Computers and Chemical Engineering 38 (2012) 185-203

journal homepage: www.elsevier.com/locate/compchemeng

Contents lists available at SciVerse ScienceDirect

Computers and Chemical Engineering

Computers
& Chemical
Engineering

Rigorous scheduling of mesh-structure refined petroleum pipeline networks

Diego C. Cafaro, Jaime Cerda*

INTEC (UNL - CONICET), Giiemes 3450, 3000 Santa Fe, Argentina

ARTICLE INFO ABSTRACT

Article history:

Received 5 July 2011

Received in revised form 8 November 2011
Accepted 15 November 2011

Available online 23 November 2011

Pipeline networks represent the major mode of transportation for crude oil and refined fuels. Recent data
suggest that this trend will persist in coming years. A multiproduct pipeline network can be described
as a set of interconnected pipelines with several input and receiving terminals. In the most general case,
it has a mesh-like configuration with alternative paths between two terminals. Pumping and delivery

operations should be scheduled all at once in an integrated fashion. This work introduces a novel MILP
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continuous-time formulation for the scheduling of mesh pipeline networks. The pipeline operational
plan is conceived as a sequence of composite pumping runs each one involving at most a batch injection
at every input station. The model solution simultaneously provides the timing of batch inputs at every
source, the product sequence and lot sizes at every pipeline, and the flows diverted to terminals. Three
examples of growing complexity were successfully solved at low CPU times.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Pipeline networks represent the major mode of transportation
for crude oil and refined fuels. Because they are widely recognized
as the most efficient, reliable and safe way of moving liquid fuels
to distant destinations, pipelines have largely become the ship-
pers’ first choice. Almost all gasoline in the U.S. is transported by
pipeline. Tanker trucks usually carry gasoline to local gas stations
only the last few miles, after picking it up from a pipeline at a
distribution terminal. Recent data confirm that pipelines continue
increasing their share of the U.S. petroleum transportation market
from 66.7% in 2007 to 71% in 2008. Moreover, this trend will per-
sist in coming years because the liquid pipeline industry is actively
investing in new capacity expansions and the upgrade of existing
lines to accommodate new supply resources and consumer markets
(Association of Oil Pipe Lines, 2011).

A multiproduct pipeline network can be regarded as a set of
interconnected pipelines with several entry and exit points, whose
operations should be scheduled all at once in an integrated fashion.
Each individual pipeline presents a single source at its origin and
has one or several terminals over the line. Batches of different prod-
uctsinjected at entry points usually travel through several pipelines
before reaching their final destinations. An interesting feature of
multi-source pipeline networks is the fact that pumping operations
are simultaneously performed at several input stations. At the same
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time, product deliveries from in-transit batches to multiple pipeline
terminals can also take place.

In addition, the network structure is rather complex. A source
node can be directly connected to multiple receiving terminals
through different pipelines or vice versa. Moreover, two or more
sequences of pipelines may be connecting a source node with a dis-
tantreceiving depot, and the flow direction in some pipelines can be
reversed. In other words, there may be several alternative paths to
move a batch from a particular entry station to the assigned desti-
nation, i.e. a mesh-type network structure. A proper route selection
for every shipment is a key issue to both avoid congestion of some
pipelines and reduce pumping and interface costs. Accounting for
the structural and operational issues to be considered, it is quite
clear that the short-term scheduling of pipeline networks is a very
difficult problem that requires efficient supporting tools to even
find good feasible solutions.

1.1. Literature review

Shah, Li, and Ierapetritou (2011) presented an extensive review
of available methodologies for addressing scheduling, planning
and supply chain management in the petroleum refining industry.
Though substantial work in the literature has been devoted to oil
refinery operations, the authors pointed out that the research focus
is currently shifting to a more integrated approach based on an
enterprise-wide viewpoint. Enterprise-wide optimization for the
petroleum industry involves the optimization of the whole supply
chain, including manufacturing and distribution operations.

In fact, most papers on short-term scheduling of refined prod-
ucts pipelines have addressed rather simple transportation systems
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unit backorder penalty cost to tardily meet a
requirement of product p at depot j
unit reprocessing cost of interface material involv-
ing products p and p’ into line [
unit inventory carrying cost for product p at termi-
nal j
unit pumping cost to transport product p through
pipeline I to depot j
unit cost of utilization of the pipeline network
overall demand of product p to be satisfied at depot
j before the horizon end
maximum delivery size from a batch in line [ to a
distribution terminal
minimum delivery size from a batch in line [ to a
distribution terminal
horizon length

maximum allowed inventory level for product p at
terminal j

minimum allowed inventory level for product p at
terminal j
initial inventory of product p in tanks of depot j
volume of interface between batches containing
products p and p’ into line [
maximum length of a new batch injection of product
p in pipeline [
minimum length of a new batch injection of product
p in pipeline [
total volume of pipeline [

maximum injection size for product p in pipeline [
minimum injection size for product p in pipeline [
maximum pumping rate over pipeline !
minimum pumping rate over pipeline [
maximum supply rate of product p to the local mar-
ket from depot j
production rate of product p coming from nearby
refineries to terminal j
volumetric coordinate of depot j from the origin of
pipeline

(c) Continuous variables
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backorder of product p for depot j

completion time/length of the composite run i
volume of batch (i, I) diverted from pipeline I to
depot j during the composite run i’

i
WIF;,y; interface volume between batch i and its predeces-
sor containing products p’ and p in pipeline I

size of batch (i, I) in pipeline [ at time C;

(d) Binary variables
(i")

Xl denotes that a portion of batch (i, I) is transferred to
depot j during the composite run i’

Yihp denotes that batch (i, I) contains product p

Zi denotes the existence of the composite run i

with no pipeline branching, i.e. chain-like network structures.
They usually deal with single-source, unidirectional pipelines join-
ing an input station to multiple distribution terminals. Source
nodes feeding two or more pipelines or branching terminals
supplying products to several downstream ducts rarely arise. Fur-
thermore, terminal demands are to be satisfied before the end
of the planning horizon, i.e. a common due date for all product
requirements is assumed. Different types of approaches, includ-
ing rigorous optimization models, knowledge-based techniques
(Sasikumar, Prakash, Patil, & Ramani, 1997), discrete-event sim-
ulation (Garcia-Sanchez, Arreche, & Ortega-Mier, 2008; Mori et al.,
2007), and decomposition methods (Hane & Ratliff, 1995; Neves
et al., 2007) were proposed. Rigorous approaches generally rely
on mixed-integer linear programming (MILP) or mixed-integer
non-linear programming (MINLP) models and are usually clas-
sified into two classes: discrete and continuous. On one hand,
discrete MILP formulations divide both the pipeline volume into
a number of single-product packs of equal size, and the planning
horizon into time intervals of fixed duration (Magatdo, Arruda, &
Neves-Jr, 2004; Rejowski & Pinto, 2003, 2004; Zyngier & Kelly,
2009). Because they are based on approximate representations,
discrete approaches will not provide feasible schedules unless a
fine discretization is used. Rejowski and Pinto (2008) introduced
animproved continuous-time MINLP formulation that yields better
solutions, but still divides the pipeline volume into single-product
packs of fixed size.

Onthe other hand, afew closely related continuous formulations
for the operational planning of multiproduct pipelines connect-
ing a single origin to one or multiple depots have been developed
(Cafaro & Cerda, 2004, 2008a; Relvas, Matos, Barbosa-P6voa, Fialho,
& Pinheiro, 2006, 2007). Continuous representations in both time
and volume domains permit to exactly determine the optimal
sequence of batch injections, lot sizes, pump rates, start/end times
of pumping runs, interface volumes to be reprocessed, and amounts
and types of products diverted from the pipeline to distribution
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terminals during every run. Cafaro and Cerda (2008b) extended the
approach to tackle the operational planning of a similar pipeline
system over a monthly rolling horizon, with product deliveries due
at the end of each weekly period. As time goes on, the planning
horizon moves forward and a new period with further prod-
uct demands is considered. Consequently, a rescheduling process
based on updated demand data is triggered over the new time-
horizon instance.

The first continuous formulation for the scheduling of chain-
like pipeline networks with multiple origins and destinations was
developed by Cafaro and Cerda (2009). It is a single-level approach
that efficiently determines both input and delivery schedules all at
once. Given the product requirements and delivery dates at distri-
bution terminals, the proposed MILP model chooses the size, origin
and destination for each batch, the product sequence inputted into
the pipeline from every source, and the start/end times of pumping
and extraction operations. Pumping runs at intermediate locations
can either insert a new lot or increase the size of a batch in transit.
Therefore, batches travelling in a particular pipeline are no longer
arranged by increasing input times. Later, Cafaro and Cerda (2010)
generalized the MILP formulation for the short-term scheduling of
chain-like multi-source pipeline networks to allow the execution of
simultaneous batch injections at two or more input stations. Results
indicate that the execution of simultaneous pumping runs allows
a better use of the pipeline transport capacity and a significant
decrease in the time needed to meet all terminal demands.

MirHassani and Jahromi (2011) presented a continuous-time
MILP formulation for the operational planning of tree-structure
single-source pipeline systems. In networks with this topology,
pipeline branches emerge from the trunk line to transport smaller
volumes of oil derivatives to multiple, nearby market areas. How-
ever, the model assumes that at most a single product can be
diverted to a delivering line during the execution of a pumping
run. Cafaro and Cerda (2011) introduced an improved formulation
for tree-structure pipeline networks that allows to divert lots of
different products to a delivering line during the same pumping
run. In addition, it makes a rigorous tracking of batch and interface
movements along trunk and secondary lines, including the identity
of the original batch from which a lot moving through a branch was
diverted.

Recent works in the field of multiproduct pipeline scheduling
are focused on pipeline networks with more complex structures.
Garcia-Sanchez et al. (2008) developed a hybrid methodology
that combines tabu search and discrete-event simulation for the
scheduling of pipeline systems with branching terminals. Tabu
search guides a local search procedure that eventually succeeds in
obtaining satisfactory schedules in terms of some relevant criteria
like product shortages, pipeline stoppages, and interface costs. At
each stage, the searching procedure starts from a given schedule,
and randomly explores a neighborhood around the current solution
allowing a single type of move. Four different kinds of moves on
the batch sequence were considered: batch insertion, batch mass-
exchange, batch splitting, and batch merging. Every stage attempts
to improve one of the evaluation criteria while keeping the others
within reasonable values. In turn, the simulation model provides
an accurate and suitable tool for a quick quality assessment of such
schedules.

Herran, de la Cruz and de Andrés (2010) presented a new mathe-
matical approach for the short-term scheduling of a multi-pipeline
transportation system with a branching structure. The proposed
MILP formulationis based on a discrete problem representation and
the problem goal is to minimize the total cost including pumping,
start/stop, interface reprocessing, and inventory carrying expenses.
A simplified version of the model was derived by assuming the
compulsory execution of a pack insertion at every pipeline during
each time interval, except for reversible (bidirectional) lines. Such

a version can only be used for a scenario of high production and
demands, and low pumping costs. A case study involving a pipeline
system that transports four products from two sources to three dis-
tribution terminals through two intermediate nodes was solved.
The branch-like network consists of seven pipelines (including one
reversible duct) and every line is roughly divided into three packs
of uniform size. Product demands are to be satisfied before the end
of the planning horizon featuring a length of 100 h. When using the
complete model to solve the case study under different scenarios,
several hours of CPU time are required to find the optimal solution.

Lopes, Ciré, de Souza, and Moura (2010) introduced a hybrid
framework for the planning and scheduling of mesh-like pipeline
networks. In a mesh network structure, a batch has several alterna-
tive paths to move from the entry point to the assigned destination.
The approach is based on a two-phase decomposition strategy
comprising: (i) a heuristic planning phase generating the deliv-
ery orders (product and batch size) to be transported between two
depots, and (ii) a constraint programming-based scheduling phase
sequencing the delivery orders to be pumped into each pipeline or
unloaded from a given depot tank. The procedure was applied to
find a feasible operational plan for a very large mesh-like pipeline
network transporting petroleum derivatives and ethanol.

On the other hand, Boschetto et al. (2010) developed a hierarchi-
cal scheduling methodology for mesh pipeline networks. Primarily
based on the work of Neves et al. (2007), this approach addi-
tionally introduces an MILP model using the data generated by a
set of heuristic modules making most of the discrete decisions.
The main goal of the new MILP formulation is to determine the
exact times at which to pump products into the pipelines and to
deliver products to receiving terminals. Those times should sat-
isfy pipeline operational constraints defined by a discrete-event
simulation module, that include pipeline stoppages, movement of
batches through branching terminals, use of preferential routes to
avoid contamination losses, on-peak demand hours, and change of
flow direction in reversible pipelines. The approach was applied to
alarge real-world pipeline network, where more than 14 oil deriva-
tives and ethanol are transported and distributed between supply
and demand nodes.

This paper introduces a novel MILP continuous formulation
for the operational planning of mesh-like pipeline networks that
allows simultaneous batch injections at multiple input stations. It is
the first monolithic approach determining the optimal schedules of
pumping and delivery operations all at once, in an integrated fash-
ion. The planning horizon is conceived as a sequence of time slots of
variable length, and a single pumping run is at most allowed at the
origin of every pipeline during each time interval. The approach
has been illustrated by successfully solving three case studies of
growing complexity in quite reasonable CPU times.

The rest of the paper is organized as follows. Section 2 presents a
detailed description of a typical mesh pipeline network transport-
ing several refined products from multiple sources to intermediate
depots and final destinations. The model assumptions are listed in
Section 3, whereas Section 4 extensively describes the variables and
equations included in the proposed MILP formulation. Illustrative
examples are solved and their results discussed in Section 5, while
the final conclusions are presented in Section 6.

2. Description of a mesh-structure pipeline network

Fig. 1 shows a typical mesh pipeline network comprising seven
unidirectional pipelines (I;-I;) through which several petroleum
products are conveyed from two primary sources (nodes N1 and N2)
to nine destinations (nodes N3-N11). The intermediate node N4 is a
main distribution center where product streams coming from the
input stations N1 and N2 are received and stored in depot tanks.
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Fig. 1. A multiproduct pipeline network structure.

Simultaneously, some other batches of products taken from the
available inventory at N4 are pumped into downstream pipelines
to meet specific demands at the receiving depots N5, N6, N7 and
N8. Hence, the intermediate node N4 behaves as an input station
injecting lots of products into outgoing lines (I3, I4, I5 ) for delivery to
those distant depots, and as a receiving terminal for product flows
coming from upstream pipelines (/1, I;) to restore inventories at N4.
Therefore, N4 can play a dual role acting as a receiving and a source
node at the same time. Dual terminals like N4 are usually located
at the intersection of two or more pipelines.

In contrast, nodes N3, N6, and N10 located over pipelines [y, I4
and I7, respectively, can be regarded as intermediate off-take points
where some of the flow is diverted from the line to the receiving
terminal, thus reducing the flow-rate downstream of such points.
Therefore, N3, N6,and N10 are “pure” receiving terminals sited mid-
way between the origin and the farthest depot of lines I, l4, and I,
respectively. Similarly, the outmost depots of pipelines I3-17 (i.e.
N5, N7, N8, and N11) also behave as “pure” receipt stations. So far,
three different types of nodes have been identified: input stations
(N1 and N2), dual terminals (N4 and N9) and “pure” receiving ter-
minals (N3, N5, N6, N7, N8, N10, and N11). However, node N9 is a
special case of dual node. In fact, depot N9 behaves as an off-take
point for pipeline Ig and as an input station for line I;. It is one of
the destinations for product streams coming from line lg and the
source of line I7 injecting new batches at its origin to meet demands
of depots N10 and N11. Some dual terminals can be simultaneously
supplied by multiple upstream pipelines, thus receiving the same
or different products from distinct sources.

The pipeline network shown in Fig. 1 is a set of interconnected,
unidirectional pipelines whose operations are scheduled all at once
in an integrated fashion. Each individual pipeline presents a single
primary or secondary source at its origin and has one or several
receiving terminals over the line. For instance, pipeline l; con-
veys products from source N1 to a pair of terminals: one of them
is a “pure” receiving depot (N3) and the other is a dual terminal
(N4). Accounting for the double function (receiving/injecting) of
dual nodes N4 and N9, the pipeline network of Fig. 1 can be better

described by Fig. 2. In the new representation, the hybrid nature of
node N9 is clearly shown because it appears as an off-take point for
pipeline I and as a source node for line ;.

2.1. Planning the operation of multiple pipelines

As mentioned before, pumping/delivery pipeline operations
must be scheduled all at once in an integrated fashion. To this end,
the planning horizon is divided into multiple time slots of variable
length. In each time slot, at most a single pumping run can be per-
formed at the origin of every pipeline. Such simultaneous pumping
operations allocated to the same time slot constitute a so-called
“composite” pumping run i e ["¢W,

During a composite run, multiple batch injections (as many as
the number of single pipelines in the network) can be simultane-
ously carried out. The longest batch injection sets up the length
of the related composite run. The other pumping operations must
be accomplished within the time slot of the associated run. As
there is a one-to-one relationship between time slots and com-
posite runs, both terms look equivalent. Therefore, it can be said
that the pipeline operational plan comprises a series of composite
pumping runs i< I"®W of variable length. The elements of the set
I"€W are chronologically ordered which means that composite run
i is performed before run i’ if i <i'. Before developing the network
operational plan, the lengths of the composite runs (or time slots)
are unknown. As a result, the number of runs to be carried out over
a weekly or monthly horizon can only be estimated. To guaran-
tee the discovery of the best pipeline schedule, the cardinality of
the set ["®V (a model parameter) should never be lower than the
number of composite runs at the optimal solution. For short-term
pipeline scheduling problems typically comprising time horizons
ranging from 7 to 10 days, it is likely that at most one batch of
every product will be pumped through each pipeline. As a result, a
good way to initially estimate the number of time slots needed to
achieve the optimal solution is by adopting |"*V|=max; {|P|}, i.e.
the maximum number of products that can be transported by any
of the pipelines.
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Fig. 2. Representing the network of Fig. 1 as an integrated set of single pipelines.

Each individual batch inputted to the pipeline network during a
particular composite run i is identified through both the associated
run i and the index [ e PL of the pipeline into which it is inserted,
i.e. batch (i, I). PL is the set of single lines that compose the pipeline
network. To allow the execution of quality control operations, the
amount of product p € P received by a dual terminal through the
composite run i cannot be pumped into downstream pipelines dur-
ing the same run. In other words, if a dual terminal injects a new lot
of product p over run i, such a lot should come from the inventory
of p available in the terminal at the start of run i.

3. Model assumptions

The continuous-time mathematical formulation for the schedul-
ing of refined products pipeline networks to be presented in the
next section has been developed based on the following assump-
tions:

(A1) The pipeline network is regarded as an arrangement of inter-
connected, unidirectional pipelines, each one featuring a
single source node at its origin and one or several destination
nodes along the line.

(A2) Some individual pipelines can share either the source node
or some destination nodes. In Fig. 2, N4 is the common desti-
nation for pipelines I; and [, and the common source of lines
13, 14 and 15.

(A3) Batches of the same (or different) product(s), supplied by
two or more pipelines can be simultaneously received at
a common destination node. Conversely, lots of the same
(or different) product(s) can be shipped at the same time
from a common origin through several pipelines to multiple
destinations.

(A4) A terminal collecting products from several pipelines dur-
ing a pumping run will have at least one tank connected to
each incoming line. Similarly, a depot providing products to
several pipelines will have at least one tank feeding each of
them.

(A5) Some intermediate terminals can act as dual nodes, receiving
material flows from upstream sources and injecting batches
of products destined to downstream terminals at the same
time (e.g. node N4 in Fig. 2).

(A6) The transfer of material between interconnected pipelines
cannot be directly made but through intermediate terminals
where the incoming product flows are temporarily stored.
Some fractions of the batches are shipped by truck to cus-
tomers, while other volumes can be pumped into outgoing
pipelines to meet specific demands at farther depots.

(A7) To allow the execution of quality control operations on the
arriving batches, the volume of product pumped into outgo-
ing pipelines at dual nodes must be available in inventory at
the starting time of the new injection.

(A8) For a better coordination between incoming and outgoing
flows at each distribution terminal of the pipeline network,
pumping operations have been combined into groups of
pumping runs, i.e. composite runs.

(A9) During a composite run, at most a single batch can be
pumped into any single pipeline. Therefore, a composite run
may include as many batch injections (i.e. individual pump-
ing runs) as the number of single pipelines. Moreover, the
duration of an individual batch injection must never exceed
the length of the composite run to which it belongs.

(A10) Some free storage capacity is kept at any dual terminal
to temporarily compensate the positive difference between
simultaneous incoming and outgoing flows of a certain prod-
uct that may briefly arise throughout a composite run.

4. Mathematical formulation

To develop a mathematical formulation for the operational plan-
ning of a complex pipeline network, this work introduces the
notion of composite pumping runs i € ["*¥, A composite run stands
for a group of pumping/delivery operations taking place all over
the pipeline network within some time interval of the planning
horizon. The lower/upper limits of such a time slot define the
starting/completion times of the composite run whose values are
determined by solving the proposed formulation. In this way, the
pipeline operational plan can be seen as a sequence of composite
runs. Then, the cardinality of the set ["®V should be large enough
to guarantee that the problem solution space encloses the optimal
pipeline schedule. The starting/completion times of a composite
run are the problem time events dividing the planning horizon
into a number of time intervals of variable length. All the pipeline
operations associated to a certain composite run should be carried
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out within the time slot allocated to it. Besides, a batch injected in
pipeline [ € PL during runi is called the lot (i, I).

A composite run i € ["® is characterized through three problem
variables: the 0-1 variable z; denoting the existence of runi, and the
continuous variables C; and L; representing its completion time and
its duration, respectively. If runidoes not exist, its length is null and
no pumping operation takes place during run i. In turn, five prob-
lem variables are associated to every batch (i, I): (1) the allocation
variable y(; ), indicating the product it contains; (2) its original size,
Qi1y; (3) the duration of the related batch injection, L(; j); (4) its loca-

tion in pipeline [, F((,l ; and (5) its current size, W(: 1)), with the latter
two measures given at the time event Cy. On the other hand prod-
uct deliveries are described through the 0-1 variable x( ) J standing
for the existence of a product delivery from batch (i, l) to depot j
during run 7/, and the continuous variable D( ") . representing the
amount of product diverted from batch (i, [) to depot je] during
runi.

4.1. Pumping run related constraints

4.1.1. Product allocation

Every new batch (i, I) that is pumped at the origin of pipeline
le PL during a new run i € ["V will contain at most a single refined
petroleum product.

Zy(,-,,),p <1Viel™ [ecPL 1)
pep;

The 0-1 variable y(;;, denotes the existence of the new batch
(i, 1) containing product p € P; in pipeline [ whenever y(;y, = 1. The
subset P; stands for all of the products to be transported through
pipeline [ over the current planning horizon. Fictitious batches
never pumped into pipeline [ feature y(;y, =0 for all pe P,.

4.1.2. Sequencing composite pumping runs

The execution of a new composite pumping runi € ["®V involving
batchinjections at one or more pipelines should start after complet-
ing all the pumping operations related the previous composite run

(i—-1).
Ci - Li > Ci—l Vie ["eW (2)
L,‘ < C,‘ < hmax Vie "W (3)

The continuous variable C; denotes the completion time for run
ieI"W j.e. the time at which all the lot injections related to run
ie "W have ended. Such lot injections (i, [) into one or several
pipelines [ € PL are executed within the time interval [C; —L;; G].
The longest batch injection determines the length of the compos-
ite run i e I"®V, represented by the continuous variable L;. In turn,
hmax is the specified length of the current scheduling horizon, also
measured in time units.

4.1.3. Sizing lot injections

Let Q(;;) denote the size of a new lot (i, I) injected at the origin of
pipeline | during the pumping run i € ["*V. The continuous variable
Qi) will be positive only if the composite run i is really performed
and a new lot (i, [) is inserted at the inlet section of pipeline [, i.e.
Yiin,p=1. Therefore,

Z.V(i,l),p(qmin)l,p <Qin < Z}’(i.l),p(Qmax)l,p Viel"™W, lePL
peh pep
(4)

where (qmin)ip and (gmax)ip stand for the minimum and maximum
permissible sizes for lots of product p pumped into pipeline L

4.1.4. Batch injection length
Let L;;y be the length of the batch injection (i, ) into pipeline I
during the composite run i. Hence,

(Wbmin)iLiy < Qi < (Wbmax) Ly Viel™™, lePL (5)

The interval [(Vbyin)i; (Vbmax )] represents the feasible pump
rate range for pipeline I If no batch is injected during run i at
pipeline [, then y(;;, =0 for any product p € P; and, from Eq. (6),
L;=0. Besides, L;; must belong to the length range [(Inin)ip;
(Imax)ip] only if batch (i, I) exists and contains product p.

Zyzl Imin)p < Lipy <Z.Vzl (Imax)p Viel™, lePL (6)
peP pep

Therefore, the length of a composite run i will be given by: L; =
rlnax{L(,».,)}, or:
ePL

L,‘ZL(,‘J) Vielnew, lePL (7)

In other words, the longest batch injection (i, [) determines the
duration of run i.

If all the batch injections related to the composite runi e "V are
never performed (> ;> p¥(inp=0). then run i does not exist and
represents a fictitious element of the set ["®V. In such a case, the
related binary variable z; denoting the existence of the composite
run i will be equal to zero. When at least a single batch injection
is executed at the inlet of some active pipeline during the time
interval [G; — L;; ], runi does exist and the variable z; turns to one.
Both conditions are modeled through constraints (8), where |PL|
stands for the number of pipelines in the network.

Zi = ZZY(i,I),p

lePLpeP;

<z|PL| Viel™W (8)

To avoid multiple equivalent solutions, Eq. (9) reserves the last
elements of the set ["®V for fictitious runs featuring z; =0.

Zi <Zjq Vié[new, i>1 9)
4.1.5. Interface material between consecutive batches

Through Egs. (2) and (9), the composite runs i € ["®" have been
arranged in the same order as they are performed. Then, an exis-
tent run (i+1) is executed right after run i. Batch injections can
be accomplished into some, but not all, of the pipelines [ € PL dur-
ing the execution of a new composite run i. As a result, lot (', I)
may directly succeed lot (i, I), with i<7, if the elements (i+1, I),
(i+2,1),. (' —1,1) are not inserted into pipeline ! during runs (i+ 1),
(i+2),...,(0"-1), andy(,-ﬂ'l)vp =Yir2hp=---=Yi-1)p= 0 for allp eP,.
Consequently, some mixing volume will be generated at the inter-
face of batches (i, I) and (7, I). To rigorously account for interface
volumes, the model should be able to identify every pair of non-
fictitious batches flowing one after the other through any pipeline.
Lot (7', I) will directly chase lot (i, I) in pipeline [ if the two following
conditions hold:

(a) Batches (i, I) and (i, I) with i<i’ are not fictitious and
therefore contain some oil refined products (p, p')eP,, i.e.
Yinp Y =2

(b) Every potential lot (k, I) that could have been injected during an
intermediate run k (with i<k<i’) does not exist, and therefore

> kemewick<i 2pepYikhp =0-

Let if,, ,y; denote the characteristic size of the interface between
consecutive batches containing products p and p’ in pipeline [, i.e.
a model parameter. Let us also define the variable WIF; , ;| rep-
resenting the interface volume between a new batch (7, I) and its
direct predecessor (i, [) in pipeline I. As stated by constraint (10),
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the mixing volume WIFy , ,; will never be lower than if,  if the
batches (i, I) and (7', I) are consecutively pumped and contain prod-
ucts p and p’, respectively. In case batches (i, I) and (7, [) are not
adjacent in line [ or do not contain products p and p’, the RHS of Eq.
(10) becomes zero or negative, and the lower bound if, ,»; will not
be imposed upon the value of WIFy , ,y .

WIFy o1 = Uy o 1V, n,p + Y n,p

- Z ZY(k,l),q -

i<k<i'qeP;

Vi,i' e™V i<i,lePL (p,p)eP, (10)

Similarly to previous approaches, the value of the parameter
ifyp.1 is assumed to be known and independent of the pump rate.
All interface volumes are traced by the proposed mathematical
model along every pipeline from the source point to the farthest
destination, where they are stored in separate tanks.

As the initial linefill is given, the product p] contained in the
last batch inserted in pipeline [ during the previous horizon is also
known. Then, constraint (10) reduces to constraint (10’) for the first
batch (7, I) inserted into line | during the current horizon. If lot
(7', 1) is the first element pumped into line [, then any batch (i, I)
with i e ["*" and i <i’ does not exist, and the related variables y; ),
will be equal to zero for any p € P,. Otherwise, Eq. (10’) becomes a
redundant constraint.

W[Fi’,p,p’,l > lfp,p’,l(y(i’.l),p’

- Z Zy(k’,)ﬁq) vi'el™, lePL, p=p}, peP  (10)

kelewqeP
k<t

4.1.6. Forbidden product sequences

Due to product contamination, some product sequences are
strictly forbidden. If FS represents the set of forbidden product
sequences and (p, p’) € FS, then batches containing products p and p’
must never be consecutively pumped into any pipeline. Batches (i,
1) and (7, I) move one after the other through line 1 only if they both
exist and the intermediate lots (k, [) between them (i<k<i’) are all
fictitious. To avoid forbidden product sequences, constraints (11)
and (11’) have been included in the problem formulation. Eq. (11")
just applies to the first batch pumped into pipeline [, right behind
the last old batch containing a known product pj.

Yan.p +Yanp — Z Zy(k ng <1 Viiel™¥,

i<k<i'qeP;

i<i, lePL, (p,p)eFs (11)

Yiw = Y, D Vkng=0 Viel™. IePL (p}.p)eFs
kenewk<i'qeP

(11)

4.1.7. Amount of product p injected into pipeline | during a new

composite run
If the new lot (i, ]) pumped into pipeline l during runi € ["*V does

not contain product p, the associated volume of p in batch (i, [) given
by the variable QP , is equal to zero. Otherwise, QP; ), is equal
to the initial size of lot (i, I}, i.e. Q(; ). Therefore,

Qp(zl)pf(Qmax)lpy(,l) Viel™, lePL, peP

ZQP(“)VP:QUJ) Vie]new, lePL (12)

peP;

4.2. Batch-tracking constraints

4.2.1. Location of a batch at the end of a composite pumping run

Let F(l l)) denote the location of the front boundary of batch (i, )
after completing the new pumping run i’ (i’ > i). Such a continuous
variable F((:,)) represents the volume between the origin and the
interface between batch (i, I) and the preceding lot in pipeline [ at
the completion time of runi’ (C; ). Based on the continuity condition,

the value of F(l is found by adding the content of lot (i, [), given

((R))
by W ( 1)’ to the front coordinate of the succeeding batch (i+1, [) in

line [, both at time C;.

(1) (1) (1)
F‘]l)+W =F

(i+1, wn=Fin Yiel

i'el™, i">i, lePL (13)

4.2.2. Size of a batch at the end of the run during which it is
injected

Let W((ii,)l) be the volume of batch (i, I) in pipeline [ at the comple-
tion time C; of the composite run i. If Q) is the size of batch (i, I)
originally pumped into pipeline [, then [Q; ;) — (, D ] is the amount
of material transferred from batch (i, [) to depots j € ]l (located along
line l) during runi. Obviously, Q;; ;y > w1 and the lower coordinate

(i,)
of batch (i, I) at time C; is equal to zero.

. (i) (i) ;
Qi =W, (.1 +ZDII)_] Fiy =Wy =0 Vviel™,
Jjeli

lePL (14)

In Eq. (14), D(') i.1y,j represent the volume of product transferred
from batch (i, I) to terminal j € J; during run i.

4.2.3. Size of batch (i, 1) at the end of a later composite run i’ (i’ >i)

By definition, C; is the time at which the injection of all new
batches (7, 1) into different pipelines | € PL have been completed. Let
us assume that batch (i, [), with i <7, still travels through pipeline
I right before starting a later run i’ >i, i.e. at time Cy_;. Then, the
volume of batch (i, I) at time C; will be given by the difference
between its size at time Cy_; and the total volume transferred to
receiving depots j €J; over line | during run 7.

(i)
W(l ) (1 l ZD(I ).j

jeh

Viel, lePL, i'eI™v, i>i (15)

4.3. Constraints on product deliveries from batches to terminals

4.3.1. Feasibility conditions for diverting material from in-transit
batches to depot tanks

Diverting material from batch (i, [) to depot j € J; during the new
run i’ e I"®W (i’ > i) is feasible only if the interconnection to depot j
is accessible from batch (i, I). To fulfill such a feasibility condition,
it is required that:

(a) The front edge of batch (i, I) at time C; decreased by the volume
of the interface material (WIF;, ;) should never be lower than
the coordinate of terminal j over pipeline [ (c;;), except for the
farthest depot of the line, where interface material is removed.
The feasibility condition for the farthest depot j = |J;| is achieved
when F((ll,/l)) = oy,

(b) The back edge of batch (i, I) at time C;_; must be less than the
depot coordinate o, by at least a certain volume ¢. The value of
@ represents the total volume of product diverted from batch
(i, ) to terminals j’ €J; (with j’ <j), while pumping batch (7, I).

Let x( ) be a binary variable denoting that a portion of batch
(i, 1) is diverted to terminal j € J; while performing run i’ whenever
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M) — 1, Otherwise, x'). . = 0.and no materlal will be transferred

X N
from batch (i, I) to depot j. Note that x( )] can be driven to zero
because of two reasons: (1) batch (i, I) has not still reached or has
already overpassed the location of terminal j €]}, or (2) the model
decides not diverting material from batch (i, [) to depot j despite it
has an adequate location to do it. Therefore,

(dmm)lXE, D= DE: 3)1 = (dma")’xgt i)] Viel, i el™,

i>i, lePL, jej (16)
where (d iy ); and (dmax); stand for the lower and upper bounds on
the amount of material that can be transferred from pipeline [ to
a receiving depot during a composite run. Usually, (d,); takes a
fairly low value. Constraints (17) and (18) stand for the feasibility
conditions (a) and (b) described before. In such restrictions, the
parameter pv; is the total volume of pipeline .

) il i
=Y WIFip iz o) Viel e,

pePp eh

>ilePLje],j<Ul (an
FD) = oyl VieLIePL e, i =i j= |
F((,',;l W(' -1 ZD <0oj;+(py —0j)(1 _XEII:,;)-J)
Viel,i' eI"™™(i' > i),lePL,j e, (18)

4.3.2. Bound on the total amount of product diverted from a
batch to depot tanks during the execution of a composite run

The total volume transferred from batch (i, I) to depots j € J; dur-
ing run i’ > i, must never exceed the content of lot (i, [) at time point

Ci/f‘l'

(i) (-

POLETRITTER 3) S LA

jel pePpp'eP

J<U (19)
> D, =W Viel e, i > i, lePL

jel

In line with Eq. (17), constraint (19) states that the interface
volume can be removed for reprocessing just at the farthest desti-
nation of every pipeline (j = |J;|).

4.3.3. Type and amount of product diverted from a batch while
executing a composite run

Let DP((l D be the amount of product p contained in batch (i, I)
that is diverted to depot j €J; during the new composite run i’ > i.

The variable DP((, I))p_] will be equal to zero whenever: (a) batch

(i, I) does not convey product p (i.e. y ), =0), and/or (b) there is
no transfer of material from batch (i, I) to terminal j during run
i' (ie. yinp=1 but D“ \i.nj = 0)- Otherwise, DP((I g = DEH)] These
operational conditions are enforced by constraints (20).

DP{) . < (dmax)y,p Vi, I €I > i), [ePL, pePy, je);

)
> PPy =Dl
pePk

Vi, i/ eIn(EW(l'/ > l), IEPL, jejl (20)

On the other hand, the value of DP((E’,)) i for an old batch (i, I)

with i e I°d (already in the pipeline network at t=0) is given by:

pp®) - —p{l)

i0.p 0 Vield, i e[V 1cPL, p=p;y. jeli (21)

where the product p(;;y contained in an old batch (i, I) is a known
problem datum.

4.3.4. Overall balance between incoming and outgoing material
flows during a composite run around every pipeline

Because of the liquid incompressibility condition, the overall
volume diverted from all batches moving along pipeline [ to depots
jeJ; must be equal to the size of the new batch (7, I), i.e. Qg p,

pumped at the origin of line | while performing the composite run
l‘/ c IllEW.

ZZD(”)] Qur,yy Vilel™, lePL (22)

ieli<i’je]

4.4. Constraints on product deliveries from terminals to markets

Let us introduce variables DMO! ¥ ) and DMPg ) to represent the
amounts of product p delivered from depot j e, to neighboring
markets during the time intervals [Cy_1; G — Ly] and [Cy — Ly; Cy],
respectively. The former stands for the total volume of product p
sent from the available inventory at depot j to consumer markets
during the idle period between the completion of run (i’ — 1) and
the start of run 7. In turn, DMPY J) represents the total amount of
p delivered to markets during run i’ itself. If vimy,; is the maximum
delivery rate of product p from termmal ] to nelghbormg markets,
then upper bounds on the values ofDMO and DMP ) are provided
by Eq. (23).

@) (1. _C A
DMOp,js(C,, Ly — Gy_q)vmy (23)

DMP;"’J? <Lym,; VpeP,jejp, i eInW

For the first element of the set ["®W (i’ = first(I"¢W)), variable C;_4
in Eq.(23) has no meaning and is fixed to zero. Moreover, the model
parameter demp; stands for the total demand of product p that
should be sent from node j to consumer markets before the end of
the time horizon. Then, the fulfillment of such product demands is
ensured by adding Eq. (24) to the problem formulation.

Z (DMOI(D":} + DMPS:J?) +B,;=dem,; VpeP,jejy (24)

i’ € [new

Eq. (24) includes the nonnegative term B, ; standing for back-
orders of product p at node j. Then, potential product shortages
are taken into account by the proposed model. The incorporation
of variables B, in Eq. (24) not only avoids model solution failures
because of a depleted inventory of product p at terminal j, but also
permits to know when and where such product shortages arise, and
which product is run out.

4.5. Inventory management constraints

Given the overall storage capacity available for each product at
every depot, it is necessary to guarantee that: (i) enough amount of
product p will be available in terminal tanks at the time of injecting
new batches of p into outgoing pipelines, and (ii) the maximum
inventory level at every depot tank should never be exceeded.

Storage tanks at any node of the pipeline network can be directly
filled up with oil derivatives produced by nearby refineries. For sim-
plicity, it is assumed that product flows from refineries to depot
tanks are discharged at a fixed rate, with no interruptions. Let us
introduce the parameter vp,; representing the constant feed rate
of product p from nearby refineries to depot j all over the planning
horizon.
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Terminal J1

Fig. 3. Flow scenario for a generic terminal in the pipeline network.

4.5.1. Monitoring product inventories at every terminal of the
pipeline network

The key issue of the proposed formulation is the coordination
among incoming flows from upstream pipelines and/or oil refiner-
ies, and outgoing flows to downstream pipelines and/or consumer
markets at every terminal of the network. The problem goal is to
fulfill specified market demands before the end of the time hori-
zon, while keeping product inventory levels at pipeline terminals
within the feasible range. In this way, pipeline stoppages due to
tank overloading, or backorders due to product shortages may be
avoided. Fig. 3 illustrates the general product flow scenario for a
node involving:

a. Incoming flows of refined oil products from upstream pipelines.

b. Outgoing flows of refined oil products to downstream pipelines.

c. Incoming flows of refined petroleum products from nearby
refineries.

d. Outgoing flows of oil derivatives to neighboring consumer mar-
kets.

According to the proposed representation of the pipeline net-
work, incoming flows can arrive from any upstream pipeline [
converging to terminal J1; that is, from any lePLJ(iN). The set PLJ(iN)
comprises all the upstream pipelines supplying refined products
to node J1. In the example depicted in Fig. 3 (14, I5) ePLj(llN). Hence,
incoming flows of product p may be received at depot J1 from any
lot (i, I1) or (i, I) conveying product p through pipelines [; or I,
during a later run i’ > i. Such product deliveries are represented by
the variables DPE:.}l)yp’]l and DPE:{%Z),M, respectively. In turn, out-
going flows can be shipped from node J1 through any downstream
pipeline [ originating at depot J1, i.e. to any lePL]01UT. Therefore,
batches of product p may be pumped from node J1 to pipelines I3
and 4 during a new run i’ € ["* whenever variables QP 3, and
QP 14y take non-zero values. In the most general case, it may also
occur that a flow of product p sent from nearby refineries is dis-
charged into storage tanks of terminal 1 at a fixed rate of vp, j;
units per hour. Finally, the amount of product p delivered from
node J1 to neighboring markets since the completion of run (i’ — 1)
to the end of the next run 7' is given by the sum of DMOEJ':J)1 and
pMmPy ).

Because the time domain is handled in a continuous manner, the
aggregate inventory level of product p in node j, given by the vari-

able IDS/;, is monitored at every time event t = Cy for all i’ € ["*W. The

value of IDY) is computed by simultaneously adding and/or sub-

tracting the ’following terms to the available stock of p in terminal
jattimet=Cy_q:

(a) Add the total amount of product p provided by batches (i, [) con-
taining p coming from upstream pipelines PL}IN), with the set
PL](.IN) comprising all pipelines supplying terminal j. This term is
null for depots j featuring PL](.IN) = g, i.e. pure source terminals.

(b) Subtract the overall volume of p injected into downstream
pipelines | € PL](.OUT) at terminal j. This term just arises for ter-
minals acting as input stations.

(c) Add the product flow coming from neighboring refineries to
tanks of terminal j. This flow contribution should only be con-
sidered for pure sources or dual nodes supplied by nearby
refineries.

(d) Deduct product deliveries dispatched from terminal j to local
markets, generally by truck.

All these terms are included in Eq. (25).

W) _ -1 (W)
Dy} =105+ Y DG,

1epLiMielisi
]

= > QPuayp +vpp (G — Ciy) — (DMO ) + DMPY))

1<pLOUD
]

VpeP, jejp, i’ eI™W (25)

For the first pumping run of the current time horizon, the vari-
able IDS:JTU in Eq. (25) is equal to the initial stock of product p
in tanks of node j given by the parameter ido, ;. Besides, variable
IDS:} should remain within the feasible range given by the specified
minimum and maximum inventory levels.

(idmin)p,j = D) < (idmax)p; VP EP, jejp, i ™™ (26)

In general, (idyin )p, is a safety stock level preventing from prod-
uct shortages when demand fluctuates. In turn, (idmax ), is an upper
bound on the aggregate stock of product p that can be stored into
tanks of node j. This parameter normally keeps some tank capac-
ity free for compensating temporary unbalances between incoming
and outgoing flows during the execution of a composite run.

4.5.2. Product availability for new product injections

By assumption (A7), the total volume of product p shipped from
the source node j through downstream pipelines [ PL;OUT) during
the new composite run i € "W must be available in depot tanks
at the start of the run 7, i.e. at time (Cy—Ly). Such a condition is
enforced by Eq. (27).

Z Qp(i’,l)p < [Dg’;]) + vppyj(C,-, — Ly —Cy_4 )— DMOS,J)
1epL{OUT)

J

VpeP,jelp, i el™V (27)

This rather conservative constraint is usually enforced at
intermediate terminals where direct transfers of products from
incoming to outgoing pipelines (called “tightlinings”) are forbid-
den. In such terminals, product batches that arrive from upstream
pipelines are temporarily stored in dedicated tanks to accomplish
quality control operations, before sending some portions of them
through downstream pipelines at later pumping runs.

Fig. 4 illustrates the coordination among incoming and outgoing
flows at the dual node J2. Based on quality assessment conditions,
product batches that arrive at terminal J2 are sent to tanks and
controlled before moving on to downstream destinations. The first
line in Fig. 4 depicts batches of products Py, P, and P; moving along
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Fig. 4. Coordinating incoming and outgoing flows at a dual terminal.

pipelines [; and I,, as well as the inventory levels in terminal tanks
at time t=0h. Initially, batches (i1, l;) and (i, l;) with 6000 and
4000 m?3 of products P; and P3, respectively, travel along pipeline
l;, meanwhile line I, just contains a single lot (i, ;) of product P;
with a volume of 10,000 m3.

During the new composite run i3 starting at time t=0h and end-
ing at t=10h, two batches are simultaneously pumped into both
pipelines I; and I, at a fixed rate of 1000 m3/h. They are the batch
(i3, 1), with 10,000 m3 of product P,, and the batch (i3, I), contain-
ing 10,000 m? of product Ps (see the last line of Fig. 4). Let us analyze
the evolution of the inventory level of product P3 at terminal J2. At
time t=0h, there are 10,000 m3 of P5. After the injection of product
P3 through batch (i3, I5), the stock of P3 at J2 would run out. How-
ever, the lot (i, [; ) containing Ps is discharged into tanks of J2 during
run i3, thus rising the stock of P3 up to 4000 m3. Despite the incom-
ing volume of product P3 at terminal J2, the size of the injection (i,
I;) cannot be further enlarged because the flow of Pz arriving from
pipeline I; should be stored and controlled before shipping to des-
tination J3. Fig. 5 illustrates the variation of the aggregate inventory
levels of products P; and P5 at terminal J2 during the new composite
run i3 described in Fig. 4.

In the first 6 h, the stock of P; at depot J2 shows an increase
from 4000 m3 to 10,000 m3 caused by the arrival of batch (iy, I).
Meanwhile, a volume of P5 is removed from tanks of terminal jJ2
to inject the batch (i3, I;) into the outgoing line I,. At t=6h, the
available inventory of P; has dropped from 10,000 to 4000 m3. In
the last 4 h, the inventories of P; and P3 show no variation because
of two reasons: (a) no batch of Py is neither leaving nor arriving
at node J2; and (b) the volume of P3 in batch (i3, 1) that is fully
transferred to J2 from t=6 hto t =10 his exactly equal to the amount

Stock Level [m?]
12000

10000+

8000

6000

AQQQ) AT o

2000

0 2 4 6 8 10 12
Time [h]
P1 P3

Fig. 5. Stocks of products P; and P5 at terminal J2 for the illustrating example.

of P3 pumped from J2 into line I, during the same time interval, i.e.
4000 m3.

4.6. The objective function

One of the most important terms in the objective function is the
pumping cost. The energy consumed for transporting a unit volume
of product p to depot j depends on the pipeline [ through which the
product will be delivered. Revisiting the pipeline network depicted
in Fig. 1, there are two alternative routes for supplying refined prod-
ucts to node N5: (i) directly from refinery N1 through pipeline g, or
(ii) from the intermediate node N4 through pipeline I5. Hence, mov-
ing a single unit of product p from refinery N1 to node N5 may cost
CDns i6p if it is directly sent through line Ig, or (cpng,i1,p +CPn5,13p)
if the unit of product p is first moved from N1 to the interme-
diate depot N4 through line I;, and then re-pumped from N4 to
N5 through line I3. Though it is more likely that direct supplies
from refinery are less expensive than indirect pathways, pumping
costs will also depend on the pipeline dimensions and the network
topography. For instance, pipeline Ig can be shorter than the sum
of the lengths of pipelines [; and I3, but it may have a much smaller
diameter, thus increasing the pressure drop along the pipeline for
a given pump rate.

The first term in Eq. (28) accounts for the total cost of pump-
ing batches along every pipeline of the network during the current
horizon. It is obtained by summing all the volumes delivered from
batches (i,!) containing product p to depotj € J; during the execution
of composite runs i’ € ["®V (i’ > i). The delivered amount DP((;:I)),M is
then multiplied by the cost of moving a unit volume of p to depot
Jj through line I (¢pj;p). If the overall volume of product p deliv-
ered to depot j during the current horizon is not enough to fulfill
market requirements, an unsatisfied demand represented by the
variable By, ; will arise (see Eq. (24)). As stated by the second term of
the objective function, a relatively expensive backorder cost (cbp )
will be paid for failing to supply a unit amount of product p to the
consumer market of terminal j before the end of the time horizon.

- TS (50,5 5 ot

lePLpePjej; iel i’ e[NeWj'>j

DN b Boi+ > > > Y iy p WIFip

pePjejp IePLpePp/ep i e new
pP#pi>1
. 1 i
+chndp,j <|Iew' Z 1[)3}) + cmk MK (28)
pePnejp i’ e [new
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Table 1
Product inventories and demands at pipeline depots for examples 1-3.

Prod. Stock level [102 m3] Logistic nodes in the network
N1 N2 N3 N4 N5 N6 N7
P1 Min 100 - 50 50 50 - 50
Max 1000 - 500 500 500 - 500
Initial 1000 - 50 250 50 - 50
Demand [10?m?] - - 150 - 800 - 200
P2 Min 100 100 50 100 100 - 100
Max 1000 1000 500 1000 1000 - 1000
Initial 1000 1000 50 700 100 - 100
Demand [102m3] - - 150 - 900 - 400
P3 Min 20 - 10 10 - - 10
Max 200 - 100 200 - - 100
Initial 200 - 30 100 - - 10
Demand [102m?] - - 10 - - - 250
P4 Min - 40 - 20 - 20 -
Max - 400 - 300 - 200 -
Initial - 200 - 100 - 20 -
Demand [102m3] - - - - - 200 -

In turn, the degrading/reprocessing cost of the interface mate-
rial between consecutive batches depends on the product sequence
inputted at the origin of every pipeline of the network. If WIF;, |
stands for the total volume of interface p—p’ generated into
pipeline I due to the injection of batch i, and cf,, ;y; is the unit cost
of degrading and/or reprocessing interfaces of type p-p’ in pipeline
I, then the third term of the objective function will tend to mini-
mize the cost of product transitions. A simple way to reach that goal
is to increase the size of the batch injections as much as possible.
However, it arises a trade-off between interface and inventory car-
rying costs because the larger the batches, the higher the average
inventory level at pipeline terminals. In Eq. (28), the fourth term
accounts for an estimation of the inventory carrying costs at every
terminal, based on the average inventory level of each product in
depot tanks. Parameter cid,; represents the cost of holding a unit
volume of p in tanks of node j throughout the time horizon. The
average inventory level of product p in every node is approximated
by summing product stocks at the end time of every batch injection
i’, that is IDS;?, and dividing the result by the number of compos-
ite pumping runs (J"®V|). If no elements of the set ["®W stand for
fictitious runs at the optimum, the term included in the objective
function achieves a good estimation of the inventory carrying costs.
Otherwise, a better estimation of the total inventory carrying cost
is obtained by just accounting for the number of non-fictitious runs.

Finally, the last term in the objective function (28) tends to
reduce the problem makespan (MK), i.e. the time needed to fulfill
all terminal requirements. By considering this term, unnecessary
pipeline stoppages and their negative effects are avoided. During
idle time periods, the mixing process is intensified and interface
costs significantly rise. In addition, when operations resume, the
pumping cost also steps up to restart the flow in the pipeline sys-
tem. The unit cost cmk is paid for every hour of utilization of the
pipeline network. The value of MK is obtained by imposing MK > C;
for all i e ["€W.

5. Results and discussion

Short-term operational schedules for three pipeline networks
of increasing complexity have been developed by using the pro-
posed mathematical formulation given by Egs. (1)-(28). The level
of difficulty, while proceeding from the first to the third case study,
has been raised by including more pipelines and/or logistic nodes
in the transportation network. Example 1 is concerned with the
operational planning of a multi-product pipeline network compris-
ing four trunk lines and seven logistic nodes (two refineries, an

intermediate depot, and four receiving terminals). Example 2 deals
with an extended pipeline network that incorporates an additional
line directly supplying a major receiving terminal from one of the
refineries. The major goal of example 2 is to demonstrate that the
use of an auxiliary pipeline as a direct route between a primary
source and the receipt location may lead to substantial cost sav-
ings. Finally, example 3 considers the complete pipeline network
including an additional delivering line to convey refined oil prod-
ucts from the intermediate depot to a new pipeline terminal instead
of doing the transportation service by truck.

The three examples assume a 10-day planning horizon. For
each case study, the problem goal is to find the optimal pipeline
schedule that exactly meets all products requirements from each
terminal before the time horizon end at minimum total cost.
Product demands at distribution terminals are given in Table 1.
This table also includes the minimum, maximum, and initial stock
levels (in 102 m3) at every depot. Note that in all but one case (P3 at
N3), terminal demands largely exceed product inventories initially
available in storage tanks. Product backorders are not allowed.
Moreover, it is not expected to receive further production flows at
the primary source nodes N1 and N2 from nearby refineries during
the next ten days. Therefore, terminal demands should be satisfied
by using the initial inventories available at N1 and N2. Shipments
received at pipeline terminals are subsequently dispatched by
truck to fulfill promised customer orders at a maximum delivery
rate of 700 m3/h for any product and destination. For operational
reasons, the duration of a batch injection at any input station should
neither be shorter than 1 h (to avoid high changeover and interface
costs) nor longer than 60h (to reduce inventory carrying costs
and have a broader variety of products into the pipeline for a fast
response to new terminal demands). Besides, the cost per unit time
of utilization of the pipeline network (cmk) is set to $1000 per hour.

On the other hand, the interface reprocessing costs for every
pair of products sequentially pumped into any pipeline are given in
Table 2. Forbidden product sequences are denoted with a letter “X”.
Moreover, Table 2 shows the inventory carrying cost for holding a
single unit of any product during the following ten days at every
terminal. Finally, Table 3 presents the pumping cost to be paid for
supplying a unit of product p to node j through pipeline I, in $/m?3.
For instance, every unit of product P4 supplied from node N2 to
node N6 will cost $0.93 +$0.56 = $1.49, because it should first be
moved to node N4 through pipeline I, ($0.93) and then re-pumped
and directed to node N6 through pipeline I4 ($0.56). At the end
of the time horizon, the intermediate node N4 should have a final
stock of at least 25,000; 50,000; 5000; and 10,000 m3 of products
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Table 2
Interface and inventory carrying costs for examples 1-3.

Interface costs [102 $]

Inventory costs [$/m?]

P1 P2 P3 P4 N1 N2 N3 N4 N5 N6 N7
P1 184 340 235 0.19 - 0.24 0.19 0.24 - 0.24
P2 184 250 413 0.16 0.16 0.20 0.16 0.20 - 0.20
P3 340 250 X 0.24 - 0.32 0.24 - - 0.32
P4 235 413 X = 0.24 - 0.24 - 0.32 -

Table 3
Unit pumping cost for delivering product p to node j through line 1 (cpj;)-

Line Origin Product Pumping Costs [$/m3]
Destination
N3 N4 N5 N6 N7
L N1 P1 0.70 1.05 - - -
P2 0.72 1.08 - - -
P3 0.96 1.44 - - _
L N2 P2 - 0.90 - - _
P4 - 0.93 - - -
I3 N4 P1 - - 0.88 - -
P2 - - 0.90 - -
Iy N4 P1 - - - - 1.05
P2 _ - - - 1.08
P3 - - - - 1.44
P4 - - - 0.56 -

P1; P2; P3; and P4, respectively. This condition is imposed so that
the intermediate node N4 have enough starting inventories to meet
product demands from distribution terminals N5, N6, and N7 in the
next planning horizon. For the three examples, the proposed MILP
model was solved to optimality on an Intel Xeon CPU (2.67 GHz)
using GAMS/GUROBI 3.0 with 6 parallel threads (in deterministic
mode) as the mixed-integer solver (Brooke, Kendrick, Meeraus, &
Raman, 2006). An optimality gap of 10~2 has been adopted as the
stopping criterion.

5.1. Example 1

The mesh-structure pipeline network studied in example 1
involves four mainlines (l1, I, I3, l4) distributing four oil refined
products (P1, P2, P3, P4) to four destination nodes (see Fig. 6).
Pipelines [ and I, connect a pair of oil refineries (N1, N2) to a major
distribution center (N4), whereas lines I3 and I4 both depart from N4
and reach the “pure” receiving terminals N5 and N7, respectively.
Because they process different types of crude oils, refinery N1 only
supplies products P1, P2, and P3, while refinery N2 is a primary
source of products P2 and P4. Every mainline can move products at
a flow rate ranging from 800 to 1000 m3/h. Pipeline [; has a total
volume of 60,000 m3 (20in. diameter, 300 km long) and two des-
tination nodes (N3 and N4). The intermediate node N3 is located
200 km far from the origin of line Iy (o3 1 =40,000 m3), while N4
arises at the farthest extreme of ;. Batches coming from source N1
can be stripped into tanks of terminal N3 and/or directly sent to
depot N4.

On the other hand, pipeline I, departing from node N2 has a
capacity of 50,000m? (20in. diameter, 250 km long) and directly
supplies products P2 and P4 to the transfer node N4. This line has
no intermediate destination. Downstream of terminal N4 is the line
I3 with a capacity of 50,000 m3 to convey products P1 and P2 from
N4 to the receipt terminal N5. Similarly, pipeline I4 with a capac-
ity of 60,000 m3 also departs from node N4 and transports all the
products to terminals N6 and N7. Node N6 is located midway over
the line Iy (oyg14 =30,000m3) and is the only depot in the net-
work requesting product P4. In contrast, the other destination N7
demands products P1, P2, and P3.

The initial state of the pipeline network for example 1 is shown
inboth Fig. 6 and the first row of Fig. 7 (t =0 h). To solve this example,
the proposed formulation initially assumes a maximum number
of composite runs |["W| equal to the number of products trans-
ported by the pipeline network (|P| =4). The resulting MILP model
was solved in 6.38 CPU s and the solution found presents a total cost
0f$987,950 and a makespan equal to 183 h. Moreover, four compos-
ite runs are executed, i.e. the maximum number of runs available.
Therefore, a better operational schedule may be obtained by raising
|I"¢W| to five. By doing so, an improved schedule (depicted in Fig. 7)
is found in 98.75 CPUss.

For |[I"¢W| =5, the total distribution cost decreases to $982,010,
and the time needed to fulfill all terminal demands drops from
183 h to 179 h. Interface and pumping costs remain the same, but
the inventory carrying cost and the network utilization cost both
decrease. A total of eight new interfaces between lots of different
products distributed among the four pipelines (especially in lines
l; and l4) are generated. Two of them involve the pair P2-P4, i.e.
the most costly interface. Model sizes, CPU times, optimal total
costs, and other relevant data are reported in Table 4. From this
table, it follows that a further increase of |I"®V| has no impact on
the makespan and produces minor savings on inventory costs by
splitting some batch injections in two or more composite runs.

The best solution with [["®W| =5 comprises the execution of five
batch injections into pipelines [y, I3, and l4, and only three into
pipeline I, i.e. a total of 18 single pumping runs. During the first
60h, pipelines I; and I3 operate at full capacity (1000 m3/h), to
inject 60,000 m3 of product P2 from nodes N1 and N4, respectively.
Through the injection of P2 in line I;, depot N3 receives products
P110,000 and P25g (with the subscripts indicating the receiving
volume, in m3) while products P319000 and P1;5 09 are discharged
into tanks of the transfer node N4. In turn, the pumping of 60,000 m3
of product P2 into line I3 pushes some amounts of products P135 ggo
and P25 gqp to terminal N5. During the same composite run, node
N2 injects product P25 ogp in line I, causing the discharge of prod-
ucts P4,0,000 and P23600p into tanks of node N4. At the same time
interval, node N4 pumps an additional volume of product P31¢ 00
through pipeline l4, displacing some quantity of product P21¢go to
node N7.
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Fig. 6. Initial state of the multiproduct pipeline network of example 1.
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Fig. 7. Optimal operational schedule with [["*W| =5 for example 1.
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Table 4
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Model sizes, computational requirements and results for examples 1-3.

Ex. |[™W]  Egs. Cont. Binary CPU time (s)  Iter.(10%)  Optimal Interface cost Pumping cost Inventory cost ~ Make-span (h)
variables  variables solution (102 (10% 9$) (10% ) (10% )
$)
1 4 2068 1071 196 6.32 0.25 9879.5 2047.0 5422.5 580.0 183
5 2736 1412 260 98.7 5.99 9820.1 2047.0 5422.5 560.6 179
6 3464 1785 330 1602.6 83.31 9789.7 2047.0 54225 530.2 179
72 4252 2190 406 28,161.9 11114 9789.7 2047.0 5422.5 530.2 179
2 5 3160 1591 390 59.3 326 8588.4 1516.0 5020.5 551.9 150
6 4003 2015 393 654.4 30.13 8588.4 1516.0 5020.5 551.9 150
3 5 3606 1779 360 174.5 6.42 9646.0 2342.0 5265.0 539.0 150
6 4566 2252 456 2435.9 110.91 9646.0 23420 5265.0 539.0 150
3 One of the new pumping runs is fictitious at the optimum.
Stock Level [m’] inventory of product P2 is reduced by 24,000 m3 (60,000 m3 out
100000 - 36,000 m?3 in). Because the same amount of P3 is received from
90000 — l; and simultaneously injected into line l4 during the first run, the
oot inventory level of P3 at node N4 shows no change.
80000 v . . . .
o ., During the second run going from time t=60h to t=105h,
70000 . pipelines /1 and I3 continue working at the maximum pump rate,
60000 but this time nodes N1 and N4 both start the injection of product
50000 Toeg b P145000. Besides, refinery N2 keeps sending P234 g9 through line [,
40000 while the intermediate node N4 pumps the same product P241 goo
30000 s o e\ ey into pipeline I4 forcing the discharge of products P215000. P120,000.
o . and P3gpqp into tanks of node N7. Despite a batch of P4, 9o received
20000 . \ from line I, is available in tanks of N4 at the start time of the sec-
10000 7 e e — e ond run (t=60h), it cannot be immediately pumped through line I,
0 T T T ) because the transition P3-P4 is forbidden. Therefore, the inventory
0 50 100 150 200 level of P4 remains above its initial value for a while. From Fig. 8, it
Time [h] is also observed that the inventory level of P2 at N4 experiences a
P1 cececeP? P3 - = P4

Fig. 8. Inventory profiles at node N4 for example 1.

One of the critical points in the pipeline network is the transfer
node N4. The coordination among incoming and outgoing flows at
node N4 is a very complex task effectively managed by the pro-
posed formulation. Fig. 8 illustrates the product inventory profiles
at node N4 over the planning horizon. After accomplishing the first
composite run, the stocks of products P1 and P4 in tanks of node
N4 are increased by 25,000 and 20,000 m3, respectively, and the

N1

15 000

Refinery 1
15 000

Refinery 2

e WPz [P P4

significant increase of 37,000 m3 caused by the new arrivals from
lines; and I, (i.e. a total volume of 78,000 m3), much larger than the
amount of P2 shipped through I4 (41,000 m3). On the contrary, P1-
stock at N4 is depleted by pumping a new batch of 45,000 m3 into
line I5. In fact, at time t=105 h, the stock of product P1 reaches its
minimum admissible level (5000 m3). Nonetheless, tanks of P1 will
be replenished during the following runs by new arrivals coming
from refinery N1 through line ;.

Through the five composite runs, refinery N1 pumps three new
lots of products P2gp 000, P190,000 and P29 oo into pipeline I4, and
works at the maximum flow rate all over the time horizon. The

N5

N7

Fig. 9. Initial state of the multiproduct pipeline network of example 2.
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Fig. 10. Optimal pump schedule for the pipeline network of example 2.
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Table 5
Pumping costs for the new pipeline I5 (N1-N5) at example 2.

Line Origin Product Pumping costs [$/m3]
Destination
N3 N4 N5 N6 N7
Is N1 P1 - - 1.22 - -
P2 - - 1.25 - -

Table 6
Product inventory and demand at the new node N8 (example 3).

Prod. Stock Level [102m?] Logistic node
N8
P4 Min 10
Max 100
Initial 10
Demand [10% m?] 160

injection of product Plggggp into line /4 is distributed among three
composite runs. As a result, the stock of P1 at terminal N1 is lowered
to the minimum allowed level at the horizon end. In turn, refin-
ery N2 dispatches all the available quantities of products P2g0 0
and P446000 during the first three runs. Then, the operation of
pipeline I, stops earlier at time t=133 h. When the planned oper-
ations are completed, the final stocks of products P1, P2, and P4
at depot N4 stay at the specified final levels, while product P3
remains 5000 m> over the safety stock level required. The usage
of pipelines I4, 5, I3 and l4, defined as the percent ratio between the
total volume pumped and the transport capacity (available work-
ing time x maximum pump rate) amounts to 100%, 59.2%, 95.0%,
and 58.7%, respectively.

5.1.1. Increasing the number of composite pumping runs ||

Like all slot-based continuous time approaches, the total num-
ber of composite pumping runs needed to find the optimal pipeline
schedule is not known beforehand. Hence, a typical procedure is to
increase the cardinality of the set ["®" by one until no better sched-
ule is discovered. By rising |["®V| to siX, a new pipeline network
schedule is obtained in 1602.6 CPU s. The new best solution is rather
similar to the one encountered for |["V|=5. As shown in Table 4, the
makespan is not shortened. By partitioning the last batches pumped
into pipelines [y, I3, and 4 into two consecutive composite runs, the
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Fig. 11. Inventory levels at node N4 in example 2.

inventory level of P2 at N4 can be slightly reduced, thus producing
some savings in inventory carrying costs. In a further step, the set of
new pumping runs is raised to seven. After 28,162 CPU s, the model
demonstrates that the solution quality can no longer be improved,
because one of the proposed composite runs is never executed, i.e.
it is a fictitious run.

5.2. Example 2

From the results found for example 1, it follows that the most
congested route in the network (i.e. the “critical path”) comprises
the pipelines I; and I3, connecting refinery N1 to depot N5 through
the transfer terminal N4. In fact, the usage of pipelines l; and I3 in
example 1 is 100% and 95% of their maximum transport capacities.
This is so because node N5 features the highest demands for prod-
ucts P1 and P2, and refinery N1 is the only source of product P1 (see
Table 1).

One possibility for debottlenecking the critical route is to make
use of an additional pipeline, represented by line I5 in Fig. 9, directly
connecting refinery N1 to depot N5. This new pipeline has a capacity
of 30,000m3 (12in. diameter, 411 km long) and is initially filled
with lots of products P1 and P2. Because of its lower diameter and

N5

N8

e Wr2 [P [EP+ N7

Fig. 12. Initial state of the pipeline network studied at example 3.
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Fig. 13. Optimal pumping and delivery schedule for example 3.
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the available pump stations, it will be operated at a much slower
flow rate than the trunk lines, ranging from 200 to 400 m3/h.

The goal of example 2 is to evaluate the convenience of using the
alternative route (pipeline I5) to supply the requested amounts of
products to node N5 in a lesser lead-time and at a lower operating
cost. To this end, a larger MILP formulation is to be solved. Table 5
shows the pumping costs for moving products P1 and P2 to node
N5 through pipeline Is, in $/m3. It can be observed that the unit
cost for pumping product P1 from N1 to N5 may be reduced from
$1.05+$0.88 =$1.93 (throughlines l; + 3)to $1.22 (directly through
line I5), while the unit pumping cost of product P2 decreases from
$1.08 +$0.90=$1.98 to merely $1.25.

The cardinality of the set ["®V was initially set to five. The opti-
mal operational plan for example 2 found in 59.34 CPU s comprises
the execution of five composite runs involving a total of 22 batch
injections (see Table 4 and Fig. 10). As expected, the incorporation of
the auxiliary pipeline I5 in the network shortens the makespan from
179h (7.5 days) to 150 h (6.2 days). Moreover, the total operating
cost diminishes from $982,010 to $858,840 (i.e. a 12.54% reduc-
tion) if, in both cases, five composite runs are executed. Most of the
improvement in the total cost comes from substantial savings in
pumping, interface and utilization costs. In the new network con-
figuration, pipeline I5 is exclusively used for pumping product P1,
thus avoiding interface losses in that line. Besides, P2 is the only
product injected into pipelines I, and I3. Consequently, no inter-
faces are generated in the three lines (I, I3, and I5). Though the
set of batches to be pumped is mostly the same, the pipelines
through which they are shipped differ from the ones used in
example 1.

The additional pipeline I5 is continuously operated at the max-
imum rate (400m3/h) to deliver 15,000m3 of product P2 and
45,000 m? of product P1 to node N5. The remaining demand of P1
atnode N5, i.e. (80,000-45,000) m3 = 35,000 m3, is covered by ship-
ments initially moving through line /1. Similarly to example 1, lines
Iy and I4 are active throughout the five composite runs, but their
average percentage usage decreases to 90% and 70%, respectively.
Moreover, line I, is operated during the first 110 h, and I3 remains
active over the first four runs.

Fig. 11 shows the variation of product inventories with time at
the transfer node N4 for the optimal solution of example 2. During
the first run, stock levels of P1 and P4 both increase by 20,000 m3
because N4 receives batches containing a similar volume of such
products from lines [; and I,, respectively. At the horizon end,
those inventories return to their initial values because of subse-
quent shipments of products P4 and P1 from node N4 through line
l4. By comparing Figs. 8 and 11, it becomes quite clear that the usage
of the auxiliary pipeline I5 considerably simplifies the operation of
the intermediate depot N4. In fact, the average inventory level of
P2 substantially decreases and the stock of P1 fluctuates within a
smaller range.

In short, the use of pipeline I5 connecting N1-N5 brings relevant
benefits to the operation of the pipeline network:

1. The makespan is shortened by more than one day (16.2% reduc-
tion with regards to example 1), by alleviating the operation of
the busiest pipelines [; and I5.

2. The usage of the pipelines is more balanced: 90%, 60%, 73.3%,
70%, and 100% for pipelines I, Iy, I3, l4, and I5, respectively.

3. The number of interfaces is reduced because some pipelines
transport a lesser number of products (26% saving in interface
costs).

4. Pumping costs are lowered by 7.4% by making use of a more
direct route.

5. The total operating cost is 12.5% less expensive than the previous
example.

5.3. Example 3

This example deals with a still more complex pipeline network
structure. At the optimal solutions for examples 1 and 2, the usage
of pipeline I, is rather low (60%) compared with line [1. In example
2, only product P2 is injected at the input station N2 during the ten-
day planning horizon because the initial volume of P4 in pipeline [,
plus the starting stock of P4 in tanks of depot N4 are large enough
to meet the expected demands at the receiving terminal N6. Under
these circumstances, the pipeline scheduler analyzes the possibility
of activating a delivering line (lg) connecting depot N4 with a new
client (N8) demanding product P4 (see Fig. 12). Supplies of product
P4 to N8 could be much less expensive in terms of operating costs
by using pipeline transportation instead of trucks.

Pipeline I contains 12,000m3 (12in. diameter, 164 km long)
and can operate at a flow rate varying between 200 and 400 m3/h.
The pumping cost is cpys 5 p4 =$0.61 for moving a unit volume of
P4 from N4 to N8, and product P4 can be dispatched from N8 to
customer locations at a maximum rate of 700 m3/h. Moreover, min-
imum/maximum and initial inventory levels as well as the demand
of product P4 at node N8 are all given in Table 6. The pipeline sched-
uler wonders if the transport capacity of lines I, and lg would be
large enough for fulfilling the new client’s demands, and how this
issue would affect the operation of the whole pipeline network.

By adopting |["®V|=5, the optimal sequence of pumping oper-
ations involves the execution of five composite runs and 28 batch
injections, i.e. 6 more injections compared with example 2. More-
over, the six pipelines remain active throughout the whole time
horizon. Three of the new batch injections are pumped at the ori-
gin of the new line Iz and destined for node N8. The best solution
found in 174.5CPUs is shown in Fig. 13. As reported in Table 4,
even though a new destination is considered, all product demands
were fulfilled in the same overall time found for example 2, i.e.
a makespan of 150 h. In contrast to example 2, however, line I,
operates during the five composite runs to pump new batches of
products P24 000, P416,000, and P259 oo (the subscripts indicate the
batch sizes in m3). As expected, the usage of pipeline I, rises from
60% to 70.7%, and the available stocks of products P2 and P4 at node
N2 reach the minimum allowed levels at the end of the planning
horizon.

The new pipeline lg pumps product P4gggg at a low rate during
the first composite run and then it is turned off. At time t=99.2 h,
after injecting a new batch of P4, ggp into line I4, the inventory level
of P4 at N4 reaches the minimum admissible value (see Fig. 14).
However, a new batch of P4 coming from line [, is discharged into
tanks of N4 during the next runs, thus permitting line [ to operate at
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Fig. 14. Inventory levels at node N4 (example 3).
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the maximum pumping rate during the last 15 h. Inventory profiles
for the other products (P1, P2, and P3) look quite similar to the ones
found for example 2.

Finally, no change in the optimal solution is observed if |["¢V| is
increased by one. Therefore, Fig. 13 depicts the best pumping and
delivery schedule for example 3.

6. Conclusions

A novel monolithic approach for the scheduling of mesh-
structure pipeline networks has been developed. The proposed
MILP continuous-time model can be applied to complex transport
systems composed by an arrangement of interconnected pipelines
with several entry and exit points. Each pipeline has a single source
at its origin and one or several terminals over the line.

The MILP formulation is the first monolithic problem represen-
tation whose solution simultaneously provides the pumping run
times at every input station, the product sequence and batch sizes at
every pipeline, and the volumes diverted from in-transit batches to
terminals all at once. Besides, the formulation can rigorously track
the variation of product inventories with time at every depot, and
trace batch movements through every pipeline. Because alterna-
tive paths between some nodes can exist, a critical model task is the
choice of the best route for every shipment. The pipeline network
operational plan consists of a sequence of composite pumping runs
of variable length. Over a composite run, a single batch injection can
at most be executed at the origin of every individual pipeline. More-
over, every batch injection should take place within the time slot
assigned to the related composite run. To guarantee the discovery
of the best pipeline network schedule, a sufficient number of runs
are to be defined. The problem goal is to timely meet all product
demands at distribution terminals within the planning horizon at
minimum total cost including pumping, interface, pipeline utiliza-
tion, and inventory carrying contributions.

The approach has been illustrated by successfully solving
three case studies of growing complexity. The difficulty level has
been raised by including more pipelines and/or logistic nodes
in the transportation network, thus generating alternative routes
between input and output terminals. In this way, some congested
routes can be debottlenecked. Moreover, the model could also
be used to evaluate the convenience of adding new pipelines
to the network by simply comparing the operational costs with
and without the existence of additional lines. Accounting for the
expected future demands and the estimated cost-savings obtained
through the network design reformulation, the pipeline planner
can readily estimate the payback period of the investment in new
pipelines.

The largest example tackled in this work deals with a
mesh pipeline network transporting four products through seven
pipelines from a pair of refineries to nine terminals (two of them are
dual-purpose terminals). By adopting a rather low number of com-
posite runs, the optimal solution has been found in all cases at quite
acceptable CPU times. Moreover, the increase of the computational
time as the network complexity grows remains quite reasonable.
For the largest example, the optimal pipeline plan specifies the exe-
cution of a total of 28 batch injections at the input stations over a
ten-day time horizon, i.e. a real-world case study. An interesting
model feature is the clever handling of ingoing and outgoing flows
at transfer terminals to always keep product inventory levels within
the permissible ranges. In a next work, the approach will be gener-
alized to also consider reversible pipelines where product batches
can move in both directions.

Acknowledgments

Financial support received from FONCYT-ANPCyT under Grant
PICT 01837, from CONICET under Grant PIP-2221, and from Univer-
sidad Nacional del Litoral under CAI+D 66-335 is fully appreciated.

References

Association of Oil Pipelines. (2011). Report on shifts in petroleum transportation.
Washington, DC: Association of Oil Pipelines.

Boschetto, S. N., Magatdo, L., Brondani, W. M., Neves-Jr, F., Arruda, L. V. R., Barbosa-
Pévoa, A.P.F.D., &Relvas, S.(2010). An operational scheduling model to product
distribution through a pipeline network. Industrial and Engineering Chemistry
Research, 49, 5661-5682.

Brooke, A., Kendrick, D., Meeraus, A., & Raman, R. (2006). GAMS - a user’s guide.
Washington, DC: GAMS Development Corporation.

Cafaro, D.C., & Cerda,]. (2004). Optimal scheduling of multiproduct pipeline systems
using a non-discrete MILP formulation. Computers and Chemical Engineering, 28,
2053-2068.

Cafaro, D. C., & Cerd4, ]. (2008a). Efficient tool for the scheduling of multiproduct
pipelines and terminal operations. Industrial and Engineering Chemistry Research,
47,9941-9956.

Cafaro, D. C.,, & Cerd4, J. (2008b). Dynamic scheduling of multiproduct pipelines
with multiple delivery due dates. Computers and Chemical Engineering, 32, 728-
753.

Cafaro, D. C., & Cerd4, J. (2009). Optimal scheduling of refined products pipelines
with multiple sources. Industrial and Engineering Chemistry Research, 48, 6675-
6689.

Cafaro, D. C., & Cerd4, ]. (2010). Operational scheduling of refined products pipeline
networks with simultaneous batch injections. Computers and Chemical Engineer-
ing, 34, 1687-1704.

Cafaro,D.C.,&Cerda,].(2011). Arigorous mathematical formulation for the schedul-
ing of tree-structure pipeline networks. Industrial and Engineering Chemistry
Research, 50, 5064-5085.

Garcia-Sanchez, A., Arreche, L. M., & Ortega-Mier, M. (2008). Combining simulation
and tabu search for oil-derivatives pipeline scheduling. Studies in Computational
Intelligence, 128, 301-325.

Hane, C. A, & Ratliff, H. D. (1995). Sequencing inputs to multi-commodity pipelines.
Annals of Operations Research, 57, 73-101.

Herran, A., de la Cruz, J. M., & de Andrés, B. (2010). A mathematical model for plan-
ning transportation of multiple petroleum products in a multi-pipeline system.
Computers and Chemical Engineering, 34, 401-413.

Lopes, T. M. T., Ciré, A. A., de Souza, C. C,, & Moura, A. V. (2010). A hybrid model
for a multiproduct pipeline planning and scheduling problem. Constraints, 15,
151-189.

Magatdo, L., Arruda, L. V. R,, & Neves-Jr, F. (2004). A mixed integer programming
approach for scheduling commodities in a pipeline. Computers and Chemical
Engineering, 28, 171-185.

MirHassani, S. A., & Jahromi, H. F. (2011). Scheduling multi-product tree-structure
pipelines. Computers and Chemical Engineering, 35, 165-176.

Mori, F. M., Luders, R., Arruda, L. V. R, Yamamoto, L., Bonacin, M. V., Polli, H. L.,
Aires, M. C., & Bernardo LFJ. (2007). Simulating the operational scheduling of a
realworld pipeline network. Computer Aided Chemical Engineering, 24, 691-696.

Neves-Jr, F., Magatdo, L., Stebel, S. L., Boschetto, S. N., Felizari, L. C., Czaikowski, D. I.,
Rocha, R., & Ribas, P. C. (2007). An efficient approach to the operational schedul-
ing of a real-world pipeline network. Computer Aided Chemical Engineering, 24,
697-702.

Rejowski, R., & Pinto, J. M. (2003). Scheduling of a multiproduct pipeline system.
Computers and Chemical Engineering, 27, 1229-1246.

Rejowski, R., & Pinto, J. M. (2004). Efficient MILP formulations and valid cuts
for multiproduct pipeline scheduling. Computers and Chemical Engineering, 28,
1511-1528.

Rejowski, R., & Pinto, J. M. (2008). A novel continuous time representation for the
scheduling of pipeline systems with pumping yield rate constraints. Computers
and Chemical Engineering, 32, 1042-1066.

Relvas, S., Matos, H. A, Barbosa-Pévoa, A. P. F. D,, Fialho, J., & Pinheiro, A. S. (2006).
Pipeline scheduling and inventory management of a multiproduct distribution
oil system. Industrial and Engineering Chemistry Research, 45, 7841-7855.

Relvas, S., Matos, H. A., Barbosa-Pévoa, A. P. F. D., & Fialho, J. (2007). Reactive
scheduling framework for a multiproduct pipeline with inventory management.
Industrial and Engineering Chemistry Research, 46, 5659-5672.

Sasikumar, M., Prakash, P.R., Patil, S. M., & Ramani, S.(1997). PIPES: A heuristic search
model for pipeline schedule generation. Knowledge-Based System, 10, 169-175.

Shah, N. K., Li, Z., & lerapetritou, M. G. (2011). Petroleum refining operations:
Key issues, advances, and opportunities. Industrial and Engineering Chemistry
Research, 50,1161-1170.

Zyngier, D., & Kelly JD. (2009). Multi-product inventory logistics modeling in the
process industries. Optimization and Logistics Challenges in the Enterprise, 30,
61-95.



	Rigorous scheduling of mesh-structure refined petroleum pipeline networks
	1 Introduction
	1.1 Literature review

	2 Description of a mesh-structure pipeline network
	2.1 Planning the operation of multiple pipelines

	3 Model assumptions
	4 Mathematical formulation
	4.1 Pumping run related constraints
	4.1.1 Product allocation
	4.1.2 Sequencing composite pumping runs
	4.1.3 Sizing lot injections
	4.1.4 Batch injection length
	4.1.5 Interface material between consecutive batches
	4.1.6 Forbidden product sequences
	4.1.7 Amount of product p injected into pipeline l during a new composite run

	4.2 Batch-tracking constraints
	4.2.1 Location of a batch at the end of a composite pumping run
	4.2.2 Size of a batch at the end of the run during which it is injected
	4.2.3 Size of batch (i, l) at the end of a later composite run i′ (i′>i)

	4.3 Constraints on product deliveries from batches to terminals
	4.3.1 Feasibility conditions for diverting material from in-transit batches to depot tanks
	4.3.2 Bound on the total amount of product diverted from a batch to depot tanks during the execution of a composite run
	4.3.3 Type and amount of product diverted from a batch while executing a composite run
	4.3.4 Overall balance between incoming and outgoing material flows during a composite run around every pipeline

	4.4 Constraints on product deliveries from terminals to markets
	4.5 Inventory management constraints
	4.5.1 Monitoring product inventories at every terminal of the pipeline network
	4.5.2 Product availability for new product injections

	4.6 The objective function

	5 Results and discussion
	5.1 Example 1
	5.1.1 Increasing the number of composite pumping runs ǀInewǀ

	5.2 Example 2
	5.3 Example 3

	6 Conclusions
	Acknowledgments
	References


