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Abstract: In the past decade there has been a growing focus on the study of the maritime industry, particularly in the 
development of its associated operations. However, it was found that the majority of the studies and methodologies were 
centered on the operations of containers and solid bulk terminals, and not on liquid bulk terminals, namely petroleum 
liquid products. The present study aims to minimize the port operational time of the vessels of each product in order to 
minimize the port operational time of the terminal and the number of demurrages associated. With focus on the Sines 
Liquid Bulk terminal a MIP formulation was developed and implemented in GAMS, in order to solve the berth and pipeline 
allocation problem of products, considering restrictions such as the pipeline diameter and the berth characteristics. The 
models consider the pumping times of the product in each pipeline and intend to minimize the waiting mooring time in 
the berth. Firstly, the real scenario was characterized, following the treatment of the real data of the terminal in order to 
solve the model with the berth restrictions and pipeline dedication of products as the terminal currently stands. In order 
to study the influence of berth characteristics and product dedication in pipelines possess over the port operational time, 
several additional scenarios were modeled. 
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1. Introduction 

A maritime terminal is an organization which provides 
a complete logistical service (handling, storage, control 
and cargo transport), while simultaneously seeking to 
minimize the associated costs. However, the logistic value 
associated with the operational level is obtained by the 
combination of transport and storage (primary functions) 
and the creation of value in the logistics service 
(secondary function) (Maritime Industry Fondation 2018). 

The liquid bulk terminal does not possess many studies 
relating the berth allocation problem (BAP) with the 
loading or unloading of the liquid products. The BAP 
defines where and when the vessels should berth for each 
vessel arriving at the terminal. The majority of the 
methodologies, carried out in container terminals, are 
focused in performance measurements and aim to 
minimize the total time spent by the vessels in the berth or 
in the port, either at a monetary level or considering the 
availability of resources associated to the operation. In 
some cases, several objectives or attributes are combined 
to solve the problem, like the priorities of certain vessels to 
operate in some berths.  

The allocation of vessels to the berths is modeled in 
order to respect space attributes, since the berths can be: 
discrete, one vessel per berth; continuous, one berth can 
be allocated to several vessels; and hybrid, the berth can 
be discrete or continuous depending on the operation to 
be performed. The time attribute, related to the arrival rate 
of vessels to the terminal, is also combined with the  

 
space attribute because it will have a direct influence on 
terminal operations. This attribute can be static, i.e. does 
not include the time of arrival of the vessel; dynamic, i.e. 
considers a deterministic arrival time for the vessel; cyclic, 
i.e. the vessel arrives at constant time intervals according 
to its schedule; and stochastic, i.e. the arrival rate is 
obtained through continuous random distributions or 
discrete probability scenarios. The handling time attribute 
is also combined with the previous attributes in order to 
describe the way the vessel handling times are considered 
to solve the BAP.     

The model presently developed is motivated by the 
Sines Liquid Bulk Terminal, one of the most influential 
terminals in Europe and one of the two largest terminals 
capable of handling petroleum cargo in Portugal. This 
paper proposes a mixed integer programming model to 
represent the berth allocation problem and the allocation 
of pipelines to the products moved in the terminal, as 
administered by a Portuguese private company. The main 
physical and operational characteristics of the terminal 
were analyzed to generate the mathematical model. In 
order to evaluate it, several scenarios were created to 
understand the impact of the allocation characteristics and 
limitations in the port operation time. GAMS was used to 
model the presented formulation as well as the scenarios.     

The outline of this paper is as follows: Section 2 
describes current operations in the Sines Terminal. 
Section 3 presents a brief review of relevant literature and 
is followed by a detailing of the model in Section 4. Section 
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5 describes the scenario generation process, before final 
conclusions are drawn in in Section 6. 

2. Problem description 

The Galp Energia group is positioned as an integrated 
energy player with a global presence and is the main 
Portuguese group in terms of energy acquisition and 
manipulation, with a core business specialized in the oil 
and gas downstream industry. The Liquid Bulk Terminal of 
Sines, owned by Galp Group, is one of the most important 
terminals in Europe and a key element in the group’s 
strategy. Having been strategically located on one of the 
busiest oil routes in the world and sporting a direct 
connection with the Sines Refinery reinforces the 
competitive advantage held by the group. 

Considering the size of the transactions made and 
vessels received, the Liquid Bulk Terminal of Sines is a 
deep-water terminal composed of six berths with an 8km 
network of pipelines of varying diameters connection to the 
Sines refinery. 

Since the Galp Energia group is specialized in the 
downstream industry of petroleum products, the products 
transacted in the terminal can be divided into six families: 
Crude oil, LPG, Fuel and VGO, Gasoline and 
Components, Diesel fuel and Naphtha.  

The operations in the terminal consider that each 
product will use a certain pipeline diameter and the time 
for the product’s transportation will constitute the vessel’s 
handling time in the berth, the pumping time. Since the 
quantity of material received by the terminal is high and 
heterogeneous, the pumping time of a product will depend 
directly on the pipeline diameter allocated to the product to 
handle. The dedicated diameter pipelines of products 
meant that in Sines, the pumping time, in 2017, 
represented 55% of the port operation time of the terminal. 
The Idle time, a preparatory time for the start of the pump 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

operation, can be considered constant between the 
operations of each product, representing 17,5% of the port 
operation time of the terminal in 2017. 

The terminal handles a large arrival rate of vessels, 
receiving a ship every 13h, resulting in 27.5% of its port 
operation time of the terminal spent in waiting mooring 
time.  

This is influenced by the previous times since a 
vessel can only be allocated to a berth when the previous 
product finishes the operation. A vessel is only allocated 
to a berth when the same is available. In 2017, 53% of the 
vessels moved in the Sines Liquid Bulk Terminal had an 
associated waiting mooring time. 

The Liquid Bulk Terminal of Sines, in 2017, had 
26660 hours of terminal operational time aggregated to 
these times. But 18% of the terminal operational time was 
in demurrage times with a heavy impact in the operational 
time of the berths and the terminal. Associated to this 
impact is a monetary consequence, because of the extra-
cost given that vessels take more time to carry out the 
intended operation. 

2.1. Terminal Operation 
 
In the present situation, the crude oil or petroleum 

products are directly handled by the terminal and fed to the 
refinery through pipelines of different diameters. The 
integration of the system’s terminal, refinery and pipelines 
is highly complex and will carry several impacts in the 
definition of the vessel port operation time. 

The port operation time (POT) of each vessel, Figure 
1, will be defined by the composition of the time waiting for 
berth (waiting mooring time), idle and the pumping time of 
the product from the vessel to the refinery (or vice versa).  
The expected port operation time (POT) is the basis of the 
agreement between the port administrator and the 
shipowners for the realization of the operations of loading 
or unloading cargo, called laytime. 

 
 

 
 
 
 
 
 
 
 
 
 
 

 Figure 1 – Vessel Operation (Adapted from Galp Energia (2017)) 
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The laytime is an interval during which the vessel can 
be handled. If is exceeded, a demurrage situation occurs.  

The combination of the different times will have 
various impacts on the definition of the port operation time 
of the vessel. The operational time, in this case the 
pumping time of each cargo of the vessel, is directly linked  
to the pipeline diameter where the product is allocated. 
This is one of the differences noted when compared to 
container terminals, where the operation time is directly 
linked to the berth, whereas in this case it is linked to the 
pipeline used for the operation.  The waiting mooring time 
to berth is related to the pumping time but also dependant 
on the size characteristics of each berth (the operation of 
some vessels is restricted to certain berths). The idle time 
is considered a preparatory time, where the vessel is 
already moored to the berth, yet it has not started the 
operation. 

In order to address the physical and operational 
characteristics of the Sines Liquid Bulk Terminal, a mixed 
integer programing model for discrete BAP, with dynamic 
arrival rates of the vessels, is proposed. The mathematical 
formulation will allocate vessels to berth and 
simultaneously products to pipeline diameters, 
considering the availability and characteristics of each 
berth and pipeline. The handling time of the vessel will 
correspond to the pumping time depending on the pipeline 
allocated, in order to minimize the port operation time of 
the vessel at the berth and consequently at the terminal. 

 

3. Literature review 

The terminal operational time of a vessel can be 
defined as the time a vessel needs to be in the terminal, 
i.e. the difference between the arrival time and the 
departure of the vessel. The performance of the terminal 
and the berth can be associated with the time a vessel 
stays in the berth affecting the operation at a general level 
(terminal) and a local level (berth) (Ming and Shah 2008; 
Ducruet, et al. 2014; Zaly et al. (2015)).  

Considering the terminal’s operational time of a vessel 
and focusing on the aspect of allocation of vessels to 
berths was essential to formulating the berth allocation 
problem (BAP).  

The BAP it is solved for assigning a berthing position 
and calendar to each incoming vessel taking into account 
the vessels and berth characteristics. The variant of the 
BAP in this work considers a dynamic arrival of vessels 
(i.e. the arrival along the time horizon), and the vessels 
have to be allocated within a discrete berth (i.e. one vessel 
per berth). Considering the performance attribute of 
minimization of the total service time of the vessels and its 

relation to the remaining attributes, several works are 
reviewed in this chapter. 

Imai, et al. (1997) formulated the BAP with discrete 
spatial attribute with a static temporal attribute to solve an 
non-linear algorithm that presents the solutions to 
minimize the total service time of the vessels. Imai, et al. 
(1997) combined this formulation with the deviation 
between the arrival and the service order. Subsequently, 
Imai, et al. (2001) and Cordeau et al. (2005) analyzed the 
same problem taking into consideration the dynamic 
temporal attribute. Although the two methodologies 
address the BAP, given the order in which vessels are 
assigned, the formulation used by Imai, et al. (2001) uses 
constrains in the model to ensures that there is no overlap 
of vessels at the same berth.  Cordeau et al. (2005) uses 
the same idea of non-overlapping but incorporates a 
vehicle routing problem with fixed time windows to 
minimize the time of service of the vessels. In this case the 
decision of not overlapping operations in the same berth is 
obtained by mathematical models in combination with a 
Tabu Search heuristic.  

Asperen et al. (2003) used a simulation process for the 
arrival of the vessels in the terminal to determine the most 
efficient relation between the capacity of the berth and the 
delays of arrival of the vessels. This study reinforced the 
need to pre-define the arrival rates in order to obtain an 
efficient allocation of the ship to the berth. 

Guan and Cheung (2004) proposed MIP formulations 
assuming that the vessel handling time is fixed in order to 
consider the allocation of the vessels in order to obtain a 
minimization of the total operation time of the vessel with 
a discrete attribute. Imai et al. (2005) treats the same 
problem with a MINLP formulation associated with the 
waiting time of the vessels. The formulation assumes a 
linear correlation between the distance to the mooring 
location and handling time of the vessel. 

Golias et al.(2009) formulated the BAP considering the 
priority assumptions into a combinatorial multi-objective 
optimization problem to minimize the total time of service 
of the vessels. Using real data solved with a genetic 
algorithm heuristic, provided a set of solutions who 
allowed the operator to evaluate the various scheduling 
methods for the berth allocation in order to improve the 
operations and customer satisfaction.  Later, Golias et al. 
(2010) proposed a mathematical formulation based on the 
problem of multiple travel-salesman complemented with a 
lambda-optimal heuristic in order to minimize the time of 
service of the vessel. 

Arango et al. (2011), using as strategy a first-come first-
served allocation, proposed a method for minimizing the 
total service time of the vessels. The mathematical model 
uses discrete event simulation combined with a generic 
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algorithm heuristic in order to solve nonlinear problems. 
The model proposed a solution that improved the 
management strategy of the berths and was later 
implemented in the port of Seville, demonstrating better 
operating times at the berth and the port in general. 
Hendriks et al. (2012) studies the allocation of continuous 
berths located in different terminals owned by the same 
operator. The purpose of the model is to maximize the 
capacity of each terminal and minimize the cost of 
transportation between terminals. The handling time of 
each ship depends on factors such as processing rates 
and efficiency, as well as total number of containers. A MIP 
formulation was used as a way of approaching a case 
study carried out at the Antwerp (Belgium) terminal. 

Alzaabi  and Diabat (2016), using the GAMS program, 
developed a MIP schedule in order to minimize the 
handling time of all vessels. The model assumes that the 
port receives vessels of different sizes, suiting the vessels 
to the berth (service requirement) and the possibility of 
being accommodated by more than one berth (checking if 
the sequence is feasible). Two extensions of the problem 
were also modeled related to the different service needs 
and different lengths of berths. The time attribute 
associated with ships is considered dynamic, whereas the 
component associated with the start of operation of the 
ship at the station is considered linear. 

Some works approached the BAP with crane allocation 
and scheduling such as Park and Kim (2003), Imai et al. 
(2008), Zhang et al. (2010), M. Hendriks et al. (2010), 
Liang, et al. (2011) in several ways but focusing always on 
the minimizing of port operation times. Oliveira et al. 
(2016) had a different approach, relating the BAP with the 
pipeline scheduling through stochastic optimization. The 
model considers the refinery needs and the BAP in order 
to minimize the penalization costs due to non-compliance 
of final product and vessels demurrage.  

More information regarding BAP and other problems 
related to port operations can be found in (Meisel and 
Bierwirth 2009; Bierwirth and Meisel 2015). 

4. Mathematical formulation 

The mathematical formulation developed with the aim 
of minimizing the total time of operation in the terminal, 
considering the allocation of vessels to the available 
berths and the products transported to the respective 
pipeline, taking into account the operational restrictions in 
the Sines Liquid Granite Terminal. 

Analyzing the models and studies, it was developed a 
mathematical formulation of integer programming (MIP) 
based on the hybrid allocation model of container ships of 
Alzaabi and Diabat (2016). Changes were made to it in 
order to contemplate the characteristics of the case under 

study comprising the spatial, temporal, handling and 
performance attributes to be achieved. In this way a 
mathematical formulation was developed that considered: 
the discreet case, one ship per station; a deterministic 
arrival of ships (coincident with the existing schedule); 
understood the size restrictions of the berths and 
simultaneously to allocate the products transacted in the 
pipelines. 

The connection of the characteristics of the refinery-
berth system, with the objective of minimizing the Port 
Operating Time (POT) of each product, is not 
contemplated by the formulation of Alzaabi and Diabat 
(2016) and in the generality of the articles and studies 
analyzed. Most of the analysis done to previous studies 
formulates a time of handling that will be dependent on the 
allocated berth, being considered fixed. However, the 
mathematical formulation considers a vessel handling time 
that is not fixed and will be variable depending the pipeline 
used for carrying out the operation in question. 

The mathematical formulation was implemented using 
the General Algebraic Modeling System (GAMS) program, 
with the objective of minimizing the port operating time 
(POT) of each product, with the characterization of the 
current scenario and, later, the analysis of alternative 
scenarios. 

 

4.1. Assumptions  
 
Some assumptions were made in order to approximate 

the model to the reality of the Sines Liquid Bulk Terminal, 
such as: 

• Each vessel will carry and be associated with a 
single product, no multi-product vessels exist; 

• Each vessel is allocated to a single berth, there are 
no berths that can accommodate more than one 
product per operation; 

• Each product is allocated to a single pipeline, such 
that when it is in operation, no other pipeline with 
the same characteristics can be allocated to 
another berth or product until the end of the 
operation; 

• The berths will be modeled with the dimensions 
and number of oil pipelines belonging to them in 
the Sines Terminal; 

• Each product can only be served once, it will only 
perform one operation; 

• The order of arrival of the vessels will be 
deterministic (previously known) and the operation 
service will follow the First In First Out (FIFO) rule; 

• For the Idle time between mooring and the 
beginning of the pumping operation, are those 
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defined in the analysis of the operation of the Sines 
Terminal; 

 

4.2. Input Data 
 

      The allocation of products to their respective pipelines 
will be highly influential on the resulting Pumping Time. It 
is necessary to carry out a study of the pumping time of 
these products in the different pipelines diameters, as well 
as pipeline dedication, so as to introduce them in the 
mathematical formulation. 
     The characteristics of the products handled at the 
Sines Liquid Bulk Terminal were defined, as well as the 
pump times for these quantities as they are handled in the 
system, for the most conditioning month. 
    The stages involved in defining the pumping times of the 
products, for different pipelines, were as follows: 
1. Definition of the transfer rates of the products whose 
operations were dedicated to their specific pipelines - 
obtained from operational data of the Sines terminal; 
2. Calculation of the flow rate per pipeline diameter - 
regardless of the product it transports; 
3. Obtainment of transfer rates for the product - without 
dedication of products to associated oil pipelines; 
4. Obtainment of the Pumping Times, considering the 
quantities of products transacted in the month of January. 
    Given the importance of the Pumping Time accuracy, a 
statistical test was done in order to verify whether there 
would be significant differences between the times 
practiced in the terminal of Sines and those obtained 
theoretically. It was verified that statistically there were no 
differences between the two times, validating the 
employed process for obtaining theoretical pumping times 
without dedication of associated pipelines. 

4.3. Notation 
 

4.3.1. Sets 
 

m – Number of berths 1, ..., M; m ∈ M 

l –Pipeline Diameter 1, ..., L; l ∈ L 

p – Type of product 1, ..., P; p ∈ P 

4.3.2. Parameters 
 
ap – Estimated time of arrival of the product p 
Bp,l – Pumping time of product p in the pipeline l 

Qp – Quantity of product p transported  

Cminm – Minimum capacity the berth m can receive 

Cmaxm – Maximum capacity the berth m can receive 

Wp – Idle time of each product p  

lpl,m –  Set of pipelines l at the berth m  

 

4.3.3. Scalar 
 
M – Large number.  

This scalar is introduced in order to make the used 
constraints redundant and linear. 
 

4.3.4. Decision Variables  
 
TOPp – Port Operation time per product p 

Sp – Start time of handling operations of vessel p 

Xp,l,m – binary variable that assumes the value 1 if the 

product p is allocated to pipeline l contained in berth m; 

0 otherwise; 

Op,pp,l – binary variable that assumes the value 1 if the 
product p, predecessor of the product pp, is allocated 

to the pipeline l; 0 otherwise 

Op,pp,m – binary variable that assumes the value 1 if the 

product p, predecessor of the product pp, is allocated 

to the berth m; 0 otherwise 

 

4.3.5. Mathematical model 
 
In this subsection, the mathematical model is 

presented, as formulated to represent the aforementioned 
problem. 

 

𝑇𝑂𝑃𝑔𝑙𝑜𝑏𝑎𝑙 = 𝑚𝑖𝑛 ./𝑇𝑂𝑃0
0∈1

2 (1) 

𝑇𝑂𝑃0 =/ / 𝐵04𝑋046
6∈74∈8

+ :𝑆0 − 𝑎0= +	𝑊𝑝	,

𝑝, 𝑝𝑝 = 1, … , 𝑃 
(2) 

/ /𝑋046
4∈8

= 1,							
6∈7

	𝑝, 𝑝𝑝 = 1,… , 𝑃 (3) 

𝐶𝑚𝑎𝑥6 ≥ 𝑄(𝑝) × 𝑋046		, 

𝑝, 𝑝𝑝 = 1,… , 𝑃	,			𝑙 = 1, … , 𝐿,					𝑚 = 1,… ,𝑀 
(4) 

:𝐶𝑚𝑖𝑛6 − 𝑄0= ×/𝑋046
4∈8

≤ 0, 

𝑝, 𝑝𝑝 = 1, … , 𝑃	,			𝑚 = 1,… ,𝑀 
(5) 

𝑆0 − 𝑎0 ≥ 	0	,									𝑝, 𝑝𝑝 = 1,… , 𝑃 (6) 

𝑆00 + 𝑀:1 − 𝑂0,00,4= ≥ 𝐵04 + 𝑆0 +𝑊0, 

𝑝, 𝑝𝑝 = 1,… , 𝑃	(𝑝 ≠ 𝑝𝑝), 

𝑙 = 1,… , 𝐿,					𝑚 = 1, … ,𝑀 

(7) 
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𝑆00 +𝑀:1 − 𝑂0,00,6= ≥ 𝐵04 + 𝑆0 +𝑊0, 

𝑝, 𝑝𝑝 = 1,… , 𝑃	(𝑝 ≠ 𝑝𝑝), 

𝑙 = 1,… , 𝐿,					𝑚 = 1, … ,𝑀 

(8) 

/:−𝑋0,4,6 + 𝑂0,00,4= ≤ 0
6∈7

,					𝑚 = 1, … ,𝑀

/:−𝑋00,4,6 + 𝑂0,00,4= ≤ 0,				𝑚 = 1, … ,𝑀
6∈7

/:𝑋0,4,6 + 𝑋00,4,6 − 𝑂0,00,4= ≤ 1
6∈7

,				𝑚 = 1, … ,𝑀
⎭
⎪⎪
⎬

⎪⎪
⎫

		 

	𝑝, 𝑝𝑝 = 1, … , 𝑃	(𝑝 ≠ 𝑝𝑝),			𝑙 = 1, … , 𝐿,			 

(9) 

/:−𝑋0,4,6 + 𝑂0,00,6= ≤ 0
4∈8

,					𝑙 = 1, … , 𝐿

/:−𝑋00,4,6 + 𝑂0,00,6= ≤ 0,				𝑙 = 1, … , 𝐿
4∈8

/:𝑋0,4,6 + 𝑋00,4,6 − 𝑂0,00,6= ≤ 1
4∈8

,				𝑙 = 1, … , 𝐿
⎭
⎪⎪
⎬

⎪⎪
⎫

 

𝑝, 𝑝𝑝 = 1, … , 𝑃	(𝑝 ≠ 𝑝𝑝),			𝑚 = 1, … ,𝑀 

(10) 

𝑇𝑂𝑃0		, 	𝑆0 	≥ 0			𝑝 = 1, … , 𝑃 (11) 

𝑋0,4,6		,			𝑂0,00,4, 	𝑂0,00,6 ∈ {0,1}	, 

𝑝, 𝑝𝑝 = 1, … , 𝑃	(𝑝 ≠ 𝑝𝑝),			𝑙 = 1, … , 𝐿, 

𝑚 = 1,… ,𝑀 

(12) 

The objective function (1) is intended to minimize the 
total terminal operating time by the sum of the port 
operating times of all the products moved in the terminal. 
The time of each transaction made at the terminal will be 
different considering the product, the pipeline to which it 
will be allocated at the assigned berth, whether it is loading 
or unloading. By means of this concept, the time of port 
operation of each product (2) is defined by the conjugation 
of the three times: the time of pumping the product in the 
pipeline if it is allocated to the station (𝐵04𝑋046); the waiting 
mooring time in the berth, given by the difference between 
the start of the operation and the estimated arrival of the 
product at the terminal (𝑆0 − 𝑎0); and the Idle time between 
the mooring of the product and the start of the respective 
pumping operation (𝑊0). It should be noted that the 
pumping times and the preparation time between the 
mooring of the product and the start of operation will be 
given in the system as constants, and these will be 
different depending on the product, the pipeline where 
they are allocated and the operation to be performed. 

The constraints (3), (4) and (5) correspond to the 
allocation of the product to the berth. Restriction (3) shall 
ensure that each product is allocated to only one berth and 
to only one pipeline, considering that it belongs to the berth 
in question. This restriction implies that each berth and 

each pipeline are discrete elements, and only one of each 
is chosen. The constraints (4) and (5) define the capacity 
limits of each berth to receive the quantities of product 
moved, bringing the mathematical model closer to reality 
in the terminal. As a result, certain berths do not have 
sufficient capacity for the transaction of certain products, 
rendering it impossible for them to be assigned to the 
station in question. 

The waiting mooring time is related to the start time of 
operation, which will be determined through constraints 
(6), (7) and (8). Restriction (6) ensures the product will be 
served soon after its arrival, having the beginning of its 
operation coincide with the exact moment it arrives to the 
terminal. Alternatively, if there are waiting times, Waiting 
Mooring, the difference between the start of operation and 
its time of arrival will have to be positive. For the 
establishment of start handling times of products who have 
Waiting Mooring time associated, it’s necessary to stablish 
the sequence of consecutive products in the berth and in 
the pipeline, pp preceding p. 

Constraint (7) certifies that there is a sequence for the 
start of operation, for two products allocated consecutively 
to the same pipeline. The start of operation of the product 
allocated later in the pipeline can only occur after the 
previous product leaves the pipeline. Given two products, 
p and pp, it requires that if product p is the predecessor of 
the product pp and both are allocated to the same pipeline 
l, 𝑂0,00,4 = 1, the start of operation of the product pp (𝑆00) 
cannot be less than the sum of the start time of the product 
p (𝑆0), its pumping time for the product in the assigned 
pipeline (𝐵04) and its Idle time (𝑊0). In this case, it is 
necessary to introduce a sufficiently large number to 
linearize the constraint and, in the case of 𝑂0,00,4,6 = 0, the 
constraint is redundant. The constrain (8) operates in a 
manner analogous to constrain (7), however, it describes 
the start time of the operation at berth m if the product pp 
is allocated to the berth after the product p (𝑂0,00,6 = 1). 
The model will assign the maximum of the two constraints 
as the start handling time of the two products that are 
assigned to the same berth and pipeline. 

The constraints (9) and (10) control the decision 
variables, 𝑂0,00,4 e  𝑂0,00,6, independently guaranteeing 
the simultaneity between product-pipeline and that there is 
no overlap in space, for the allocation in the berth and in 
the pipeline. The constraint (9) controls the variable 𝑂0,00,4  
of the constrain (7) thus ensuring non-overlap in space and 
time in relation to the allocated pipeline. If there are two 
consecutive products allocated to the same pipeline, the 
second product will only start operation on the pipeline 
assigned after the end of the previous pipeline at any 
terminal station. The constraint (10) controls the variable 
𝑂0,00,6, functioning in a manner analogous to constraint 
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(9), however, it is reserved for the control of the berths 
allocated to consecutive products. Restriction (10) 
ensures non-overlap in space and time in relation to the 
berth where the product will be allocated. If two 
consecutive products are allocated to the same berth, the 
second product will only begin after the operation at the 
berth has finished for the first product in any pipeline 
belonging to the terminal.  

The acceptable domain of variation for the variables is 
defined by constraints (11) and (12). 

5. Scenario Generation 
 

The goal is to infer the impact on the POT of each product 
and the terminal, parameters related to physical 
alterations in the dimension of berths or changes in the 
existing dedication of oil pipelines to products. Temporal 
performance indicators as the waiting mooring time and 
the number of existing demurrages, are also studied. 
Table 1 demonstrates the changes executed in the three 
main proposed scenarios, compared to conditions 
currently practiced in the terminal: 

1. The first scenario will characterize the real scenario, 
aiming to maintain the existing restrictions in the Sines 
terminal in order to preserve the dedication of pipelines to 
products and the current dimensions of the berths.  
2. The second scenario intends to evaluate the impact of 
physical alterations related to the dimensions of berths. It 
is intended to evaluate the increase in size of the two 
berths with the lowest capacity, given that they condition 
the system. The berth with greater dimensions will be 
maintained and remain available to serve the majority of 

 
 
 
 
 
 
 
 
 
 
 
 

product quantities. The existing restriction of pipeline 
dedication to products will be maintained, as in the real 
case. 
3. The third scenario intends to evaluate the impact of 
changes in pipeline diameters of the current dedication to 
products in the terminal. Nonetheless, for this scenario, 
certain dedications such as Crude (largest pipeline) and 
most GPL transactions (smaller pipeline) will be kept. 
These dedications are maintained in order to approximate 
the model to reality. Furthermore, an additional motive is 
to avoid the mathematical formulation assigning all loads 
to the larger diameter pipeline (i.e., the transactions would 
be faster). In the case of LPG, transactions in excess of 
7000 tons will be assigned to a pipeline of higher diameter 
in all sub-scenarios.  
The pipeline diameters changes made in the sub-
scenarios are shown in Table 2. 

• Scenario 3.1 will increase the pipeline diameters 
of two operations of products, considering the 
largest amount of product transacted;  

• Scenario 3.2 the pipeline diameters are allocated 
in order to prioritize the shipping operations. The 
diameter of the shipping pipelines will be 
increased in order to obtain lower pumping times 
for the operation.  

• Scenario 3.3 aiming study the non-dedicated 
pipelines in the POT in the terminal. It is intended 
to afford some freedom to the mathematical 
model, so it assigns the best pipeline diameter to 
each product to be moved. In this scenario only 
the previously mentioned Crude and GPL pipeline 
attributions will be maintained. 

   

  Berth Size 
Change of dedication of pipeline diameter 

Quantity 
transacted 

Shipping 
Prioritization 

Non-dedicated 
pipelines 

Scenario 1      

Scenario 2 X    

Scenario 3.1  X   

Scenario 3.2   X  

Scenario 3.3    X 

 Crude Oil LPG * Fuel+VGO Gasoline+ Comp. Diesel Oil Naphtha 
Expedition Reception Expedition Reception Expedition Reception Expedition Reception Expedition Reception Expedition Reception 

Real A A F F C B D E C C E E 
Scenario 3.1 A A F F C B B C C C D D 
Scenario 3.2 A A F F B B C E D E D E 
Scenario 3.3 A A F F         

Table 1- Changes to be made in the scenarios being studied compared to the real scenario 

Table 2 – Changes made in the pipeline diameters in each sub-scenario 
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5.1. Comparison and scenarios analysis  
 
For scenario 1, characterizing the current situation, 

Table 3 shows an improvement of 7.2% in the POT, 14.4% 
in Waiting Mooring time and 30% in the number of hours 
the products spent in demurrage. The pumping time 
remained unchanged, as the pipeline dedication existing 
in the terminal remained unchanged. 

Table 4 shows that regarding the number of products 
that did not present any Waiting Mooring time, there was 
an increase of 36% when compared to reality. However, 
there was a decrease in the number of contracts fulfilled, 
with no demurrage. This is due to the fact that the model 
does not account for the allocation of multiple pipelines to 
the LPG, which does occur, in practice, at the terminal. 

In this scenario the most significant improvements in 
the POT indicator were observed for the products of 
Gasoline and Components and Naphtha, given that: 

• Gasoline and Components started to carry out most 
of their product movements at a single berth, and with their 
lower volume cargo exclusively allocated to the lowest 
capacity berth; 

• The improvements in Naphtha are a result of the 
improvement of the POT in the remaining products, since 
they maintain the same disposition as in real conditions. 

In Scenario 2, the dedication of the existing pipelines in 
the Sines Terminal to their products was maintained, 
however, the size of lowest capacity berths (more 
restrictive) was altered to the same size as the other 
berths. 

It was verified, by the distribution of products, that there is 
no dedication of products to berths. All products are 
allocated to all berths. In comparison with the real case, 
Table 3, there was a decrease of 10% in the POT, 24.4% 
in the Waiting Mooring time and 36% in the number of 
hours that the products spent in demurrage. The pumping 
time remained unchanged, as the pipeline sorting was 
maintained at the terminal. When compared to scenario 1, 
there was a 2.8% improvement in the terminal’s POT, 10% 
in Waiting Mooring time and 6% in the time spent in 
demurrage. 

Considering that in scenario 2 the allocation of vessels 
presents less constraints, since the dimensions of the 
most conditioning berths (lower capacity) have been 
increased, the number of products without Waiting 
Mooring time registered a growth of 9.1% compared to 
scenario 1. In terms of products that did not enter 
demurrage there was an improvement of 3.2% in 
comparison to the real case (Table 4). 

The results obtained corroborate the idea that the 
physical restrictions of the berths do not have a significant 
influence on the port operation time (POT) and Waiting 
Mooring, since the operating times are maintained. There 
was an improvement in results for the studied scenario, 
driven by the possibility of consecutive transactions of high 
quantity cargo, as is the case of Gasoline and Naphtha, 
since they have more allocation options given that most of 
the stations have all pipeline diameters. 

Scenario 3 was subdivided into 3 sub-scenarios with 
various assumptions to explore several changes in the 
pipeline diameters affecting the products.  

   

 Waiting Mooring null Demurrage null 
Real Scenario 22 31 

Scenario 1  +36,4% -3,2% 
Scenario 2 +45,5% +3,2% 

Scenario 3.1 +50,0% +25,8% 
Scenario 3.2 +54,5% +22,5% 
Scenario 3.3 +59,1% +38,7% 

 POT (h) Pumping (h) Waiting Mooring (h) Demurrage (h) 
Real Scenario 2697,55 1408,07 819,08 603,65 

Scenario 1  -7,2% 0,0% -14,4% -30,0% 
Scenario 2 -10,0% 0,0% -24,4% -36,0% 

Scenario 3.1 -32,7% -29,6% -59,9% -57,7% 
Scenario 3.2 -28,1% -19,4% -52,8% -45,0% 
Scenario 3.3 -39,4% -34,8% -68,7% -72,2% 

Table 3 - Comparison of the Real Case and the scenarios proposed in the temporal performance indicators 

Table 4 - Comparison between the Real Case and the scenarios of the number of products that don’t have Waiting Mooring 
Time and Demurrage 
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Comparing the results of the three sub-scenarios it is 
noted that all perform better than the current situation. In 
particular, sub-scenario 3 presented the best performance 
in all the time indicators (Table 3). It should be noted that 
the pipeline allocation to the products, altering the 
pumping time, had a preponderant impact in the 
addressed times when compared to scenario 2, where 
only the dimensions of the berths were changed. 

• In scenario 3.1, there were significant improvements 
in the case of Naphtha and Gasoline and Components, 
with a decrease of the average POT compared to the 
actual case. These being the products which, combined, 
were the busiest as far as changes of pipeline diameter 
were concerned, resulted in heavy improvements in the 
number of products that did not wait for allocation and did 
not come to underestimate. Due to sharing of the diameter 
pipeline, Fuel and VGO experienced an increase in their 
average POT; 

• In scenario 3.2, the objective of which was to prioritize 
the expeditions, the greatest improvements, compared to 
the real case, were found in sub-scenario I in the Naphtha 
and Gasoline products, however on a smaller scale. In this 
case, Diesel oil, due to having suffered a reduction of the 
pipeline diameter where it was transacted, suffered an 
increase of its average POT of 61%, 

• In scenario 3.3, which presents a relaxation of pipeline 
dedication to products and operations, the model allocates 
the pipeline diameter in each situation. All products show 
high percentages of improvement of their POT’s, 
compared to the real case, whereas simultaneously 61.4% 
of the transactions have no Waiting Mooring time and 
75.4% of the products did not initiate demurrage. 

Analyzing scenarios 3.1, 3.2 and 3.3. in aggregate form 
it is possible to conclude that in all scenarios there was a 
lower value of products presenting an Awaiting Mooring 
time and demurrage, proving that dedication of oil 
pipelines has a preponderant role in the composition of the 
POT as the others temporal performance indicators (Table 
3). Scenario 3.2 has a lower value of improvement of 
vessels without demurrage values (Table 4). This 
particularity is related to the fact that the scenario was 
modeled considering the prioritization of shipments, and 
the received cargos had an increase of vessels in 
demurrage comparing with the other sub-scenarios. 

Comparing the various sub-scenarios of scenario 3, 
from the perspective of operationality in the terminal, 
although scenario 3.3 presents the best performance 
indicators in all studied times, it is also the one associated 
with the greatest difficulty of implementation. In this sub-
scenario, it would be implied that most of the products to 
be transacted could do across all pipeline diameters, 
which does not correspond to the terminal operating 

conditions. Given the terminal’s structure and the transport 
characteristics of each product, greater preparation times 
would be required between the mooring of the ship and the 
start of the pumping operation to clean the pipelines (if it 
was possible). Sub-scenarios 1 and 2, when analyzing 
their operability in the terminal, present the same problem 
of restrictions on products on a smaller scale compared to 
scenario 3.3, given the dedication of pipelines to products 
presented in the terminal. 

6. Conclusions 
In the present study, a mixed integer programming 

formulation was developed, aiming to minimize the Port 
Operation Time (POT) of each product allocated to a berth 
in the Sines Liquid Bulk Terminal. Simultaneously, the 
temporal performance indicators of Waiting Mooring and 
Demurrage are also studied. 

The operations performed at the terminal in the 
transport of products contemplate the refinery-berth 
system using different pipelines diameters of the terminal, 
in order to solve the berth allocation problem (BAP). The 
mathematical model was developed to solve the BAP with 
pipeline allocation to each of the associated product’s 
transportation. The considered attributes were: the 
discrete space attribute (i.e. one vessel per berth and one 
product per pipeline); dynamic arrival of vessels as 
temporal attribute (i.e. the arrival of the vessels coincides 
with the known schedule); handling time attribute variable 
(i.e. dependent on product, operation and on each 
diameter of pipeline allocated); and a performance 
attribute of minimization of the Port Operation Time (POT) 
of each product in the allocated berth and the terminal in 
general. The mathematical formulation also comprises the 
size constraints of each of the berths in the terminal, as 
well as the availability of pipelines to allocate the 
operation.  

The model was developed using the General Algebraic 
Modeling System (GAMS) program and three scenarios 
were implemented with several modifications in order to 
study impacts in the POT. 

Scenario 1 is modeled in order to emulate the current 
operation, considering the berth dimensions and the 
pipeline dedication as presented in the Liquid Bulk 
Terminal of Sines. 

Scenario 2 is modeled in order to study the impact on 
the POT of increasing the dimensions of the most 
conditioning berths of the system, i.e. the berths with lower 
capacity.  

Scenario 3 is subdivided into 3 sub-scenarios in order 
to study the impact of several assumptions made 
regarding the change of diameter in the pipelines 
considered in the terminal. The sub-scenarios cover the 
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change of pipeline dedication, taking into account the total 
quantity moved (scenario 3.1), prioritization of shipping 
operations (scenario 3.2) and, for the third sub-scenario 
(scenario 3.3), greater freedom to allocate the different 
pipeline diameters to each product, in each operation, in 
order to obtain the minimum POT possible in the terminal. 
In this final scenario, there are no pre-defined product 
allocations except the allocation of Crude oil cargo in the 
larger pipeline diameter, and GPL cargo in the smaller 
pipeline diameter. An assumption was made that in the 
three sub-scenarios, for transactions of LPG loads above 
7000 ton, these would be allocated to a higher diameter 
pipeline. 

The output presented by the model results in the 
distribution of products by berths considering the 
constraints modeled in each scenario, noting significant 
improvements in all scenarios, both in terms of POT times 
and temporal performance indicators (Tables 3 and 4). In 
scenario 1, it is possible to conclude that the smaller 
transactions of products should be dedicated to the lower 
capacity berths. Scenario 2 also presented an 
improvement over the currently practiced conditions, 
however slight, when compared to scenario 1. This result 
validates the idea of Ming and Shah (2008) that berth 
capacity change does not possess a direct impact on the 
POT of the product and the terminal. Scenario 3 presents 
major improvements in the POT of the products and 
terminals, proving the importance of the operational time 
of a vessel in the berths and, in this case, the influence of 
the pipeline diameter in the pumping time.  
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