into/out of
tank.

¢) Transfer times for time lags between tank site and other ports.

d) Daily transfer limits for maximum amount transferrable between tank and
demand stream per day by a vehicle or pipeline. Barge capacity entered for barge transfers and
pipeline capacity entered for pipeline transfers.

¢) Minimum and maximum tank inventory limits per day.

[0107] The Tank Details worksheet may also includes the following information relating to
leased tanks:

a) Whether tank use is mandatory.

b) Start and end dates of lease.

¢) Amounts in/out of tank to date — used to account for tank usage to date while
calculating variable lease costs.

d) Maximum number of tank turns expected in a calendar month. A tank turn is
one cycle of a given amount of material, which is usually the tank capacity, moved into and out
of a tank.

¢) Information relating to the variable lease costs incurred for tank usage. For
example, this may include the maximum quantity of material that can be moved through the tank
without incurring variable lease costs.

[0108] The Tank Specs worksheet provides information relating to the blending tank contents:

a) Specifications of tank contents at start of time period.

b) Mapping to valuation streams: Specifies which demand stream corresponds to
each tank’s spot market valuation streams.

¢) Daily average minimum and maximum property limits per specification that
can be stored in the tank.

At the end of the planning horizon, blending tank content valuation may be performed by
the use of virtual demand streams where the leftover tank material is mapped (“discharged”) to
these virtual demand streams. The Product-Demand worksheet is used to determine the product

and its value.
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METEOROID - Interface

[0109] The METEOROID model is written in the AIMMS modeling language and employs an
AIMMS graphical user interface. This user interface enables the user to review and alter the
data, vary options for the problem to be solved, solve the model, and review the solution results.
For example, the interface may display data tables showing the current bounds on the minimum
and maximum number of vessels, the maximum demurrage days, time windows for load ports,
penalties for using a vessel, maximum transportation cost/ton, minimum tons transported, slack
penalties, days between consecutive visits to ports, minimum percent of base volume, and load
only demurrage. There may also be a "YES" or "NO" entry about whether the aforementioned
options should or should not be recognized. The user can change any of this data directly.

[0110] The interface can also present several options for how the problem is to be solved. The
interface can display the solution or decisions derived from the solution in any of various ways.
One way is to provide a solution summary that sets forth the total value (in U.S. k$) of loaded
and discharged product, shipping costs for the same, holding costs for the same, any assigned
penalties to the solution obtained if it is infeasible, the total amount (in ktons) of product
transported, and the identity dates and amounts of each stream that each ship or barge loaded and
discharged.

[0111] In addition, the interface can allow the user to view more detailed information. For
example, the interface may present a list of each supply stream and the total amounts (in ktons
and kB) to be loaded. In addition, for each supply stream, the user can view the vessels that load
products from the supply stream, the corresponding load dates, the load amounts (in ktons and
kB) and monetary value (in U.S. k§) of the load product, and the daily inventory level of the
supply stream over the production period.

[0112] In another example, the interface may present a list of each demand stream for which
product is to be delivered and the total amounts (in ktons and kB) to be delivered. In addition,
for each demand stream, the user can view the vessels that deliver products for the demand
stream and the corresponding discharge date, the discharge amounts (in ktons and kB) and
monetary value (in U.S. k$) for the deliveries, and the inventory level of the demand stream over

the consumption period.
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[0113] In another example, the interface may present details, by vessel, of cach delivery made to
each demand port, including the vessel name, the demand stream name for which delivery was
intended, the date of delivery, the delivery amounts (in ktons and kB), the density (B/ton) of the
delivery, the monetary value (U.S. k$/B and U.S. k$)) of the delivery and the base value of a
typical stream (in U.S. k$/B) that would meet the demand stream's property range requirements.
For a particular vessel's delivery for a particular demand stream, the interface may present the
blending recipe for the delivery product (if applicable). For each cargo that contributed to the
blended product, the amount (in ktons and kB), monetary value at the time of load (in U.S. Sk/B
and U.S. $k) and properties are provided. In addition, the amount (in ktons and kB), discharge
value (in U.S. $k/B and U.S. $k) and properties of the blended product to be delivered are
provided. Finally, value adjustments made to value of the product to be discharged, compared to
the base value of a typical product that would meet the demand stream's property range
requirements, are detailed, in total and by property.

[0114] In another example, the interface may present a listing of the numbered days in the
planning period for loading, discharging, and other activities of each vessel. The interface may
also show a listing of the numbered day in the planning period for loading, discharging, and
other activities of each port. The interface may also show a listing of the vessel assignments,
voyages, loading and discharging amounts, associated flat rate, overage and demurrage costs,
etc., both as a whole and by individual vessel. The interface may also show details of the
identity, amount, and monetary value of spot market purchases in the solution. The interface
may also show details of the daily inventory at each loading port, discharge port and on each

vessel, and the associated individual and total costs for the same.

METEOROID - Mathematical Model

[0115] The mathematical model of METEOROID is based on a ship inventory routing problem
in which each loading port may have multiple supply streams. Since each supply stream
produces a different product, the problem is a multi-product problem. It is not a conventional
multi-product distribution problem because each supply stream has its own product
specifications and each demand stream has its own acceptable specifications. Further,
completely new products can be produced by blending several products, which can be performed

on-shore, or onboard the vehicle during loading, discharge or transit. The value of a discharged
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product stream is determined based on the specifications of the discharged product. An example
includes blending of lower value product (i.e., HSYGO), which is not acceptable to some
particular demand streams, with a high quality product (i.e., LSVGO) to create a new product
stream that is acceptable to the demand stream.

[0116] The objective of the mathematical optimization problem is to maximize profit, which can
be defined as the sum of the values of discharged products for demand streams minus the values
of the loaded products at the supply streams minus all of the transportation related costs. Due to
the flexibilities in the compartments of ships, a ship may load several products, blend them into
several new products, and discharge them at several demand streams based on the economics and
consumption rates at the demand streams.

[0117] In general, net profit margin is revenue minus expenses. In the context of the present
invention, net profit margin includes one or more factors relating to the monetary value of the
bulk products and one or more factors relating to cost(s) associated with the bulk products. In
some cases, net profit margin can include one or more of the following factors: the sum of the
monetary values of the bulk products discharged to the demand streams (directly from the
vehicles, from the blending tanks, or both), the sum of the monetary values of the bulk products
loaded from the supply streams, the costs related to the transportation of the bulk products
between the supply locations and the demand locations, or the costs related to the use of the
blending tanks.

[0118] In certain embodiments, the objective function of the model further comprises the sum of
the monetary values of the products discharged from the blending tanks to the demand streams.
The objective function may also include the sum of the costs associated with the use of the
blending tanks. For example, such costs may include tank leasing costs, tank maintenance costs,
pumping costs, or costs for discharging the bulk products to the demand streams (e.g., by barge
or pipeline). In some cases, the objective function also includes value adjustments based on the
specification requirements of the demand streams. In some cases, the objective function includes
the monetary value of the inventory remaining in the blending tank at the end of the period (c.g.,
end of the day) and/or the inventory in the blending tank(s) at the beginning of the period (c.g.,
beginning of the day). The formal definition of the mathematical model follows.

[0119] Multiple products are distributed from a set J* of load ports to a set J” of discharge

ports over a planning horizon 7 . The model presented in this report is a discrete time model and

35



WO 2010/151668 PCT/US2010/039821

time ¢ belongs to the set {1,2,....,7} . Although the time unit used in practice is one day, a
different unit of time could easily be substituted and applied as necessary. A set J of all ports is
the union of J* and J”. The set J* < J* represents the set of load ports owned and/or
operated by the user-company. The set J"* < J* represents the set of spot purchase load ports
from which material from the spot purchase market can be bought. The set J* < J* represents
the set of load ports operated by third parties. The set J% < J” represents the set of discharge
ports owned and/or operated by the user-company. The set J”= < J” represents the set of
discharge ports for spot sale markets where material can be sold to the spot purchase markets via
spot ship or barge, and the set J” < J” represents the set of discharge ports operated by third
parties. The set J?* = J is the set of ports with draft limits. The number of loads or discharges

by a ship at port j may be limited such that each ship may not load or discharge at some port
more than U, times.

[0120] Each load port jeJ" has aset §S; of supply streams. Each discharge port j e J” hasa
set DS; of demand streams and may have a set of blend tank streams BS; (thus, for some
discharge ports je.J”, the set of blend tank streams BS, may be empty). The set SS and the

set DS represent the set of all supply streams and the set of all demand streams, respectively.
The set BS represents the set of all blend tank streams. Furthermore, the set S’ DS — BS
represents the set of blend tank streams that can discharge into demand stream ds € DS, jeJ 2,
while the set DS2’"# < DS represents the set of demand streams that blend tank stream bs can
discharge into. Similatly, the set BSA** < BS represents the set of blend tank streams
bs'#bseBS;, jeJ P that can discharge into blend tank stream &s e BS ;, jeJ %o while the set
BSY’"" < BS represents the set of blend tank streams bs’ #bs € BS;, j € J™ that blend tank
stream bs€ BS ;, jJ % can discharge into. Finally, the sets §§%2%, ds € DS nied ? and
SSH5,bs € BS ;, j € J™ represent the supply streams that can discharge into demand stream

ds € DS and into blend tank stream bs € BS , respectively.

[0121] Let Q represent a set of all tracked properties, and let its subsets é or ) represent the

different directions for value adjustments on products based on property. Each ¢ € 0 may only
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belong in either @ or @, butnotinboth. If g e @ , then value increases with higher
specifications of property ¢ . If ¢ € O, then value increases with lower specifications of property

g . Each supply stream ss € §S ,, j € /™ has an initial inventory I

.0 0N the beginning day and a

value VL per unit at its supply port, and produces P, amount of product from time ¢ -1 to

5,1

MIN SS
[ 58,1

time ¢. The inventory level of supply stream ss € $S has to be larger than or equal to and

[MAX,SS

55,

less than or equal to at time ¢. The product from supply strcam ss € SS;, je J * has

S specification for property ¢ € Q. Each demand stream ds € DS nied P also has an initial

58,9
inventory / 250 on the beginning day, and consumes D, , amount of product from time -1 to

MIN DS
ds,t

time ¢. The inventory level of demand stream ds € DS has to be larger than or equal to 7

and less than or equal to ;" at time ¢. Furthermore, each blend tank stream bs € BS has an

initial inventory 7, ffo on the beginning day, and the inventory level of blend tank stream bs € BS

J MBS

MAX ,BS
bs,t I

bsyt

has to be larger than or equal to and less than or equal to at time 7. When a ship

stops at load port je.J™ , it can load from any ss € §§ ;» but the total amount of load has to be
greater than or equal to F;“™ and less than or equal to F;** . When a ship stops at discharge
port jeJ™ it can discharge at any demand stream ds € DS, and/or at any blend tank stream
bs € BS ;. but the total amount of discharge has to be greater than or equal to #/ MY and less than
or equal to ™

[0122] The calculation of the value of discharged product for a demand stream is somewhat

complex. Each demand stream ds has its standard specification S7. Déf , for each property

DS .
.- then its value

g £ Q. If the level of property ¢ of discharged product is different from ST

needs to be adjusted. The following notations are necessary for the presentation of the model.

The level of g € @ of discharged product for demand stream ds € DS needs to be greater than or

equal to LBH , , and less than or equal to UBH ,, , . These are called hard bounds. If the level of

ds,g *
g €Q of discharged product for demand stream ds € DS is less than LBS d[;S , or the level of

qc< é of discharged product for demand stream ds € DS' is greater than UBS d[js , » then the value
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adjustment is calculated based on LBS, or UBS,

.4 Tespectively. These are called soft bounds.

Without loss of generality, it is assumed that LBH, < LBS;’ <UBH, foreach ¢ €Q and

LBH,  <UBS.’ <UBH,  foreach g Q. Inthe METEOROID implementation, when ¢ € 0,

ds,q ds,q

weset UBH,,  =oo. When g e O, we set LBH, , =0. These scttings are based on user requests.

ds,q
The base value per unit of discharged product for demand stream ds is denoted by VLB2®. For

every value base unit VBU,, difference between the specification of ¢ of discharged product and

DS

the standard specification STD, ,

the value per unit of discharged product for demand stream
ds increases or decrease from VLB, by VS;" , value versus standard, depending on whether
geQotge Q. As mentioned earlier, if the specification of g of discharged product for

demand stream ds is less than LBS.® with ¢ € Q or greater than UBS, > with g e é, then

ds.g ds,q
LBS dlfq - ST, j;,sq or UBS," , — ST f,z,sq is used for the calculation of value adjustment,
respectively.
[0123] The set 7 is the set of ships available for the transportation. A ship may stop at multiple

load ports, load from multiple supply streams, stop at multiple discharge ports, and discharge to
multiple demand and blend tank streams. If a ship stops at a port with multiple streams, it can

load from or discharge to multiple streams at the same time. Each ship v eV has an initial

inventory 1.

V5388,

o of supply stream ss on the beginning day. Each ship v has a maximum amount

MAX V
]v

of product it may carry. Travel times between ports j and ;' are denoted by 7, , and it is

assumed that 7, is a multiple of the discrete time unit (one day in this case). A ship ve V' may

CHART

belong to a set V of previously chartered ships. Each ship v € V“***" becomes available

CHART
j’; V CHART

at time and must be used in a model solution. Each non-chartered ship v V' may
or may not be used. For each ve V', jeJ™ ,and  €{1,2,..,T} the inlet draft limit DL]; and
outlet draft limit DijijT need to be satisfied. For each ship veV , B, WS,, DR, and OVR,

represent basis amount of product (PC tons), world scale multiplier, demurrage rate and overage

rate respectively. The flat rate for traveling from port jeJ toport j'eJ is C,, . If ship v
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travels from port j to port j', the flat cost for this leg is B,s,C,.. The demurrage cost for ship
v is calculated by DR, multiplied by the number of demurrage days in ship v’s voyage.
Overage refers to the product tons over the basis amount B, . If any leg of ship v’s voyage incurs
overage, the overage rate OVR,§,C;, applies to all the legs of ship v’s voyage based on the

largest amount of overage of that voyage.

[0124] The objective is to maximize profit while satisfying all the requirements. The profit is
defined by values of discharged product at demand streams in addition to the value of the final
inventory in all blend tanks minus values of loaded product at supply streams minus the value of

the initial inventory in all blend tanks minus total transportation costs over the planning horizon

T.

Space-Time Network Formulation

[0125] The time-space network formulation can be viewed as an integer multi-commodity flow
formulation in which a ship is a commodity and nodes represent a possible visit to a port at a
particular time. The network has a set of nodes and a set of arcs. The node set is shared by all

ships, and each ship has its own arc set. The set of nodes N consists of one origin node (0,0),
one sink node (0,7 +1), and a set of regular nodes N* ={(j,t): je J,t €{1,2,..,T}} . Each ship
v has its own arc set 4,. Then set of arcs A=, _, 4,.

[0126] Each sct of arcs 4, consists of five types of arcs. A travel arc (v,(/,1).(j.¢+T})) such
that veV, (j,0)e N*, (j,t+ T,)eN ®,and j# j' represents the possibility of ship v to travel
from port j to port j',leaving at time ¢ and arriving at time 7+ 7. Let A" denote the set of all
travel arcs for ship v. Then 4" =u,_, A, represents the set of all travel arcs. A demurrage arc
", (7,0),(j,t+1)) with veV | (j,r)e N* and (j,z+1)e N* represents the possibility of ship v
to wait at port j from time 7 to time £+1. Let A4” denote the set of all demurrage arcs for ship
v.Then 4° =, _, A” represents the set of all demurrage arcs. An arc (v,(0,0),(/,7)) with

veV and (j,f) e N* represents when and where ship v starts its voyage. An arc

", (j,0,(0,T +1)) with veV and (j,)e N* represents when and where ship v ends its
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voyage. An arc (v,(0,0),(0,7 +1)) represents the possibility of ship v not being used. Let C,
represent the cost of using arc a . The cost of using travel arc @ € 4, which goes from node

(/,t) tonode (j,t+T,) is B,WS.,C; . The cost of using demurrage arc a € AP is DR,. The
cost of the remaining arcs is set to zero. Let §'(n) denote the set of arcs that have node » as

their tail node. The set of arcs that have node # as their head node is denoted by & (n).
[0127] FIG. 3 shows an example of the network structure described above. In this example, a

ship enters the system at time ¢, by arriving at port 7. After spending several days of demurrage,
it visits port j at time ¢, , and leaves the system.

[0128] The continuous decision variable f**

7,88,V

with n=(j,t)e N*, jeJ™ , and ss eSS,
represents the loading amount of product from supply stream ss to ship v at time ¢. The

continuous decision variable f”%

#n,v,58,ds

with n=(j,f)e N*, jeJ”, dsepDSs,,and ss eSS
represents the discharge amount of ss product for demand stream ds from ship v at time 7.

Similarly, the continuous variable %, with n=(j,t)e N*, jeJ™, bse BS;,and ss €SS

,v,98,b8
represents the discharge amount of ss product for blend tank stream bs from ship v at time¢.

The continuous decision variable f,2°.°° with bs € BS4"*, and dse DS;, jeJ®,

te{l,2,.., T} represents the discharge amount of bs product for demand stream ds at time ¢.

The continuous decision variable f,0;: with bs',bs € BS ,bs'#bs, jeJ™ , te{1,2,. T},

represents the discharge amount of bs’ product into blend tank stream bs at time 7. The

continuous variable /.°.”° with ds € DS, ss € S§T3>, jeJ feeand ¢t €{1,2,...,T} represents the

amount of product bought from the spot purchase market and discharged (via barge) into demand

with bs € BS, ss € S§2.5, je J™ and

stream ds . Similarly, the continuous variable £.5* s,

53,b5,1
te{l,2,...,T} represents the amount of product bought from the spot purchase market and
discharged (via barge) into blend tank stream bs . Note that any movement from some blend tank
bs to some other blend tank bs’ or demand stream ds via barge incurs a transportation cost

CST,, , expressed in units of cost per ton.
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[0129] The continuous decision variable i’ represents the inventory level of product from

V,88,1
supply stream ss on ship v at the end of time 7. The continuous decision variable i ft with

ss €8S and 1t €{1,2,...,T} denotes the inventory level of supply stream ss the end of time 7.

The continuous decision variable id[;i with ds € DS and r€{1,2,..,7} denotes the inventory

level of demand stream ds the end of time ¢. Similarly, the continuous decision variable z',ii

with bs € BS and ¢ €{1,2,...,T} denotes the inventory level of blend tank stream bs the end of
time ¢. Furthermore, because of the capacity to perform on-shore blending, the property
specifications of the blended streams at every blend tank must be tracked on a daily basis. This is
achieved by defining the continuous decision variable s,, , with g€ 0, bs € BS and

V.DS

te{l,2,.,T}. The continuous variable sav, .

represents the specification adjusted value
based on property ¢ € Q of discharged product for demand stream ds € DS by ship vV where

. R . . BS,DS
n=(j,t)e N* and ds € DS . The continuous variable sav,

represents the specification
adjusted value based on property g € Q of discharged product for demand stream ds € DS by
blend tank stream bs € mathcal BSH'"° at time ¢, with ¢ e {1,2,...,T}. Similarly, the continuous
variable savﬁf .o represents the specification adjusted value based on property ¢ € O of blend
tank inventory for blend tank stream bs € BS at time 7 . The continuous variable o, for each
ship ve V' represents the largest amount of overage of ship v’s voyage. Another continuous
variable o, , for each travel arc a € 4] and v e athcalV is equal to o, if arc a is used.

Otherwise o, , takes zero. The variable o, is used in the objective function for the calculation

of overage costs.

[0130] The binary variable x, for each a € 4, takes a value 1 if ship v uses arc a and takes the
value 0 otherwise. The binary variable z, , for each ship ve V" and eachnode n=(j,r)e N K

indicates whether or not ship v loads product(s) from port ;j if je.J* and discharges

product(s) to port j if jeJ” at time 7. The binary variable w,, with n=(j,t)e N*, jeJ™

A

and bs € BS; takes a value of 1 if no outputs occur from blend tank bs at time 7. The binary

variable w.,, with n=(j,)e N, jeJ™ and bs € BS, takes a value of 1 if no inputs occur

S
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into blend tank bs at time 7. The binary variable w,, with n=(j,r)e N*, jeJ™ and

5

bs € BS, takes a value of 1 if no inputs and outputs occur from blend tank bs at time £. Note

that binary variables w}%bs , w,. and wi)bx are mutually exclusive. Finally, binary variable y, .,

n,bs

with ds € DS, bs € BSE™ and t€{1,2,...,T} takes a value of 1 if blend tank stream bs
discharges into demand stream ds at time 7. In that case, the property specifications s, of

product discharged from blend tank stream bs into demand stream ds at time ¢ meet the

allowable range of property specification of demand stream ds , namely [LBH ,, ,,UBH ], and

5,9 °

the amount f,7°:"° discharged at that time # must be between F,"*" and F,)\"* .

The remainder of this section presents the time-space network-based formulation for
METEOROID. We note that the following assumptions were made in the formulation of the
mathematical programming model:

J Inventories and property specifications are based on end of day values

. Only one ship berth per (load, discharge, blend tank) port per day

. Load and discharge times from vessels are included in 7,

J Multiple inputs or multiple outputs are allowed to occur on the same day for blend
tanks

J Multiple inputs and multiple outputs are not allowed to occur on the same day for
blend tanks

. Spot to blend tank feeds and blend tank to blend tank transfers are allowed

° All inputs to demand streams must be individually on specification

. All inputs to demand streams are individually valuated

The first group of equations represents the flow conservation constraints.
X,— > x=0 Vvel, VneNF, (D)
facd,aed (n)) facd,;:acs” (n)}
> x, =1,  VveV, 2)

facd,:ae5*((0,0))}

x =1, Yvel. 3

a

{aEAV:aeé"((O,TJrI))}
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[0133] The next set of constraints ensures inventory balance of supply streams at the load ports

owned and/or operated by the user-company, as well as of demand streams at discharge ports.

ifvSt - _\‘st _\‘st Z MS;S;,Z’ vn:(jbt)ENR’vje‘]Lo) VSSESSjD (4)
vel’
v.DS SS DS BS,DS
lds = lds t—1 + Z Z n V.58, ds Z ss ds,t + Z S ds,t—TTbBi;DS _Dds,t’
vel sseSS sseSSﬁz\j‘fS,j'gJLPR bSEBS DS o
Vn=(jt)e N*,VjeJ™ Vdse DS . 5
[0134] The next set of constraints ensures inventory and property-specification balances of blend

tank streams at discharge ports. We note that the property specifications sbx .1 on the right-hand

side of constraint (7) are indexed by 7#—1 instead of ¢ in order to maintain consistency in

tracking adjacent-day inventory and specifications.

:BS __ -BS V,BS BS,BS
st,t - lbs,t—l +z Z f:iava&?,bs + z fs bs - TZ;B,SI;BS

IV BS

vel sseSS bs'#bsc BS T
SS,BS BS,BS BS,DS
+ Z f:v.v,bs,t - z bs,bs' 2 z fl‘n ds,t 2
SJESS%’,SS, Jredter bs' #bseBSOUT \BS dseDSOUT BS
— (4 R ; Dy
Vn=(j,t)e N ,VjeJ°,Vbs<cBS .. 6)
BS .BS _ _BS B + SSS V.BS BS BS,BS
Shs,quelbss = Shs,ga-tbbsi-1 55,9 n v,55 bs Sbs’,q,t—I—T]"f,SfS bs' st -TT5 58
vel sseSS bs' #bseBS;N B85 o o
58 PA:AY BS.BS BS.DS
+ z Sss,q.fss,bs,t - z Sbs 29,417 bs,bs' 2 - Z Sbs ,q,t—1J bs,ds,t 2
S.\‘ESSIN 85 it rLpR bs' ;&bseBSOUTBS dgEDSOUTBS

Vn=(j,t)e N*,VjeJ? Vbse BS ,VqeQ. (7)
[0135] The following set of constraints precludes the possibility of (multiple) inputs and
(multiple) outputs into any blend tank from occurring on the same day ¢ by enforcing the
condition that only (multiple) inputs or only (multiple) outputs or no inputs or outputs can occur

on the same day ¢.

n AY _1
- Wiy =1 FUE 20,V be ¥, ¥ss € SS(10)
BN =0, Vbs' £ bs € BSHTP(8) |v o ,
8 25 =0, Vbs' # bs € BSEE(11)
BS,DS __ ouT ,BS bs' bs,t bs
sy =0, Vds € DSy ) 55,88 INBS o 7L
o Jone =0, Vss€ 885,07, jle S (12)
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w, =1

n,bs

5585 — 0, Vbs' # bs € BSIUTE5(13)

bs,bs'
bfi’s’?ts =0, Vds € DS2P(14)
P =0,YveV,Vss € SS(15)

n,v,88,b8

BSB% =0, Vbs' + bs € BSE(16)

bs',bs,t

[IBS —0, Vss € SO, e gt (17

s58,bs,t Jhs

vn=(j,t)e N'.VjeJ™ VbseBS.. (18)

w;’bs+w§’bs+wi,bs =1, Vn:(j,t)eNR,VjeJDO,VbseBS].. (19)
[0136] Every blend tank in use must be leased for some duration of time. Typically, a tank will

be leased on a monthly basis, although longer contracts are possible. Let the set L represent the
set of leases for all blend tanks. Furthermore, let the set LM represent the set of calendar months

m over the entire modeling time period, and let 737, represent the set of calendar days ¢ in

month m . Finally, let Z, < L represent the set of leases that exist for blend tank bs during
month m . Then, the binary variable lu,, , for each me LM ,Is € L takes a value of 1 if the lease

Is is used in month m and a value of 0 otherwise. The continuous variable /nm for each

m.is,Is'
me LM ,ls,Is’ € L, whose range is [0,1], necessarily takes a value of 1 (see constrains) if lease
Is" is used in month m +1 and a value of 0 otherwise. The continuous variable laoz,,, for
eachm e LM ,Is € L represents the excess amount of material over 1 tank turn moved through the
tank for lease Is in month m . The continuous variable /may,, for ecach me LM Ise L

represents the total amount of material moved into the tank for lease Is in month m . The

our
m,ls

continuous variable /ma_, for each me LM, ls € L represents the total amount of material

moved out of the tank for lease /s in month m . Furthermore, for every tank that is leased, we

incur a fixed cost CST' and a variable cost CST) % .

[0137] The following constraints represent the lease constraints that must hold for every blend

tank in order for the latter to be used.

3
lum,ls + Wn,bs 2 1’

Visel

bs m >

Vme LM,Vbs € BS ,Yn=(j,t)e N ,Vte TM,,VjeJ™ (20)

Imay, < TURN " TURN; ™ Iu viselL

bs,m®

Vme LM 21

m,ls ?
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our MAX AMT
lmam,h <TURN /" TURN;, lum’k, Vis e L,,,VmelLM 22)
N V,BS BS,BS
lmam,ls 2 Z Z fn,v,ss,bs + Z bs',bs,t—TT25.BS
vel sseSS bs'#bscpg ™3 bk
SS.BS
+ > fEE Visel,, ,YmeLM (23)
SJESS?B?S,]EJLPR
our BS,BS BS,DS
mall > > B B, Visel,, ,VmelM (24)
bs'#bse RS2V BS dsepserTBS
IN IN AMT
laot,, , > Ima,, + AMT" —TURN;", Visel,,,Yme LM (25)
laot, ,, > Imayy +AMT " —TURN™,  ViseL,,,YmeLM (26)

MIN ,BS
[ >

.BS MAX ,BS
bot <f lu

Zum,]s S st,z — Ths,t m,ls®

VteTM.,., LDM, ~NbseBSVisel,  ,VmelM 27

S ,m 2

LBAVG,, , lu, , <s. .  <UBAVG,  Iu,,,
VteTM, ., LDM, ,VbseBS,VqgeQ,Vise Lbj,m,Vm elLM (28)
LB lam,, 0 <l < Sm,,
Vt=LDM,  Vbse BSVisel,,,Vis'el,,, YmelM 29)
LBAVG,, , Inm,,, . <sp.  <UBAVG,  Inm,, .,
Vi=LDM VbseBS,VqeQ,Visel, . Visel,  YmelM (30)
Inm, . <lu,,, VbseBS,ViselL, . Vis'el,  VmelM 31
Inm, 0 <Iu,. VbseBS,Visc L, Vis'eL, , YmeLM (32)
Ity +luy,y, <Inm, o +1,Vbse BS,Vise L, ,Vis'e L, , VmelM. (33)
[0138] The following set of constraints ensures inventory balances for the ships.
l-vlfss,t = ivV,ss,r—L + Z fﬂsssjr; - Z ‘f;fvsgids
{n=(j,t),55e88 7 jeI 0 } {n=(j.t)dseps jjeI® }
- Z f,fv’ﬁf,bs, Vss eSS, vte{l,2,..,T},YveVl. 34
in=(),1),bseps :1eT™0 }
[0139] Loads and discharges by a ship can occur only when the ship is at that port. If a load or

discharge occurs, the total loading amount or total discharging amount (via ship only) is forced
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to be between the port specific minimum and maximum amounts. These are represented by the

following constraints.

z,,< > x, VneN® vveV, (35)
{facd :acs (n)}

55, MAY
F‘jMZNZn,VS Zf P FMY g

1,88,V J n,v?
sseSS;

MIN V,DS V.BS MAX
Fz, < 3 2 flat 20 2 K SF e,

VieJ% Yn=(j,0)e N*, ¥veV, (36)

dreDSj sseSS bseBSj sseSS
VieJ?,Vn=(j,0)e N ,VveV, 37
[0140] Only one ship may stop for load or discharge at a port at a time. The following set of

constraints ensures that this is true. If more than one ship can stop at a port at a time, the right

hand side can be adjusted appropriately as necessary.

Zzn,vsl Vne N*. (3%)

vel

[0141] The following constraints ensure that a ship cannot load/discharge more than U times at
port j.
> z,,SU, WveV,Vjel. (39)

n=(jt)eN®
[0142] Every blend tank stream has daily-average lower and upper property specifications —
LBAVG,,  , and UBAVG

b5, ssqe With bs € BS , 1 €{1,2,..,T} and q € O, respectively — that must be
satisfied at the end of every time period ¢ (e.g., each day). Note that these bounds do not enforce
any specification on any individual stream entering the tank at any point in time. Furthermore,
every demand stream has hard upper and lower property specifications, or bounds. These hard
bounds represent acceptability of product. The following set of constraints ensures that the
supply streams blended onboard every vessel and discharged into a demand stream, as well as
every individual blend tank stream discharged into a demand stream meet these property

specifications. We note that the quantity of product discharged from blend tank stream bs into

FMAX,ES

demand stream ds must take a value within the interval bounded by Fbﬁlfv # and .0

V,DS SS pV.DS V,DS
LBHds,q Z f;i,v,ss,ds S Z Sss,qfn,v,ss,ds S UBHds,q Z j;i,v,ss,ds’

sseSS sseSS sseSS

VVEV,Vn:(j,t)ENR,‘v’jeJD,‘v’dseDSj,‘v’qu, (40)

46



WO 2010/151668 PCT/US2010/039821

LBHds,qybs,ds,z +LBA VGbs,q,H (I- Vs ds s )< S:fq,z—l < UBHds,qybs,ds,z +UBA VGbs,q,z—l (1- Yos ds.e ),

VjeJ”,Vds e p§;, Vbs € BSE",VqeQ,Vte{1,2,... T}, 41
E;jsqu Bsybs,ds,t < bffisDzs = E;jsu;{X BSybs,ds,t »
vjeJ?, Vdse DS, Vbs e BSH ™, Vqe Q,Vt e{1,2,.., T} (42)
[0143] The following set of constraints deal with the specification adjusted valuation of

discharged products that are blended on-board the vessel.
DS

VS
V,DS ds,q DS S§ V DS S5 V DS
sav <— TRU STD,,, E S E S

nv,ds,gq 58,9 n v,s8,ds 88,4 n V,85,ds
q sseSS sseSS

VVEV,Vn:(j,t)eNR,VjeJD,VdseDSj,qug, (43)

N
Vs?
V.DS ds,q DS DS V,DS
SaVn,v,d.v,q < (STDds q 7LBSd.v q] Z j;q,v,ss,d.v’
VBUq sseSS

VveV,Vnz(j,t)eNR,VjeJD,VdseDSj,quQ, 44)

n,v,ds q
VB Uq sseSS sseSS

sl o] s, ST, 1
VveV,Vn:(j,t)eNR,VjeJD,VdseDSj,quQ (45)

DS
ros o " Mdsg Vqu [UBSDS — STDPS j Z fV,DS ,
n,v,ds,q VBU ds,g ds,q #,1,55,ds

sseSS

sav

VeV, Yn=(j,0)e N*,VjeJ®,Vdsec DS ,¥qcQ,  (46)
[0144] The following set of constraints deal with the specification adjusted valuation of

discharged product from blend tank streams to demand streams.

DS
BS,DS ds,q DS pBS,DS _  BS BS,DS
S—= (STD bs,ds,t bs,q,i—1J bs,ds,t ]’

q
VjeJ?,Vds e DS, Vbs € BSL ", Vg€ Q,Vt €{1,2,..,T}, 47N

DS

VS
BS,DS ds,g DS DS BS DS
Savbsdsqz S—= VBU [STDdsq_LBSds q] bs,ds,t ®

q

VjeJ”,Vds e DS, Vbs € BSL"™, VqeQ,Vte{l2,. .. T}, (48)
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VSDS
B3S.DS ds,q BS BS.DS DS pBS.DS
sav, <— [ > =S8STD . ]
bs,ds,g,t bs,q,t—1/ bs,ds,t ds,q/ bs,ds,t })?
VBU,

VjeJ”,Vds e DS, Vbs € BSW5, Vg c0,vte{l,2,..T}, (49)

DS

ds DS DS
VBU‘I [UB > —STDS

j BS,DS
bs,ds,t °
VjeJ”, Vds e DS, Vbs € BSA,Vq e @, Vte{l,2,..,T} (50)

[0145] The following set of constraints enforces draft limits. Without loss of generality, it is

assumed that draft limits for ship v are less than or equal to ship v’s capacity 7"

D i SDLE+ (I DL -2,,),  Vn=(j)eN* VeV, (51)
sseSS
D, <DL (MY —DLYY1-z, ), Yn=(j)eN"VveVl. (52)
sseSS
[0146] Overage calculations can be taken care of as follows. Without loss of generality, it is

assumed that the capacity of ship I is greater than or equal to its base amount B, .

0,2 Z z'f,wav, YveV,Vie{l,2,.. T} (53)
sseSS
0,,20, —([flAX’V -B)1-x,), YveV,Vac Af. (54
[0147] The following set of constraints ensures that a ship may not carry products in excess of its
cargo capacity.
Do I Vre{1,2, T} Vvel. (55)
55288
[0148] The final set of constraints provides the bounds on all variables.
x,€{0,1} Yac A" VveV, (56)
z,,€{0,1} YneN*VYvel, (57)
W, €{0,1},  VneN"VbseBS, (58)
Wibs €{0,1}, Vne N® Vbs € BS, (59)
W, €40,1},  VneN"VbseBS, (60)
Visass €01}, Vdse pS5T¥, Vbs € BS, Vt €{1,2,...,T}, (61)

IM]N 2SS < ZSS <[MAX S8

55,1 55,6 T T ss,t ®

sse8S,tefl,2,... T} (62)
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IMNDS<Z£S[_I£§‘;XDS, dse DS, te{1,2,..,T}, (63)

L5 <32 < LECP ) bse BS,te{1,2,..,T}, (64)

fnsfsz >0, Vn=(j,t)e N*, VsseSS,Vvel, (65)

fgﬁ’idx >0, Vn=(j,t)e N*,Vds e DS, Vss € SS,VveV, (66)
£, 20, Vn=(j,t)eN",VbseBS,VsseSS,VveV, (67)
ﬁff;ﬁs >0, Vds € DS, Vss € ST, JleJt tefl,2,..T}, (68)
ﬁfﬁffzo, Vbs e BS,Vss e 88725, jle J', t €{1,2,..., T}, (69)
0<flfsbff_FMAXBS, Vbs € BS,Vbs' #bs € BS,t €{1,2,..,T}, (70
LBAVG,,, <sp, <UBAVG, .  VbseBS,VqeQ,te{12, T}, (71)
vm_O Vss €SS, Vte{l,2,., T}, Vvel, (72)

0<o,, <" -B, Vaed] VveV, (73)
0<o,<I™YV_B, VveV. (74)

[0149] The objective is to maximize profit. The profit is defined by values of discharged product

plus values of final inventories of blend tanks minus values of loaded product minus values of

initial blend tank inventories minus all the transportation related costs.

max), D, D X VIBISUNL+DL DL D D s,

vel n=(j.l [)gN dseps; sseS8 vel n:(j,z)gNR dseDs; 90
DS ;BS.DS BS,DS
2 X XVIBTAIT D X 2 2D sl
jeJ?P dseDS; bsepsis 1 jeJ? dseDS; bsepsih-?s t geQ
BS,INIT rBS BS SS SS.V
~ D VLBPMILE - 3 Y SAVE -3 L 2 VINLN
bseBS bseBS geQ vel n=(j,1)eN® s5E8S
BG pBS.DS
Y O Y OMRHS, Y Co, Y Y Y Yestigs
vel aed, vel quv ngD dSEDSj bSGBng‘DS :
BG BS,BS FX AMT
-2 22 XCSTIANN - X 2 CSTUTURN lu,,,
jeJD bs'ibseysgfﬂ’ﬂs bseBS 1 meM IselS
—Z Z CST," laot,, (75)
meM IselS
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Solution Technique

[0150] A decomposition approach was developed to tackle this large-scale mixed-integer non-
linear programming (MINLP) problem. Specifically, this approach has two phases. The first
phase transforms the MINLP into a mixed-integer linear programming (MILP) subproblem and
solves the resulting MILP subproblem. The solution procedure for the MILP subproblem
includes a construction heuristic, an optimization-based large neighborhood search procedure,
followed by the solution of an non-linear programming (NLP) subproblem. The second phase

solves a sequence of MILP problems.

Transformation from MINLP to MILP

[0151] Due to the presence of bilinear terms in constraints involving blend tank specification
inventory and valuation, the resulting METEOROID model is both nonlinear and nonconvex in
the continuous space. This introduces difficulties into the solution method, and a customized
method of transforming the original MINLP problem into a MILP was been developed to
circumvent these issues. This transformation, which is described below, guarantees that if a
feasible solution to the transformed MILP model is found, then that solution is necessarily
feasible for the original MINLP problem. We can thus obtain good solutions to our original
MINLP problem by solving the resulting transformed MILP problem through a customized
heuristic.

[0152] The transformation restricts the functionality of the blend tanks in the model in such a
way that new material cannot be input into the tank once discharge begins until substantially all
material already in the tank has been fully discharged. This leads to multiple "build and draw
cycles" for every tank, where a cycle is typically characterized by monotonically increasing
inventory in the tank, followed by monotonically decreasing inventory until the tank is fully
drawn out. For clarification of intended meaning, it is understood in this field of art that full
emptying of a blending tank does not necessarily mean that the tank is completely empty (dry)
after discharge. The term “fully emptied” in this context is understood to mean that the liquid in
the tank is discharged down to the lowest level routinely or regularly achieved with that
particular tank while it is handling that particular liquid. Further emptying of the tank beyond

this point may be impractical for a number of reasons, including the bubble point of the liquid
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and its effect on net available positive suction head for pumps, the location of the nozzles, the
suction head requirements of discharge or loading pumps, constraints on floating roofs (if so
equipped), tank integrity requirements in view of possible ground or surface water, sediment or
solid residue in the tank, tank hydrocarbon emissions into the air, tank level indicator or control
limitations, etc. The liquid that is left in a tank after discharge has been completed is commonly
called the “heel” of the tank. The amount of heel after fully emptying a tank will vary from tank
to tank and may vary slightly from day to day for a given tank.

[0153] In order to implement this transformation, new variables need to be defined, and all
constraints in the MINLP model that contain bilinear terms are removed, and the set of

constraints described as follows are added. The binary variable zz, , takes a value of 1 if tank

bs attime 7 is empty, otherwise it takes the value of 0. The continuous variable ww, whose

bs,ds,t 2
range is [0,1], necessarily takes the value of 1 if a discharge from blend tank bs to demand
stream ds has occurred at time ¢ and leads to the emptying of the tank at time ¢ (otherwise it
necessarily takes the value of 0); we call these discharges "emptying discharges”. Formally,

WWy, 4or = Visase N 225, - The continuous variable wu,, ,, whose range is [0,1], necessarily takes

the value of 1 if no "emptying discharges" occur for blend tank bs to any demand stream ds at

time ¢ (otherwise it necessarily takes a value of 0). Formally, uu, , = A, —ww, .. The
continuous variable xx,, , ., whose range is [0,1], necessarily takes the value of 1 if a discharge
from blend tank bs to demand stream ds occurs at time ¢, and no "emptying discharges” occur
for that same blend tank bs to any demand stream ds’ at any time ¢" <¢ (otherwise it necessarily

takes a value of 0). Formally, xx,, ;. = ¥, 4, A (Vs a5 /N 2245 0 ) - Finally, the continuous

t'<t,ds'
variable v, , . ., whose range is [0,1], takes a value of 1 if a discharge occurs from blend tank

bs to demand stream ds at time ¢ and an "emptying discharge” occurs from that same blend

tank bs to some demand stream ds’ at some time ¢' < and no emptying discharges occur at any

time ' <¢" <t.Formally, ww,, 4, = Vi gr AV sg WWy g Ay Uthyg o
[0154] The following constraints are needed in the transformed model to connect the various
variables previously defined together.
WWyy e S Vooser VD5 € BSE,Vds e DS, t{1,2,..,T} (76)
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ww, g, <22, ,,  Vbse BSW™ Vdse DS,t€{1,2,..,T} (77)
Visasa T 2250, STHWW, 4, Vbs € BSN-?S Vds e DS,t € {1,2,..,T} (7%)
utl,, +ww, ., <1, Vbse BSI™,Vds e DS,t€{1,2,..,T} (79)
WW,, o, 21, VbseBS,te{l,2,..,T} (80)
dseDS, hoags VS
XXy toy S Vigdons Vbs € BSH5,Vds e DS, t €{1,2,..,T} (81)
XXy g, Sttty ., Vbse BSW Vds e DS f' <t €{1,2,..,T} (82)
Visass S Xy g, = . (—uny, ), Vbs e BSN,Vdse DS,te{1,2,..,T} (83)
P
Wy soir S Voswsr  VbS € BSET Vds e DS,t'<te{1,2,..,T} (84)

VWi dprst < z WWy, oo Vbs e BSNP5Nds e DS,t'<te{l,2,..,T} (85)

ds'eDS,bseBSﬁ!,’Ds

Wy tooy Ul o, Vbs € BSEP Wdse DS, <" <t e{1,2,..,T} (86)
Visass S Ullyg o + Z (1=t ) +VVy, g Vbs e BSE P, Vdse DS,t’' <t e{1,2,..,T}(87)
t"e'<t"<t
Vosdss S Wops + 224, 15 Vn=(j,tye N*,Vbs e BS5" N BS,,Vds e DS (88)
Vis.ass S Wibs +22,,, Va=(j,t+1)e N*,Vbs e BSZ "™ " BS ,Vds € DS (89)
Wi SWay 22, Va=(j,0,n =(j,t+1)e N, Vbse BSI " N BS ,,Vds € DS. (90)
[0155] The next set of constraints enforce the restriction on the functionality of the blend tanks.

Kb ds ¢ =1

LBHdS B4 < Z Z z Sisq anB_;sS bs (91)

vel sseSS n=(jt)t'<t

+ 2 X SIANN <UBH, (92)

sseSS%;‘:S,j’EJLPR t't'<r
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Xy g =0

v| LBAVG, , <3N S SE fr (93)

vel sseSS n=(J )<t

+ > Y SY I <UBAVG

s,bs, i — bs,q,t

94)

INBS o sLpr 11
SSe8S g L jleJ PR 't

VjeJ?,Vds e DS, Vbs € BSZ™,Vq e Q,Vt € {1,2,...,T}, 95)

Wbs,ds,z,z” = 1

SS  pV.BS
LBHdS,q < Z Z Z SSS,q-fn,v,ss,bs (96)
vel sseSS n=(j tHit"<t'<t

+ z Z SSS f;SS,BS <UBH

ss,g/ ss,bs,t' — ds,q

97)

. Ao gt
ssessjf‘{l;fs,]'EJLPR " <t'<t

vas,ds,z,t" = 0

v| LBAVG, <> N >SS 5 (98)

vel sseSS n=(j,t")t'<t'<t

+ Z Z S fusi SUBAVG, , (99)

58,9/ 85,bs,t'

ssessE, Jlegter fi"<t'<e

VjeJ® Vdse DS, Vbse BSH ", Vqe Q, Vi, 1" |t" <t e{1,2,.., T} (100)
[0156] Note that because of the nature of the transformation, it cannot accommodate transfers

from blend tank to blend tank. This drawback is addressed in phase 2 of the algorithm.

Construction Heuristic

[0157] The goal of the Construction Heuristic developed here is to quickly find a feasible
solution to the transformed MILP problem described above such that the improvement heuristics
developed below can use this feasible solution as an initial starting solution. The brute force
method of achieving this goal would be to run a Branch-and-Cut algorithm on the full MILP
model until it finds a feasible solution. Such a method is unacceptable because in typical cases it
is computationally intensive to find a feasible solution due to the problem complexity. Duge to
this, instead of using the full model to find a feasible solution, a reduced model is built in such a
way that any of its feasible solution is also a feasible solution to the original full model. The

reduced model which is smaller than the full model increases the likelihood of finding a feasible
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solution faster. The reduced model has been used successfully in practice to find an initial
solution. The present invention contemplates other ways of designing construction heuristics.
Also, since different initial solutions can produce different final solutions, several construction
heuristics may be used and the final solutions compared.

The idea of the reduced model for the Construction Heuristic is simple: instead of
allowing each ship to be able to visit any load port, accessible load ports are restricted for each
ship based on production schedules for load ports and available dates for ships. Algorithm 1
below shows how it is decided which ship is accessible to which load port in the reduced model
for the Construction Heuristic. The size of the reduced model is controlled with the parameter
AF , which is short for Aggressiveness Factor for the Construction Heuristic. Other ways to
reduce the complexity of the model by restricting the feasible space include, for example,
restricting the loading/discharge time windows for the blending tanks, restricting the supply

stream and/or the demand stream to or from a blending tank, or a combination thereof.
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Algorithm 1. Construction of reduced model

Set K, =max{0,LLB,,}, Vje J' vte{l,2,..,T}
Set 7 to the earliest available time of ship veV
Set dcc;, =0 VjeJ" YveV

Set count =0
While count < AF do
J'=argmin{K,, |K, >1}

V' =argmin {T, }

Acc i =1

For t do
if K,,>1 then
K, =K, -1
End if

End for

If ZK}.J =0 then
it

Set K, =max{0,LLB,, }, VjeJ" Vie{12,.,T}
count = count +1
End if
T,=T+1
If min {T,}=T +1 then
Set T, to the earliest available time of ship ve V'

End if
End While

[0159] Ship v can visit load port j only when Acc,, =1 in the reduced model. That means that
if Ace v =0, all associated arcs are removed in the reduced model. The default value of AF

used in practice is 2, which seems to work well most of the time. If the reduced model is
infeasible, AF is increased to 3 or 4 to build a new reduced model for the Construction Heuristic.
The Construction Heuristic applies the Branch-and-Cut algorithm introduced earlier to this
reduced model. It stops at the first feasible solution or after a predetermined run-time expires
without finding a feasible solution. These procedures all collectively compose the Construction
Heuristic. It is possible that the Construction Heuristic can fail to find an initial solution even

though the original model is feasible. However, in practice, this rarely happens. When the
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Construction Heuristic fails, the original MINLP model is used to find an initial feasible solution

by applying an outer approximation algorithm.

Time / Volume Routing Optimization

[0160] When a feasible solution is available, a Time / Volume Routing (TVR) optimization
problem can be generated by fixing route information of each ship based on the feasible solution.
The TVR algorithm secks to sequentially solve various TVR optimization problems with
different routes fixed. There are various ways of doing this, and we present our current

implementation.

[0161] Let x, be the feasible solution from which we generate a TVR optimization problem.

Fixing the route information for each ship is performed by adding the following constraints to

the original problem

x, = > x,, WveV,Vjel, (101)
{a=(v.(0,0),(j.)e4) } {a=(v,(0,0),(J.)e4) }
> X, = > x, VveV,Vjel, (102)
{a=(v.(j )0, +1)=4) } fa=(v.(j )07 +1)e4) }

as well as some, all or none of the following constraints depending on the phase of the TVR

algorithm.
> X, = > x,, YveV,VjeJ' ¥j'elJ", j# ], (103)
fa=(v.(j.).( .t )edr)} fa=(v,(7.).0j't')edr) }
x, = > x,, YveV,¥jeJ Ve, j+ ], (104)
{a=(v,(j.0),(j" 1) 4y) } {a=(v,(j.),(J"tVedr) ]
Z X, = Z x, YweV,VjeJ’,vj'eJ’, j= ] (105)
fa=(v,(7.0 e dr )} {a=(v 1T Ve dr) 4
[0162] Algorithm 2 below describes the TVR algorithm. Note that the solution of the above

subproblems is done heuristically by using the solution polishing option in CPLEX. This is
because guaranteeing optimality at every sub-step of the algorithm through an exact method can

become prohibitively expensive, especially for large instances of the original problem.
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Algorithm 2. Time / Volume Routing Algorithm

Add constraints (101), (102) and (103), (104), (105) to transformed MILP problem.
Solve new subproblem and update x,.

Add constraints (101), (102) and (103), (104) to transformed MILP problem. Solve new
subproblem and update x, .

Add constraints (101), (102) and (103), (105) to transformed MILP problem. Solve new
subproblem and update x, .

Add constraints (101), (102) and (104), (105) to transformed MILP problem. Solve new
subproblem and update x,.

Add constraints (101), (102) and (103) to transformed MILP problem.

Solve new subproblem and update x, .

Add constraints (101), (102) and (104) to transformed MILP problem.

Solve new subproblem and update x, .

Add constraints (101), (102) and (105) to transformed MILP problem.

Solve new subproblem and update x,.

Solve transformed MILP problem without adding any of the aforementioned constraints.
Update x,.

NLP Subproblem

[0163] Once a feasible solution from the transformed mixed-integer linear programming (MILP)
subproblem is obtained, that solution is fixed in the original mixed-integer non-linear
programming (MINLP) problem and a non-linear programming (NLP) subproblem is solved.

Note that the values of all binary and continuous variables obtained at this stage are fixed in the

- - S -
MINLP. However, because certain variables, such as s;. ,.+» were removed in the transformed

MILP problem because they were not required (but are nonetheless present in the original
MINLP), those variables acquire values upon solving the resulting NLP. Assuming that a
feasible solution is obtained from the transformed MILP problem, then the solution obtained
from the NLP at this stage is guaranteed to be feasible; thus, we obtain a feasible solution to the

original MINLP problem.

Iterative Bilinear Fixing
[0164] Recall that the overall algorithm of METEOROID consists of two phases. The first phase
ends upon the solution of the aforementioned NLP subproblem, and the second phase begins

there after only if the solution obtained from phase 1 utilizes the blend tanks (i.e., there is a
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discharge from some blend tank to some demand stream); otherwise, phase 2 is skipped and the
overall algorithm terminates.

[0165] Assuming that some blend tank is indeed used in the phase 1 solution, then we attempt to
obtain a better solution in phase 2 of the overall algorithm by removing the aforementioned
restriction imposed on the functionality of the blend tanks. Thus, we now allow the blend tanks
to be fully functional. In order to do this, an iterative bilinear fixing (IBF) procedure is
developed. The latter involves an iterative procedure of fixing one side (i.e., one of the variables)
of all bilinear terms in the original MINLP problem, and solving the resulting MILP. This

procedure, as currently implemented, iterates between two steps. In the first step, the variables

sff ot bse BS,qeQ,t<{1,2,...,T} are fixed to their values from the previous solution and the
resulting MILP solved. In the second step, the variables z'f;i, bseBS, tefl,2,..,1} and
fbf,s{;fts ,bs € BS,dse DS ,t €{1,2,...,T} are fixed to their values from the previous solution and

the resulting MILP solved. This iterative two-step procedure terminates when no improvement

from the previous step is obtained, or when a pre-determined stopping criteria is reached.

Overall Solution Procedure

[0166] By combining the transformation step, the Construction Heuristic, the Time Volume
Routing (TVR) procedure, the solution of an NLP subproblem, and the Iterative Bilinear Fixing
(IBF) procedure, an effective optimization based solution method is designed for the problem.
The first step in the solution method is to transform the nonlinear nonconvex MINLP
METEOROID model into an MILP problem. The solution method then proceeds by solving this
MILP problem through a sequence of heuristics. First, the Construction Heuristic is run. If it
finds a feasible solution, the TVR algorithm is applied to improve the solution. Upon termination
of the TVR procedure, the solution obtained at this point is used to fix all equivalent variables in
the MINLP to their values. The resulting NLP is then solved, and the solution is checked to see
whether the blend tanks were utilized. If this is the case, the overall algorithm moves to phase 2,
and the IBF procedure is instantiated. The latter terminates either with a better solution than what
it started with, or returns that solution if it fails to improve it. FIGS. 3 and 4 show flowcharts
illustrating the overall algorithm. Time limits may be enforced on the Construction Heuristic,

subproblems in both the TVR and IBF procedures in order to make sure the overall procedure
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terminates in a reasonable amount of time. These time limits can be tuned through computational

experiments.

Time-Space Network Model: Variations for Practical Requirements

[0167] Many variations of the model introduced earlier are confronted in practice. The purpose
of this section is to discuss how one can incorporate these practical variations into the model.
Third party ports are different from user-company owned or operated ports because the supply
and demand stream inventory levels are not tracked. For cach stream at a third party port, time

windows and the amount of available product for loading or discharging for each time window

are given. Let 7'

55,k

and Tsf,k represent the beginning and the ending of time window 4 € K for a

supply stream ss € §§; such that jeJ % respectively. Let f;jf represent available amount for

loading during time window k for third party supply stream ss . Similarly, let les,k and Tdik

represent the beginning and the ending of time window & for a demand stream ds € DS ; such

3,D8

that je J™ respectively. Let 0,7

represent maximum amount for discharging during time

window £ for third party demand stream ds . We assume that time windows for a third party

stream are mutually exclusive.

S S, yjeJn Vssess, Vhek.

7,88,V ss.k 2
velV fa=(j )L, <t<T?
{n=(].t) ss = s:,k}

V.DS BS,DS 3,DS
PIDINEED IS P D JD I (et il

veV sseSS fr=(j )\ Tg f St<TE , } g St<T}E, bseps ™
VjeJ?,Vdse DS, VkeK.
[0168] Spot market streams are an extreme case of third party streams because their time
window is essentially the entire time horizon. Like third party streams, inventories are not

tracked for spot market streams and there is a maximum amount Q"% for loading or Qfl‘f 25 for

88,1
discharging for each day at a spot market stream.

Z ﬁfﬂff-l— Z ﬁfiffSQK;SS, VSSESSj,jEJLPR,VZ‘E{I,Z,...,T},

dseDS bseBS

V.DS BS,DS M DS
Z Z f;z,v,ss,ds + Z fbs,ds,t S ds,t  ?
vel ssesS bseBSg:’DS

VjeJ% Vdse DS, Vte{1,2,.., T n=(jt).
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[0169] A lower limit N**” and an upper limit N”*" on the number of ships used in the solution

can be easily considered in the model.

LBV UBY
N < Z (1- x(v,(0,0),(O,TH))) SN

vel
[0170] A minimum amount of product M to be transported may be imposed as an optional

constraint. The following constraint equation adds such a consideration.

2 2 2 2 Sz M.

vell {n:(j,z)eNR\jeJD} dseDS] 5588

[0171] For each ship v eV, there may exist a demurrage limit DJ¥, . This is represented by
Z x, <DW, vvel.
{acd) }
[0172] Each ship v eV may need to load at least PC7, percent of base volume. To satisfy this

requirement, we define the set of constraints

> 57> PCTB, > (1-x,), VveVl.

7,88,V

{n:(j,z)eNR\jeJL) SSESS {a=(v,(0,0),(0,T+1))ed}
[0173] A port may have a special requirement on the minimum amount of time between

consecutive loads or discharges. Let port j need at least T].AD ’ amount of time between any

consecutive loads or discharges. For each ¢t € {1,2,...,7 — TjAD 7 7, the following constraint ensures

this requirement, by defining

Z Z z,, <1

veV  fn=(jeNt <t <+ T

[0174] Inventory holding costs could also be added to the model. Since product may be
purchased from third party ports and spot markets, the amount and timing of these purchases can
make an impact on such costs. If all the ports are user-company owned ports, it is not necessary
to consider inventory holding costs because production and demand profiles are fixed inputs in
the model and cannot be controlled as decision variables. Let H” represent the inventory
holding cost per unit per day for products at load ports. Let H” represent the inventory holding
cost per unit per day for products at discharge ports. Let A represent the inventory holding cost
per unit per day for products on board a ship. Let H' K represent the inventory holding cost per
unit per day for products in a blend tank. It should be noted that these values can be easily made

product and time specific without adding any additional complexity to the model. The following
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term is necessary to be added to the objective function in order to consider inventory holding

COStS.

SEDNDIEDIREL DI IPIT LS LD VD WD I/

t jedtrJ° S5€88 t veV sseSS t jeJPnJC dseDS;

I

Jjodsyt

+HTK Zt ZjeJD steBSj ]bU ]

[0175] Up to this point, it has been assumed that only spot ships may be used for the
transportation of VGO. However, the bulk products can also be delivered by barges, which is
accounted for by the model.

[0176] There is sometimes an economic opportunity to decide if a ship will be used either as a
Panamax or Aframax. Depending on the decision, the economics and restrictions regarding the
ship can be quite different. One way to resolve this issue is to solve the problem twice with each

option, and choose the better option. Another way to resolve this issue is to incorporate this

option as a decision variable in the model. This option can be generalized further. Let V" be a

subset of ¥ . By enforcing that at most R, ships can be used among ships in V", the option is

now incorporated in the model in a more general way. The following constraint ensures that:

Z (1= x(v,(O,O),O,T+1)) <R,.

DU
velip

This addendum could affect the performance of the Construction Heuristic.

Extension to supply-side blend tanks
[0177] The description of the mathematical model and the algorithm previously discussed
applied to scenarios where demand-side only blend tanks existed. In this section, we aim to

extend the formulation and the algorithm to accommodate supply-side blend tanks as well. In
order to do so, new variables must be defined. Let the set BS** < BS represent the set of blend

tanks that exist only on the supply-side. Then, the continuous variable £, 552" with

n=(j.0)e N, jeJ”, bse BS™ and ds € DS, represents the discharge amount of blended

product bs obtained from some supply-side blend tank for demand stream ds from ship v at

time 7. Similarly, the continuous variable %% with n=(j,f)e N*, jeJ> uJ™,
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SPL

bs € BS™* and bs' € BS represents the discharge amount of blended product bs obtained from
some supply-side blend tank for some blend tank stream bs’ either on the supply or demand side
from ship v at time ¢.

[0178] Furthermore, some constraints need to be modified to allow for the additional flexibility
of supply side tanks, and we briefly describe some of these constraints. Other constraints can be
modified in a similar manner, although we omit the details because this can be done in
straightforward fashion.

[0179] For instance, the next set of constraints ensures inventory and property-specification

balances of blend tank streams at load (supply-side) and discharge (demand-side) ports.

.BS _ +BS v ,BS BS,BS
by =l 2 2 Sontans * Z f b s 4TI

vel sseSS bs' #bsEBS
V,BS, BS SS,BS
+Z Z n v,bs',bs Z ﬂs,bs,t
vel bs'e gyt xsESSINbBS Jlegter
BS.BS z V,BS,BS V,BS.DS BS,DS
- Z bsps't Z f;z,v,bs,bs’ - Z Z /;z,v,bx,ds - Z ‘fl‘m Lds,t ®
bs' ;tbseBSOUT BS velV bs'epgSPL vel dseDSOUT BS dseDSOUT -85

Vn=(j,1)e N*,VjeJ¥ uJ" VbseBs, (106)

BS .BS _ _BS -BY S VBS BS,BS
SbS,q,tlbs,t - Sbs,tl,tfllbs,t 1 + Z Z S.vsq #,v,38, bs Z Sbs i1 T%BSbBSf;S b t— TTBSBS
vel sseSS bs'#bse py-25 :
vV ,BS,BS SS SS,BS
D IED I s S D DI W
veV bs'egs ™ ssessj?,"l;fs,j’eﬂfﬂ
_ Z BS,BS Z Z V,BS,BS Z Z BS v BS,DS
Sbs .d.i—1J/ bs.bs' 1 Sbs q.i-1J n,v,bs.bs’ Sbs,q,t—l nv,bs.,ds
bs'zbsegs VT BS vel bs'epsP vel dsel psOUT B
BS,DS
- Sbs 3q,t—1J bs,ds,t
dsens 0TS
. R . D, L
Van=(j,)e N",VjeJ™ uJ* VbscBS,,VqcQ.(107)
[0180] With regards to the algorithm, the same solution method developed in section 3 can be

used here. Note that in phase 1 of the aforementioned method, because no transfer of material
can occur between tanks, any phase 1 solution will necessarily have no transfer of material
between tanks on the supply-side and tanks on the demand-side (in addition to no movements of
material amongst tanks exclusively on the supply or demand side). However, as previously

described, we attempt to remedy this drawback in phase 2 of the algorithm.
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Computer Application and Apparatus

[0181] In certain embodiments, the present invention is implemented as a computer application
that resides on a computer-readable medium. The computer application runs on a conventional
computer processor (e.g., a 3GHz single-processor personal computer). The processor can, but
does not have to be, a single standalone processor. The processor can also be a collection of
interactive processors connected directly to one another or a collection of interactive processors
connected indirectly to one another over a computer network (e.g., a local area network or the
internet).

[0182] The computer application comprises code that defines calculations, simulations, and math
models and, optionally, one or more optimization based solution methods. The application
further comprises code that calls upon an optimization solver engine which is integral to, or
interfaces with, the application to solve the math models, through an exact method and/or
through one or more heuristics. Preferably, the code is written using modeling system software
such as AIMMS, GAMS, ILOG OPL, AMPL, or XPress Mosel. However, the code could also
be written using any computer programming language including C++. In one embodiment, the
application is written using AIMMS and employs an AIMMS user interface. Preferably, the
solver is capable of solving linear programming and mixed integer (linear) programming
problems. Preferred solvers include CPLEX, XPress, KNITRO and XA.

[0183] In a preferred embodiment, data entry and storage is accomplished using an Excel
interface and the program is written in the AIMMS modeling language and calls upon a CPLEX
solver to solve the math modeling problems in the program using an exact method, or using one
or more heuristics, or using a combination thercof. In this embodiment, the program utilizes an
AIMMS interface for execution and output. The results can then be transferred (e.g., exported or
copied) back to Excel and stored as an Excel file. Alternatively, the results can be stored and
managed in AIMMS.

[0184] In certain embodiments, the application is configured to provide a solution quickly
enough (e.g., in less than thirty minutes) to support decision making in real-time scenarios where
business parameters may change quickly and frequent re-optimizations or “what-if”’ case analysis
are needed. A typical complex problem has at least 4 supply locations, at least 4 demand
locations, a fleet of at least 10 vehicles, at least ane production stream per supply location, at

least one demand stream per demand location, and about a month of planning period. In some
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cases, the complex problem also has at least one spot purchase location and at least one spot sale
location.

[0185] As an approach to solving the mixed-integer non-linear programming model (MINLP),
the present invention may use any suitable relaxation and/or decomposition method known in the
art. One such technique is to decompose the MINLP into a mixed-integer lincar programming
(MILP) subproblem and, optionally, a non-linear programming (NLP) subproblem. Where the
MINLP is decomposed into both an MILP subproblem and an NLP subproblem, the resulting
MILP and NLP subproblems can then be solved in a cooperative manner (e.g., iteratively).

[0186] The MILP subproblem may be formulated by a linear approximation of the MINLP. The
resulting MILP subproblem may be solved by any suitable technique known in the art. Where
the MILP subproblem is complex and difficult to solve, one or more heuristic algorithms may be
used to obtain a sub-optimal, but still usable solution within a reasonable period of time. For
example, the MILP subproblem may be solved by a construction heuristic in which the
complexity of the model is reduced, and an initial feasible solution is obtained for the reduced
MILP subproblem. Typically, the construction heuristic is created by limiting the supply ports
and/or demand ports that each available vessel can visit. As explained above, the present
invention may also use various other approaches to reduce the complexity of the model by
restricting the feasible space. A solver is then used to determine a feasible solution to the
reduced model. Because the construction heuristic represents a subset of the more complex
modeling problem, the feasible solution to the reduced model is a feasible solution to the more
complex problem. If a feasible solution to the reduced model cannot be found, then the full
MILP model can be run to find an initial feasible solution.

[0187] It may also be necessary to reduce the functionality of the blending tank(s) to ensure that
a solution obtained for the MILP is also a solution to the MINLP. One way to do this is to
impose a monotonic functionality to the blending tank(s). For example, the monotonic
functionality may require that once discharge begins, each blending tank must be fully emptied
before accepting new bulk products.

[0188] In the preferred embodiment, one or more improvement heuristics are used to improve
the initial feasible solution found by the construction heuristic. Preferably, the improvement
heuristics include ane or more, and preferably multiple, large neighborhood searches. For

example, the solution process may comprise a construction heuristic followed by multiple large
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neighborhood searches. Preferably, each large neighborhood search is employed in an iterative
manner until no further improvements in the feasible solution are obtained.

[0189] In some embodiments, the solution process uses two improvement heuristics, both of
which comprise a large neighborhood search. In this embodiment, the first heuristic is a
"Solution Polishing" functionality offered by CPLEX. Although the exact details of the CPLEX
Solution Polishing are proprietary to CPLEX, it appears to be a combination of a genetic
algorithm and a large neighborhood search. In this embodiment, the second heuristic relaxes the
schedule of two vessels in the feasible solution and fixes the remaining vessel schedules in
accordance with the feasible solution. Each improvement heuristic is solved by the solver. Each
improvement heuristic can be utilized alone or in series. When operated in series, the answer
from the first improvement heuristic is used in the next improvement heuristic. Preferably, each
improvement heuristic is used multiple times, in an iterative manner, until no further
improvement in the feasible solution is obtained.

[0190] Optionally, but preferably, the solution from a large neighborhood search can be further
improved by running a time and volume optimization. Preferably, the time and volume
optimization is automatically invoked each time a specified large neighborhood search is
invoked. In a preferred embodiment, where a series of two or more large neighborhood search
heuristics are employed, the time and volume optimization is run on the answer obtained by the
last heuristic in the series. The time and volume optimization fixes all the routes in accordance
with the solution from the large neighborhood search, so that the routes are no longer a variable.
However, the timing of the stops and how much is loaded and discharged is relaxed and then
solved to optimality. This often improves the solution. If the solution obtained for the MILP
subproblem thus far includes the use of a blending tank, the solution may be further improved by
iterative bilinear fixing of the original MINLP as described above.

[0191] In certain embodiments, the method may further comprise formulating a non-linear
programming (NLP) subproblem by fixing the integer components of the MINLP (e.g., the
binary decision variables) based on the solution obtained for the MILP subproblem. The NLP
subproblem may be solved using any suitable NLP solver known in the art. In some cases,
where the solution thus far includes the use of a blending tank, the NLP subproblem solution
may be further improved by iterative bilinear fixing of the original MINLP as described above.
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[0192] In some cases, one or more of the various algorithms described above may be used in an
iterative manner to arrive at a solution (whether optimal or near optimal). The iterations may be

continued until there are no further improvements in the solution.

Closing

[0193] While this description uses a variety of examples and illustrative equations to fully
illustrate the concepts behind the invention, the invention is by no means so limited. Various
modifications, adjustments and applications of the disclosed invention will be apparent to those
of ordinary skill in the art and are covered to the extent they fall within the scope of the

appended claims.
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Nomenclature Used
[0194]

all arcs, wheme 4 = Ugaedy
all arcs for vessel v = ¥
all demurrage arcs, whare 48 =
all demurrage arcs for vessel »
all trave! arcs, where 47 =
all trave! arcs forvessel v = W
all blend tank streams, where B8
all blend tank streams at mri V=N,
all blend tank streams &7 & by th@‘i can discharge Into blend tank
atream ks = BE, where R&INAY < ng

BEAE all blend tank streams that can discharge into demand stream ds £ DS,

where BSTYY © re
all blend Eank sireams !
discharge into, whers 54

S thai biend fank stream hs © BE can

D& all demand streams

FRA all demand streams alport § 2 .7

e o 3 - ¥ o Y 3
pSQrTES all demand streams that blend tank streams bs = B8 can discharga irto,

whare Dgpu TS
all ports

all discharge ports

all ports with draft limits

all lnad ports

all ports for spot sale markets

all ports owned and/or operated by Exxonddobil
all blend tank ports

all ports operated by third parties

all nodes

all ragular nodes, where W7 = i}
all apot purchase markots

all spot purchase market streams ss < PR that can discharge

‘-,w-,k\ B[y

into Blend tfank stream &s £ BS, where PR PR

C DS

=y

(L2, 0T}

P
Lo

pRIYAS all spot purchase market streams «s € PR that can dischargs
inte demand stream ds = DS, where PR PR

o all tracked properties

& properties ¢ = @ whose higher specifications increase value

& praperties 5 £ & whose lower specifications increase value

&8 all supply streams
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&3y all supply stresme atport 1 2 7
S8 all spot sale markats
Sg*ﬁw o all spot sale markst streams that can aceept blend tank straam bs £ B85,

BrEs o e
‘ [

where 80,

all vessels availabde for transportation

all previously chartersd vesesels

all arcs that have nods «» = N ag thelr tail node

all arcs that have node » © & ag thelr head node
Y all daystroma day 1 o day

INDICES
o grcaee 4
b blend tank siream by B
ds demand siream ds = DS
pott i & 7
7 arc s e N
58 spot purchass market stream ss ¢ PR
g property ¢ = Q
s spot sale market stream o & 840
s supply strasm sy € &8
! dayee {12, 7}
oy vessal o £V

basis amount of product (PG tons)

the cost of using ae o

flat rate for raveling fromport 7 € Jloport 5 2 JF
amoeunt of consumption of demand siream ds «
irfed draft it

outhet draft limit

demuriages rate

minimun total amount of load {or discharge) that must be lifted

{or discharged) at port § = J

miaiaium total amount of load {or discharge) that can be lifted

{of dischargedi atport s 2 7

minimum total amount of blend tank siream that must be discharged
{or discharged) atport 7y 2 .7

misimum total amount of blend tank stream that can be discharged
ior dischargedl atport y e

2 froms time & — 1t fime ¢
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X o

iritial inventory of bland tank stream by £ BS {on the beginning day)
inftial Inventory of demand stream #s ¢ DF {on the beginning day)
at time ¢ maxirmum inventory possible of blend tank stream v = BS at time ¢
maximum inventory possible of demand stream Js = DS attime ¢

e inum irventory possible of supply stream ss = 55 atfime ¢

maximum armount of product veesel v = V may canry

mrdmum inverdory required of blend tank stream 6s ¢ 88 attime ¢
minimum inventory required of demand stream os £ D& attime ¢

minimesm inventory requived of suoply stream ss = 8§ al time ¢

: initial ventory of supply stream s» ¢ 88 {on the begirming day)

B on initial vessel ¢ ¢ Vinventory for supply stream xx {on the beginming day)
LBAVG, g daily-average lower bound on properly specification ¢ = & for blend tank
stream be = 85 attime ¢

LBHES hard lower bound on the lewel of property w © @ in discharged product
N for blend tank stream by < B8
LBHE hand lower bound on the lovel of property 4 ¢ § in discharged product

for demand stream s € B

20ft lower bound on the level of property ¢ © & In discharged product

for blend tank stream bs = B8

207t lower bound on the fevel of property ¢ < O in discharged product

for demand stream ds £ 138

overags rate

amount of production of supply stream s ¢ ST from time + — 1 to time ¢

spacification for property o < Q for spot purchase market stream s £ PR

specification of property ¢ = @ for supply stream ss = 58

spacification adiusled value of blend tank inverdory at =0

standard specification of blend tank stream S ¢ B8 for property g € @

standard specification of demand stream ds ¢ DS for property ¢ = @

planring horizon

travel times between ports 7 and ¥

HARE fime at which vessel ¢ = VAR becomes avallable

e ivium nurnber of times any vessel « & ¥ can lead or discharge

at gy port j =7

FRAVG,,.,  dally-average upper bournd on property specification ¢ ¢ @ for bend tank
strean bs = BX at ime ¢

hard upper bound on the level of property ¢ £ ¢ in discharged product

for blend fank stream hs € BS

FBHES hard upper bound o the level of property o

‘ for dewmand stisam ds £ TS

soft upper bound on the level of property ¢ = Q in discharged product

for blend tank straeam ds = 85

iTi

& in discharged product
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soft upper bound on the level of property ¢ = Q in discharged product
for demand stream Js = DS
value base unit

value of supply stream se < &
base value per unit of final {at tme ¢
tank stream b = E‘TS

p@r unit at ite supply port
I} blend tank inventory for blend

¥ blend tank inventory for blend

tdnk stmam by < BE

base value per unit of discharged product for demand styeam s = DS
the amount thal the value per unit of blend tank inventory for

blend tank stream bs = B8 muedses; or decreases by, relative to VLBES,
depending on whether ¢ = Qoryg
the amount thal the valus per uﬁit Q‘I discha%rgefi product for
demand stream dx £ DE increases o {%cr'ea‘ses by, refative to VLF
deperding anwhether ¢ € T or ¢
W, world scale multiplior

—-1
M
-~

CONTINUOUS VARIABLES

discharge amount of product from Hend tank stream b8 =
= 78 o blend tank stream s = B85 at time ¢

dimharqe amount of product fmm blend tank stroam bs = B8
to demand stream s < Dt.a- Je FHattime ¢

:i ﬂ‘*‘hramé amﬁum m‘ pmdm:t fvia i)&fg@\ fmm 'apat purchase market
stream s < PRESE 1o blend tank stream bs £ 85 at ime ¢
discharge dmc}um of product dvia barge] from swt purchase market

YEDS to dermrand straam ds = DS at ‘Jm@

shream ss ¢ TR
loading amount of product at nade =
from supply stream ss = 85; {0 vessal «

discharge amount of ss £ 8& product at node NE
from vesssl v © Vo blend tank stream bs & BS
discharge amount of ss = 88 product at node » < TP

from vessel « ¢ 1V to demand stream ds = 708 ai time ¢
inventory lovel of blend tank stream ba 2 BS at time ¢
imventory level of demand stream Js = 08 at time ¢
invertory level of supply stream s» ¢ S8 at tims

invertory level of product sx ¢ &8 onvessel » < Vattime /

amoun! of overage for each travel arc o = A% and « = Vis equalio o,
it are o s used. Otherwise .. takes a value of zem
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the largest amount of overage of vessel © = Vs voyage

paupprw spacification ¢ = Q of blend tank aﬂeam by £ BS al time £

and ds = D,

specification adjusted value based on property g = @ of dlSuhal‘C}eﬂ product
for blend tank inventory of blend tank stream bs = B85 attime 7
specification adjusted value based on property o € @ of di charged product
for demand stream ds = D by blend tank streans bs ¢ 837 attime ¢
specification adjusted value based on properly ¢ = @ of discharged
product for demand sfream ds = D& by vesas] « < 1 whe fen s {8 e N

%

(h

BINARY VARIABLES
Lo is equal to 1 if vessel v e ¥ = .4, and takes the value 0 otherwise
W e is equal o 1 sach node w = (1.8 = T if no outputs ooour

from blend fank hs = B3 at tima ¢, and tak@s avalus of

if no inputs ooeur into blend tank hs = B&; al ime ¢

is equal 1o 1 if property specitications s, .1 of product discharged

from blend tank stream by = B2 inte demand stream s € 8 attime ¢
mest the allowable rangs of pmp@w spe cification of d@m’am‘ﬁ slream ds
oo is equal to 1 at each noda n» = (5. £ A7 i vassel v £ V lpads product{(s;

from port 3 = .75 or discharges pmduci{sa toporty = J* at time ¢
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What is claimed is:

1. A method for transporting bulk products, comprising:
(I) receiving a data set comprising:

(a) an identification of a plurality of supply locations and a plurality of demand
locations;

(b) for each supply location, identification of one or more supply streams of bulk
products and the monetary values of the bulk products from the supply stream;

(c) for cach demand location, identification of one or more demand streams of
bulk products and the monetary values of the bulk products that meet the property specification
requirements of the demand stream;

(d) identification of a fleet of vehicles for carrying bulk products between supply
locations and demand locations;

(¢) data relating to the capacity of each vehicle in the fleet;

() data relating to the costs for transporting bulk products from the supply
locations to the demand locations; and

(g) identification of one or more blending tanks located at a demand location or a
supply location for receiving bulk product from a vehicle and discharging bulk product to a
demand stream;

(II) using the data set to populate a mathematical model that comprises an objective
function for net profit margin and a plurality of constraints;

wherein the constraints include one or more non-linear terms relating to the quantity or
property of blending tank content;

(IIT) obtaining a solution to the mathematical model for maximizing the objective
function for net profit margin; and

(IV) physically transporting one or more bulk products based on the solution to the

mathematical model.
2. The method of claim 1, wherein the net profit margin calculation comprises the sum of

the monetary values of the bulk products discharged directly to the demand streams from the

vehicles, the sum of the monetary values of the bulk products discharged from each blending
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tank to a demand stream, minus the sum of the monetary values of the bulk products loaded from
the supply streams, minus costs related to the transportation of the bulk products between the

supply locations and the demand locations, minus costs related to the use of each blending tank.

3. The method of claim 1, wherein the mathematical model is a mixed integer non-linear

programming (MINLP) model.

4. The method of claim 3, wherein obtaining a solution to the MINLP model comprises
transforming the MINLP model into a mixed integer linear programming (MILP) model

subproblem and solving the MILP model subproblem.

5. The method of claim 4, wherein solving the MILP model subproblem comprises

imposing as a constraint, a monotonic functionality to each blending tank.

6. The method of claim 5, wherein the monotonic functionality requires that once discharge

begins, cach blending tank must be fully emptied before accepting new bulk products.

7. The method of claim 4, wherein solving the MILP model subproblem further comprises
reducing the model complexity and obtaining an initial feasible solution to the reduced MILP

model subproblem.

8. The method of claim 7, wherein reducing the model complexity comprises restricting the

accessible supply locations or demand locations for one or more vehicles.
9. The method of claim 7, further comprising obtaining an improved solution to the initial
feasible solution by fixing the routes of one or more vehicles based on the initial feasible solution

and applying a large neighborhood search to the MILP model subproblem.

10.  The method of claim 4, further comprising using the solution of the MILP model

subproblem to formulate a non-linear programming (NLP) model subproblem by fixing the
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integer components of the MINLP model based on the solution obtained for the MILP model

subproblem

1. The method of claim 10, wherein the one or more non-linear terms are bilinear terms, and
further comprising, if the NLP model subproblem solution uses a blending tank, obtaining an
improved solution to the MINLP model by steps comprising:
{(a) removing the constraint imposing monotonic functionality to each blending tank; and
(b) fixing one side of all bilinear terms in the MINLP model and solving the resulting
MILP model.

12. The method of claim 2, wherein the objective function for net profit margin further

comprises the sum of the costs for leasing a blending tank as a subtraction.

13.  The method of claim 2, wherein the objective function for net profit margin further
comprises the sum of the costs for discharging bulk products from a blending tank to a demand

stream as a subtraction.

14.  The method of claim 2, wherein the objective function for net profit margin further

comprises a value adjustment based on the specifications required by the demand stream.

15.  The method of claim 1, wherein the model further comprises decision variables for one or
more of: vehicle choice, routing, load amounts, discharge amounts, timing, blending tank

leasing, and bulk product blending.

16. The method of claim 1, wherein at least one demand location requires a bulk product
having a different property specification than the bulk products available from one or more of the

supply streams.
17.  The method of claim 16, further comprising using the solution to determine a blending

plan for blending one or more bulk products to form a blended bulk product that meets the

different property specification requirement for a demand stream.
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18.  The method of claim 17, further comprising, according to the blending plan, physically
transferring one or more bulk products into a blending tank containing another bulk product, and

blending the bulk products to form the blended bulk product.

19.  The method of claim 2, wherein the objective function for net profit margin further

comprises the sum of the specification adjusted valuations of the discharged bulk products.

20.  The method of claim 1, wherein each vehicle is a vessel, each supply location is a supply

port, and each demand location is a demand port.

21.  The method of claim 1, wherein the fleet of vehicles is heterogeneous.

22, The method of claim 1, wherein the constraints include one or more of the following:
terms relating to load amounts, terms relating to discharge amounts, terms relating to bulk
product availability, terms relating to bulk product specifications, terms relating to vehicle

capacity, and terms relating to property specification.

23, The method of claim 1, wherein the data set further comprises data relating to one or
more of the following for one or more blending tanks: tank capacity, bulk product property
specification, loading restrictions, discharge restrictions, tank lease duration, and tank lease

COsts.

24.  The method of claim 2, wherein the objective function further comprises the sum of the

inventory holding costs.

25.  The method of claim 3, wherein the MINLP model is solved by decomposing into a
mixed integer linear programming (MILP) model subproblem and a non-linear programming
(NLP) model subproblem,;

wherein the MILP model is solved first and the solution to the MILP model is used to
define the NLP model.
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26. The method of claim 10, wherein the one or more non-linear terms are bilinear terms, and
further comprising, if the NLP model subproblem solution uses a blending tank, obtaining an
improved solution to the MINLP model by steps comprising:
(a) removing the constraint imposing monotonic functionality to each blending tank; and
(b) fixing one variable in each of the bilinear terms in the MINLP model and solving the

resulting MILP model.

27.  An computer apparatus for determining the transportation of bulk products, comprising:

(I) amemory device storing a data file containing:

(a) an identification of a plurality of supply locations and a plurality of demand
locations;

(b) for each supply location, identification of one or more supply streams of bulk
products and the monetary values of the bulk products from the supply stream;

(c) for each demand location, identification of one or more demand streams of
bulk products and the monetary values of the bulk products that meet the property specification
requirements of the demand stream;

(d) identification of a fleet of vehicles for carrying bulk products between supply
locations and demand locations;

(e) datarelating to the capacity of each vehicle in the fleet;

() data relating to the costs for transporting bulk products from the supply
locations to the demand locations; and

(g) identification of one or more blending tanks located at a demand location or a
supply location for receiving bulk product from a vehicle and discharging bulk product to a
demand stream;

(I) a modeling application executable by the optimization apparatus to populate a
mathematical model using the data file, the mathematical model comprising an objective
function for net profit margin and a plurality of constraints;

wherein the constraints include one or more non-linear terms relating to the quantity or

property of blending tank content;
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(II1) a solver engine operable by the optimization apparatus to obtain a solution to the

mathematical model for maximizing the objective function for net profit margin.

28. A program storage device readable by a machine, tangibly embodying a program of
instructions executable by the machine to perform method steps for determining the
transportation of bulk products, said method steps comprising:

(I) reading a data file comprising:

() an identification of a plurality of supply locations and a plurality of demand
locations;

(b) for each supply location, identification of one or more supply streams of bulk
products and the monetary values of the bulk products from the supply stream;

(c) for each demand location, identification of one or more demand streams of
bulk products and the monetary values of the bulk products that meet the property specification
requirements of the demand stream;

(d) identification of a fleet of vehicles for carrying bulk products between supply
locations and demand locations;

(e) datarelating to the capacity of each vehicle in the fleet;

(f) data relating to the costs for transporting bulk products from the supply
locations to the demand locations; and

(g) identification of one or more blending tanks located at a demand location or a
supply location for receiving bulk product from a vehicle and discharging bulk product to a
demand stream;

(II) using the data file to populate a mathematical model that comprises an objective
function for net profit margin and a plurality of constraints;

wherein the constraints include one or more non-linear terms relating to the quantity or
property of blending tank content;

(IIT) obtaining a solution to the mathematical model for maximizing the objective

function for net profit margin.
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