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Abstract

The core component of the oil supply chain is the refinery, where the received oil batches are managed to feed the crude distillation units in proportions that give origin to the desired cuts and products. However, the oil supply and the oil products’ distribution have to answer in agreement to their predicted demands. For this reason, there is the need to build decision support tools to manage inventory distribution. This work focuses on the development of a MILP model that describes the oil products distribution through a pipeline that connects one refinery to one tank farm. In order to supply the local market, the model represents the interaction between the pipeline schedule and the internal restrictions at the tank farm. Real world data from CLC (a Portuguese company) validate the model formulation.
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1. Introduction
Pipelines have widely been established as safe and efficient equipments to transport oil and oil products, either in short or long distances and in a cost effective way. However, the benefit will be higher if the relation between pipeline and tank farm is considered as a whole in a decision support tool to the oil products distribution. The works published so far in this area have a large focus on pipeline details and schedule, relying both in discrete (Rejwski and Pinto (2003), Magatão et al. (2004)) and continuous (Cafaro and Cerdá (2004, 2007) and Rejowski and Pinto (2007)) MILP formulations. Nevertheless, the storage availability for products reception at the tank farm, the inventory management issues and the clients’ satisfaction are important tasks that have impact on the optimal pipeline schedule. These issues have been previously addressed in the works by Relvas et al. (2006, 2007). Based on that work, this paper proposed a new MILP model that disaggregates the storage capacity of each product in physical tanks. Two parallel formulations for this problem are introduced and discussed, using as case study the real world scenario of CLC - Companhia Logística de Combustíveis. CLC distributes refinery’s products in the central region of Portugal.
2. Problem description and model representation 
Figure 1 resumes the operating system that comprises an oil products’ pipeline that pumps from a refinery to a tank farm. This distribution centre is located in a strategic local market. Each tank has a fixed product service and the clients are supplied at the distribution centre with the respective products. 
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Figure 1 – Problem’s operating system

The main given parameters are: a) the pipeline volume, b) maximum and minimum flowrates, c) the products to be pumped and matrix of possible sequences, d) the tanks’ capacity and product’s service, e) settling period by product; and as scenario data: f) the time horizon extent and number of days, g) the maximum number of batches to be pumped, h) the initial inventory by product and by tank, i) the state of each tank and the initial settling time of each tank (if applicable, otherwise set to zero), j) the daily clients’ demands and k) the planned pipeline stoppages, if any.
The problem’s solution will comprise two parts: the pipeline schedule and the tanks’ inventory management. The pipeline schedule includes products’ sequence, pumping flowrates, batches’ volumes, timing issues and pipeline stoppages. The inventory management includes pipeline inputs, settling periods and outputs by product and tank.
The problem’s objective is to optimize results under an operational objective function that combines several goals. Each is expressed by one dimensionless and normalized term (to comprise values between 0 and 1) and will be added to the function with a plus (if minimizing) or minus sign (if maximizing) and with a weight. The terms considered minimize the balance between the tank farm inputs and outputs (such that the flowrate is also minimized and imposing that this balance is positive), maximize the pipeline usage and maximize the product whose final inventory has the lowest value. 
The model formulation is based on the model proposed by Relvas et al. (2006, 2007), modified to account for individual tanks. The main characteristics of the model are:

1. Continuous time and volume scales – The model considers a single event to build the continuous time scale, which corresponds to the time when each batch has finished to be pumped to the pipeline. Additionally, this event is also used to update the batches’ volumetric position inside of the pipeline, referred to an axis with origin in the refinery and end in the tank farm.
2. Daily clients’ demands – The forecast of the demands is provided in a daily basis, which is also implemented in the model formulation. For this purpose, it is built a binary operator that transforms discrete time information in to continuous time. 
3. Sequence of products – This is one of the main results of the pipeline schedule. However, it highly influences the model performance. For this reason, it has been approached as fixed or mixed sequences. These basically repeat a cycle unit of products. The main difference is that some products may be concurrent for some positions, which leads to mixed sequences or have fixed positions, fixed sequence.

3. Tanks’ Representation

A tank farm is usually constituted by several tanks, which may have a fixed product’s service, i.e., they are always used for the same product, due to product quality conservation and tank’s calibration system, as well as other technical features. Additionally, the fact that the product has to settle after discharge from the pipeline and before being available for clients implies that at any moment there is at least one tank receiving product and another one available for clients. This will be part of a rotation scheme between tanks of the same product.
The mathematical representation of this operational procedure has a main decision to take: either to represent the tanks in an aggregated manner or include each tank as a model instance and obtain additionally as model result the alternation schemes for all products. For the later, such detail level at the mathematical representation results in higher model size due to a new set, new variables (either continuous and binary, expanding the decision tree size) and higher number of equations. Three key aspects have to be considered when modeling individual tanks: i) the allocation of tanks to products, ii) the tanks’ operational cycle and iii) the initialization data.
3.1. Allocation of tanks to products

This work will compare the model proposed by Relvas et al. (2006, 2007), which considers an aggregated tanks’ formulation, with a new formulation for the disaggregated representation. The first will be from now on referred as Aggregated Tanks’ Formulation (ATF), meanwhile the last will be referred as Disaggregated Tanks’ Formulation (DTF). For the DTF strategy a set of tanks (t) is defined such that each tank is referred as the tank t of product p. The variables defined on p are directly disaggregated in t. Therefore, the relation product-tank is implicit in the formulation.

3.2. Tanks’ operational cycle

The major challenge in the model formulation is the representation strategy adopted for the tank cycle. Normal operation considers that each tank is filled up completely before settling. After the settling period, the tank is released for clients’ satisfaction, until it is totally empty. These procedures are usually related to the product quality, where it isn’t desired to mix products from several different batches. This implies that they are formulated four states for each tank: i) full, ii) delivering product to clients, iii) empty and iv) being filled up with product from the pipeline. Each one of the states has a corresponding state variable, related to tank inventory (ID), and has to be activated or deactivated whenever a boundary situation occurs (Eq. 1): the maximum (UB) and minimum (LB) capacities of the tank are met. For this purpose, the state variable (y, binary) will have to be activated whenever both inequalities (‘≤’ and ‘≥’) hold (Eq. 2):
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These occurrences are formulated using big-M constraints, which require the definition of a tolerance to identify each state (within the given tolerance between the desired value and the variable value, the state variable is activated). Moreover, each variable that occurs in these constraints is now modeled as an integer variable (tank inventory,  input and output volumes), enabling the definition of a tolerance lower than 1. 
The definition of a full or empty tank is applied for specific cases (tank inventory is at its limits). The remaining states are exclusive at any moment, i.e., each tanks is always either in a filling up cycle or in an emptying cycle (idle time intervals may occur in both cycles). Finally, whenever the tank is full and the corresponding state variable is activated, it also controls the settling period accomplishment.

3.3. Initialization data

A new set of data has now to be included in each model instance: the initial inventory of each tank and its current state. The initial state is crucial either in the model performance as well as on the optimal resources allocation. In a real world scenario, this data is provided by the prior time horizon.
4. Results

The implementation will consider a real world example taken from CLC – Companhia Logística de Combustíveis, a Portuguese company operating in the distribution of oil products. This company transports six different products from a single refinery located in the south (P1 to P6), and distributes them in the central area of Portugal. The total number of tanks is 29 and they all have specific product service. The time horizon considered will cover 7 days of operation, taking as scenario the data from the first week of April 2006: initial inventories at each tank, initial contents of the pipeline and current state of each tank and, if settling, the current settling time. Additionally, they were considered the real clients’ demands occurred in that period. In order to compare the results obtained through the mathematical model with the real occurrences, it will be used the same sequence of products to pump that was verified within that period. The flowrate will be considered to vary between 450 and 650 vu/h (volumetric units/h).
The model was implemented in GAMS 22.4 and solved with CPLEX 10.1, on a Pentium D820 with 2 GHz RAM. The stopping criteria were either the optimal solution or 2 hours of computation. CPLEX’s polishing option was used for 30 seconds.
The disaggregated formulation was also run without specifying the initial states for tanks, leaving open their definition (DTFnoinit).

Table 1 resumes the model performance for each strategy, as well as the value of the objective function obtained from the real occurrences at CLC. They are also indicated the relaxed solution and the amount of time that was spent to find the optimal solution, but without proving optimality. It can be observed the model size increase between a model with ATF and the corresponding DTF. The number of binary variables increased more than 400% for the same scenario. The model size has a large impact in CPU effort. 
Table 1 – Model performance for the proposed methodologies

	Formulation
	“CLC”
	ATF
	DTF
	DTFnoinit

	# Continuous Variables
	-
	1736
	2907
	2994

	# Binary Variables
	-
	414
	2098
	2156

	# Equations
	-
	2889
	6178
	6178

	# Nodes Explored
	-
	937
	298784
	1806494

	# Iterations
	-
	6712
	3464991
	30364688

	CPU time (s)
	-
	1.359
	1096.578
	7230.078

	Time to find the optimal solution (s)
	-
	1.359
	5.50
	6482.00

	Objective Function
	-1.896985
	-2.042726
	-1.968652
	-2.042726

	Relaxed solution
	-
	-2.043577
	-2.043577
	-2.043577

	Relative Gap (%)
	-
	0.00
	0.00
	0.04


Regarding the optimal solutions obtained versus CPU effort, meanwhile in the ATF the optimal solution is found in less then 2 s, the DTF took about 18 min to prove optimality. However, the optimal solution was obtained relatively early in the search tree analysis (≈ 5 s of computation), which means that the majority of the CPU effort is used to prove optimality. It should also be pointed out that the relaxed solution is equal between the three strategies, representing a good accuracy between formulations. 

Table 2 resumes the operational results. All solutions present a lower medium flowrate when compared to CLC’s occurrences. The DTF solution leads to a pipeline stop (without interfaces) and reducing pipeline usage. CLC verified both high flowrate and positive balance in inventory, increasing the final inventory. The results on minimum inventories are similar for all strategies, being P3 the product with lower levels.

From the DTFnoinit results they were verified 8 different initial states. The reason why happens a pipeline stop in the DTF is due to P2 having all tanks satisfying clients at the moment when it is necessary to store a new batch. However, the initial state is given by CLC’s real occurrences, which were not provided by an optimization model.
Table 2 – Model performance for the proposed methodologies

	Formulation
	“CLC”
	ATF
	DTF
	DTFnoinit

	Medium flowrate (vu/h)
	521.2
	487.34
	507.32
	487.34

	Inventory (vu)
	+5361
	+31
	+31
	+31

	Pipeline usage (%)
	94.05
	94.05
	90.34
	94.05

	Final inventory level (%)
	51.16
	48.54
	48.54
	48.54

	Minimum final inventory (%, product)
	32.67 (P3)
	32.53 (P3)
	32.53 (P3)
	32.53 (P3)

	Minimum overall inventory (%, product)
	32.67 (P3)
	32.53 (P3)
	30.54 (P6)
	32.53 (P3)

	# Interfaces during pipeline stops
	-
	-
	0
	-


The major benefit (balanced with the model complexity trade-off) from the DTF is the allocation of arriving batches to available tanks. At any moment it is known the state of a tank, defining precisely the available storage capacity and having impact in the volume and pumping rate of each batch on the pipeline schedule. If the results from the ATF are fed to the DTF, the model may turn infeasible, showing that the detail at the individual tank level is critical to define the pipeline schedule. This would be overcome using an iterative procedure where at each iteration an integer cut would be added to the DTF, eliminating infeasible solutions at the ATF level from the DTF search space.
Figure 2 represents the inventory profiles for each product and strategy. It is visible the resemblance between reality and model formulations. The main differences are due to batches volumes transported and pumping rate, because both the sequence of products and outputs are equal between strategies.

5. Conclusions and Future Work

This work presented a new model formulation that coordinates pipeline transportation with tank farm inventory management, including individual tanks’ details. The obtained model generates within the solution the rotation scheme for tanks that allows the verification of all required tank farm operations.
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Figure 2 – Inventory profiles for each strategy and by product
The main achievement of the proposed model is to provide a detailed tank farm inventory management, looking into the sets of tanks of each product (rotation scheme).

As future work it is proposed to improve the tanks’ cycle formulation and develop a set of examples to test the behavior of the Disaggregated Tanks Formulation. Additionally, it is proposed to develop a decomposition strategy to link subsequent time horizons.
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