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The permanent presence of metallic pipelines in the soil produces electrochemical
reactions, which leads to the corrosion activity and thus, an adequate cathodic protection
strategy is required. The purpose of this paper is to assess the effect of inductive coupling
between an EHV overhead power line and a buried metallic pipeline in normal operation;
and to optimize a sacrificial anode cathodic protection system from corrosion evolution
using a new efficient meta-heuristic algorithm of Teaching Learning Based Optimization
(TLBO). The results obtained indicate that the induced voltage resulting from the inductive
coupling exceeds the limit recommended by the majority of international standards; the
calculated value of corrosion current density presents a relevant parameter having a
significant effect on the corrosion rate and metal loss. Therefore; the selected optimization
algorithm proves to be accurate in determining the parameters associated with the design
of the sacrificial anode cathodic protection system and is able to meet the current
requirement criterion necessary for the protection implemented and to ensure the stability

and optimal performance of the hydrocarbon transportation pipeline system.

1. INTRODUCTION

Metallic pipelines used for hydrocarbon transportation play
a crucial role in the economies of countries that produce
energy resources. Rising electricity demand in developing
countries has intensified the need for energy supplies,
especially since both types of transportation systems operate
over extended distances to meet their operational requirements
[1,2].

However, sharing a common right of way is inevitable,
which leads to the presence of the electromagnetic mutual
interference problem. In the normal operation of overhead
power lines of electricity transmission at higher voltage levels,
this mutual interference can cause through inductive coupling
in a parallel zone a development of an induced electrical
potential in the metallic pipelines by the phenomenon of
electromagnetic induction, which means that the magnetic
field fluctuation caused by three-phase power flow through the
conductors of elevated high voltage electrical networks
contributes to the generation of electromotive forces between
the buried pipeline and the nearby soil, and consequently the
circulation of AC induced current between the ends of the
metallic pipeline, which can present risks of electric shock for
maintenance operators and steel corrosion [3-6].

The term corrosion refers to a process that causes the
progressive deterioration of the metal constituting the
pipelines due to electrochemical reactions on the surface of the
metal with its environment, this leads to a reduction in the
progressive thinning of the metal, quantified by the amount of
mass lost per area over time [7]. In order to increase the
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operational life and protect steel pipelines potentially
subjected to corrosive action, two types of complementary
protections are combined with each other to ensure effective
protection of pipelines. Firstly, the passive protection by
covering the outer surface of the buried pipeline with an
insulating organic layer of a certain thickness, often consisting
of bituminous, epoxy and polymers. Secondly, the cathodic
protection which consists of connecting an external anode is
connected to the buried pipeline, enabling current flow that
ensures the entire structure remains cathodic, thereby
preventing any form of corrosion. There are generally two
types of cathodic protection, sacrificial anode protection
where the protection current comes from a metal whose
corrosion potential is more negative than that of the pipeline
metal to be protected, and impressed current protection in
which the DC direct current is provided by an external
generator supplying a more or less inert auxiliary anode called
"groundbed" [7-11]. The first use of cathodic protection dates
back to 1824, when Humphry Davy protected copper
structures of British ships from marine corrosion using iron
anodes. Its use subsequently spread to the United States and
England to meet the needs of economic and industrial
development, encompassing various sectors, including
metallic pipelines for the transport of oil, gas, and
petrochemicals. The first use of impressed current cathodic
protection for safeguarding buried structures was introduced
in England and the United States during the period from 1910
to 1912. The rapid development of cathodic protection systems
began in 1945 in the United States and England, in response to
the demands of rapid economic and industrial development
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that included various sectors, such as the oil and gas industry,
which was expanding and widespread at that time, and
metallic pipelines were used in most oil, gas, and
petrochemical transportation operations. The advantages of
using thin, highly corrosion-resistant steel tubes in buried
pipelines were exploited [12, 13]. Currently, cathodic
protection is widely used in various industrial applications,
mainly steel pipelines buried in the ground or submerged in
water, water reservoirs, port structures and offshore platforms
and ship hulls. Extensive research efforts encompassing
experimental investigations, analytical modeling, and
numerical simulations have been dedicated to understanding
the phenomena of AC induced corrosion and optimizing
cathodic protection systems. Over the past decades, a wide
range of experimental, analytical, and computational studies
has been carried out to deepen the understanding of AC
corrosion mechanisms and the underlying principles of
cathodic protection. These investigations have considered
various influencing parameters, such as soil resistivity, current
density, corrosion rate, and the physical and electrical
characteristics of coating materials, all of which affect the
overall effectiveness of protection systems. Altogether, these
studies have greatly improved our understanding of the key
factors that initiate and intensify AC corrosion in metallic
pipelines, and have contributed to the development of more
effective and reliable cathodic protection approaches.

Based on this research, several internationally recognized
standards, such as NACE-0169, NF-EN-12954, and DNV-RP-
B401, have been established to guide the reliable and efficient
protection of metallic structures. Moreover, recent progress in
Artificial Intelligence (AI) and Evolutionary Optimization
(EO) techniques has significantly enhanced the design,
efficiency, and adaptability of cathodic protection systems
[14-17]. Despite the double protection of steel pipelines, in
case where the buried pipelines are located extra-high-voltage
power lines with high alternating current, failure and corrosion
cracking on the metal surface may occur as a result of pipeline
coating defects, causing a significant disruption in the normal
operation of pipeline systems. The major concern of
hydrocarbon transmission and distribution network operators
is to ensure the maintenance and integrity of the entire pipeline
to ensure safe and reliable operation throughout its longevity
and to keep the safety of intervention agents [18-26].

This study investigates the inductive coupling between an
overhead extra-high-voltage AC transmission line and a
nearby buried metallic pipeline, based on the lossy
transmission line theory and electromagnetic induction
principles. It assesses the induced voltage amplitude and the
main parameters influencing AC corrosion along the buried
pipeline. To mitigate these effects, an optimized cathodic
protection system using sacrificial anodes is designed and
installed, with its optimization performed through a recent
algorithm known as TLBO. Determining the AC current
density flowing between the pipeline and the surrounding soil
and the instantaneous rate of metal corrosion present
fundamental criteria for the probability of AC induced
corrosion levels; in order to design a well-adapted preventive
measure aimed at eliminating corrosion risks. A cathodic
protection system can be designed and optimized using a
sacrificial anode to properly protect metallic pipelines from
AC corrosion. The optimization tool used is based on a social
communication inspired algorithm called TLBO. TLBO is a
new stochastic and global optimization technique, this strategy,
introduced by Rao et al. [27], is conceptually inspired by the

1538

natural process of knowledge transfer in education,
particularly focusing on how instructors shape student
development. This algorithm has proven to be very reliable
and robust in finding the ideal values of the search parameters,
it has been successfully applied in several industrial
applications.

2. ANALYTICAL
COUPLING

MODELING OF INDUCTIVE

While a buried pipeline and an overhead power line are
sharing same corridor, magnetic coupling occurs under normal
operating conditions as well as during a fault. Inductive
interference is the result of the time-varying magnetic field
produced by the currents flowing in the conductors of the
transmission line, the buried metallic pipeline installed nearby
is subject to the appearance of an induced voltage relative to
the ground immediately surrounding it and an induced current
flowing in it. This phenomenon expresses the laws of
electromagnetic induction of Faraday and Lenz, whose
mechanism can be represented by an electric transformer
where the power line represents the primary coil and the
pipeline acts as a secondary coil [28-34]. Based on Biot and
Savart's law, the magnetic induction at a point M in space,
caused by a current flowing through an infinitely long straight
conductor, can be expressed as follows [28]:

o1

B = o
2 d

T

(1)

where, I is the current flowing in the electrical conductor; d is
the distance between the conductor and the location M where
the magnetic field is evaluated; y, is the permeability of free
space.

The magnetic flux induced by the alternating currents in the
power line conductors is determined by performing a surface
integral of the magnetic field across the loop space formed by
the pipeline circuit; as indicated in the equation below [28]:

o =B, ds

N

2)

Figure 1 illustrates the coordinates of the arrangement of the
electrical transmission conductors and the adjacent
underground pipeline. Since the plane of the pipeline loop is
perpendicular to the ground surface, only the horizontal
component of the magnetic field is perpendicular to the plane
of the buried pipeline. The resulting total magnetic flux, which
is obtained by integrating the previous equation, is expressed
by the following relationship [28-34]:

(xp —xl.)2 +(yp + +D£,)2
)+, 0]

where, I; represents the current in the i overhead conductor,
andnindicates the total number of conductors. The coordinates
(x;, yi) specify the locations of the transmission power line
conductors, whereas (x;, y;) denote the spatial position of the
subterranean steel pipeline. The parameter D, corresponds to
the complex penetration depth of the magnetic field into the
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Figure 1. Evaluation of magnetic induction intensity
resulting from an overhead conductor

The depth of penetration into the soil assumed to be
perfectly conductive earth, which reflects the return path of the
ground currents, can be obtained from the following
mathematical expression:

D, =658.87 \/E
/

where, p, is the electrical resistivity of the ground; f
represents the frequency of the power source current.

According to Faraday's law, the induced electromotive
force on the parallel subterranean steel pipeline can be
expressed by the following equation [28-34]:

dg,
dt

“4)

ind = _j o (DT (5)

where, w is the angular power frequency, ¢y is the total
magnetic flux obtained in the previous equation. The negative
sign in the equation reflects Lenz's law, which indicates that
the induced electromotive force opposes the cause that
produces it, which is the variation of the magnetic flux.
Indeed, to evaluate the induced voltage in the subterranean
steel pipeline resulting from inductive coupling, the electrical
behavior of the pipeline segment can be modeled using a lossy
transmission line with n equivalent circuit, as illustrated in
Figure 2. This electrical modeling is based on the equations of
the telegraphists that permit to describe the evolution of the
voltage and current in any position along the subterranean
pipeline [28-34]. The equivalent electrical circuit modeling an
underground steel pipeline section of length L relative to the
ground, in parallel with an overhead power conductor between
points (x =0) and (x = L), can be considered as a combination
of a series impedance and a parallel admittance of the buried
pipeline system, as explained in Figure 2 below [28-34].
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Figure 2. Modeling the electrical coupling between a buried
pipeline and ground

From Figure 2, the equations that govern the evolution of
the voltage and current at each point of the subterranean
pipeline can be presented as below [28-34]:

dl:lix) — 2 I(¥)+ E(x) 6)
d;(xx) =V (x) )

Upon applying differentiation with respect to the variable x
indicating the longitudinal position and combining the
resulting system equations, the analytical solution describing
the distribution of electromotive force and electrical current

along the underground steel pipeline is derived, as
demonstrated by the two equations below [28-34]:
V() = 2 () 7 (®)
2y
@) =35 (2=¢ ) —e ) ©)

L‘

where, x and L represent the both endpoints of the pipeline
segment; y is the complex propagation factor describing the
wave propagation along the underground pipeline; and
Z. denotes the impedance’s -characteristic. These two
parameters are defined respectively as follows [28-34]:

r=\zy

The series impedance per unit length with return to earth of
the buried pipeline is given by the relation [28-34]:

‘\!pp#pl[lo w +/10 @
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where, D, denotes the diameter of the subterranean pipeline,
L 1s the relative magnetic permeability of the pipeline material,
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and p, represents the electrical resistivity of the subterranean
steel pipeline.

The equivalent parallel admittance per unit length between
the subterranean pipeline and the immediate soil is established
by the following formula [28-34]:

& &. 7D,

7D,
= L +jw

s s,

(12)

where, p. represents the resistivity of the protective coating
material, €. designates the relative dielectric constant of the
coating material and J. indicates the thickness of the applied
outer coating layer.

3. CORROSION MECHANISM BY ALTERNATING
CURRENT

Corrosion is a natural and destructive process by which
metal gradually deteriorates due to electrochemical reactions
with its surrounding environment. During this process, the
metal tends to return to its original state of stability, often
leading to damage and a loss of its essential properties. On the
surface of the metal, corrosion typically involves at least two
simultaneous chemical reactions [35-38]. The most common
example in corrosion is the formation of rust on steel, which is
mainly made of iron, with a low carbon amount and is widely
used in pipeline construction. When iron corrodes, it forms
rust through a reaction involving the reduction of oxygen and
the dissolution of iron. This can be summarized by the
following overall reaction [39, 40]:

Fe” +20H —>Fe(OH), (13)

This reaction can be broken down into two half-reactions,
the first is an oxidation reaction of iron (anodic) and the second
a reduction reaction of an oxidizing agent (cathodic), as
indicated respectively by the two equations below:

Fe—>Fe? +2e

(14)

2H,O0+0,+4e” —->40H" (15)

Alongside the corrosion reaction of iron, which is widely
used in pipeline materials, the electrochemical corrosion
equations for other key metals frequently employed in the
industrialization field such as aluminum, copper, magnesium,
and zinc can also be expressed as follows:

AI*3 + 30H™ - AL(OH),
Cu*?>+20H™ - Cu(OH),
Mg*?+20H™ > Mg(OH),
Zn*? + 20H™ - Zn(OH),

(16)

As these metals corrode, they tend to form stable hydroxide
layers that gradually cover their surfaces. Depending on the
metal and the surrounding conditions, these layers may offer
little to moderate protection. Understanding how these
electrochemical reactions function is crucial to prevent
corrosion of metal structures, ensuring their long-term
durability and safety, and supporting the development of
effective solutions like cathodic protection [38-40].

Over the past few decades, the AC corrosion has become a
significant concern for pipelines located in proximity to
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electricity transmission lines, where it results from the transfer
of alternating current between the steel surface and the
surrounding electrolyte, due to the potential difference
between these two mediums. The pipeline picks up an induced
AC current due to inductive coupling that cannot flow to
ground because of the insulating protective coating covering
the pipelines. This AC current continues to accumulate until it
finds a small coating gap to escape from the buried pipeline,
which risks rapid corrosion and causing significant metal loss
and costly damage to the pipeline and related system [40-50].
Numerous studies have demonstrated that the risk of AC-
induced corrosion is closely tied to the level of AC current
density at the pipeline surface.
Based on these findings, the NACE international standard
defines three key ranges of current density that correspond to
different levels of corrosion risk [40-50]:
¢ Below 20 A/m?: AC-induced corrosion is unlikely to occur.
e Between 20 and 100 A/m% The risk becomes uncertain;
corrosion may occur depending on additional factors such as
coating condition, soil resistivity, and cathodic protection.

e Above 100 A/m?: The likelihood of corrosion is high, and
mitigation measures are strongly recommended.

On the other hand, the German standard DIN 50925 and the
European standard CEN/TS 15280 adopt a critical value of 30
A/m?, which can cause damage and corrosion risk to buried
metallic pipelines [51, 52].

At a circular holiday point in the coating, the total
propagation resistance R, can be presented as the sum of the
circular defect dependent propagation resistance and the pore
resistance where the metal touches the electrolyte, it can be
formulated as follows [53]:

4 p,0.

- 2
md,

Ps
+ 24, 17
where, pg denotes the resistivity of the surrounding soil, d, is
the diameter of the circular coating defect (holiday), ps
represents the resistivity of the electrolyte occupying the
defect, R is the total spreading resistance associated with the
circular defect, and &, refers to the coating thickness.

The alternating current (AC) density in a region affected by
a coating flaw and exposed to an induced voltage is
determined using Ohm’s law, as formulated below [53]:

J — I/ind — 8 I/ind
“ RT Sh ”ps (dh + 8 5{: )

(18)

where, V;,,41s the induced AC voltage into the buried pipeline;
Jac 1s the AC current density; Sy, is the surface area of the
circular holiday.

The oxidation of metal during corrosion is quantitatively
related to the corrosion current through Faraday’s law.
Accordingly, the corrosion rate can be represented in various
forms: as an electric current, as a mass loss per unit area and
time, or as a reduction in thickness over time. It is computed
using the following relationship [54-59]:

i xJ XM,
Z€XF><p)7’l

CR (19)

where, M,, is the atomic weight of the metal; p,, is the
specific density of metal, z, is the charge number which



indicates the number of electrons exchanged in the dissolution
reaction; F is the Faraday's constant, which expresses the
quantity of electricity carried by a mole of electrons F =
96.485 C/mol; t. is the corrosion time.

4. PRINCIPLE AND TYPE OF CATHODIC
PROTECTION OF BURIED PIPELINES

Cathodic protection is a technique for active protection
against corrosion of a metal in contact with an electrolyte. This
electrochemical prevention system is based on the principle of
sending a direct electric current into the metal likely to corrode
in order to lower its polarization potential to an immunity level
where the corrosion rate of the metal is considerably reduced.
This potential depends in particular on the nature of the metal
and the environment in which it is buried. The cathodic
protection current can be applied by one of two systems [60-
62].

B

Test station
o

Ground level

Pipeline ((fathode)

Protection current _____
Anode X

Figure 3. Principle of cathodic protection by impressed
current

DC power source

Ground level

Pipeline (Cathode) l

(8 _________________________ 8

Protection current

Anode

*)

Figure 4. Principle of cathodic protection by sacrificial
anode

Protection by impressed current using a direct current
generator connected between the pipeline to be protected
(cathode) and an auxiliary anode using any consumable
electrically conductive material, when the current is applied, it
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generates an electric field around the pipeline, this modifies its
electrochemical potential in order to be less reactive and
therefore less likely to corrode, as illustrated in Figure 3 [60-
62].

Protection by sacrificial anodes using a galvanic coupling
between the pipeline to be protected and an anode made of a
less noble metal than the metal to be protected, when current
is applied, it flows from the anode to the pipeline, creating an
electric field that protects the latter from corrosion, as depicted
in Figure 4 [60-62].

5. DESIGN OF A SACRIFICIAL ANODE CATHODIC
PROTECTION SYSTEM

The sacrificial anode protection system is the most ideal
mode; it is used for the protection of a short-length pipeline
with a good quality coating. The life of this protection is
limited by the consumption time of the material composing the
anode and by the current it delivers. This type of cathodic
protection is based on the principle of a galvanic cell formed
when two dissimilar metals one being the pipeline and the
other a more reactive metal used as the anode are placed in the
same electrolyte which provides electrons to the protected
metal, thus effectively stopping its corrosion and making the
anode itself the sacrificial element [63-72].

For pipelines in contact with the ground, Magnesium (Mg)
and Zinc (Zn) anodes intended for use; they are typically
surrounded by a regulating mixture called ‘backfill’ consisting
of hydrated gypsum; bentonite clay and sodium sulfate. This
method of protection is now widely adopted due to its cost-
effectiveness, ease of installation and ability to extend the life
of critical pipelines [63-73].

The design procedure of a sacrificial anode cathodic
protection system represents a series of theoretical calculations
carried out to provide the values and quantities of the different
elements that make up the cathodic protection system. The
requirements of this design aim to define the necessary current
value, the number, mass, sizes and distribution of the anodes
in order to ensure that the criterion of the protection potential
required at any time during the expected life of the system is
maintained. This criterion is recommended by the
international standard "NACE" concerning the cathodic
protection potential threshold of a steel structure with a
damaged coating and a value of -850 mV is often applied
(measure relative to the electrode (Cu/CuSOQy).

The general steps for sizing a cathodic protection system are
summarized as follows [63-73]:

Estimation of the required current density.

The required current density is defined as the amount of
protection current required per unit area to achieve complete
cathodic protection of the pipeline surface. This parameter
depends on parameters such as the characteristics of the
coating, the metal and the environment in which it is located.

The amount of current density required for complete
cathodic protection can be determined in three ways:

* An actual test on site.

* A theoretical calculation determined based on the
coating’s effective resistance to current flow.

» Adoption of current density values based on specialized
field experience.

Theoretically, it can be obtained using the following
formula:



E

prot

E -

— (20)
p Ris Ap
where, E, is the voltage of the pipeline at rest (without
protection); E,;.o; is the threshold voltage of the pipeline under
protection, R;s is the insulation resistance of the coating
pipeline; A,, is the surface area of the pipeline to be protected.
Calculation of the total external surface area of the pipeline
to be cathodically protected based on the coating efficiency:

S

prot

=7zxD, xL,x(1-CE) 21)
where, D, is the diameter of buried metallic pipeline (m); L,
is the length of pipeline (m); CE is the efficiency coating of
pipeline (%).

Estimation of total current requirement for protection based
on design current density [63-73]:

S

prot

1, =J,x% (22)
where, I; is total current demand (A); J,, is the design current
density (A/m?).

Calculation of the total weight of anodes to be installed from
the total current requirement, the operational life, the anode

current capacity and the anode utilization factor
(characteristics of the selected anode) [63-73]:
_ 8760xY x1,
‘ C,<U, (23)

where, Y is the design life time (year); C, is the anode current

capacity (A.hr/kg); Uy is the utilization factor of anode.
Calculation of the number of anodes required for protection

to achieve the expected lifetime based on the unit mass of the

chosen anode [63-73]:
w,
i,

where, W, is the weight of one anode (kg).

Calculation of the protection current required for each
anode; to protect the pipeline from corrosion, each anode must
provide a current intensity estimated according to the formula

below [63-73]:
I[
9

For a galvanic anode-cathode system, the cathodic
protection circuit resistance through which the current flows
are approximately represented by the sum of the anode-
electrolyte resistance and the pipeline-electrolyte resistance,
because the electrolytic resistance and the wire/cable
resistance are usually very small and can be neglected.

For a resistance of a simple vertical anode, the modified
Dwight equation is often used to calculate the resistance of an
anode to the electrolyte (soil) as follows [63-73]:

[n(52)-1]

N,

a

24

(25)

Ps
2ml,

a

(26)
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where, p; is the soil resistivity (ohm. cm); [, is the length of
anode (cm); D, is the equivalent diameter of anode (cm).

For a simple horizontal anode resistance, the anode/soil
resistance is given by the modified Dwight equation with the
following formula [63-73]:

[L (4 12+ 41, nZ + l,%)
n

Daha

_Jharla 1]
la

_ _Ps
2ml,

h
R, +-=
la

27

where; h, is the twice depth of the anode below the surface
(cm). The burial depth of the sacrificial anode is generally
equivalent to the depth of the pipeline to be protected.

The pipeline to electrolyte resistance can be measured
directly or estimated using the following relationship:

fy
Sprot

where, R is the average coating resistance; Sy, is the
surface of the coated pipeline.

Calculation of the current generated by each anode; this
current depends mainly on the anode voltage and the anode
resistance, it is evaluated as follows [63-73]:

(28)

ps

E -E

a prot

= - 771 29
8 R, +R, 29)

where, E, is the anode voltage (V); E,o¢ is the design
protective voltage (V).

The difference between the protection voltage and the rest
pipeline voltage or the closed circuit voltage is known as the
driving voltage for cathodic protection conception, it presents
the change which establishes the output current for the
cathodic protection system [63-73]. For an effective cathodic
system protecting underground pipelines, the protection
voltage threshold recommended by the International Standard
NACE is Ep.or = —0.85V (Referenced to: Cu/CuSOs
electrode).

For the purpose of defining anode voltage characteristics, a
typical value of E;, = —1.55V is generally considered for
magnesium anodes, while a value of E, =-1.1V is
commonly used for zinc anodes. [63-73]. The ratio between
the current demand of the protected pipeline and the current
delivered by the cathodic protection anode is appropriately
considered in the analysis. If the anode current required by the
pipeline cannot be met by the sacrificial anode, a new
sacrificial anode must be replaced. This new sacrificial anode
must be recalculated so that the generated current can meet the
current requirements for the pipeline to be protected. The
required condition that must be produced takes the following
form:
=1

¢ =4a (30)

A good external coating helps to reduce the amount of
necessary protective current I, improves current distribution,
increases the protected surface and reduces influences on other
foreign structures. Generally, as a coating material,



polyethylene is commonly used for its excellent chemical
resistance to corrosion, chemicals and impact, its moisture
barrier properties and its durability. Magnesium and zinc are
widely employed as sacrificial anodes to protect buried
metallic pipelines. Their electrochemical properties include
more negative potential values compared to steel, enabling
them to corrode preferentially and thus shield the pipeline.
These materials also display distinct electrochemical behavior,
with anodic potentials sufficiently high to counteract the high
resistivity commonly found in soil environments. The main
electrochemical characteristics of the most commonly used
sacrificial anodes are summarized in Table 1 [63-73]:

Table 1. Electrochemical values sacrificial anodes

Material Magnesium  Zinc  Aluminium
Theoretical capacity 2200 820 2980
(Amp.hr/kg)
Nominal efficiency 50 90 90
(*0)
Utilization factor 0.85 0.85 0.85

6. TEACHING LEARNING BASED OPTIMIZATION
(TLBO)

Teaching Learning Based Optimization (TLBO) is a
relatively recent metaheuristic approach inspired by the
dynamics of knowledge acquisition within a classroom setting.
Introduced by Rao et al. [27], this population-based method
conceptualizes candidate solutions as learners, working
collectively toward solving an optimization problem. Each
design variable of the problem represents a specific subject
being taught, while the performance of a learner is evaluated
through a fitness function.

The most optimal individual within the group is designated
as the "teacher," guiding the rest of the population toward
improved solutions [74-80]. TLBO operates through two key
learning mechanisms: instruction by the teacher and peer-to-
peer learning among students. In the first phase, all learners
enhance their knowledge under the influence of the teacher.
The second phase promotes interaction among learners, where
they exchange information and refine their understanding
through mutual engagement [74-80].

A formal representation of this process is provided in the
mathematical model outlined in references [79-82]. During the
teacher phase, the disparity between the teacher’s performance
and the average performance of all learners across each subject
is quantified using the following expression:

Diff; =1, (Xp,; =T, xM,) 31
where, Xt ; is the result of the best learner in subject; M; is the
average of all students in the class; r; is a random number in
the range [0, 1]; The parameter T is a stochastic variable
known as the teaching factor, which reflects the effectiveness
of the teaching process and typically takes on values of either
1 or 2. This factor influences the extent to which the mean
value is adjusted during the optimization. Within the algorithm,
Tr serves as a control mechanism, determining both the
direction and scale of the solution updates. Its value is
randomly assigned based on the following expression:

T, = round [1 +rand (0,1) :| (32)
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During the knowledge transfer and instructional process, the
difference is adjusted in the teacher phase using the following
formulation [75-78]:

X, =X, +Diff; (33)
where, X ; represents the updated value of X ;; X ; is
accepted if it gives a better function value than X ;.

In the learner phase, each learner in the population is
randomly compared to other learners. The phenomenon of
learning by help interaction between two students A and B in
each exam (i) for minimization is defined as follows [75-78]:

X;n,i +’7(X;1,i
X4y +1(Xy,

_X;?,i) lf (XIA,,' >-X;?,i)
_X/'Li) lf (X/;?,i >‘X;el,i)

AP

(34

where, X;; and Xp; are the updated function values; X/; is

accepted if it gets the best function value.
The TLBO algorithm’s steps are shown in Table 2 [80-83].

Table 2. Pseudo-code of the basic TLBO algorithm

Pseudo-Code of the TLBO Algorithm

1: Formulate the optimization problem by specifying its key
elements, such as the objective function f(x), the dimensionality
of the decision space, the population size, and the upper limit for
the number of iterations.

2: Initialize the candidate solutions by randomly assigning values
to the decision variables. These values symbolize the performance
scores (X ) of (n) individuals (k = 1,2, ..., n) in the first subject
or learning task (i = 1).

3: Compute the objective function for each individual based on
their assigned score in the current subject domain(i).

4: Identify the learner with the highest performance (best solution)
as the teacher for the current subject, and compute the difference
Diff;.

5: Determine Diff; using Eq. (31), incorporating the teaching
factor Tf, which influences the knowledge gain of learners.

6: Update each learner’s solution (Xim) for the current subject
using Eq. (33). Compare the new solution (Xi(‘i) with the original
(Xki), and retain the one with better performance for the next
stage.

7: Form random pairs of learners and improve their solutions
through mutual interaction as described in Eq. (34). Select the
superior solution from each interaction to advance.

8: Re-evaluate the objective function for all individuals. If the
termination criterion has not been satisfied, repeat the process
starting from step 4.

The objective function used in the minimization
optimization procedure is based on the relative error between
the current generated by each anode and the current required
from each anode for the pipeline; it is expressed by the
equation below [84]:

OF x100

a,—a+f)1)
S (35)

g

where, I; is the current generated by each anode; I, is the
current required of each anode for pipeline, f; is a very low
safety factor equivalent to 5% to ensure that the required
current is slightly lower than the generated current.

Consider in this case study an electrical system composed



of a single horizontal circuit 400 kV overhead transmission
line and a nearby buried metallic pipeline; the geometric
parameters of the electrical system are presented in Figure 5.
The three-phase AC system operates under balanced
conditions, with each phase carrying a current of 2000 A at a
nominal frequency of 50 Hz. The surrounding earth is
considered homogeneous, characterized by a resistivity of 100
Q-m. The alternating current (AC) resistance values for the
conductors are specified as follows: 0.1586 €/km for the phase
conductor, 0.1489 Q/km for the earth (ground) wire, and 0.5
Q/km for the metallic pipeline, the pipeline runs parallel to the
electrical power line with an estimated influence length of 10
km; its coating is made by polyethylene (PE) material with an
efficiency of 80%. The main electrical characteristics of the
buried metallic pipeline are presented in Table 3 below:

Table 3. Characteristics of the electrical data of the pipeline

Parameter Value
Resistivity of the soil (Q2.m) 100
Resistivity of pipeline steel (€.m) 1.7 x 107
Resistivity of pipeline coating (Q.m) 0.25 x 107
Relative permeability of pipeline steel 300
Relative permittivity of pipeline coating 5
Thickness of the coating (m) 0.005
.......... 15m . Radius
25 m 11.2 mm
2N 7~ o
adius
I o 1431 mm
—
04 m
Radius
0.3 mm
45 m

tm] Cj

Figure 5. EHV horizontal geometric configuration overhead
power line (400 kV)

7. RESULTS AND DISCUSSION

In the initial stage, the variation in the electromotive force
along the underground metallic pipeline, resulting from
inductive coupling, is analyzed as a function of its horizontal
position relative to the power line corridor, as illustrated in
Figure 6. The results reveal that the voltage reaches its
minimum when the pipeline is positioned directly beneath the
central phase conductor of the transmission line; then it
increases progressively to reach a maximum value for a
separation distance in the immediate vicinity of the lateral
phase conductor. From this point; the induced voltage
decreases rapidly with the increase of the lateral position of the
pipeline from the power line center. It can be added that the
increase of the soil resistivity allows to slightly reducing the
induced voltage on the pipeline; the values of the induced
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voltage at the selected location of the pipeline for different
values of soil resistivity are higher than the limit value
recommended by the EN 50443 and CIGRE standards which
is (50 V).
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Induced voltage on buried pipeline [V]
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Pipeline position from power line center [m]

30 40 50 60 70 80 90 100

Figure 6. Variation of the induced voltage according to the
position of the buried pipeline in the power line right-of-way
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Figure 7. Distribution of induced voltage along the buried
steel pipeline

Figure 7 illustrates the distribution pattern of the axial
electromagnetic potential along the underground pipeline
subjected to magnetic interference between its two terminals.
It is evident that the peak potential values occur near both
extremities, whereas the central section along the pipeline
exhibits an almost negligible voltage level. Moreover, based
on the variation over the pipeline’s length, it can be inferred
that the geometric center of the pipeline relative to the ground
acts as a point of symmetry.

Figure 8 demonstrates the influence of soil resistivity
variations on the voltage induced in the metallic pipeline. It
can be observed that changes in resistivity have a minimal
impact, with higher resistivity values causing only a marginal
reduction in the induced voltage.

Figure 9 depicts how the induced voltage along the metallic
pipeline varies with changes in the relative permittivity of the
coating material. As shown, the AC induced voltage increases
progressively, reaching a peak at a critical permittivity value,
beyond which it declines sharply, eventually stabilizing at a
significantly lower level as the permittivity continues to rise.
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Figure 8. Influence of soil resistivity on the AC induced
voltage in the buried pipeline
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Figure 9. Effect of relative permeability of pipeline coating
on AC induced voltage

Figure 10 illustrates how changes in the electrical resistance
of the protective coating affect the magnitude of the voltage
generated on the buried pipeline. The results indicate that as
the coating resistivity rises, the induced voltage also increases
progressively. However, beyond a specific resistivity
threshold, the voltage stabilizes and exhibits only minor
fluctuations, approaching a steady-state value.

Figure 11 examines the influence of the applied protective
coating thickness of the on the AC induced voltage in the steel
pipeline. The analysis shows that an increase in the coating
thickness results in a quasi-linear increase in the induced
voltage, with a significant initial phase followed by a
deceleration. However, as soon as the thickness exceeds a
certain threshold, the induced voltage value stabilizes around
an approximately constant value.

Figure 12 presents the change in alternating current (AC)
corrosion intensity along the buried pipeline in relation to the
corresponding electromotive force. The findings reveal a
linear increase in this intensity as the applied potential rises.
Additionally, it is observed that the corrosive current
magnitude is higher in low-resistivity soils compared to
environments with higher resistivity. A very high value due to
a low value of the soil resistivity can strongly produce the
phenomenon of uniform corrosion of the steel constituting the
buried pipeline.
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Figure 10. Variation of induced voltage as a function of
change in pipeline coating resistivity
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Figure 11. Effect of pipeline insulation coating thickness on
AC induced voltage
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Figure 12. Relationship between AC induced voltage and
corrosion current density in underground pipeline

Figure 13 depicts the variation in AC corrosion current
density with respect to the size of a coating holiday. It is
observed that as the diameter of the coating defect increases,
the current density gradually decreases, indicating an inverse
relationship between the two variables. Consequently, a buried



pipeline with a small circular coating defect is more
susceptible to uniform corrosion, as smaller defects tend to
exhibit higher corrosion current densities compared to larger
ones.
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Figure 13. Effect of protective coating defect diameter on
corrosion current density

Figure 14 illustrates how the metal’s degradation rate
responds to changes in corrosion current density. This rate,
representing how much material undergoes oxidation over
time, is seen to rise proportionally with the applied AC current.
As the electric current flowing through the corrosion site
increases, both the rate of material loss and the extent of metal
deterioration grow accordingly.

Corrosion rate [cm/year]

Lost of metal mass [mg/year]|

40 50 60 70 80

Corrosion current density [A/mzl

90

Figure 14. Corrosion rate profile as a function of corrosion
current density

The second step is to design an optimal sacrificial anode
cathodic protection system, which is a very important task
because it takes into account different factors such as the
optimal anode characteristics and the electrode current that
ensure a good potential distribution over the pipeline to be
protected.

To determine the most appropriate anode material for
cathodic protection of a pipeline, a performance comparison is
conducted between magnesium and zinc anodes, taking into
account their electrochemical properties and expected
lifespan—assuming both can meet the total required current.
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Let’s consider a buried metallic pipeline, with the same
dimensions as previously described, located in soil with a
resistivity of 30 Q-m. A sacrificial cathodic protection system
is designed using either magnesium or zinc anodes, intended
to operate for 10 years. A protective current density of 0.5
mA/m? is applied over the entire pipeline surface, requiring the
anodes to supply a total of 2 amperes while keeping the overall
resistance below a defined critical value.

As shown in Figure 15, the magnesium anode meets this
requirement using just 24 anodes, all while maintaining total
resistance below the critical limit. In contrast, although the
zinc system requires only 20 anodes to generate the same
current, their combined resistance surpasses the allowable
threshold. Further calculations indicate that at least 44 zinc
anodes would be needed to satisfy the current demand without
exceeding the resistance limit—significantly more than what
is required for magnesium. Hence, magnesium is the preferred
anode material due to its greater efficiency and ability to meet
both current and resistance criteria effectively.

It is obvious that optimizing sacrificial anode cathodic
protection requires a mathematical formulation with detailed
equations using an objective function, design variables, and
constraints. This resulting problem can be solved using an
optimization algorithm.

14 Number of Mg anodes required for protection 40
: Number of Zn anodes required for protection
—_ = Total resistance of Mg anodes
E 12r === Total resistance of Zn anodes
2 m== Critical resistance of Mg anodes ]
-g 1k m== Critical resistance of Zn anodes '3
£ E
s X:2 2
3 5 >
> E =
k=] 08 Y:23.81 o
g X2 e
e 7 b e
206 Y:20.45 q g
o, X:2 " -
3 Y: 0.3627 120 ¢
3 04 = 7 <
g e %
b= o2l X:2 X: 2 ! 15 2
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~
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Y:0.125
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Current required by the anodes [A]

Figure 15. Comparison of the efficiency of sacrificial anodes
between magnesium and zinc metals

In order to effectively identify the best performing
algorithm for solving the given optimization problem with a
robust solution, a comparative performance analysis was
conducted using several optimization methods widely adopted
in the literature under identical conditions, in terms of solution
quality, convergence speed, and execution time. These include
the Grey Wolf Optimizer (GWO), Particle Swarm
Optimization (PSO), Grasshopper Optimization Algorithm
(GOA), and TLBO, as illustrated in Figure 16 [85].

Table 4 provides a summary of the parameter settings and
the optimal objective function values obtained for each of the
proposed optimization algorithms.

The performance comparison of the algorithms reveals that
the TLBO method stands out for its rapid convergence to the
optimal solution, delivering the lowest value when compared
to the other approaches. This indicates that the TLBO is highly
effective, offering superior efficiency and making it a strong
contender for tackling the problem at hand.



Table 4. Setting parameters and optimal objective function values for the different proposed algorithms

Optimization Algorithms

Setting Parameters

Objective Function Value

GWO Wolves number N = 20 1.8¢-03
Num_iter = 100

PSO Swarm size N = 20, Learning factor c1 = 2, ¢2 =2, Inertia weight w = 0.9, 4.5¢-04
Num_iter =100

GOA Search agents N = 20, ¢max=1, cmin=0.00001, Num_iter = 100 1.1e-04

TLBO Population size N = 20 1.18e-05

Number iteration = 100

w— TLBO

T — GWO
i —Ps0 |
=08 ]
2
E
<9
g \
-
= 0.6 .
2
:
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i
O 04 7
0.2 —
Eﬁ\
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Figure 16. Variation of the objective function values over the
iterations of different proposed optimization algorithms

Figure 17 depicts the evolution of the objective function
(OF) cited in Eq. (35) as a function of the number of iterations,
using the TLBO optimization algorithm; it clearly presents the
process of careful and continuous search for the optimal
solution of the problem in the space of admissible objectives;
by evaluating the objective function attributed to the
minimization optimization process of the TLBO algorithm.

The optimization results of the objective function
minimization for different obtained values relative to the
search parameters of the objective function are presented in
Figures 18-22; where it is clear that this algorithm converges
quickly with better accuracy towards the optimal values of the
considered variables after a limited number of iterations.

03[ = Vertical anode

=== Horizontal anode

Objective function
Objective function

-40 -20 0 20
Iterationn number

Figure 17. Variation of the objective function with the
number of iterations of TLBO algorithm for the two poses of
the anode
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Figure 18. Variation of optimal soil resistivity values with
the number of iterations
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Figure 19. Variation of optimal values of anode dimensions
with the number of iterations

The performance of cathodic protection systems is highly
influenced by soil resistivity, which controls the density of the
diffused current, the higher the current density, the more
effective the protection, as well as the characteristics and
location of the magnesium anodes. The parameters to be
optimized include the soil resistivity, the anode size and
weight, the electrochemical efficiency of the anode, the anode
efficiency factor and the maximum life of each anode.

The various optimized parameters will be inserted directly
into the cathodic protection design strategy by a magnesium-
based sacrificial anode system.

The results from the application of the TLBO optimization
algorithm regarding the estimation of the optimal parameters



to be integrated into the calculation and dimensioning of the
active protection system of the buried pipeline steel by the
sacrificial anode method in order to improve the efficiency of
the cathodic protection process are presented in Table 5.

Figure 23 describes the total protective current of the
subterranean pipeline as a function of soil resistivity and
coating degradation rate. The required protective current
density is strongly related to soil resistivity; a pipeline installed
in low-resistivity soil requires a higher protective current.
Therefore, as soil resistivity increases, the required protective
current decreases sharply. On the other hand, as coating
effectiveness decreases due to coating degradation, the
required protective current increases, and decreases strongly
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Figure 21. Variation of optimal values of anode efficiency
factor and service life time with the number of iterations
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Figure 24. Calculation of total net weight and number of
individual protective anodes
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The overall anodic mass of the used material and the
number of anodes required to maintain cathodic protection of
the pipeline during its lifetime as a function of the total
protection current are depicted in Figure 24. It can be clearly
indicating the existence of a linear relationship between these
two parameters and the total protection current; they increase
proportionally with the current requirement for complete
protection.

The calculation of the resistance of anode arranged in
vertical and horizontal position as a function of soil resistivity
is shown in Figure 25. In a soil assumed to be homogeneous,
the resistance of an anodic material increases linearly as the
soil resistivity increases; the soil which has a high resistivity
does not allow having a relatively low resistance.
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Figure 25. Variation of anode resistance in vertical and

horizontal laying arrangement as a function of soil resistivity

The evaluation of the output current of each anode arranged
in vertical or horizontal position compared t to the current
requirement of each anode necessary to keep the sacrificial
anode cathodic protection throughout the design period,
depending on the soil resistivity is illustrated in Figure 26. As
shown in this figure. The selected values of soil resistivity to
meet the requirement of the specific design of the cathodic
protection system must not exceed a critical value, so that the
current generated by each localized anode must be slightly
higher than the current required for each anode and necessary
to protect the pipeline during its lifetime.
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Figure 26. Comparison of output current and anode pipeline
protection requirement current

The values optimized by the algorithm have proven to be
able to meet the required conditions. From the curve shown in
this figure, it is clearly seen that the amount of current that the
anode can generate decreases sharply as the soil resistivity
increases, while, the intensity of the galvanic protection
current of each anode depends on the nominal electrochemical
capacity of the anode; the number of hours in a year and its
individual weight.

The important results of the analysis carried out for the
optimal electrical design of the cathodic protection installation
by the technological choice retained of the sacrificial anode
arranged in vertical and horizontal position are summarized in
Table 6.

Table 6. Results of the optimized analysis for the design of
sacrificial anode cathodic protection

Basic Calculation Data Anode Anode
for CP System Arra.nged Ar.r anged
Vertically Horizontally
Pipeline metal current 2547 24.26
density (m.A/m?)
Total protective current 96.03 91.46
required (A)

Total anode weight (kg) 21569 19103
Number of anodes 2397 1776
Protective current 0.0401 0.0515

requirements for each
anode (m.A)
Electrolyte resistance (€2) 16.63 12.89

Current produced by the 0.0417 0.0539

anode (m.A)

The comparison of results in terms of pipeline protection
current requirement between the anode output current and the
anode current capacity is perfectly respected. This criterion
must be achieved at any point in the pipeline after the system
is commissioned and whatever the operating conditions.

To assess the robustness and validity of the proposed
approach, the results have been benchmarked against a case
study detailed in reference [86]. This reference scenario
involves a buried steel pipeline with a length of 100 meters
and a diameter of 0.3 meters, subjected to varying soil
resistivity conditions. The pipeline is protected using
magnesium anodes with dimensions, length = 48 c¢m, and
diameter = 12 cm, while a protective current density of 10
mA/m? is maintained. A summary of the calculated results for
this configuration is provided in Table 7.

Table 7. A comparison of the results from the applied
calculation program with the reference [86]

Adopted Method Reference [86]
Soil Output Total Output
e Total Current Current
Resistivity Number
(Q.cm) Number Per of Per
of Anodes Anode Anodes Anode
(A) (A)
600 27 0.31 29 0.35
1000 45 0.21 48 0.21
5000 225 0.050 240 0.042
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From the comparison of the results presented in the table, it
is clear that there is a high degree of agreement, with a small
error margin that remains within the acceptable tolerance and
can be ignored.



8. CONCLUSIONS

Adverse effects between EHV power lines and metallic
pipelines in a common service corridor are unavoidable due to
AC inductive coupling. In this study, a rigorous quasi-static
modeling using transmission line approach is adopted to
evaluate the effects of AC electromagnetic interference and
implementing mitigation measure to eliminate the undesirable
effects by employing the meta-heuristic optimization
algorithms. From the results, it is clear that the induced voltage
appearing in the metal pipeline varied greatly depending on its
position relative to the electricity pylon. In certain cases, the
induced voltage surpasses the permissible limit specified by
international standards (EN 50443) and thus causes the
generation of a current density that leads to the phenomenon
of corrosion of the pipeline metal by causing leaks, cracks and
rupture of the pipeline and to harmful effects in the medium or
long term on the structural stability and integrity of the
hydrocarbon transport system. The corrosion behavior of the
metal is characterized by the corrosion rate which is
proportional to the current density; it can be expressed in terms
of mass loss or reduction in thickness of the buried metallic
pipeline.

Pipeline corrosion control is achieved by designing an
appropriate cathodic protection system with sacrificial anode;
the sizing procedure is based on a more reliable optimization
process using the TLBO algorithm. The basic parameter is the
soil resistivity which can have a major impact on the
dimensions of the cathodic protection system where a low
resistivity provides an effective corrosion protection system,
in addition the characteristics and dimensions of the sacrificial
anodes. The sizing is done on the basis of the total current
required for the protection of the pipeline and the minimum
number of anodes required for the protection. It has been found
that this adopted strategy is capable of protecting the metallic
pipeline from corrosion, by meeting the total current
requirement for adequate protection. A properly installed
sacrificial anode cathodic protection remains a more effective

solution for the proper functioning of buried metallic pipelines.

By comparing the adopted methodology with values from the
literature, a satisfactory correlation is observed, validating its
accuracy and reliability.
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NOMENCLATURE

Ap Surface area of pipeline to be protected (m?)

By Magnetic induction (uT)

C, Anode current capacity (A.hr/kg)

CE Efficiency coating of pipeline (%)

D, Equivalent diameter of anode (m)

dp Diameter of the circular holiday(m)

Diff; Difference between the teacher and the
population average

d;j Distance between the power line conductor
and the pipeline (m)

di; Distance between the image of the power
line conductor and the pipeline (m)

D, Depth of earth penetration (m)

D, Diameter of buried metallic pipeline (m)

E, Voltage of the pipeline at rest (V)

Eina Induced electromotive force (V/m)

Eprot Voltage protection of the pipeline (V)

fs Safety factor

h, Twice depth of anode (m)

I, Protection current required for each anode
(mA)

Iy Current generated by each anode (m.A)

I; Current flowing through the power line
conductor (A)

lina Induced current along the pipeline (A)

I, Total current requirement for cathodic
protection (A)

Jac AC current density of corrosion (m.A/m?)

To Design current density (m.A/m?)

l, Length of anode (m)

L, Parallelism length of the inductive coupling
exposure (A)

M,, Atomic weight (g)

M; Average of all students in the class

R, Resistance of anode (Q)

R, Coating resistance (€2)

R Insulation resistance of the coating pipeline
Q)

R Pipeline to electrolyte resistance (€2)

R; Total propagation resistance (€2)

Sh Surface area of circular holiday (m?)

Sprot Total external surface of pipeline to be
protected (m?)

t, Corrosion time (sec)

Ur Utilization factor of anode

Vina Induced voltage in pipeline (V)

W, Weight of one anode (kg)

W; Total weight of anodes to be installed (kg)

X Best solution

X, New best solution
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Ze
Ze

Greek symbols

14

8.
€o
ST
Ko
Hp
T

Pe
Pr
Pm

Ps

4

W
Subscripts
AC

Al
CEN

Result of the best learner in subject
Admittance per unit length of buried
pipeline (S)

Design life time (Year)

Impedance per unit length of buried pipeline
Q)

Charge number

Characteristic impedance of buried pipeline

Propagation constant of the buried pipeline
Thickness of coating (m)

Permittivity of free space (8.85 x 1072 F/m)
Coating’s relative permittivity
Permeability of free space (47 x 10”7 H/m)
Relative permeability of pipeline’s metal
Greek letter, geometric constant
approximately equal to 3.1416

Resistivity of pipeline’s coating (2.m)
Resistivity of electrolyte (2.m)

Specific density of metal (kg/m?)

Soil resistivity (€. cm)

Magnetic flux (Wb)

Angular power frequency (rad/sec)

Alternating Current

Artificial Intelligence

Comité européen de normalisation
(European Committee for Standardization)
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Cu
CuS04
DC
DIN

DNV
EHV
EN
EO
Fe
GOA
GWO
H,O

ISO

NACE

Chemical symbol of Copper element
Chemical symbol of Copper sulfate
Direct Current

Deutsches Institut fiir Normung (German
Institute for Standardization)

DET NORSKE VERITAS

Electron symbol

Extra High Voltage

European Norm

Evolutionary Optimization

Faraday's constant F = 96.485 C/mol
Chemical symbol of Iron element
Grasshopper Optimization Algorithm
Grey Wolf Optimizer

Chemical symbol of water molecule
Imaginary number
International
Standardization
Chemical symbol of Magnesium element
National  Association of  Corrosion
Engineers

Norme Frangaise

Objective Function

Chemical symbol of Hydroxide anion
Chemical symbol of oxygen molecule
Polyethylene material coating

Particle Swarm Ooptimization

Random number

Teacher factor

Teaching Learning Based Optimization
Technical Specification

Chemical symbol of zinc element
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