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Abstract

In this paper, we describe the efficient discrete modelling of multiproduct pipeline systems in Witness
simulation software environment. Our simulation model consists of 6 blocks called System structure,
Pumping modes, Pumping schedule, Pumping execution, Collecting of outputs and Simulation run
control and is supported by MS Excel. Algorithm for the assignment of a scheduled pumping
requirement to execution is proposed too. Our model is innovative in that pipelines for the transport of
products, tanks for storing products in warehouses as well as the products themselves and their material
flow are represented neither by the continuous physical elements (Pipes, Tanks, Fluids) nor their discrete
equivalent (Conveyors, Buffers, Parts) but by the logical elements called Variables. Avoiding physical
elements enables efficient modelling of bidirectional flow of products in a pipeline and furthermore
leads to the high speed of a simulation run. Based on the outputs of simulation of a simple pipeline
system we show how our model can be used to support scheduling in complex multiple sources, multiple
destinations pipeline networks.
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1. INTRODUCTION

The transportation via pipelines represents the most reliable and cost-effective option for huge
amounts of liquid and gaseous materials [1]. For the past five decades, pipelines have primarily
been used by the oil industry to transport crude oil and its derivatives. Pipeline systems are
typically multiproduct, meaning they transport multiple types of products through the same line.
The goal of scheduling transport operations in a pipeline system is to meet the local demand of
each linked node, ensuring proper stock control while adhering to many operational limitations
such as flow rate constraints. [2]. Pipeline short-term scheduling is a difficult problem, for
which a number of mixed-integer (non)linear programming (MI(N)LP) formulations have been
developed and described in the scientific literature [3]. Discrete-time representation that divides
the scheduling horizon into uniform time intervals of fixed duration [4, 5] is currently replaced
with continuous-time or hybrid-time representation leading to the reduction of scale of the
mathematical model [6-8]. Despite that MI(N)LP scheduling tasks remain NP-hard or worse
which means that they could not be solved in polynomial time [9]. Moreover, although scientific
literature contains many studies dealing with scheduling of pipeline networks most of them
focus just on a unidirectional flow of products.

An alternative to the application of mathematical programming methods in the pipeline
scheduling represent for example heuristic modules [10], constraint programming [11] and also
discrete-event simulation [12]. These approaches are suitable mainly in the scheduling of
pipeline networks with more complex structures [13]. Discrete-event simulation is a method of
modelling a system as a discrete sequence of events using a computer [14]. Simulation has a
number of advantages over other operational research methodologies, including the ability to
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experiment with any aspect of a business system [15]. It also enables to speed up time to study
a system over a long period of time or to slow down to study its behaviour more closely [16].

Witness is a commercial simulation tool developed by Lanner Group Ltd. [17] with many
applications in decision-making in production and logistics that are described in the literature
[18-20]. It contains pre-defined physical elements suitable for modelling various both discrete
and continuous logistics systems. On the other, based on our experience, when dealing with
complex pipeline networks the application of physical elements suffers from several
drawbacks. Continuous elements such as Tanks, Pipes and Fluids are designed to simulate only
a system with unidirectional flow of products. Similarly when continuous elements are replaced
with their discrete equivalent (i.e. Buffers and Conveyors) and Fluids are discretized with help
of Parts it is possible to simulate bidirectional flow of product but a large number of physical
elements in the model slows its run significantly. This is crucial when a simulation is designed
to support a short-term scheduling.

The goal of this paper is to propose and describe the efficient way of modelling complex
multiproduct pipeline systems in Witness simulation software environment. Our model is
innovative in that pipelines for the transport of products, tanks for storing products in
warehouses as well as the products themselves and their material flow are represented neither
by the continuous physical elements (Pipes, Tanks, Fluids) nor their discrete equivalent
(Conveyors, Buffers, Parts) but by the logical elements called Variables. Furthermore, we
propose an effective algorithm for the assignment of a scheduled pumping requirement to
execution. Based on the outputs of a simple pipeline system simulation we show how our model
can be used to support scheduling in multiple-sources, multiple-destinations pipeline networks
with bidirectional flow of products.

2. SIMULATION OF A PIPELINE SYSTEM IN WITNESS

2.1 Model description

Basic elements in our simulation model of a pipeline system are called demand point, entry
point, warehouse, pipe and product. A demand point requires certain amount of a product in a
certain period of time in a warehouse. Opposite to a demand point is an entry point that is
responsible for deliveries of products to warehouses. Warehouses are equipped with storage
tanks, one tank for one product. A pipe connects two warehouses and at any time of simulation
it is filled with products. The rules that are addressed during the transportation of products
through a pipeline system include [21]:

« a pipe fills and empties one tank at a time,

tanks being filled cannot be emptied,

an entry point can feed only one tank at a time and

a demand point can only be fed by one tank at a time.

Our simulation model of a pipeline system in Witness environment consists of 6 blocks (see
Fig. 1). The first block is called System structure and consists solely of Variables. These
Variables contain information about the number of warehouses, demand points, entry points,
pipes and products. For each warehouse, characteristics such as number of tanks and their
storage capacity, initial stock level and a product are imported to simulation via Initialize
Actions of the model from MS Excel using XLReadArray command. Each tank in a warehouse
is also controlled by binary Variable deciding whether the tank is available for receiving or
dispatch of a product (i.e. 0 = available, 1 = unavailable). In case of pipes, information about
initial batch sizes of products and their arrangement in a pipe is necessary.

The second block contains Variables describing pumping modes, their relationships and
availability during the simulation run. Each pumping mode is a sequence of integer numbers
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representing a specific interconnection between two warehouses through a pipe or between a
warehouse and a demand or entry point. As in case of the tanks in warehouses, the availability
of pumping modes is controlled by binary Variable. A pumping mode becomes unavailable to
avoid situations that different pumping modes use the same pipe, more tanks in a warehouse
feed a demand point with products or more tanks in a warehouse receive products from an entry
point simultaneously. Description of pumping modes and their relationships are imported to
simulation via Initialize Actions of the model from MS Excel using XLReadArray command.

The block called Pumping schedule represent Variables that comprise information about
required start of pumping of a certain quantity of a product according to a pumping mode and
performance. Again, this information is imported to simulation via Initialize Actions of the
model from MS Excel using XLReadArray command.
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Figure 1: Simulation model of a pipeline system in Witness environment.

Pumping execution block consists of two Machines that are responsible for assignment and
execution of pumping. First Machine repeatedly in a relatively short time (e.g. 1 time unit) pulls
Part from World attempting (in Actions on Input) to assign a pumping through the algorithm
forming the body of Void Function. The algorithm is shown in Fig. 2. In case that a pumping
is assigned (i.e. variables in the Pumping execution block are set > 0), second machine that is
the part of the Pumping execution block pulls repeatedly Part out of World. Each single Part
represents a certain amount of product (e.g. 1t, 100 pcs...) and Cycle Time of Machine is
therefore based on pumping performance. When the Cycle Time is over Actions on Finish take
place including stock level updates in tanks and pipes and also assigned quantity to be pumped
is decreased. If assigned quantity to be pumped is equal to zero appropriate pumping modes
and tanks are set to be available for another assignment, simulation time of the pumping
requirement finish is recorded, the rest of Variables involved in the Pumping execution block
are set equal to zero and Void Function with the algorithm for the assignment of a pumping is
called. During the simulation information about pumping mode that controls every pumping
execution is represented by the quantity of Machine. This quantity is in Initialize Actions of the
model set equal to number of pumping modes with help of SET QUANTITY OF command.
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Next block called Collecting of outputs consists of one Machine and a set of variables
according to what outputs are the subject of interest. Except the Variable for recording
simulation time of the pumping requirement finish during the pumping execution (see
description above) other useful outputs are for example stock levels in warehouses, utilization
of tanks and pipes by on shift time or Gantt charts. The collection of outputs itself is carried out
through Actions on Input in the Machine pulling and pushing Part repeatedly in a relatively
short time (e.g. 1 time unit). When the planned simulation time is reached, the simulation
outputs are exported to MS Excel via User Actions using XLWriteArray command.

FOR i=1 to number of rows in
pumping schedule
(each row = 1 pumping requirement)

Y

NO Is time in simulation >= required
NEXT i 4——— start of pumping AND Is required
pumping mode available?

Decide on a
type of the
pumping
requirement

With a demand
point

With a pipe

In an appropriate warehouse, search for
In an appropriate warehouse, an available tank with the amount of
search for an available tank with required product >0
_ armtired nr > - AND
the amount of required product >0 With an entry .
. In an appropriate warehouse, search for a
point . . i .
free space in an available tank to receive
a product that flows from the pipe

In an appropriate warehouse, search
for a free space in an available tank
toreceive required product

NEXT i «4—— Is/are there any tank(s) available?

YES

v
Set Variables in the Pumping execution block
Make appropriate pumping mode(s) unavailable
Make appropriate tank(s) unavailable —»NEXT i
Decrease required amount of product in the pumping schedule
Shorten pumping schedule in case that required amount of product =0

Figure 2: Algorithm for the assignment of a pumping.

And finally the block called Simulation run control contains Witness toolbars Run and
Model and is suitable to run the simulation in different pace (Step, Run, Batch), with/without
graphic (Step, Run/Batch) and to call User Actions ensuring the export of simulation outputs.
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2.2 Simulation of a simple pipeline system

The model described in previous chapter is applied to verify the feasibility of a pumping
schedule in a simple pipeline system. The system consists of 2 warehouses connected through
1 pipe, 1 entry point feeding warehouse 1 with product 1, 1 entry point feeding warehouse 2
with product 2, 1 demand point demanding product 2 in warehouse 1 and 1 demand point
demanding product 1 in warehouse 2. Each warehouse is equipped with 8 tanks, each with the
capacity 50 kt, 4 tanks in a warehouse to store product 1 and 4 tanks for product 2. Initial stock
in each warehouse represents 2 full tanks with product 1 and 2 full tanks with product 2. The
pipe holds the maximum of 100 kt of products with initial state represented by 1 batch of
product 1. In the simulation 6 pumping modes are available (see Table I).

Table I: Pumping modes.

Pumping mode | Element 1 | Element 2 | Element 3 | No. of elements in pumping mode
1 5 1 2
2 6 2 2
3 1 7 2
4 2 8 2
5 1 3 2 3
6 2 4 1 3

Coding of elements in pumping modes available in the simulation is described in Table II.

Table 11: Coding of elements in pumping modes.

Element Coded as
Warehouses from 1to 2
Pipes 3 is pipel direction 1; 4 is pipel direction 2
Entry points from5to 6
Demand points | from 7 to 8

Pumping schedule to be verified via the simulation is shown in Table III.

Table 11l: Pumping schedule (optimized length).

Start of pumping [h] | Product | Pumping mode | Quantity [kt] | Pumping performance [kt/h]
0 — 240 step 24 2 3 15 0.9
0 — 240 step 48 1 4 20 0.8
0 - 160 step 80 2 2 55 1.8
0 — 180 step 60 1 1 30 2
0 1 5 120 1.9
60 2 6 165 1.9
140 1 6 100 1.9
220 1 5 100 1.9

Pumping schedule covers time period of the length of 11 days. The operation of the system
is continuous. The Cycle Time of the Machine responsible for assignment of a pumping is 1 h
as well as the Cycle Time of the Machine responsible for the collecting of outputs. The Part
passing through the Machine responsible for the pumping execution represents 1 kt of a product.
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To carry out simulations computer with the processor Intel Core i7 — 2.8 GHz, 16 GB RAM is
used.

2.3 Simulation results

Simulation time necessary to complete all pumping requirements from the pumping schedule
is 275 h. Based on recorded simulation time of the pumping requirement finish the delay for it"
pumping requirement from the schedule is calculated using Eq. (1):

Delay; = Recorded simulation time of finish; — Projected time of finish; 1)

where projected time of finish for i pumping requirement from the schedule is calculated using
Eq. (2): .
Quantity; (2)

Pumping performance;

Projected time of finish; = Start of pumping; +

Delays for pumping requirements are grouped according to the type and maximum is found
(see Table IV).

Table IV: Delay in pumping requirements finish.

Type of pumping requirement | Delayed pumping requirements | Max. delay [h]
With a demand point 0 0
With an entry point 0 0
With a pipe 3 30

Results in Table 1V show that 3 pumping requirements with a pipe (i.e. product movements
within the system) need to be re-scheduled. It is either because of insufficient pumping
performance that for example in case of requirement 25 causes its finish at simulation time 63
when subsequent requirement is scheduled to start at simulation time 60 or because of the
necessity to interrupt pumping (requirement 27) in case that required product is available just
in 1 tank (tank 7) and this tank is used to feed a demand point (requirement 16) at the same time
(see Table V with Gantt chart).

Table V: Gantt chart — simulation time 195-218 h (Part 1).

Time[h] / Pumping requirement |8 9 10 15 16 17 |26 | 27 | 28
195 from 2 from 7 5t0 6
196 from 2 from 7 5t0 6
197 from 2 from 7 5t06
198 from 2 from 7
199 from 2 from 7
200 from 2 from 7
201 from 2 from 7
202 from 2 from 7
203 from 2 from 7
204 from 2 from 7
205 from 2 from 7
206 from 2 from 7
207 from 2 from 7
208 from 2 from 7
209 from 7
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Table V: Gantt chart — simulation time 195-218 h (Part 2).

Time[h] / Pumping requirement |8 9 10 15 16 17 |26 | 27 | 28
210 from 7
211 from 7
212 from 7
213 from 7
214 from 7
215 from 7
216 from 2 from 7
217 from 2 7to4
218 from 2 7t04

Inventory in warehouses during simulation time is shown in Figs. 3 and 4. In warehouse 1,
minimal stock level for product 1 reaches 17 kt at simulation time 60 while minimal stock level
for product 2 reaches 25 kt at simulation time 113. Storage capacity in warehouse 1 is
completely filled just in case of product 1 during time period 195-222. In warehouse 2, minimal
stock level for product 1 reaches 21 kt at simulation time 222 while minimal stock level for
product 2 reaches 45 kt at simulation time 150.

250
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g 150
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o
o

Inventory

a1
o

1 25 49 73 97 121 145 169 193 217 241 265

Simulation time [h]

—Productl Product?2

Figure 3: Inventory — warehouse 1.
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Figure 4: Inventory — warehouse 2.

Utilization of the pipe by on shift time is almost 93 %.

3. CONCLUSION

The Witness simulation software environment and the chosen modelling technique bring a
number of advantages from the scheduling point of view. Discrete-time model has the ability
to handle a wide range of processing features and enables modelling of time-varying resource
availability. Increasing the quantity of elements that are part of blocks called System structure,
Pumping modes and Pumping execution enables to model a large number of different variants
of a system. This can be used to set or verify schedules throughout the complex multiple-
sources, multiple-destinations pipeline networks [22]. Furthermore, in our model pipes are
represented with Variables enabling efficient modelling of bidirectional flow of products that
increases the utilization of pipeline transportation capacity. Scheduling of pipelines with
bidirectional flow of products is the phenomenon which is described in the scientific literature
insufficiently. The relatively low number of physical elements used in our model has a positive
effect on the speed of its running. Moreover, the computational time of the model can be
determined by selecting the degree of discretization of the material flow affecting number of
cycles occurring in Machines that are responsible for the pumping execution. This is useful in
situations when a system needs to be explored in full detail including graphic (i.e. Step and Run
mode in Witness environment) or in situations when calculations are required promptly (i.e.
Batch mode in Witness environment). The discretization of the material flow and possible set
up of its level is also useful in situations when the occurrence of blended zones of products in
pipes influence the feasibility of a pumping schedule [23, 24]. Extending the block called
System structure to Variables with information about the characteristics of the pumped products
(e.g. the content of sulphur in a crude oil) is appropriate in a system in which mixing of products
is required [25, 26]. By limiting the availability of pumping modes and tanks in warehouses, it
is also possible to simulate maintenance or failures [27, 28]. Thanks to the simplicity and the
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use of a limited number of basic discrete elements, the model can be easily transferred to the
environment of other simulation products, such as Simul8 or Arena [29, 30].

As it stands right now our model can provide a planner with support when compiling a
pipeline schedule. This leads to time savings because of avoiding manual calculations usually
executed in spreadsheets. Despite the proposed model offers flexibility in terms of both
computational enhancements and modelling extensions one has to keep in mind that it is not
able to generate a schedule itself. That is why hybrid simulation-optimization approach seems
to be more appropriate way of addressing industrial-scale problems [31, 32]. Scheduling
optimization models are created on a semi-abstract level, ignoring potentially crucial nonlinear
and stochastic features. This is required because otherwise, the resultant sophisticated
optimization models will be impossible to solve and thus useless. On the other hand simulation
models are created to simulate a real system and include the necessary stochastic and nonlinear
features. These simulation models are used as test beds for analysing and improving real-world
situations through trial and error.

In our future work we will focus on combining our simulation model with optimization
models based on mathematical programming (both discrete-, continuous-time representations)
to obtain feasible and optimal or nearly optimal schedule in a whole supply chain. Our subject
of interest is the supply chain of crude oil transportation (2 oil pipelines, 2 warehouses with
charging tanks), crude oil processing (3 refineries) and the distribution of fuels (pipeline
network, 17 distribution centres) covering the demand for petrol and diesel in the Czech
Republic.
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