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A new rule prioritizing product delivery to the eligible ter-
minal closest to the one being currently served reduces total
accumulated idle volume by about 40% and decreases the
number of cut operations.

Different priority arrays lead to different delivery sched-
ules, strongly affecting cost-efficiency of the solution
achieved. Prioritizing nearest-to-refinery terminals, for in-
stance, may reduce the total volume of segments stopped,
but the number of stripping operations will surely increase.
Prioritizing the farthest terminals, however, may increase
the number and volume of pipeline stoppages.

Part 1 of this series (OGJ, Aug. 1, 2011, p. 98) discussed
development of the discrete event simulation system on
"Arena." This concluding second part applies the system to
management of a real-world products pipeline with a single
input and multiple delivery points.

The approach described allows use of emerging simula-
tion-based optimization tools to improve performan{e of the
resulting schedules. Future work will focus on developing
efficient priority rules combined with heuristic search and
rigorous formulations to find cost-efficient and robust solu-
tions for detailed scheduling of multiproduct pipeline net-
works with different configurations.

Based on presentation to IEEE's 2010 Winter Simulation Confer-
ence, Baltimore, Dec. 5-8, 2010.

Input station
The input station lies at the origin of the pipeline system.
Product batches discharged from input tanks enter the line
while production runs from the neighboring refineries are
being loaded. Storage tanks and pumps make up the input
station, and the simulation system forces pipeline activity to
stop when available stock is running out.

Different components model operations at the input sta-
tion. Production schedule is the first component. New prod-
ucts arrivals (production runs) discharge into storage tanks
at pre-defined times.

Modeling the inventory level in every storage tank as a
continuous variable allows accurate control of product stocks
at the input station. Since handling product batches occurs
discretely, their volumes are expressed as small, equal-size
batch elements called entities. Each entity represents a spe-
cific volume of a certain product. If the entity size decreases,
a larger number of batch elements will be required, and a
more accurate model will be achieved. Choosing a proper
entity volume is therefore a major decision.

The second operational module of the input station is
the input schedule. A given program shows the sequence of
batches to be injected into the line and the batch attributes,
i.e., product type, volume, mean pump rate, and start pump-
ing time. Entity attributes are inherited from the batch to
which the entity belongs.

A final key decision is the pump rate at which batch el-
ements are injected. Design and operational constraints
should be considered. Pressure limits must be respected,
and turbulent flow should be maintained to minimize prod-
uct interface volumes.
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A major component of transportation cost is the energy
consumed moving product batches into the line. The pump
rate of the batches strongly affects the pumping cost, placing
a premium on the proposed simulation model's ability accu-
rately to choose different pump rates for different batch parts
or entities of a real pipeline system.

Oil pipeline operators should also avoid running pump
stations at daily peak periods because a much higher price
must be paid for electricity. The pipeline simulation system
easily accounts for high pumping-cost intervals.

Pipes
The pipeline system, divided into different segments (pipes),
connects the nodes of the distribution network. Each pipe,
modeled as a fixed-size first-in/first-out (FIFO) queue with a
single server at the pipe extreme, permits the movement of
material entities from one position to another. By combin-
ing different pipes, with particular sizes and service rates,
the model simulates the operation of almost every pipeline
system structure.

Every time an entity enters a pipeline segment at the inlet
point, it pushes the entity positioned at the other extreme
out of the queue. A server at every pipe end dispatches the
first entity on the queue whenever a new entity enters the
pipe at the inlet section. Since the system transports multiple
products, the model keeps track of every pipe linefill by up-
dating the server queues at every time event.

The actions a pipe server can take on the entity waiting
for service are:

• No action.
• Movement to the next pipe.
• Loading in a terminal tank.
The beginning of the scheduling horizon requires creat-

ing the pipeline contents' initial conditions using the initial-
ization process. The number of entities each pipe holds de-
termines its volume. This number remains constant across
the scheduling horizon as the volume of each pipe is a fixed
quantity given by cross section and segment length.
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Terminals
Terminals are tank-farms from which products are sent to
consumer markets. In the proposed simulation model, arriv-
als of product entities from the line and deliveries to regional
markets occur Simultaneously.

The tanks have a maximum capacity that cannot be ex-
ceeded and, in general, a minimum level of material is also
required to maintain normal operations. Continuous vari-
ables model the inventory level in storage tanks.

'Phe simulation model automatically generates the pipeline
output schedule according to the requirements of each termi-
nal. The terminal-batch assignment matrix (Qk°(i,j))from the
optimization module provides terminal requirements.

Product batches, on the other hand, travel to local mar-
kets from terminal tanks mainly by truck. Delivery due-
dates and tank discharge rates provide the basis for continu-
ously updated market demands, making it possible to define
daily or hourly demand patterns. Empirical-probabilistic
distributions can also represent stochastic demands.

Priority rules
When a product batch entity reaches the terminal that de-
mands it, the entity may be transferred from the pipeline to
an available terminal tank. At every pumping event, only
one terminal can receive a single product unit from the pipe-
line. Every entity between the input station and the selected
terminal moves, while the rest of the pipeline remains idle.

To decide which of the eligible servers should dispatch
the first entity on its queue to the associated terminal, the
simulation model applies alternative heuristic rules assign-
ing different priorities to terminals, choosing the one that
should receive demanded products first. Applying three pri-
ority rules solves the case study introduced in the next sec-
tion:

• The Nearest-First (NF) rule prioritizes product deliv-
ery to the eligible terminal closest to the origin. If two alter-
native terminals are able to receive a product unit, NF selects
the one positioned closer to the beginning of the line. No
required product will overpass a demanding terminal since
upstream locations are always prioritized.
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• The Farthest-First (FF) rule prioritizes product deliver-
ies to the farthest eligible terminal from the origin, requiring
verification that the delivery of an entity to the prioritized
terminal does not prevent satisfaction of upstream product
demand.

In a unidirectional pipeline, such as considered here, an
entity that overpasses a terminal cannot be transferred to
it. If such an entity is absolutely necessary to meet a depot's
demand, the resulting output schedule would be infeasible.
Making terminal Tj "restrictive" prevents any other eligible
terminal farther from the origin being the selected destina-
tion, and only terminals Tl to Tj can receive a product entity.

• The Nearest-to-Current terminal (NC) rule prioritizes
product delivery to the eligible terminal closest to the one
currently being served. If two alternative terminals are able
to receive a product unit, it selects the one closer to the ter-
minal being served. The current terminal w~)Uldobviously
have highest priority. :-

Prioritizing the nearest-to-current terminal allows simul-
taneously reducing both the total volume of idle pipeline
segments and the number of stripping operations (turning
on-off pump stations).

Using different priority rules, the logic structure of the
model generates alternative delivery schedules considering
the current state of the pipeline (product availability and
batch location) and depot requirements. The sequence of
transfers of material entities from the pipes to receiving ter-
minals over time determines the delivery schedule. '.

Case stUdy
Application of the proposed simulation-based model to a re-
al-world probleml-3 focused on daily operation of a pipeline,
transporting from a main refinery to multiple depots. The
955-km system transports four refined products (gasoline,
diesel, LPG, and jet-fuel) to five distribution terminals.

The applied model makes use of the monthly input sched-
ule generated by the optimization module] Transported ma-
terial consists of relatively small entities (100 cu m), requir-
ing a total of 1,635 entities to fill the whole line.

Animated interface
Fig. 1 shows the simulation-based interface developed on
the Arena simulation package. The animated interface al-
lows visualization of pipeline operations, showing the dy-
namic evolution of the pipeline network state over time. The
software also permits development of graphic representa-
tions to assess real-time operation.

The main components of the system as depicted are the
trunk pipeline, the input station, and the receiving termi-
nals. The product entities moving along the different queues
provide the current status of each segment.

Each entity represents a fixed volume of a certain prod-
uct, located in a specific place of the pipeline network at
a given time. The animation interface makes follOWing the
evolution of the pipeline's content during the scheduling ho-
rizon easy. The model animation interface also traces the
inventory level in storage tanks at both the input station and
the receiving terminals.

As seen in Fig. 1, two arrows, one at the input station
and the other at the active receiving terminal, show the new
batch being injected (BI2) and the in-transit batch being
stripped (Bll), respectively. Global model variables like the
objective function (accumulative idle volume) and unsatis-
fied terminal requirements (qk(i,j)) can be easily plotted in
the animation interface, enhancing understanding of model
dynamics.

Altering the priority rules allows alternative delivery sched-
ules for a monthly horizon to be generated and tested in less
than one minute by the proposed simulation-based model.

NF rule
Fig. 2a shows the delivery schedule generated by using the NF
rule for the first week of the monthly horizon. From t = 5 hr to
t = 14.95 hr, a portion of batch B4 moves to terminal T2, while
the initial portion of B6 enters the pipeline. At t = 14.95 hr, the
planned delivery ends, and B4 is now stripped to n.

Pipe 2-3 becomes and the other pipes, 0-1 and 1-2, re-
main active during the second cut operation. At time t =
21.59 hr, pipe 3-4 also becomes active and T4 begins to re-
ceive gasoline from batch B2. Almost 9 hr later (t = 30.44 hr),



pipe 4-5 begins operations and T5 begins to receive diesel
fuel from batch B1.

Once the transfer of B1 is complete (t = 43.71 h), the first
pipe stoppage in the program occurs. Terminal T4 begins to
receive LPG from batch B3 and pipe 4-5 is deactivated. The
liquid content in that pipeline segment stops and the accu-
mulated idle volume increases by 13,500 cu m.

The overall accumulated idle volume comes from summing
all the stopped pipe volumes over the scheduling horizon. Using
the NF rule requires 20 cut operations during the first week and
results in an overall accumulated idle volume of 141,000 cu m.

FF rule
Fig. 2b shows the delivery schedule given by the FF rule
for the first week. The FF rule also requires 20 cut opera-
tions. But the accumulated idle volume reaches 286,000 cu
m, more than twice that using the NF rule. This difference
shrinks over the balance of the monthly horizon.

Ne rule
Fig. 2c shows the delivery schedule achieved by the NC rule
for the first week. It required only 16 cut operations and
reduced accumulated idle volume to 100,500 cu m, saving
28.7% and 64.9% from the results obtained with the NF and
FF rules, respectively. The reduction in pipeline idle volume
becomes even more evident across the monthly horizon.

Monthly schedule
Fig. 3 illustrates the complete monthly delivery schedules
obtained with the NF, FF, and NC rules (3a, 3b, and 3c, re-

spectively). The first line shows the pumping runs introduc- I
ing batches B6-B14 at the input station. The other lines depict
receiving tasks at every terminal while the corresponding
batch injections occur. Subsequent delivery schedule assess-
ment occurs according to the number of operations required
to fulfill product requirements and the accumulated volume
of idle product across the planning horizon.

Using the NF priority rule for the whole monthly horizon
yields an accumulated volume of idle product of 1,404,500
cu m, with 65 cut operations performed. Applying the FF
rule increases the total volume of idle product to 1,472,500
cu m but requires a slightly lower number of cut operations,
63. Using the NC rule drops the accumulated volume of idle
product to 835,000 cu m and completes the delivery sched-
ule in just 55 operations. miD
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those spudded so far in 2011, were located in Promote licens-
es.

Drilling activity has increased in the Norwegian North
Sea since the awarding of mature acreage through APA be-
gan in 2002. The recycling of acreage started much earlier in
the UK, and the UK government's latest licensing initiatives
have not been as successful at driving E&A activity. The suc-
cess of APA may help to maintain the current trends of high
drilling activity and high exploration success ratios in Nor-
way over the coming years.

From the UK to Norway?
The Norwegian sector is a less mature petroleum province,
and record levels of E&A activity have been recorded in re-
cent years.

The Norwegian government has also been very support-
ive of companies looking to explore, and the introduction
of the APA scheme 10 years ago provided a further boost to
E&A activity in the sector.

Due to a number of interacting factors, trends in drilling
activity can change dramatically over short periods, but a
continuation of the current trends, against a backdrop of an
uncertain investment climate in the UK and the relative sta-
bility of the Norwegian fiscal regime, could signal a shift in
focus in the North Sea from the UK to Norway. miD
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