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ABSTRACT

Design and operatfon of pipelines for long-distance transportation of oil and gas
are complex engineering tasks. Even small improvements in the design and
operating conditions of a pipeline system can lead to substantial savings in capital
and operating costs. This makes the optimization of design and operation of

pipelines an important task.

The pipeline optimization problem involves a large number of variables which may
be continuous (e.g. suction pressure at a booster station and station location) or
discrete (e.g. discharge head at a station and pipe diameter). The objective
function can either be an expression for operating cost or energy consumption,
which is inherently nonlinear primarily due to pipeline friction losses. The numerous
constraints, such as lower and upper bounds for pressure limitations, add to the
complexity of the problem. It is almost impossible to find the solution for this
multivariable interconnected optimization problem through a trial-and-error
approach or through a complete enumeration of feasible solutions. In contrast, a
new algorithm for optimal design and operation of a pipeline network is developed.
The approach is based cSn dynamic programminge combined with integer
programming. A ’fine-tuning’ procedure is develéped in order to increase the

accuracy of results in an efficient way.



The model is demonstrated to be efficient for a realistic case in which only 1.50 x
10° or less candidates out of as many as 5.37 x 10*° feasible solutions have to be
searched to locate the glopal optimum of that particular design problem. The
difference in the number of iterations becomes even more dramatic with the
introduction of fihe-tuning. Only 3.29 x 107 iterations are necessary in order to
reach the optimum with an accuracy which could be obtained by complete
enumeration requiring 2.22 x 10" itera;cions. The results are checked for their

validity with a sensitivity analysis.

Once the system configuration is established, the operating conditions are
controlled leading to the optimum with respect to either the lowest energy
consumption or the least operating cost scenario. Efforts were directed to make
the algorithm computationally efficient, requiring relatively short computer time. In
addition to providing steady-state solutions, the approach can also be used for
generating a set of optimal operating conditions in the transient (dynamic) mode

of the pipeline by specifying appropriate changes at each time step.
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NOMENCLATURE

c, :capital cost ($/Wy)

: piping capital cost ($/in m y) |
c : fixed cost ($/y)

. . operating cost ($/W vy)

Cot : total annual cost (/)

Cy : cost index

d : diameter (in)

dl : step size on length discretization (m)
dp : step size on pressure discretization (Pa)
dsl  : step size on station location discretization (m)
f; : feed stream

g : gravitational acceleration (m?/s)

jl : a counter

ip : a counter

| : length (m)

m : number of pipe segments

m’  : mass flowrate (kg/s)

mz  : number of pipe segments joining at a node
n : number of booster stations

p : pressure (Pa)

Xii



P : power (W)

q : volumetric flowrate (m®/s)
s : specific gravity

S : side stream

S, : dimensionless sensitivity
sl : station location (m)

X = d, 1 (pump off or on)

Xg : an index

v : velocity (m/s)

W : work (J/kg)
y : a counter

z : elevation (m)

Greek Symbols:

A : difference
n  : efficiency
" : viscosity (mPa s)

p : density (kg/m®)

Subscripts:
base : base case

d : discharge
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CHAPTER 1

INTRODUCTION

Transportation of large amounts of fluids over long distances is a challenging
problem. In this study, the problem of piheline transportation of crude oil is
investigated, and necessary modifications for the case of natural gas are
introduced. When the location of the fluid is farraway from the delivery point, it
is not realistic to increase fhe pressure at the source location so that the fluid can
be sent through the whole pipeline because it may not résist the high pressure.
Instead, numerous booster stations with several pumps placed at each station
have to be built along the pipeline which are connected through bipe segments of

different sizes.

Existence of many parameters and restrictions, and the high cost of equipment
make the design and operation of pipeline transmission systems complex
engineering tasks. The annual cost for a 1500 km oil pipeline can easily exceed 20
million $ (Grelli and Gilmour, 1986). Consideril;lg such a high amount, even small
improvements in the system - decreasing the cost by a few percent - can lead to
substantial savings. Hence, optimization can play an important role be either

minimizing the cost or decreasing the energy consumption of the system.



Optimization, which means to minimize or maximize an objective functiﬁn subject
to constraints, can be as simple as calculating a few feasible results and
determining the optimum by choosing the lowest or highest value in the case of
a minimization or maximization problem, respectively. Depending on the complexity
of the problem - which can easily increase with nonlinearities in the equations and
with the number and nature of constraints - and how close one wants to come to

the global optimum, advanced mathematical skills may be necessary.

In the approach developed in the present investigation, | the multivariable
interconnected optimization problem is decomposed into a sequence of sub-
problems thaig can be solved serially by use of the dynamic programming
~technique. Starting from the last stage which is characterized by delivery
specifications, the sub-problems at each stage are solved resulting in an optimum
over the stages considered. This procedure is continued until the first stage
(source) is reached at which the solution represents the global optimurﬁ for the
whole system. Integer programming is utilized to decrease the computation time
needed for selecting the ’best’ pump combination at a station. A ’fine tuning’
procedure is introduced in order to increase the accuracy of the solution efficiently.
The algorithm is capable of handling the following design parameters for fixed
source and delivery conditions: number and location of booster stations, number
and capacity of pumps {or compressors) at each station, suction and discharge

pressure at each station, and the diameter of the pipeline segment.



In the following Chapter, optimization applied in the industry and the work available
from literature are reviewed. Later a general pipeline system is introduced for which
the optimization problem is defined and the developed solution procedure is
described leading to minimum annual cost of the pipeline transmission system. The
solution method to design an oil pipeline ié modified to handle optimization of the
operating conditions of the pipeline. Necessary modifications required fc;r
application of the solution procedure to pipeline transportation of natural gas are
explained. A computer program based on the solution strategy is desoribed.
Results from several computer runs are compared to show the features of the
program and to prove the success in reaching the global optimum of the system
leading to immediate savings. The reliability of the results are checked with a

sensitivity analysis and, finally, conclusions and recommendations are listed.



CHAPTER 2

AVAILABLE WORK ON PIPELINE OPTIMIZATION

An optimization technique is acceptable to the industry, only if it is "safe’, i.e. it is
proven to bring financial- profits over a relatively short period of time, whereas
academic work is done to find new and improved methods which may or may not
lead to immediate profit. Hence, academic work is usually not acceptéd and
appreciated as being applicable for a real case. Since the research in the area of
pipeline optimiiation is no exception, optimization procedures for pipeline systems
which are applied in the industry and the theoretical work developed for pipeline

optimization are considered separately.

2.1. OPTIMIZATION IN INDUSTRY

In general, pipeline optimization in the industry is based on the method of trial and
error. Cost estimations are made for several different systefn configurations and
the most economic solution is chosen to be the ‘optimum case’ (Tsal et al., 1986).
It is obvious that the likelihood of being close to the global optimum is very small.
For example, to reach the global optimum of a pipeline with 15 stations and three

pumps at each station is almost impossible since the number of feasible solutions



out of which the optimal solution has to be chosen would lie in the range of 10%.
At the same time, the trial-and-error approach is a very time consuming and
laborious procedure. Considering that fuel cost is skyrocketing and that time is

very valuable, more effective optimization procedures should be applied.

2.2. LITERATURE REVIEW

Although trial and error is the most common way of pipeline optimization, more
effective methods have been developed. One of the first attempts was made by
Wong énd Larson (1968). They optimized an unbranched natural gas transmission
pipeline by using dynamic programming. Since the system configuration was fixed,
the only variable to be handled was the suction pressure at the pumping stations.
Hence, their solution was only applicable to operating conditions of an already

installed pipeline.

Kally (1969) used dynamic programming to design a simple unbranched pipeline
with fixed pipe segment lengths connecting single pumps at different elevations.
Although only two pumps were considered in.sample calculations, 15 minutes run
time was necessary to decide whether to place a pump at the two predetermined .

sites and which pipe diameter and pipe class to choose.



Cheeseman (1971) developed a program which he called an experience routine’,
since several rules of thumb were used which were adopted by experienced
engineers and cost estimators. The optimization method was capable of finding
local optima for different ’starting points’, ’guiding’ the engineer in order to come

'near’ the optimal solution.

Edgar et al. (1978) applied a combination of general reduced gradient method and
branch-and-bound technique to optimize a pipeline system. Assuming all variables
to be continuous, they were able to use a hohlinear optimization technique giving
'odd’ results, like pipe diameters which are unavailable commercially. Hence, the

optimal solution was not likely to be a practical one.

Gopal (1980) combined dynamic programming and integer programming to
optimize a pipeline system with fixed configuration and having only one
independent variable. His major contribution has been in considering the limitations

of the pump capacity by introducing discrete functions to the problem.

Deb (1981) considered the optimum energy cost design of a pipeline by
concentrating on the annual cost functions. Since the pipe diameter was
considered as the only variable, optimization was achieved by equating the

derivative of cost with respect to pipe diameter to zero.



A survey of applications of optimization in oil and gas pipeline engineering was
presepted by Huang and Seireg (1985). They offered a good reference for optimal
design, operation, expansion and control of pipeline systems, giving brief
information about the research work without criticism, leading to the conclusion
that active research was being done to improve the efficiency of optimization. They
remarked correctly that ’significant benefit could be obtained from the use of
.optimization techniques in the design of pipeline systems’, implying that industry

does not pay much attention to newly developed methods of optimization.

Grelli and Gilmour (1986) utilized dynamic progl;amming to optimize ;the operating
conditions of a straight pipeline transmission system. Since this project was done
with and for a pipeline company, necessary data were available to make a case
study. Their calculations showed that by optimizing the operating conditions the
annual expensés can be decreased by up to 10%, leading to an annual savings

of approximately 3 million $.

Hathoot (1986) presented a procedure to be followed in designing a pipeline of
optimum diameter. His solution method has been restricted by allowing only a

pipeline with ’equally spaced, similar pumping units’.

Tsal et al. (1986) proposed a method based on a 'modification of Bellman’s

Dynamic Programming’, defined as ’dynamic programming with variable stages’.



This definition may be an underestimation of Bellman’s Principle of Optimality since
it is a general idea, rather than a fixed method, applicable to a wide range of well
defined multistage problems. The success of dynamic programming is related to
the efficient way of using the basic rules as long as ’the curse of dimensionality’
~can be controlled (In the proposed method discussed in this study, dynamic
programming is used efficiently for several variables, in combination with additional
methods, by kéeping the dimensionality problem at a minimum). Tsal et al. (1986)
described their solution method in detail but instead of solving the optimization

problem they left their work as 'a base for development of a computer program’.

Jha (1987) described steps to follow in order to design a pipeline, pointing out the

potential problems.

Kurak (1989) documented the actual savings achieved at the Texas Eastern
Products Pipeline Co. by using an optimization program vyhich can determine.
pump rates required to meet the pipeline product demand requirements and to
estimate the arrival times for product deliveries. Once the complete modelling of
the pipeline is fixed, the program is capable of selecting which pumps should run

for various flowrates in order to minimize the operating cost.

Examples, such as those shown by Grelli and Gilmour (1986), make it clear that

optimization of pipeline systems can be very efficient. Most of the work available



in literature concentrates on optimizing the operating conditions of a pipeline
system which is simpler than the design problem, since usually only a very limited
number of variables is considered. In this work, a general program is developed
which can handle the optimization of the design and of operating conditions of

pipeline systems including straight and tree networks.



CHAPTER 3

DEFINITION OF THE OPTIMIZATION PROBLEM

3.1 DESCRIPTION OF A GENERAL PIPELINE NETWORK

A pipeline network consists of one or more source(s) from which the fluid has to
be sent to one or more delivery location(s). Booster stations are required to pump
the fluid through the pipeline. Pipe segments connecting the stations may be of
different length and diameter. There may be several pumps of different sizes - or
compressors, in case of gas transportation - at a station. The pipeline may go
through a hilly terrain where the elevation will affect the system hydraulics. The
pipeline may be straight or a tree network. Throughout the pipeline, there may be
side streams and intermediate feed streams changing the flowrate in the main line
as is shown in Figure 3.1. The fuel sent through the pipeline may be natural gas
or oil. In case of oil, different fluids can flow through the pipe. A pipeline can easily
be 1500 km long whence there may be variation in fuel cost at different locations.

The fuel cost may also vary with time and the season of the year.

Although pipeline design requires a larger investment, both designing and
operating a pipeline involve high costs. Since optimization of both procedures can

lead to substantial savings, the following two problems are considered for the

10
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pipeline: Optimal Design and Optimal Operating Conditions. Although their
definitions are different, the prqcedure to find the most economic way of designing
and operating a pipeline are very similar. First the method of optimal design of a
pipeline has to be developed since this is the more complicated problem. Once
this is accomplished, some modifications are required to redefine the problem for
optimal operating conditions so that the new problem can be solved using the

same optimization technique.

For any kind of pipeline network, the following requirements remain the same for
the design problem. The number of booster stations necessary to pump the fluid
to the delivery location(s) have to be détermined along with their locations. At each
station, the minimum number of pumps and their capacities have to be fixéd. Also,
the diameters of the pipe segments have to be obtained. Suction and discharge
pressures at the stations have to be determined to know the operating pressure
ranges. Design is made wifth respect to the worst possible scenario, e.g.
calculations are made considering the peak load of the most viscous fluid. Once
the pipeline is designed, the operating conditions have to be determined giving the
suction and diséharge pressures at the booster stations and the respective pump
combinations. Preferably, this should be done in suéh a way that any change in
the system can be taken into account in a convenient way and the solution
procedure should lead to the result in a short time to enable optimization of the

operating conditions as often as necessary. Both design and operating conditions

12



have to be determined seeking the most economic, i.e. optimum, solution.
3.2. MATHEMATICAL FORMULATION OF THE DESIGN PROBLEM

Optimal design of the pipeline network, like any optimization problem, can be
formulated so as to find the extremum of an objective function subject to

constraints.
3.2.1. The Objective Function

The design problem can be defined as minimizing the annual cost (Edgar and

Himmelblau, 1988):

ctat=zl:[(cx,lco.l+cc,l)Pl+cf,l]"'Xj:[ccp,jljdj] (3.1)

The first summation covers the booster stations, where i represents the counter
on the stations. The cost to operate the pumps, ¢, ;, is corrected by the cost index,

c. ., which takes into account the variation of cost with time and location. The sum

pAL
of this expression and the capital cost of the station, Copn IS @ function of power

production of the pumps and is multiplied by P; which is the total power produced

13



at a station. The cost term for a station also includes a fixed cost ¢;; for keeping
the station intact. This term is added to the cost function for each station of an |
existing pipeline, whether the station is used or by-passed, since there has to be
a maintenance cost of a station even if there is no pumping. This procedure is
different in the case of designing a pipeline: If results show that no pumping is
ﬁecessary at a station, this station does not need to be built, and the maintenance
cost of that particular station is excluded from the cost function. The second
sumrﬁation in Equation 3.1 is made over the pipe segments connectiﬁg the

booster stations. Capital cost, c,,; of each pipe segment j is multiplied by the

cpj

length and diameter of that segment.

The power production P; at a station can be determined by multiplying the work

done at a station by the mass flow rate.

P, = W, m{ . (3.2)

An energy balance is written between two stations to find work produced at the
former station. For incompressible fluid flow, the modified Bernoulli equation is
written as Equation 3.3. In case of natural gas, the energy equation has to be

integrated including density as a variable.

14



- Ps1™ Psy )
P (3.3)
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+g(z/+1‘z/)+E(V1§1‘V/2)+—f'-l+-;:—l

W,

Equation 3.3 represents the Bernoulli equation between Stations (i) and (i+1)
which are shown in Figure 3.2. Work produced at a station can be related to the
pressure and elevation difference between the stations. Veloci_ty difference does
not occur in further calculations sincé it wo'uld only be caused by variation in pipe
diameter of a pipe segment which would make pigging impossible. The Bernoulli
equation is modified by adding the p,;term which represents the pressure loss due
to throttling. Suction pressure, p, ;, represents the inlet pressure at Station (i). The
summation of pressure produced by pumping, given by p,, ;, and p,; results in the
discharge pressure at Station (i), py If the pressure level at the exit of Station (i)
has té be less than the discharge pressure, throttling is necessary. Pressure
decrease due to:throttling is found from the difference between produced and
‘required pressure at the exit of a station. When the fluia flows from Station (i) to
Station (i+ 1), the pressure decreases by an amount p;; repre_senting the frictional

losses in the pipe.

15
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Figure 3.2 : Pressure Variation at the Booster Station 0]
and in the Adjacent Pipe Segment
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3.2.2. The Constraints

A pipeline system has numerous constraints. The suction and discharge pressures
at a station have to be bound by certain limits determined by the net positive

suction head (NPSH) and the maximum allowable pressure in the equipment.

psmln'l < ps,’ < psmaxvi s i= 1,[7 (34)

Pt < Paj < Py i+ =10 (3.5)

max*

Conditions at the source and delivery location(s) are fixed which leads to the fixed
suction pressure at stations at the source and the end nodes of the network.
Discharge. pressure at a station is the sum of suction pressure and pressure

produced by pumping, p,, ;.

Pai = Psi * Py (3.6)

The output of the pumps is given by the following equation:

17



> x P,
q

(3.7)

pp,l = [
i

where x, takes the values 1 or O depending on whether pump y is on or off.
Outputs of pumps which are actually operating (x=1) are added up. This sum is
dividéd by the volumetric flowrate, g, to give the pressure production at a station.
With P, @ discrete function is introduced since it is a limitation of pumps that any

arbitrary pressure cannot be produced.

When selecting equipment, commercially available sizes and materials must be
considered to keep the cost at a minimum. Hence, the pipe diameter can only be
one out of a discrete number of choices. It is also limited by a maximum and

minimum size.

Equation 3.9 represents the case when d can be 12", 24", 36" or any multiple of

12 lying in the boundaries.

Another important constraint is that the flow equation has to hold, which gives a

correlation for the pressure decrease in the pipeline due to frictional losses. In this

18



study, the Miller’s correlation (Explorer Pipeline Company, 1989), Equation 3.10,
is used for oil flow. The terms g, p;; and /; are modified with the addition of ()

because they are given in British Units instead of Sl units (only for this equation):

d5 pﬁll
s/

-7 4.06
q; 24

=0 (3.10)

1/2 a3 /
log —il/)‘l + 4.35

where @’ is in barrels/hour, p;’ is in psia and // is in miles.

An obvious constraint is that the total flow has to be equal to the sum of flow in the

pipe segments and side streams.

Qo = XI: (g9, +qs) (3.11)

The total length of the pipeline system is given by the following equation:

hot = )1: h (3.12)

where j is the counter on the pipe segments /. This pipe segment is limited by a -

minimum and a maximum value:

19



hoshsl (3.13)

The lower boundary results from the fact that if two stations are located very close
to each other they may as well be combined into one to save installation costs. If
two adjacent stations are located far away from each other, it may only be possible
to pump the fluid over that large distance by increasing the pressure to a value
above allowable pressure limits whence an upper limit for distance between

stations is introduced.

The maximum number of stations which may be installed in the pipeline system is
predetermined. The final number of designed stations is bound by this upper limit.
When calculations show that no work is required at a possible station, this station

is simply skipped and the total number of booster stations is decreased by one.

n <n (3.14)

system

At nodes of the network where pipe segments join each other or the main stream,
the pressure at the connection point has to be the same for the joining end of
each segment. This constraint does not cause any complication in case of a

straight pipeline where a maximum of two pipe sﬁegments can be connected. For

20



a tree netwofk, however, it is very important to keep this constraint in mind.
Optimizing pipe segments separately and then connecting these at a node can
lead to different pressure values at one location, i.e. at the node, which makes the
whole calculation unrealistic. Hence, no combination of results can be declared as

optimal solution unless the following restriction holds:

Py =Py, Z=1mz | (3.15)

where z specifies the pipe segments which are connected at node J/. The term p,

can also represent the pressure of side streams and feeds at location /.

The optimization problem is defined for incompressible fluids. Some of the
equations will change if natural gas has to be transported. The Bernoulli equation
can no longer be used since the energy balance cannot be integrated assuming
constant fluid density. Instead, a differential energy balance is written, taking
variable density into account. Miller’s correlation has also to be replaced since it
is specific to oil flow. The Panhandle correlation can be used for natural gas flow

(Younger, 1989).

The optimization problem which is defined by the objective function and constraints

results -in the following variables at each station: suction (p,) and discharge

21



pressﬁres (py), Pressure loss due to throttling (p,) and friction (o) . In the case of
design, length of each pipe segment and elevation of a station are also variables
due to variable station location. In addition, the number of pumps to be installed
at a station, their capacities and the pipe diameter have to be included as
variables. For an already existing pipeline, the number of pumps, pipe diameter
and station locations are fixed. In order to optimize the operating conditions of
such a system the flowrate in each pipe segment, fuel cost variations and fluid

specifications like viscosity and specific gravity have to be taken into account.
3.2.3. Analysis of the Problem

The optimization problem is given by a nonlinear objective function with numerous
constraints. Several continuous and discrete variables exist. Although suction
pressure at a station is a continuous variable, discharge pressure becomes a
discrete variable since there are only a fixed number of possible pressure levels
which the pumps can produce. Pipe diameter is a typical example for variables of

discrete type because of restriction on their availability.

The numerous variables make the system multivariable. Decisions on the variables
have to be made at each station leading to a multistage decision process. Another
important point is that the conditions at stations are interrelated. For example, the

suction pressure at Station (i) can be varied to obtain optimal conditions at that

22



specific station. But this variation may also lead to changes at the next station,
Station (i+1), disturbing the optimal conditions at that station. Hence, simply
adding up minima obtained at separate stations is not likely to lead to the overall
optimum of the system. The large number of feasible solutions to the system make
it extremely difficult to find the optimum through complete enumeration of these

solutions. Hence, an appropriate solution technique is necessary.
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CHAPTER 4

SOLUTION PROCEDURE

4.1. METHOD OF SOLUTION: DYNAMIC PROGRAMMING

The dynamic programming technique was developed by Bellman in the 1950’s
(Bellman, 1957). It is a powerful method to find the global optimum of a multi'stage
decision process with many constraints and continuous as well as discrete

variables.

Dynamic programming is a mathematical technique which represents a multistage
decision process by dividing it into subproblems which are usually easier to solve
(Rao, 1984). Although these subproblems are interrelated, they are solved in such
a way that the optimum of the system can simply be obtained by summing the
solutions to the subproblems. The beauty of dynamic programming lies in its
capability of decomposing a complex multistage problem into simpler subproblems
of which the solutions sum to the global optimum. It is of lesser significance as to
how the particular sub-optimization is carried out. It can be done simply by

enumeration or it may require advanced optimization techniques.

When dynamic programming is applied to a problem, it is important to build the
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technique well into the solution procedure. An intelligent use of this technique is
usually mentioned as 'modification’ of dynamic prograh'lming although it does not
improve the technique itself but only widens its range of applidation. The dynamic
programming technique is known to have the ‘curse of dimensionality’ problem
and is usually used for systerhs with only one variable. The solution method
developed in this rwork is a good example showing that - with the support. of
additional methods - dynémic programmin'g can be utilized for solving a problem

with several variables.

Dynamic programming is especigllyv powerful for systems with discrete variables.
Nonlinear programming techniques can only deal with continuous variables, usually
leading to solutions which cannot be reached ih reality because of the existence
of discrete variables. In such cases, the result has to be rounded up or down to
the next feasible solution but this decreases the accuracy of fhe result. Another
important aspect of dynamic programming is that the solution gives the global
optimum whereas nonlinear programming techniques can only find local optima

which may not be close to the global optimum.

Analysis of the problem in Section 3.2.3 showed that a pipeline network can be
represented as a multistage decision process which can be decomposed into sub-
stages. The problem has many feasible solutions leading to numerous local

optima. For an objective function which is not 'well behaved’, these optima may be
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far from the value of the global optimum. For the pipeline which requires big
investment this may mean a signiﬁcant.difference. Hence, it is of great importance
to reach the global optimum rather than a local minima. On the other hand, one
has to deal with discrete variables in a pipeline system. Considering the specific
needs of the pipeline network problem, dynamic programming is found to be a
suitable solution technique. To make the method of solution more effective,

dynamic programming is combined with in;ceger programming and ’fine tuning’.

4.2. SOLUTION STRATEGY

There is no standard mathematical formulation of the solution strategy; hence, it
has to be developed for each separate problem. It is very important to define the
problem and to decide what will be called ’stage’, ’state’, 'level’ and *decision’.
Stage is a unit in the system at which decisions have to be made. Level is defined
as a value which a variable can take. Each combination of the levels of separate
variables forms a state. A decision is made by choosing one of the feasible states
declaring values to the variables. In the case of a pipeline, a station is a stage
where decisions have to be made concerning the combination of the suction

pressure, station location and pipe diameter.

Having clarified the main keywords, the optimal strategy can be summarized as
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follows: Relatively ’best’ decisions are accumulated for each stage of the system
in such a way that the consideration of the vast number of inefficient alternatives
is avoided. The combination of all decisions leading to the lowest value of the

objective function is declared to be the optimal solution of the system.

Although a standard mathematical formulation is not available for this procedure

there are steps which have to be followed:

- discretize and relate variables,
- determine decision criteria and store ’best’ decisions, and

- reach the global optimum via Bellman’s Principle of Optimality.
4.2.1. Discretized Variables
4.2.1.1. Discretization of Continuous Variables '

Several variables in the system, like pipe diameter and output ;of pumps, are
discrete. In order to use dynamic programming, the continuous variables like
suction pressure have also to be discretized. This is achieved by increasing in
steps the variable from its lowest possible value to its maximum value. Each of
these steps leads to one of the discrete values, feasible 'levels’, which the variable

can take. This procedure can be formulated through the following equations:
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The pressure at station i, p;, is bound by lower and upper limits,

Pring < P < Prax s i=1n - . (3.4)

and can have any of the following values as a feasible solution:

p/ = pmin,l + (jpf - 1) dp’ jpl = 1l jpmax,i (41)
where jp is the integer counter increasin‘g the value of p; from its minimum to the
maximum value.

The same procedure can be repeated for the pipe segment /; :

Imln,] S l] < lmaxJ ; j= 1,m (3.13)

b=ty + G- 1) dh jl =1, jhayy (4.2)

where jl increases from one to its maximum value in order to vary /; in the

boundaries given by Equation 3.13.
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Discrete pipe segment length leads to discretization of station locations. In reality,
the range in which the stations have to be located may already be discohtinuous.
The topography of the region and the distance from a town can eliminate
immediately vast parts of the range in which the optimal station locations are
sought. Instead‘ of discrétizing the length of the whole pipeline, a practical
approach is applied: First, a station location is determined considering outside
effects. Then, a search is made in the area around this location in order to
determine the most convenient and economic station location thereby saving time
by disregarding inconvenient areas. This method can also cover the whole area
in which the pipeline is going to be built simply by increasing the search areas
around the stations in such a way that the endpoint of a region is at the start point
of another region. The region which is considered for a station can be discretized

by adding multiples of a step size ds/ to the initially suggested location s

s/

poss,| = SII + XS,I dSII M X,

S,

i = -.."1 ,0,1..- (403)

where sl represents all possible locations considered during the search for the

optimal solution.

The values which the discrete variables can take are schematized in Figure 4.1.
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Figure 4.1 : Discretized Station Location and Pressure
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4.2.1.2. Relationship Between Variables

Once all variables are expressed in a discrete manner, they should be examined
for dependenee on eacn other. This is a very important step since the successful
use of dynamic programming is very sensitive to the dimension of the system
because of the ’curse of dimensionality’ problem. Pipe diameter is an independent
variable and so is the location of a station. When the topography of a region is
known, the elevation of a station can be written as a function of station location -or
in a similar manner length of a pipe segment /. The capacities of the pumps at a
station are independent variables and are handled in a way that they do not affect
the system dimension directly: Pumps with different capacities are selected to be
potential pumps for installation at a station. The required pumps for design are
selected out of commercially available ones by considering their size and cost,

eliminating the expensive and unnecessarily high capacity ones.

Variables like flow rate, fuel cost and fluid specifications, i.e. viscosity and density,
are considered as external effects because they do not relate to the optimization
procedure directly. They cannot be changed to m:ake a case optimum, t'h‘ey ’simply
change because of conditions outside the pipeline system, e.g. cost of fuel’ cannot
be controlled or the flowrate has_ to be changed depending on delivery

requirements. These kinds of variables are handled by keeping them in a
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convenient input file and updating their values after each modification on the

system.

An important group of variables is formed by the pressure terms. Pressure change
due to friction loss is related to the independent variables pipe length and diameter
through the flow equation (Equation 3.10). Discharge pressure at a station results
from the combination of suction pressure and pressure produced by pumping. The
difference t_)etween the actual and required pressure at fhe exft of a station gives

the necessary throttling. Writing the Bernoulli equation with constant fluid velocity
(Equation 4.4) and rearranging gives the throttling pressure as a function of the

remaining pressures (Equation 4.5).

Poi _ W,
(4.4)
- BoiPar g(24-2) + B, Py
PP
pf,l = ps,i + pp,] - p)‘;[ - ps,l+1 - p g ( z’+1 - zi) (4.5)

Having decreased the dimension of the system as much as possible by searching
for relationships among variables, the next step is to determine a decision criteria

upon which elimination can be made between feasible decisions.
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4.2.2. 'Best’ Decision
4.2.2.1. Decision Criteria

Discrete or discretized variables are a prerequisite for dynamic programming. The
disadvantage of discretizing continuous variables is that not all feasible values of
a variable can be considered while searching for the optimum. This problem oaﬁ
be minimized by choosing small step size in the solution procedure and correcting
the results by ’fine-tuning’ which decreases the inaccuracy caused by larger step

size in an efficient way. The details of *fine-tuning’ will be considered later.

Figure 4.2 shows how pump combinations can increase the suction pressure at
a station to different levels of discharge pressure. To make it easier to understand
how the decision criteria is determined, it is assumed that the location of two
adjacent stations and their suction pressures in addition to all other variables
except for pressure produced by pumping, p,;, are known. Friction loss between
these two stations can be calculated from the flow equation. Since Equation 3.10
'is ndnlinear, it is solved by the Newton-Raphson method. Adding the frictional loss
to the suction pressure at Station (i+1) gives the required préssure level to which

the suction pressure at Station (i) has to be increased.

Now, the question is which pump combination to choose at a station with
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the known suction pressure (p,;) and a fixed pressure level at the exit of this
station. Ideally, the discharge pressure, being the sum of suction p‘ressure and the
pressure produced by pumping, should simply give the required pressure level at
the exit of a station. In reality, however, this is not possible because the pumps
cannot produce any arbitrary pressure. For a station with three pumps, the

pressure produced by pumping can be formulated as:

Poi = (X Py + X% Py + X3 P3) 1 q , x,=01 (4.6)

there k is the index of the pump combination and x, can take the value 1 or O
depending whether pump y is on or off, respectively. The pumps are numbered in

the order of increasing capacity.

For the case of maximum three pumps of different capacities at each station, eight
pump combinations are possible. These combinations are listed in the order of
increasing output, e.g. pump combination 1 represents no pumping, combination
2 stands for operation of the pump with smallest capacity and combination 8 would
mean that all three pumps are working. In Figure 4.2, p,,,; represents the result of
no pumping. The second pump combination, p,,;, is obtained by turning on pump
number 1. This choice increases the pressure alimost to the required level. The

pressure py,; represents the pump combination with the second pump turned on.
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This pump combination produces the first output which exceeds the requirements.
Although the output of p,,; is closer to the required result, only the third
combination is feasible since the required pressure level can be reached after
throttling. A fourth combination could be to turn on both pumps. This is also a
feasible solution because the required result can be aéhieved by increasing the
amount of throttling. Feasible solutions can be accumulated in this manner. The
aim of optimization is to minimize the cost and can be achieved by choosing the
pump combination with the least power requirment causing a sufficiently high
pressure increase. This pump combination being equal to or excgeding the

required exit level is declared as the optimal decision for the given conditions.
4.2.2.2. Elimination of Infeasible Combinations

The procedure mentioned in Section 4.2.2.1. has to be repeated many times since
the required pressure level at the exit of a étation is not known. There will be
numerous possible levels for each - assumed to be known - suction pressure.
Considering all possible outputs would obviously be very time consuming. Implicit
enumeration comes into play at this point, making complete enumeration of all

possibilities unnecessary.

Pump combinations are defined in the order of increasing output and possible exit

levels are listed in the order of increasing pressure. For finding the least pump
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combination sufficient to pump the fluid from the suction pressure to the lowest
(first) exit level, the combinations are tried in the order 6f increasing output. The
first combination producing the required pressure or excess pressure is declared
to be the optimal case for the given conditions. When the‘procedure is repeated
for a higher pressure level at the exit of the station, complete enumeration of
possible combinations is not necessary. The pump combination leading to the
optimal solution of the previous conditions is taken as the first possible
combination instead of pump combination 1, because for the next exit level, which
is higher than the first, the combinations which were eliminated for the previous
level will again be infeasibfe. Hence, the pump combinations are tried in the order
of increasing capacity starting from the solution to the previous exit pressure level.
This procedure helps eliminates a vast number of possible but infeasible

combinations.

Another useful tool to decrease the number of calculations involves giving the
number '0’ to a pump combination if its output is not high enough to pump the
fluid to the required preésure level. The pressure levels at the exit of a station are
listed in the order of increasing value whence if a pump combination is not enough
to reach an exit pressure level, it is also not sufficient to reach any remaining
(higher) bressure level. Hence, as soon as a “pump combination is called '0’, no
further calculations are done for the given conditions with higher exit pressure

values. With this procedure, far less calculations have to be made compared to
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complete enumeration of all possibilities.
4.2.2.3. Choosing the 'Best’ Decision for any State at a Station

To highlight the concept of how to define the decision criteria, a simplified system
with all variables fixed but pump combination was considered in the previous
section. In reality, neither the station location nor the suction pressure is fixed at
the stations. There are many ’states’ at a station which are characterized by any
of the possible station locations, suction pressures and pipe diameter of the
. adjacent pipe segment for that station. Any of the grid points shown in Figure 4.3
can represent a state. All variables, other than the station location and the suction
pressure, are assumed to be fixed to make a two dimensional representation
possible. Without this assumption, a state would be defined in n-dimensional space

where n is the number of variables.

In the previous section, it was shown how the decision criteria is used to find the
minimum cost of pumping from a station with fixed conditions to the adjacent
station. The cost of pumping the fluid from Station (i) to the end of the pipeline
would be the sum of the cost to pump to Station (i+1) and the cost of pumping

from Station (i+1) to the delivery location.

Cin = Gt + G (4.7)
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To make the understanding easy, it is assumed that operating cost from Station
(i+:1) to Station (n) can be stored for each possible state at Station (i+1). The
optimal route from a state at Station (i) to any state at Station (i+1) can be
obtained by utilizing the procedure explained in Section 4.2.2.1. The cost resulting
from this route is added to the stored value at Station (i+ 1) of the respective state.
The same procedure is repeated for all feasible-states at Station (i+1) which can
be reached from the state at Station (i). The most economic of these routes is
declared as the optimal route to reach the delivery point (location n) from a given
state at Station (i). As already explained, there are numerous states also at Station
(i), all of which lead to different solutions. Since conditions at stations are
interrelated, this procedure cannot simply be repeated for two adjacent stations
separately.,in order to find the overall optimum. To find the global optimum of the

problem, Bellman’s Principle of Optimality has to be considered.
4.2.3. Global Optimum
4.2.3.1. Bellman’s Principle of Optimality

For a decision to be part of a global optimum, Bellman’s Principle of Optimality has

to hold which is stated as follows (Bellman, 1957):

An optimal policy has the property that whatever the initial state and initial
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decisions are, the remaining decisions must constitute an optimal policy with

regard to the state resulting from the first decision.

In Bellman’s definition, ’state’ is used in its conventional meaning and not in the
specific meaning defined in this study. Figure 4.4 shows how this principle works.
Decision making occurs in the direction of informatién flow which is usually
opposite to the material flow (Edgar et al., 1978). Stage n is the only stage which
does not have any influence on a ’following’ stage. The only ‘remaining decisions’
exist prior to this stage. Hence, if it is assumed that the input to this stage is
known, no remaining decision is left and the decision at stage n can be made
regardless of the rest of the system. This procedure has to be repeated for each
possible input to stage n. The next stage at which a decision has to be made is
(n-1). Any decision at this point will affect the n" stage. To by-pass this
complication, the stages (n-1) and (n) are grouped together. The new group is
now called stége n’. Similar to stage n, this stage has 'remaining decisions’ only
towards stage 1. Once the input to siage n’, or (n-1), is assumed to be known, no
’remaininé’ decision needs to be taken into account. Hence,. it can be optimized
on its own not interfering with any condition. One has to keep in mind that with this
method any ‘following’ stage is eliminated but the input to a stage cannot be fixed. -

As it has been mentioned for stage n, stage n’ has aiso to be optimized with
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respect to all possible inputs to it. This procedure is continued until the whole
system is grouped to a single stage. This stage also has to be optimized with
respect to all possible input values. Since the conditions at stage 1 are fixed there
will be only one inbut available. Hence, only one optimal result exists which is the

global optimum of the system.
4.2.3.2. Global Optimum of the System

Bellman’s Principle of Optimality has to be applied to the pipeline system. Decision
making starts at location n which corresponds to stage n in Figure 4.4. No
_ optimization is required at this location since this represents the delivéry point
where all conditions are fixed. Next step is to group together the last two stations.
This group forms stage n’ with all possible inputs being synonymbus with all

possible states at a station.

Figure 4.5 shows schematically the possible states in the form of grids. For the
sake of simplicity, only station location and suction pressure have been shown as
variables so that a state can be defined in a two dimensional space. Stage n’ is
optimized with respect to all possible inputs, i.e. all possible states at Station (n-1).
Optimization of stage n’ with respect to a state is done by computing the minimum
cost to pump the fluid from that state at Station (n-1) to Station (n). This cost is

added to the cost stored for pumping from Station (n) to the terminal location and
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the sum is declared to be the optimum with respect to the given state. Although
for Station (n) this last statement does not have any significance - since Station (n)
stands for the termination of the pipeline - for all other stations it is a very important
step. This procedure is repeated for all possible states at station (n-1). After the
group is optimized, its size is increased by one station and it is optimized for all
possible states of the most recently' added station. When the whole system is
gathered under one group, there is only one possible state since the conditions
at the first station, i.e. the source, are fixed. Hence, the optimal solution with

respect to this single input gives the global optimum of the system.

When searéhing for the optimal solution of the system, which is chosen to be
minimum annual cost, all states (combination of levels of different variables) that
could be part of the final result are stored. Once the optimal annual cost is
obtained, the states being part of the global optimum are listed for all stages. The
optimum number of booster stations and their locations leading to minimum cost
are determined in this manner. Number and capacity of the pumps at each station

are also obtained along with the optimal pipe diameter.

4.3. APPLICATION OF THE SOLUTION PROCEDURE TO TREE NETWORKS

The solution procedure is described for the case of an unbranched pipeline. In
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case of gathering of two or more lines, the same procedure has to be repeated
separately for each of these lines. It has to be kept in mind that at the gathering
node the resulting pressure may not be predetermined but it has to be the same

for all gathering pipe segments.

When a pipeline is optimized between a known delivery location and a gathering
node, no ’one’ fixed input exists, whence an optimal solution cannot be declared
immediately. Each pipe segment has to be optimized with reépect to any possible
input, e.g. any possible pressure at the gathering node. Once all segments are
optimized, for each of the possible input or for each state, there will be as many
solutions stored as there are pipe segments. Usually, these solutions are based
on minimum cost. The sum of the optimal costs for all branches ending in the
same state are added together. The actual cost at each of these states is found
by summing up the costs stored for each pipeline diverging from this node to
delivery locations, or other nodes. Finally, ;che state with the lowest cost‘is declared

to be the optimal solution at that stage.

4.4. FINE-TUNING OF THE RESULTS

During the solution procedure all variables, whether already discrete or continuous

of nature, are formulated in a discrete form. Hence, the results can only take
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discrete values. Annual cost could be a continuous function but because of
discrete variables, the resulting cost cannot take any possible value and as a
consequence the result may not be accurate. The accuracy of the solution is

directly influenced by the step size used in discretizing the continuous variables.

The éccuracy of the result can be enhanced by decreasing the step sizeA in
discretization, but this would increase the number of possible levels for each
variable. The system can be represented more realistically with this modification,
leading to an improvement in the accuracy of the results. At the same time, the
number of feasible solutions increases, which cén increase the number of

calculations required to find the optimum significantly.

The accuracy of the results could be improved by increasing the original number
of levels, x, of a variable by inserting x number of levels between adjacent levels.
This would almost square .the number of levels. But because of overlapping of
some of the new created levels with the old ones, following formula applies rather

than x°:

(x-1) x - (x-2) = x2 - 2x +2 (4.8)

The drastic increase in number of levels causes also the number of calculations

to increase significantly. Instead, the same improvement in accuracy is achieved
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in a much faster way by introducing the method of ‘fine tuning’: First the'
approximate solution is found utilizing the original step size. The actual solution is
expected to lie within the range of a step size bigger or smaller than the calculated
value. The same is true for the actual values of the variables forming the optimal
solution. The problem is solved again to *fine-tune’ the solution. For the second run
of calculations the lower and upper limits of all variables are shrunk around the
approximate solution, concentrating the feasible levels of variables, as well as the
solution, in only two step sizes of the previous run. Inserting x number of levels
between adjacent levels leads to almost doubling the original number. Following

formula applies rather than 2 x, because of overlapping:

(3-1) x - (3-2) = 2x - 1 (4.9)

Since the fine-tuning is only made in the neighbourhood of the approximate resuilt,
far less calculations are required for achieving the same improvement in the

accuracy of the solution.

Care has to be taken, however, with highly nonlinear problems which are not 'well
behaved’. If the initial step size is too large, the discretized system cannot
represent the actual system accurately enough, because of which the declared

optimum may only be a local minimum close to the global optimum.
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The dynamic programming technique is known to have the dimensionality problem
which becomes stronger with increasing number of variables. The increase in
number of calculations can be partly compensated with the fine tuning procedure.
This procedure can be repeated until the optimal result remains the same; but

usually one or two runs should be sufficient for good accuracy.

4.5. OPTIMIZATION OF OPERATING CONDITIONS

Once the pipeline is designed, the location and number of the booster stations,
capacity and number of the pumps as well as the pipe diameter are fixed. Hence,
the number of variables decreases and fewer calculations have to be made to find
the optimal operating condition of the system. The main concern becomes to
decide which pumps to turn on and to determine the suction and discharge

pressures at the booster stations.
4.5.1. Dynamic Systems

With the decreased number of calculations the solution algorithm becomes
computationally efficient, requiring relatively short computation time. In addition to
providing steady-state solutions, the approach presented here can also be utilized

to generate a set of optimal operating conditions in the transient (dynamic) mode
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of the pipeline network by feeding appropriate changes to the program at each

time step .
4.5.2. Different Fluids in Series

Different oils can be present in the pipeline at the same time. If these fluids have
similar densities, plug flow can be assumed. Since the calculations for the pipeline
system can be repeated very frequently, the transient system is assumed to be at
steady state for short %ime intervals, which leads to fairly accurate results,
especially in the case of long pipelines. The solution procedure is very similar to
the case with a single type of oil flowing. The only difference remains in the friction
loss calculations. In each pipe segment, it is known from the input files which
portion of the pipe is occupied by which fluid. For each of these portions, the
friction loss is calculated separately. Friction losses caused by all fluids present in

the pipe are added to give the friction loss in the whole pipe segment.
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CHAPTER 5

RESULTS OF THE DEVELOPED PROGRAM

5.1. PROGRAM DESCRIPTION

A computer program was developed based on the solution procedure stated in
previous Chapters. The algorithn1 is listed in Appendix A. Separate input files are
formed for different kind of inputs, e.g. fluid specifications and capacities of pumps
are stored separately so‘that variations in either of them can be fed to the program
Conveniently. The range of data as weel as a sample input file are given in
Appendix B. The program developed for designing the pipeline network is used to
optimize the operating conditions after some modification. The program written to
optimize the design is discussed first, following which the modifications necessary

to optimize the operating conditions of the system are described.

The solution procedure is repeated for each branch of the network as explained
in Section 4.3. The conditions at the exit of a branch are known whereas the
entrance conditions are determined after consideration of all gathering branches.
Hence, calculations have to start at the end of d pipe segment and continue until
the entrance is reached. First, all feasible pipe diameters for such a segment are

determined. The calculations to find the optimal operating cost of the segment are
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repeated inside the loop on all possible diameters. The diameter leading to the
most economic conditions is chosen as the optimal diameter for that specific
branch. The diameter can also vary along a branéh for which the loop on diameter
has to be placed in the loop oﬁ specifications of a station. The following
description of the program is for the case where only one diameter can be chosen

for each branch of the pipeline.

Calculations for all ’potential staﬁons’ are placed in a loop inside the loop‘on
diameter. The term ’potential station’ is used because some of the considered
stations may not be needgd simply because no boost oh pressure is required in
the regions in which fhese stations could be built. The region in which a station
can be built is predetermined. The sum of regions may cover the whole area where
the pipeline is planned to exist; or only convenient areas may be considered. Each
region is divided into increments with each of the grid points represehting a
possible location of the booster station. The range of allowed pressure at a station
is predetermined by upper limitations and the net positive suction head of the
pumps. This range of pressure is rebresented by approximately 20 ’'pressure

levels’.

The main specification of a ’state’ at any station is defined by the combination of
one station location and one pressure level. The state can also include values for

diameter, index for fuel cost etc. Cost of fluid transportation is optimized for each
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feasible state at a station for the flow from that station to the end of the pipeline.
Since the solution procedure is followed in the direction of information flow, which
is opposite to the material flow, the states at the following station are already
defined. The specifications of the states at the present station and the next station
are known including the information on station locations. Hence, for each pair of
states at the present and following stations, the length of the pipe connecting these
two stations can be determined easily. This value is substituted into the flow
equation, which could be any expression relating the friction loss to system
conditions and is chosen to be Miller’'s correlation. Since this expression is
nonlinear the friction loss is calculated via the Newton-Raphson method. The
convergence problem is taken care of by introducing lower and upper limits on the

step size.

The ’best’, i.e. most economic, conditions to send the fluid through the pipeline is
determined for each possible state at a station. For doing so, first the possible
‘routes’ to reach a state at the next station from the state at the present station are
determined as explained in Section 4.2.2.1. The number of ‘routes’ represents the
number of combinations of pumps which may be placed at a station. The route
itself depends on the capacity of the individual pumps. The number of calculations
are minimized as explained in Section 4.2.2.2 on ‘Elimination of Infeasible
Combinations’. In this manner, for each state to be reached at Station (i+1), a

route is chosen originating from any state at Station (i). Cost of a route is added
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to the cost stored at the exit of this route, leading to the cost of pumping the fluid

from the state at station (i) to the exit of the pipe segment.

Once all possible costs are calculated, the conditions leading to the lowest cost
are declared as the optimal conditions for the specific state. Optimal conditions are
stored for all states at a station. This procedure is repeated until the first station of
a pipe segment is reached. If there is no gathering of branches, only one. state
exists at this station whence the optimal conditions of this single state represent
the optimal solution of the whole system. If, however, the first station of a pipe
segment is at a node where several branches combine into one stream, the

procedure described in Section 4.3 is followed.

The conditions leading to the least cost form the optimal solution and are sent to
the output file. This file lists specifications of the system including the overall cost.
The input files consist of the worst conditions which are expected during the
lifetime of the pipeline. If, for these conditions, some of the pumps or even stations
are declared to be unnecessary, they do not need to be installed, or built, at all.
The output file of the design problem can be used as the input file to the program
for finding the optimal operating conditions for various changes in the designed

system.

Complete enumeration of all feasible solutions for a pipeline system with 5 possible
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pipe diameters, 5 possible locations for each station, 10 possible suction pressures
~ and 8 pump combinations at any station of 15 possible stations (end of pipeline
excluded) would require 5x(5x10x8)"° = 5.37x10% calculations. With dynamic
programming this number decreases to 5x(5*x10°%8)x15 = 1.50x10°. The reason
for squaring the number of levels for suction pressure and station location is that
these parameters are unknown at Station (i) as well as Station (i+1). Since the
described solution procedure involves a combination of dynamic programming and
implicit enumeration even feWer iterations than 1.50x10° are required. Applying
Equation 4.8 to the variables, the accuracy of the .results obtained via complete
enumeration could lead to 5x(17x82x50)"® = 2.22x107 calculations. The same
accuraéy can be achieved with ’fine-tuning’(Section 4.4). Once the number of
levels for the variables are increased by the formula given jin'Equation 4.9 the fine-
tuned solution can be obtained in less than 5x(©*19%x15)x15 = 8.29x107 iterations.
The drastic decrease in number of evaluations leads to approximately 1 minute of

CPU time on the Honeywell Multics System.

The location of the stations, diameter and length of pipe segments are fixed for an
existing‘pipeline. The developed program for the case of design is modified by\
feeding these specifications instead of giving only a range and repeating the
calculations for any possible value of these parameters. Obviously, the number of
calculations decreases substantially by doing so. ‘Th;a program which already runs

fast, speeds up even more allowing the results to be produced very frequently
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(less than 20 seconds are required for the case under investigation). Hence, for
a dynamic system the optimal operating conditions can be updated as often as

necessary.

5.2. DISCUSSION OF RESULTS

The following procedure is adapted to design the pipeline system: First, an
. allowable range for each parameter is determined based on information obtaine;d
from the industry, in combination with data gathered from books and papers
(references). Then, the pipeline is designed by letting the optimization program

choose the ’'best’ value for all parameters out of the predetermined ranges.

Once the system is designed, the operating conditions of the pipeline network are
optimized with respect to changing conditions based on this 'case’. For a large
pipeline with many parameters, it is very difficult to collect all necessary data from
a single source to make a case study. Several pipeline companies were
approached to gather the information of existing pipelines. The companies supplied
different sets of déta but a complete set of information about an existing pipeline
was not available. Hence, a direct comparison of the operating conditions
determined from the optimizing program with the operating conditions of an

existing pipeline was not possible.
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The effectiveness of the program is demonstrated by comparing the different
annual costs resulting from different runs of the program obtained foru variation in
the number of variables and their values. Seven runs for différent optimization
cases of design aﬁd operating conditions are discussed to indicate the extent of
savings which can be achieved with.the developed program. Data for these
discussed cases are given in Table 5.3. This discussion could easily be continued
for many other cases since system modifications can be fed to the program in a
convenient manner and little computational time is necessary to pr.oduce the |
output. At this point, hbwever, the aim is to give a general impression of how

effective the features of the developed program are.

A sample output is shown in Table 5.1. It is produced for optimizing operating
conditions with known flowrate, diameter and fluid specifications. At eaéh station
the suction and discharge pressures are listed. The pumping units A, B and C
represent the pumps at ea“ch station where 1 or 0 indicate the pump being on or
off, respectively. The cost of pumping is listed in the last row, where '0’ represents
that that specific station is by-passed. The optimized annual cost is listed in the last
row.

Table 5.2 lists the pressure variation at a station and in the adjacent pipe segment.
The pressures are consistent with the schematized pressure profile shown in
Figure 3.2. The output can also be represented in graphical form. Figure 5.1 shows

the result of optimal design for the fiuid specifications and maximum flowrate of the
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Table 5.1 : Results of the Program

flowrate (m®/h)

diameter (in)

viscosity (mPa s)

specific gravity

1589.004 24 0.664 0.735
station station suction pumping | discharge | pumping
number location pressure units pressure cost

(km) (MPa) ABC (MPa) (M$)

1 0 0.1 100 2.8 0.671

2 100 0.4 110 7.2 1.342

3 200 5.1 000 5.1 0

4 300 3.4 000 3.4 0

5 400 1.1 101 9.9 1.863

6 500 8.0 000 8.0 0

7 650 5.1 010 9.2 1.006

8 700 8.0 000 8.0 0

9 870 5.1 000 5.1 0

10 920 3.4 000 3.4 0

11 930 3.1 100 5.8 0.537

12 1010 4.4 000 4.4 0

13 1070 2.6 000 2.6 0

14 1110 1.3 000 1.3 0

15 1120 1.1 000 1.1 0

16 1140 0.1 000 0.1 0

annual cost = 22.086 M$

(*):1M$ = 1x10°$
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Table 5.2: Pressure Variation at a Station and in the adjacent Pipe Segment

‘ pressure specification pressure (MPa)
suction 5.100
pumping 4.054
discharge ' 9.154
throttling 0.143
friction 1.011
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Table 5.3 : Data for Figures 5.1- 5.7

Case flowrate pipe diameter specific viscosity
number (m3/h) (in) gravity (mPa s)

1 1920 24 0.815 2.199

2 1920 24 0.815 2.199

3 1920 36 0.815 2.199

4 1920 24 0.815 2.199

5 1580 24 0.815 2.199

6 1920 24 0.815 2.199

7 1920 24 0.815 2.199
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Figure-5.1 : Pressure Profile Case 1, annual cost = 29.569 million $



first case. The change in pressure with location in the pipeline is shown for the
optimized case. Out of the 15 possible stations only 8 are required for the specified
maximum load. Filled squares represent the booster stations and are located at the
levels of the suction pressures. A crossing line through such a square means that
that particular station is not needed for the given design conditions, since it
indicates that no boost in pressure is réquired. Empty squares indicate the level

to which the pressure is increased at the station as a resuit of pumping.

The pipeline design is optimized for variable diameter, suction, discharge and
throttling pressures, number and capacity of pumps. The suction pressure at the
first station and the outlet pressure at the terminal point are fixed at 1 atm. Annual
fuel cost is predicted to be 0.350 $/W. The annual operating cost of this case is

calculated to be 29.569 million $.

Figure 5.2 shows the result obtained for the optimization of the same system but
with the addition of variable station location. When the location of any station is not
fixed but is allowed to vary by £6 km around each station, the necessary number
of stations to pump the fluid through the 1,150 km long pipeline decreases from
8 (Figure 5.1) to 5. With this improvement the annual cost is decreased to 29.194

million $.

Besides flexibility in station location, it is also very important to let the diameter
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vary. The significance of variable diameter is shown in Figure 5.3. The optimal
design calculations of the case in Figure 5.1 was repeated for variable pipe
diameter. It was found that 36" pipe is more economical than 24" pipe although the
capital cost of the pipe increases significantly with larger qi_ameter. At the same
time, the larger pipe diameter causes less frictional losses which decreases the
pumping cost. To pump the same a;nount of fluid through a 36" pipe requires only
a single station compared to 8 stations which are needed in case of 24" pipe.
Decrease in pipeline cost and increase in pumping cost balance each other so that
even with only one booster station the annual cost of the pipeline system
decreases oniy by 1.86 million $. Althou_gh it seems that increasing the pipe
diametér simply decreases the annual cost, this conclusion is likely not to hold for
a slightly different case. Since the effect of variation in pipe diameter cannot be

predicted a priori,it is of interest to keep the pipeline diameter as a variable.

The results from a set of runs are presented in Figures 5.4 to 5.7 to compare
cases of optimized operating conditions. Figure 5.4 shows the suction and
dischargé pressures at all stations for the case of 15 existing booster stations
connected through a 24" pipe. The operating conditions are optimized for a fluid
with 2.2 mPa s viscosity and 0.82 specific gravity flowing at the rate of 1920 m®/h.
Three pumps are placed at each station. The main concern in the optimization of
operating conditions is to determine which pumps to turn on to send the fluid

through the pipeline. In searching for the most economic case, it is made sure that
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all restrictions, like pressure at the terminal location, are taken into account. A filled
square with a crossing line through it represents stations which are by-passed.
Although no pumping cost is necessary at these stations, a fix cost is required for
maintaining the station. The annual cost of the described system is found to be

29.461 million $.

An important feature of the program is to be sensitive to changes in flowrate. In
reality, the amount of pumping at a station is usually not varied once the pumps
are installed. Even when the flowrate declines, pumps are not turned off producing
unnecessarily high pressure. It is simply neglected that energy can be saved by
shutting off some pumps which may not be required at lower flowrates than the
design cése. Figure 5.5 represents the resultant pressure profile for optimized
operating conditions for the same case used for Figure 5.4, but 1590 m*/h flowrate
instead of 1920 m®/h. The operating conditions are modified by turning off pumps
which are not required to pump the fluid through the pipeline. This results in 4.93

million $ savings which is 16.7 % of the entire operating cost.

A 1500 km pipeline network can sometimes spread over different countries or
provinces/ states. It is very likely that the fuel cost would be different at different
locations. When the fuel cost is increased only in a specific geographical region

the annual operating cost would increase but the system configuration and

pressure profile would remain the same if the optimization procedure of operating
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conditions is not sensitive to variation in fuel cost. This situation is represented in
Figure 5.6 with 50% increase in fuel cost at Stations 1 to 8. The pressure profilé
is the same as in Figure 5.4 and the only change is a 4.2 million $ increase in
annual cost. The developed program is capable of mo_difying the operating
conditions with respect to variation in fuel cost. For the mentioned increase in fuel
cost, the results suggest that‘ the operation of pumps at three stations should be
modified. Figure 5.7 shows the redefined strategy. Pumping capacity is increased
at Stations 5 and 6 by turning on additional pumps. This appee;rs to be
unexpected, since these stations lie in the ’expensive’ region. At the same time 2
pumps are shut off at Station 7 and 1 pump is turned off at Station 8,' which ére
also in ’tihe region of higher energy cost. The overall decrease in pumping at the
first eight stations is compensated by turning on pumps at stations where no
variation in fuel cost is felt. This modification leads to 0.25 million $ savings in

annual cost.

Pipeline networks are dynamic systems whence many changes occur in time, e.g.
some pumps may be temporarily defective or a lighter fluid than specified in the
design case may be transported. The illustrated examples show that substantial
savings can be achieved by adjusting the operating conditions whenever a change

occurs in or outside the system.

70



A

m ; suction pressure at station
o : discharge pressure

\ : by - pass of station

10

o
n.
S ]
SNar’
o
a 5 ¢ \
n
o
b
0. \
o+ ' | T | T i
0 250 500 750 1000 1250

location(km)

Figure 5.7 : Pressure Profile Case 7, annual cost = 33.404 million $



CHAPTER 6

SENSITIVITY ANALYSIS

The obtained optimal results can only be considered reliable after a sensitivity
analysis with respect to the variables and boundary conditions. Because of the
complex natﬁre of the tackled problem, an analytical method cannot be applied for
thé sensitivity calculations. Instead, the sensitivity analysis has to be performed
numerically. A base case is formed by running the program with known conditions
and obtaining the optimal solution. The calculations are repeated with one of the
variables or boundary conditions varied, e.g. increased or decreased by 10
percent. The relative change in the optimal solution with variation in the input is
used as an indication of the sensitivity of results to the various variables and

boundary conditions.

The nondimensionalised sensitivity of the annual cost, ¢, to a variable or a

boundary condition, u, can be formulated as:

S = (AC/ cbase)

. 6.1)
(Au [ up,g)
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where Au shows the change in the variable u. Ac represents the respective
variation in annual cost. Thus, the dimensionless sensitivity coefficient, . s,

representé the sensitivity of the annual cost to the variable v.

The number of variables affects the solution directly, because with an increased
number of variables more solutions can be formed whence the possibility of finding
a lower minimum than the previous one increases. This was shown in Section 5.2,
by comparing the results of systems with fixed and vériable station locations. The
effect of varying a parameter was also explained in the same section. For example,
the program adjusts the operating conditions according to changes in the flowrate
thereby eliminating unnecessary pump work. When the flowrate was changed from
1920 m®/h to 1590 m®/h, the optimal cost decreased from 29.461 million $ to
24.428 million $. When the 5 million $ saving is substituted into A‘Equation 6.1, the

result is: s, = 0.99.

In optimization problems, the boundary conditions of the system may have a
significant effect on the optimal solution. For example, although absolute |
boundaries exist for pressure limitations formed by NPSH and strength of the
equipment, it is of interest to Keep the pressure range small since it directly affects
the number of calculations in the program. On the other hand, this range cannot
be kept arbitrarily small since the objective function giving the annual cost of the

pipeline network is not 'well behaved'. If the pressure in the system is bound by
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only a small range, the resulting optimal solution may not be very favourable. It is
simply because, inside the absolute limits but outside the present limitations, lower
minima may exist which are not considered as solutions. In order not to limit the
efficiency of the program, appropriate boundary conditions have to be chosen. The
© success of a particular choice can be tested by applying sensitivity analysis to the

results with respect to variation in boundary conditions.

Boundaries on pressure, station location and pipe diameter are constraints for the
,des'cribed pipeline system. In Section 5.2, it was shoWn that increasing the range
of pipe diameter can have a significant effect on the results. The increase in range
can only be achieved by adding another commercially available diameter out of
which the optimal diameter can be chosen. A sensitivity analysis on pipe diameter
may not be useful since the boundaries on diameter cannot be increased arbitrarily
by a percentage. Hence, importance has been given to variation in the limits on

pressure and station location.

Changes in annual cost with variations in pressure limitations are summarized in
Tables 6.1-6.6. The input for all base cases are kept the same. The lower pressure
limits for the case under consideration are in a narrow range of 0.1 - 0.4 MPa and
the upper limits vary between 7 to 9 MPa. For the purpose,of measuring the
sensitivity, the lower limits are varied by =10 %. Larger variations are nbt applied

because the lower pressure boundaries are usually around 1 atm. The upper limit
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at each station may be more flexible whence the upper boundaries are varied by
+10 % to =50 %. The program is run after each change in the input and the
resulting optimized annual cost is listed in the second column of the tables.
Variation in the new output with respect to the result of the base case is indicated
in column 3 (Table 6.1) in the form of percent variation which is simply calculated

from:

c.. - C
% variation = (—”"-’YE——E‘“—S‘Z] * 100 (6.3)
: base

Once the optimal annual cost for maintaining and operating the pipeline is
calculated, the program is run again to search for a lower minimum around thé first
‘approximate’ solution in order to fine-tune the result. Results of fine-tuning are also
listed along with the variation in cost with change in pressure limitations. As
expected, the annual costs after fine-tuning are lower thén the ’approximate’
optimized annual costs. The fine-tuned results are used in calculations in order to
obtain the sensitivity of cost to the pressure boundaries. The dimensionless
sensitivity is found from Equation 6.1 and is calculated by dividing the percent
variation in fine-tuned cost (Table 6.1, column 5) by the percent variation in lower
or upper pressure limits (Table 6.1, column 1). The dimensionless sensitivity

coefficient, s, in Table 6.1 varies between 0.0 and 0.057, which is quite
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Table 6.1 : Effect of Variation in Lower Pressure Limitations
on Annual Cost with dp = 1.0 MPa

variation in ||| optimized annual cost ||| optimized annual cost||| sensitivity
lower after fine tuning coeff.:
pressure - — — Sy
limits (%) variation variation (Equation
| (M$/y) from the (M$/y) | from the 6.1)
base base
case (%) case (%)

0 30.254 0.0 29.415 0.0 0.0
(base case)
-10 30.254 0.0 29.415 0.0 0.0
+10 "I 30.086 -0.56 28.247 -0.57 "I -0.057

76



insignificant relative to the sensitivity of cost to volumetric flowrate (s, = 0.99).
Hence, it can be concluded that the optimized annual cost is insensitive to
changes at the lower pressure limits. For this particular case, the pressures which
lead to the optimal solution do not lie at the lower boundaries,rsupporting ;the

conclusion of insensitivity of cost to the lower pressure limitations.

From Table 6.1, it can be read that a +10 % increase of the ﬁinimum pressures
at all stations results in a lower annual cost by 0.57 %. Although this vaILJe may be
considered negligible, an increase in lower limits cannot cause any decrease in the
cost because the range out of which an optimal solution has to be chosen is
shrunk. The slight decrease in cost is due to the discretized pressure. When the
loWer pressure limit is increased, discretization starts from a different pressure level
than in the base case. The new discretized pressure levels may lead to a slight

improvement in the solution.

Table 6.2 shows the effect of varying the upper pressure limit at all booster
stations. The same base case, as listed in Table 6.1, is used for these calculations.
The number of feasible solutions is increased (decreased) by expanding (shrinking)
the allowable pressure range of the system; in this case by increasing (decreasing)
the upper limit. Surprisingly, widening the pressure range does not seem to
improve the results. Similar to the results in Table 6.1, the fluctuation in cost can

be explained in terms of the discretization of pressure.
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Table 6.2 : Effect of Variation in Upper Pressure Limitations
on Annual Cost with dp = 1.0 MPa

optimized annual cost

variation in optimized annual cost sensitivity
upper after fine tuning coeff..
pressure — — Sy
||m|ts (%) variation variation (Equaﬁon ~
(M$/y) | from the (M$/y) | from the 6.1)
base base
case (%) case (%)
0 29.415 0.0 0.0
(base case)
-10 29.573 0.54 0.054
+10 29.415 0.0 0.0
-20 29.405 -0.03 0.0015
+20 30.422 0.56 29.415 0.0 0.0
-50 30.610 1.2 29.603 0.64 0.0128
+50 m 30.412 0.52 29.573 0.54 0.0108
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The maximum allowable pressure level represents the uppér pressure limit which
is usually not one step size apart from the adjacent pressure level. When the range
is expanded, the pressure level at the previous maximum is usually skipped. The
results listed in Table 6.2 are produced with a pressure step size, dp, of 1 MPa
which, after discretization over a range of 0.1 - 8 MPa, leads to nine pressure
levels. A 10 % increase in the upper limit leads to 10 levels and the ninth level is
shifted from 8 to 8.1 MPa. Although a change of 0.1 MPa does not seem to be
very important, the optimal configuration may change significantly, especially
because large step size leads to a discretization which cannot represent the actual
range properly, and ’loss’ of,the previous maximum pressure level can affect the
optimal solution unfavourably. An additional disadvantage of large step size is that
the resulting optimum may be far off the global minimum. This is because the

range in which the optimum is searched would not be well represented.

In order to improve the accuracy of results, the pressure range at each station
should 'be divided into a larger number of levels, i.e.-the step size should be
decreased. The results in Tables 6.3 and 6.4 were obtained with dp = 0.5 MPa,
wl';ich implies doubling the number of possible pressure levels at each station. The
base case in Tables 6.3 and 6.4 is the same as in Table 6.1. With ‘finer’
discretization, the optimal annual cost decreases from 30.254 million $ to 29.741-
million $. The accuracy of results for the modified cases in Tables 6.3 and 6.4 is

also improved but there are still some undesirable results, such as a lower cost
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Table 6.3 : Effect of Variation in Lower Pressure Limitations
on Annual Cost with dp = 0.5 MPa

variation in ||| optimized annual cost || optimized annual cost |ff sensitivity
lower after fine tuning coeff.:
pressure . — S,
limits (%) variation variation (Equation
(M$/y) from the (M$/y) from the 6.1)
base base
case (%) case (%)
0 29.741 0.0 29.573 0.0 0.0
(base case)
-10 29.751 0.03 29.583 0.03 I" -0.003
+10 m 29.563 -0.60 29.227 -1.17 m -0.117
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Table 6.4 : Effect of Variation in Upper Pressure Limitations
on Annual Cost with dp = 0.5 MPa

optimized annual cost

variation in optimized annual cost ||| sensitivity
upper after fine tuning coeff.:
pressure — . Sy
limits (%) variation variation (Equation
(M3/y) from the (M$/y) from the 6.1)
base base
case (%) case (%)
0 0.0 0.0
(base case)
-10 0.0 0.0
+10 29.731 -0.03 29.385 -0.60 -0.06
-20 29.741 0.0 29.573 0.0 0.0
+20 29.731 -0.03 m 20.731 0.53 ” - 0.0265
-50 29.593 -0.50 29.425 -0.50 0.01
+50 29.731 -0.03 29.731 0.53 . 0.0106
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with shrunk pressure range. Hence, the step size dp could still be decreased some

maore.

Results shown in Table 6.5 and 6.6 were obtained with a 0.2 MPa step size. When
the maximum pressure is decreased by 20% the new maximum pressure lies at a
"level which did not exist in the base case. Results show that one of these
maximum pressure levels is part of the configuration leading to a optimum which
is slightly lower 'than the qptimum result for the base case. The discrepancy in
results due to discretization is much less in the case of 0.2 MPa step size than in
the case of 1.0 MPa. The slight variation of 0.03% in some results can be ignored
since discretization of continuous functions would always introduce inaccuracy.
Such inaccuracies can only be minimized byr using infinitesimal step size which

obviously would increase the number of calculations tremendously.

The results in Tables 6.5 and 6.6 are accurate enough that fine-tuning on them
does not lead to a further improvement. The sensitivity coefficient varies between
0 - 0.015 allowing the conclusion that the annual cost is not sensitive to the
pressure boundaries. Hence, the results are reliable and one does not to be
concerned whether a lower minimum is missed just because of the pressure
limitations. This conclusion is also indicated by the results listed in Tables 6.1, 6.2
and 6.3, 6.4 which are not accurate but may be useful to get a general idea about

the system and its optimum without excessive computation time. A comparison of
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Table 6.5 : Effect of Variation in Lower Pressure Limitations
on Annual Cost with dp = 0.2 MPa

optimized annual cost

variation in optimized annual cost ||| sensitivity
lower after fine tuning coeff.:
pressure . . Sy
limits (%) variation variation (Equaﬁon
' from the (M$/y) from the 6.1)
base base
case (%) case (%)
0 29.247 0.0 29.247 0.0 0.0
(base case)
-10 29.227 -0.07 20.227 -0.07 -0.007
+10 l" 29.217 -0.10 29.217 - -0.10 -0.01
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Table 6.6 : Effect of Variation in Upper Pressure Limitations
on Annual Cost with dp = 0.2 MPa

variation in |ff optimized annual cost || optimized annual cost ||| sensitivity
upper after fine tuning coeff.:
pressure — — Sy
limits (%) variation variation (Equation
(M$/y) from the (M$/y) from the 6.1)
— base base
case (%) case (%)
0 29.247 0.0 28.247 0.0
(base case) o
-10 20.247 0.0 20.247 0.0 0.0 -
+10 29.247 0.0 29.247 0.0 0.0
-20 | l 29.237 -0.03 29.237 -0.03 -0.0015
+20 29.237 -0.03 20.237 -0.03 -0.015
-50 29.267 0.07 29.267 0.07 0.0014
+50 m 29.247 00 || 20247 0.0 0.0
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results listed in Tables 6.1-6.6 shows that accuracy of the solution is affected by

the choice of step size.

Besides the boundary on pressure, the limitations on station locations should also
be examined carefully in order to check the reliability of the results. Unlike the
pressure range, the range in which the ’best’ location for a station is searched is
treated not to be continuous since inconvenient ‘locations on a hill or far from a
town can be excluded immediately. Results for 1, 3 and 5 possible location(s) at
which a station can be placed are listed in Table 6.7. Allowing only one location for
a station represents the case of fixed station locations. A comparison of the first
and second rows shows’ that the annual cost of the studied case can be
decreased from 30.576 million $ to 29.717 million $ by making station locations
variable. This is equivalent to 2.81 % savings in annual cost. Further savings can
be achieved by increasing the number of locations at which a station can be built.
With 5 possible station locations per station over a range of 12 km, the annual cost
can be decreased by an additip‘nal 1.71 %. The critical decision appears to be to
keep the station location as a variable. Additional improvement can be achieved

by increasing the range in which the optimal location has to be searched for.

Results in Table 6.8 show how a variation in the location range affects the overall
cost of designing the pipeline system. The number of possible locations for each

station are kept at 5 and the range is varied by changing the step size between
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Table 6.7: Effect of Limitations on Station Location on Annual Cost,
step size fixed at 3 km

# of range for each optimized relative
possible station location annual cost Jii improvement
locations for (km) in cost (%)

(M$/y)

each station
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Table 6.8: Effect of Limitations on Station Locations on Annual Cost,
number of possible locations for each station fixed at 5

range for each station optimized annual cost sensitivity
location coeff.:
su
(Equation
variation (M$/y) variation 6.1)
(km) from the -| from the
base case base case |||
(%) ' (%)
12.0 0.0 29.194 0.0 0.0
(base case) ,
10.8 -10 29.529 1.15 m 0.115
13.2 +10 29.194 0.0 m 0.0
9.6 20 . 290.549 1.22 0.061
14.4 +20 20.194 0.0 0.0
6.0 -50 20.707 1.76 "I 0.035
18.0 +50 . 29.194 0.0 l" 0.0
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the possible locations. Increasing the 3 km step size by 10, 20 or éven 50 % does
not yield any improvement. The strongest effect of shrinking the range is felt by
decreasing the step size from 3 to 2.7 km. The sensitivity s, in this case is 0.115,

indicating that the cost is not very sensitive to the location boundaries.

Sensitivity analysis on the boundary conditions is necessary in order to determine
whether the limits have to be relaxed or not. Results can be considered reliable,
only if they do not vary with modifications in boundary conditions. In this Chapter,
it has been shown that the annual cost does not vary much with changing the
boundaries given for the 'case study’, which is called 'base case’ in the tables.
Hence, the results obtained for the studied case are found to be reliable. The
sensitivity analysis should be repeated for each different system since the

sensitivity is obtained numerically and can vary with different input.
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CHAPTER 7

CONCLUSIONS AND RECOMMENDATIONS

7.1 CONCLUSIONS

An efficient algorithrh is developed for optimal pipeline design. Seve;al design
parameters, such as pipe diameter, number of booster stations and their locations,
number and capacity of pumps at each station, pressure profile of the system
including suction and discharge pressures at the stations can be optimized in less

than one minute of computer time.

Since the optimization procedure is built upon a main module with individual
functions connected to it, the validity of the results can be assured by using
sophisticated cost functions and choosing appropriate flow equations. The case
study is based on a fairly generalized cost function since the aim of this study was
to develop an optimization technique rather than doing accurate economic
calculations. The cost function can easily be replaced with a more realistic
expression to improve the applicability of the resplts. At the same time, separate

cost functions can be provided to allow fof'variations in an interprovincial pipeline.

Compared to complete enumeration of possible solutions, computation time is
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decreased drastically, due to combined use of dynamic programming, integer
programming and ‘fine tuning’. The optimal solution to a pipeline system which
would be achieved by complete enumeration with 2.22x10”° iterations can be

obtained with less than 3.29x107 iterations in the optimization program.

The algorithm is fiexible such that it can also be used for optimizing the operating
conditions of an existing pipeline. Although building a pipeline is obviously more
costly than operating it, it can be significant to adjust the operating conditions

according to changes inside and/or outside the system.

Substantial savings are achieved in a very short computation time. A variation in
each of the basic design parameters and operating conditions can lead to 10-20%

savings of the annual cost.

The described model is applicable to dynamic systems. Optimization of a pipéline
can be achieved in less than 20 seconds on 'the Honeywell Multics System. This
feature becomes significant when changes occur in the system. If, for example,
some of the pumps become defective, cost of power changes, or flowrate is

varied, new optimal operating conditions can be obtained almost immediately.

S0



7.2. RECOMMENDATIONS

The applicability of the algorithm can be increased by making the cost function of
the pipeline more realistic. Improvements could be made by taking the present

worth of expenses into account and considering the depreciation of equipment.

Another improvement could be achieved by increasing the number of variables.
Adjusting the wall thickness of the pipeline according to pressure variations could
lead to additional savings but the ’curse of dimensionality’ has to be kept in mind
in doing so. Each additional variable increases the number of calculations required
to reach the optimal annual cost. Hence, before deciding which parameters to ad:d
as variables, a sensitivity analysis should be made to ascertain their relative

importance.

Necessary modifications for gas flow have been explained. Applying these changes
to the algorithm should not require much effort but would increase the range of its

applicability significantly.

The optimality of the solution is based on minimum cost. In reality, there may be
cases where additional constraints can cause a solution with higher cost to be
more favourable than the original optimum solution. Repeating the solution

procedure for each change in and/or outside the system (including an increase

a1



in the number of constraints) can be time consuming for a system with many
variablés. Instead, suboptimal solutions could be stored along with the global
optimum so that the operating engineer could understand the behaviour of the

system better and could decide to operate at suboptimal conditions, if necessary.
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APPENDIX A:

Algorithm

maximum number of stations
approximate locations of stations
minimum and maximum pressure limits at each station
candidate pipe diameters

station location step size
pressure step size

capacities of available pumps
cost indices

fluid specifications

flowrate at each station
topography

(6)——~l select diameter d,

(5 i=1

(31— select station location sk, for station (n-i)

(2)——:[ select suction pressure p,; at station (n-i)

—— select station location sl,, for station (n-i+1)

—{ select suction pressure p,, at station (n-i+1)

.....

a4 &

cost, ,..(n-1,idj,j,idLl) = costA ___..,(n-iidj,j,idL}) + costB,,_.(n-i,idL,}]

v
=ty <1 ?

n$
idl = idl+1 y + idl < idl,,, ? |
n¢
[ mincost(n-i,idj,j) = min { cost,(n-,id},j,idl,1) } ]
(1)
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(1)
&
costB(n-i-1,idj,j) = mincost(n-i,idj,j)

@ui=jrTje——y

(3)e—] idj = idj+1 y ] idj <idipm ? |
n

(@—i=it1 yel i<n1?

N
| cost,;, = min { mincost(1,1,1) } |
e

(5)¢ y fine-tuning ?

ng
(o= T e y ¢~ <17 7 ]
ng

optimal cost = min { costy ;, }

+
/ display results /
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APPENDIX B:

) DATA

Although calculations have been repeated only in the ranges listed below, the
algorithm can be used for broader ranges.

candidate pipe diameters: 12" - 36"
pressure step size: 0.2 - 1.0 MPa
flexibility around a station: 0 - 18 km
elevation variation: 0-1700 m
flowrate: 1000 - 2000 m®/h
viscosity: 0.6-35mPas
specific gravity: 0.7 -0.85
capacity of available pumps: 2000 - 4500 hp
cost indices: 0.5-1.8 e
minimum pressure: 0.1 - 0.6 MPa
maximum pressure: 0.1 -9 MPa

maximum number of stations: 20
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Sample Input File

Each set of data (given in a line or a column) is stored in a separate file.

three possible pipe diameters: 12", 24", 36"

pressure step size: 0.2 MPa

maximum three pumps at a station with 2000, 3000 and 4500 hp capacntles

maximum number of stations: 15(+ terminal location).

flat topography.
oil transportation with 0.815 specific gravity and 22 mPas v:scosnty
5 possible locations in a 12 km range for each station.

station | approximate | flowrate | minimum | maximum COS;E index
number station (m3/h) pressure | pressure |
location (MPa) (MPa)
(km)
1 0 1920 0.1 0.1 1.4
2 100 1920 0.4 8.0 1.2
3 200 1920 0.1 7.0 1.0
4 300 1920 0.4 8.0 0.9
5 400 1820 0.1 7.0 0.8
6 450 1920 0.4 8.0 1.1
7 500 1920 0.1 7.0 1.3
8 650 1920 0.4 8.0 1.4
8 700 1920 0.1 7.0 1.0
10 850 1820 0.4 8.0 1.6
11 900 1920 0.1 7.0 0.9
12 950 1920 0.4 8.0 1.3
13 1000 1920 0.6 7.0 1.1
14 1050 1920 0.3 8.0 0.8
15 1100 1920 0.1 9.0 1.0
16 1150 0 0.1 0.1 1.0
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