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Abstract
This thesis discusses the using of cathodic protection (CP)
technology for providing protection against corrosion of Submarines and
underground pipeline distribution networks (PDN) in Palestine. Solar
photovoltaic (PV) energy is used to supply an impressed current cathodic
protection (ICCP) system. The design deals with three alternatives
depending on the percentage of protected surface area from the total area of
the pipelines, the alternative A, B and C represent 90%, 95% and 98%
respectively. A simple model has been built through Simulink/MATLAB
software in this thesis.
Economic analysis is applied to compare between rehabilitation of
the damaged pipelines and using the PV powered ICCP system for each
alternative. The economic analysis shows that the saving through using PV
powered ICCP system instead of rehabilitation of the pipelines is very
large. The saving for the alternatives presented as: (A) is $3,985,440 from
$5,371,493, (B) is $1,840,670 from $2,688,311 and (C) is $1,015,603 from
$1,075,350. These savings represent percentages of 74.2%, 68.47% and
94.44% of the rehabilitation cost for the alternatives A, B and C
respectively.
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Chapter One
Introduction
Pipelines play an extremely important role throughout the world as a
means of transporting gases and liquids over long distances from their
sources to the ultimate consumers [1.1].
For natural gas transportation pipeline accidents, 36% were caused
by external corrosion and 63% were caused by internal corrosion. For
natural gas distribution pipeline accidents, only approximately 4% of the
total accidents were caused by corrosion, and the majority of those were
caused by external corrosion [1.2].
In a summary report for incidents between 1985 and 1994, corrosion
accounted for 28.5% of pipeline incidents on natural gas transmission and
gathering pipelines [1.4]. In a summary report for incidents between 1986
and 1996, corrosion accounted for 25.1% of pipeline incidents on
hazardous liquid pipelines [1.4].
The vast majority of underground pipelines are made of carbon steel,
based on American Petroleum Institute API 5L specifications [1.5].
Typically, maximum composition limits are specified for carbon,
manganese, phosphorous, and sulfur. In some cases, other alloying
elements are added to improve mechanical properties.
Most of the corrosion of underground metal is as a result of an
electrochemical reaction. Corrosion occurs through the loss of the metal
ions at anodic area to the electrolyte. Cathodic areas are protected from
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corrosion because of the deposition of hydrogen or other ions that carry
current [1.4].
Cathodic protection can, in principle, be applied to any metallic
structure in contact with a bulk electrolyte. In practice its main use is to
protect steel structures buried in soil or immersed in water. It cannot be
used to prevent atmospheric corrosion.
The most rapid development of cathodic-protection systems was
made in the United States of America to meet the requirements of the
rapidly expanding oil and natural gas industry which wanted to benefit
from the advantages of using thin-walled steel pipes for underground
transmission. For that purpose the method was well established in the
United States in 1945. [1.4]
In the United Kingdom, where low-pressure thicker-walled cast-iron
pipes were extensively used, very little cathodic protection was applied
until the early 1950s. The increasing use of cathodic protection has arisen
from the success of the method used from 1952 onwards to protect about
1000 miles of wartime fuel-line network that had been laid between 1940
and 1944. The method is now well established. [1.4]
There are two primary types of CP systems: sacrificial anode
(galvanic anode) cathodic protection (SACP) and impressed current
cathodic protection (ICCP). SACP utilizes an anode material that is
electronegative to the pipe steel. When connected to the pipe, the pipe
becomes the cathode in the circuit and corrosion is mitigated. Typical
sacrificial anode materials for underground pipelines are zinc and
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magnesium. ICCP utilizes an outside power supply (rectifier) to control the
voltage between the pipe and an anode (cast iron, graphite, platinum clad,
mixed metal oxide, etc.) in such a manner that the pipe becomes the
cathode in the circuit and corrosion is mitigated. [1.1]
The solar energy especially the Photovoltaic (PV) is used as power
supply to feed the ICCP system. PV powered ICCP systems are used in
different applications around the world. Solar panels generate electricity
only when they are subjected to solar radiations.
During the first decade of the 21st century, the worldwide
photovoltaic (PV) markets have experienced a tremendous expansion. The
installed PV power increased from below 1000 MW to almost 8000 MW
between years 2000 and 2007. The most rapid development of CP systems
was made in the United States of America (USA) to meet the requirements
of the rapidly expanding oil and the natural gas industry which wanted to
benefit from the advantages of using thin-walled steel pipes for
underground transmission. For that purpose the method was well
established in USA in 1945. [1.1]
The industry sectors for corrosion cost analyses represented
approximately 27% of the USA economy gross domestic product (GDP),
and were divided among five sector categories: infrastructure, utilities,
transportation, production, manufacturing, and government. [1.2]
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1.1 Literature Survey
Krause [1.6] identified corrosion as the deterioration of a material
(usually a metal) as a result of its reaction with its environment. Corrosion
is inevitable in our ambient environment and constitutes a major problem
for the crude-oil and natural-gas industry and pipeline operators. The rate
of corrosion can be controlled by the use of protective coatings, CP as well
as the choice of appropriate materials for the pipeline and/or corrosion
inhibitors. Installing an effective protection system is seemed to be highly
economic and constitutes only about 1% of total project cost for the
pipeline.
Lilly [1.7], using the Saudi Arabian Oil-Company experience,
reviewed the external corrosion of two 22-year old commissioned pipelines
crossing the Arabian Desert. External corrosion protection was an applied
tape-wrap, supplemented by an ICCP system, which was implemented after
both pipelines were commissioned. No mention was made of maintaining
the technical integrity of the new pipeline against external corrosion during
the construction period.
Anene [1.8] concluded that increasing the wall thickness is not a
recommended solution for an integrity problem as the pipeline will
continue to corrode until a CP system is installed. Operating a
commissioned pipeline with effective external CP, will result in
considerable cost savings in life-time maintenance. Also an overall
reduction in environmental and health hazards associated with leaks that
would have occurred resulting of external corrosion of the pipeline. The
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use of an expensive alloy as the material of a pipeline (in order to inhibit its
corrosion) is uneconomic [1.9].
Eliassen and Hesjerik [1.10] concluded that, for most pipelines
buried in high-resistivity soil, the CP current demand is high. However the
pipeline’s integrity can be threatened by severe interference problems, e.g.
arising from the presence locally of a direct current for a local electric
railway. (For operational pipelines, the external corrosion risks are
generally dependent on the anodic-current densities). Also, alternating
current interference from near-by high-power transmission lines can be a
major source of a pipeline’s external corrosion. Hence, careful pipelineroute selection is important.
Pipelines are generally designed with an expected minimum service
life of 25 years [1.11]. So in order to survive the harsh underground
surroundings in which these pipelines are laid, they should be protected
from external corrosion by appropriate coatings and supplemented with CP
systems [1.12].
However, little or no consideration is at present given to the
deteriorating integrity of pipelines during assembly in Nigeria, despite the
often long unexpected delays during this construction period. The provision
of a protective system for a pipeline throughout this construction stage is
desirable. [1.12]
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1.1.1 Previous Work
In 2009, a study in Algeria applied on gas transportation pipelines
was performed. The object of the study is to provide corrosion prevention
to the pipelines by design an ICCP system supplied with solar energy. The
ICCP system is implemented for a pipeline mainly described by some
characteristics which are summarized in table (1.1). [1.13]
Table (1. 1): Pipeline Characteristics [1.13]
Characteristics of the Pipeline
Material: Carbon Steel API – 5L, Grade, X60
Length: 292 km
External Diameter: 0.762 m
Surface Area to Protect:
Resistivity:
The results of study show that the impressed current configuration by
the solar photovoltaic modules ensures the protection of the pipeline. The
results of study are listed as follows [1.13]:
 The mass of the backfill is 14.4 tons and the numbers of anodes is 5
 The number of modules is acceptable; 10 modules with 14 batteries
 The output voltage is 24 V
 The output current is 3.65 A which is high enough to protect the
pipeline
In 2013, a research in Iran for designing an ICCP system powered by
PV system to provide protection from corrosion to the buried pipeline
network of Ahwaz region in Iran, which is owned by National Iranian
South Oil Company, was carried out.
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The design of ICCP system depends on the parameters of the soil
and the pipeline structure. The parameters are represented in tables (1.2)
and (1.3) respectively. [1.14]
Table (1. 2): Soil Parameters [1.14]
Parameter
Soil Moisture
Soil Temperature [ ]
Average Soil Resistivity [
Soil pH

]

Quantity
70%
35
1200
7.5

Table (1. 3): Pipeline Parameters [1.14]
Parameter
Quantity
Pipe Material
Carbon Steel API – 5L
Nominal Diameter [mm]
50.08
152.4
203.2
Length [m]
52
6,000
7,000
Total Surface Area to be
8000.47
Protected [ ]
A selection of mixed metal oxide (MMO) coated titanium (150,
2.5×50) and a 4A nominal output according to the specifications of
standard anodes. The used type of PV modules is AT250 with nominal
output voltage, current and power of 17.5V, 2.86A and 250W respectively.
The battery is sealed lead acid with nominal voltage and capacity of 12V
and 250Ah. The results of ICCP System design are represented in table
(1.4). [1.14]
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Table (1. 4): ICCP Design Results [1.14]
Subject
Minimum Required Current by System [A]
Number of Required Anodes
Pipe Resistance [ ]
Coating Resistance [ ]
Cable Resistance [ ]
Ground-bed Resistance [ ]
Voltage Required by System [V]
Power Required by System [W]
System Lifetime [years]
Number of PV Modules
Output Voltage [V]
Output Current [A]
Output Power [W]
Number of Batteries

Quantity
7.867
5
0.765
0.51
0.17
1.52
48
755
32
42
52.2
40.04
2102
4 in Series

1.2 Thesis Objectives
Previous studies (previous section) in Algeria and Iran about the use
of PV system as an energy source to the ICCP system are feasible
according to their studies. So as in this thesis, a PV powered ICCP system
is designed for Palestine and a mathematical and economic study is done to
ensure that this technology of corrosion prevention is feasible in Palestine.
The pipelines used to transport natural gas from Gaza Marine
Natural Gas Station in the Mediterranean Sea to different distribution
stations in Gaza Strip and West Bank. The case study of the thesis is a
suggested situation, it does not exist at the present time, and the
mathematical, economical studies are depending on this suggested case
study.
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There many important objectives that are reached in the study,
design and simulation of the PV powered ICCP system. The objectives are
listed as follows:
1. Building a scientific basis about the cathodic protection (CP)
technology using in preventing corrosion damage
2. Investigating the electrical and chemical behavior of environment
and the structure to be protected by CP
3. Investigating the possibility of using solar photovoltaic (PV) power
to supply the cathodic protection systems
4. Investigating the techno-economic feasibility of using PV powered
CP in the Palestinian environment considering the natural gas
pipeline distribution network from Gaza Marine Natural Gas Station
to Gaza Strip and to West Bank
5. Design and simulation of solar electric powered CP systems to be
used in Palestine
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Chapter Two
Literature Review
2.1 Background of Cathodic Protection
2.1.1 Definition and Principal of Cathodic Protection (CP)
CP is a method of corrosion control and prevention that can be
applied to the buried and submerged metallic structures. CP used in
conjunction with coating and can be considered as a secondary corrosion
control technique, where the coating system can be efficient with
percentage between (50% - 99%). The percentage depends on type, age and
a method of installation. So, the properly designed corrosion control or
prevention is the combination between coating and CP system. [2.1]
CP works by preventing the anodic reactions of metal dissolution
occurring on the structure under protection. CP prevents corrosion by
allowing the anodic reactions to occur on specially designed and installed
anodes. Also, CP can be defined as electrochemical means of corrosion
control in which the oxidation reaction in a galvanic cell is constructed at
the anode and suppresses corrosion of the cathode in the same cell [2.2].
In principal, CP can be applied to any metal, but in practice it’s
primarily used in carbon steel due to its little natural corrosion resistance
when it used in corrosive environments as seawater, acid soils, salt-laden
concrete, and many other corrosive environments.
CP has two forms of mechanisms; the first mechanism is the
sacrificial anode CP, and the second mechanism is the impressed current
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CP. The two forms differ in the source of current and type or operation of
the anode.
In both techniques of CP, the current flows from the auxiliary anode
through the soil to structure to be protected, where this current flow onto a
structure from the surrounding electrolyte (soil or seawater), the potential
of the structure is made more negative. CP can be achieved by the
application of current of sufficient magnitude. Although, this statement is
true, it is deceptively simple because there are very large differences in the
design of CP systems. These differences result from the infinite variety of
structures that are to be protected and from the large assortment of
environments in which those structures that are located. [2.2]
If a portion of the structure does not receive current, the normal
corrosion activity will continue at that point. If any of CP current picked up
by the structure leaves that structure to flow back into the electrolyte,
corrosion will be accelerated at the location where the current is
discharged.
The need of CP can be summarized in the following points [2.3]:
 3% to 5% of Gross National Products (GNP) is attributed to
corrosion damage
 USA spend about $300 Billion per year due to corrosion
 CP saved about one third of the money that spent on corrosion
CP can protect all types of buried and submerged metallic structures
including the following:
 Cross country pipelines
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 In plant pipelines
 Aboveground storage tank basis
 Buried tanks and vessels
 Internal surfaces of tanks, vessels, condensers, pipelines, and
platforms ships
 Reinforced steel in concrete

2.1.2 CP History
In the 18th century, Galvani and Volta, investigate the potential
differences between different metals in an electrolyte and the technical
basis for batteries and galvanized steel. In addition, Volta’s galvanic cells
were described in a paper to the Royal Society in 1799. Galvanizing starts
in 1742 by French chemist P.J. Malouin, who describe a method of coating
iron by dipping it in molten zinc to French Royal Academy. [2.1]
In 1820s, Sir Humphrey Davey the first suggestion of using CP as a
corrosion control on British Naval Ships. In 1836, Stanilaus Sorel who is
French chemist obtained a patent for a means of coating iron with zinc. In
1850, Galvanizing industry was using 10,000 tons of zinc per year. [2.2]
In 1950, Applied of extensive use of low-pressure, thicker-walled
cast iron pipe meant little CP. In the second half of 20 th century, in part,
from initial success of a method as used from 1952 onwards to protect
1,000 miles of wartime fuel-line network, also a wide use of CP expanded
through North America, due to expanding use of oil and gas industry using
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steel pipes for underground product transmission, and steel drilling
platforms and pipes in the ocean. [2.1]
2.1.3 Advantage and Uses of CP
A substantial advantage of CP over other forms of corrosion
mitigation is that it is achieved simply by maintaining a direct current (DC)
electrical circuit, the effectiveness of which can be continuously monitored.
CP commonly is applied to a coated structure to control corrosion at
surfaces where the coating fails or is damaged.
Specifying the use of CP initially will avoid the need to provide a
“corrosion allowance” to thin sections of structures that may be costly to
fabricate. CP may be used to afford security where even a small leak
cannot be tolerated for reasons of safety or environment. CP can, in
principle, be applied to any metallic structure in contact with a bulk
electrolyte (including concrete). In practice, its main use is to protect steel
structures buried in soil or immersed in water. CP cannot be used to
prevent atmospheric corrosion on metals. However, CP can be used to
protect atmospherically exposed and buried reinforced concrete from
corrosion, as the concrete itself contains sufficient moisture to act as
electrolyte. [2.3]
CP is also used to protect the internal surfaces of [2.3]:
 Large diameter pipelines
 Ship’s tanks (oil and water)
 Water-circulating systems
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CP is applied to control the corrosion of steel embedded in
reinforced concrete structures; bridges, buildings, ports and harbors
structures, etc.
CP can be applied to copper-based alloys in water systems, and
exceptionally to lead-sheathed cables and to aluminum alloys, where
cathodic potentials have to be very carefully controlled.
2.1.4 Types of CP Systems
2.1.4.1 Sacrificial Anode Cathodic Protection (SACP) System
In SACP, the naturally occurring electrochemical potentials of
different metals are used to provide protection. The sacrificial anodes are
coupled to the structure under protection and conventional current flows
from the anode to the structure as long as the anode is more active than the
structure. As the current flows, all corrosion reactions occur on the
auxiliary anode which is sacrifices itself in order to offer protection from
corrosion to the structure. [2.4]
SACP use galvanic anodes which have a higher energy level or
potential with respect to the structure to be protected. The anodes made of
materials such as magnesium or zinc, which are naturally anodic with
respect to steel structure [2.4]. See figure (2.1).
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Figure (2. 1): SACP Anode Connected to the Structure

2.1.4.2 Impressed Current Cathodic Protection (ICCP) System
In ICCP system, the current is impressed (forced) by an external
power supply to the rest components of the protection system. The anodes
are either inert or have low consumption rates and can be surrounded by
carbonaceous backfill to increase the efficiency and decrease cost. Typical
anodes are titanium coated with Mixed Metal Oxide (MMO) or platinum,
silicon iron, graphite and magnetite. [2.4]
As ICCP needs an external power source (DC), it can be obtained
using a rectifier with an AC power source or from a Solar Photovoltaic
(PV) System which can provide DC power directly.
ICCP use anodes which are energized by an external DC power
source. The anodes are installed in the electrolyte (corrosive environment)
and are connected to the positive terminal of the power source and the
structure to be protected is connected to the negative terminal of the power
source. See figure (2.2).
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Figure (2. 2): ICCP System

2.1.4.3 Comparison between ICCP and SACP
The following table represents a comparison between the two types
of CP Systems.
Table (2. 1) [2.4]
SACP
ICCP
Uses
Uses
- For protection of well coated - Where the protective current
areas
and life requirements are high
- Where the surface area of - Over a wide range of soil and
protected structure is small
water resistivity quantities
due to economic restrictions
- For protection of large
uncoated areas
-

Benefits and Features
No independent current source
Limited effects on neighbor
structures
Self-adjusting
Simple to install
No damage due to wrong
installation

-

Benefits and Features
Need external power source
Adjusted
manually
or
automatically
Anodes are very compact
Can effects other structures
Damage possibility due to
wrong installation
Need small number of Anodes
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2.2 Electrochemical Analysis of Corrosion and Cathodic Protection
2.2.1 Corrosion Definition
Corrosion can be defined as electrochemical changes occur on the
surface of metallic structure due to magnitude of potential difference when
electrons move from the anodic site (where the oxidation reactions occur)
to the cathodic site (where the reduction reactions occur). [2.5]
The electrochemical changes that lead to the oxidation and reduction
reactions need a corrosive medium (electrolyte). In the electrolyte, the
positive and negative ions move between the anodic and cathodic sites due
to their charges as; the negative ions move from cathodic site to anodic site,
and the positive ions move from the anodic site to the cathodic site.
Corrosion causes a mechanical damage in the metallic structure due to
corrosion products which are called rust (produced from reduction
reactions). [2.5]
2.2.2 Corrosion Parameters
Corrosion cell is a circuit consisting of an anode, cathode, electrolyte
and an electrical contact between the anode and cathode.
2.2.2.1 Anode
Anode is the metal surface where the corrosion reaction (oxidation)
occurs as the metal atoms dissolve to produce electrons and ions, where
electrons leave the anode through an electrical connection to the cathode
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and ions leave the anode to the electrolyte. The following equation
represents the oxidation reaction of Iron atom [2.6]:
……………….. (2.1)
2.2.2.2 Cathode
Cathode is the metal surface where the reduction reactions occur as a
consumption of arriving electrons from anode through the electrical
connection by the dissolved hydrogen and oxygen in the cathode’s
surrounding area of electrolyte. The following equations represent the
reduction of hydrogen and oxygen [2.6]:
……………….. (2.2)
……………….. (2.3)
2.2.2.3 Electrolyte
Electrolyte is the medium -which can be soil, water or any corrosive
solution- where the dissolved negative and positive ions move from anode
and cathode as to positive ions or from cathode to anode as to negative
ions. The changes that occur in the electrolyte as a result of corrosion
process are called electrolysis. [2.6]
- Soil
Chemical analysis of soils is usually limited to determination of
constitutes that are soluble in water under standardized conditions. The
elements that are usually determined are; the base-forming elements, such
as sodium, potassium, calcium and magnesium; and the, or acid-forming
elements, such as carbonate, bicarbonate, chloride, nitrate and sulfate. The
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nature and amount of soluble salts, together with the moisture content of
the soil, largely determine the ability of the soil to conduct an electric
current.
Moisture content in soil will probably have the most profound effect
when considering corrosion potential than any other variable. No corrosion
will occur in environments that are completely dry. When the soil is nearly
dry, its resistivity is very high. However, the resistivity decreases rapidly
with increases of moisture content until the saturation point is reached,
after which further additions of moisture have little or no effect on the
resistivity. [2.6]
- Water
The corrosion of metals in water depends on occurrence of baseforming and acid-forming element such as in soil. No corrosion will occur
in completely fresh water. The corrosion in seawater or salt water depends
on the concentration of corrosion inhibitors. [2.6]
- Effect of pH Value
A high pH value means there are fewer free hydrogen ions, and that
a change of one pH unit reflects a tenfold change in the concentrations of
the hydrogen ions. For example, there are 10 times as many hydrogen ions
available at pH 7 than at pH 8. The pH scale commonly quoted ranges from
0 to 14 with a pH of 7 is considered to be neutral. [2.6]
Low pH acid waters accelerate corrosion by supplying hydrogen ions
to the corrosion process. Although even absolutely pure water contains
some free hydrogen ions, dissolved carbon dioxide in water can increase
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the corrosion chemistry hydrogen ion concentration. At pH of 4 or below,
direct reduction of

ions, is important particularly at lower partial

pressure of carbon dioxide and the pH has a direct effect on the corrosion
rate. [2.6]
2.2.3 Underground Pipeline Corrosion
There are many metals (such as iron) used in underground
construction applications. The metallic materials used in underground
construction are subjected to very complex corrosion types, because of the
presence of many corrosiveness factors that may individual or in
combination affect the corrosion reactions. These factors determine the rate
and the type of electrochemical corrosion, such as uniform and pitting
corrosion [2.7]. The following sections are the summary for commonly
observed forms of corrosion.
The corrosion and CP of the underground pipelines is the main
object in this thesis, especially in the design and simulation. It’s important
to have a good knowledge about these types of corrosion in order to get
proper design of CP system to protect the underground pipelines.
2.2.3.1 Uniform Corrosion
Uniform corrosion or general corrosion process is exhibiting uniform
thinning that proceeds without appreciable localized attack. It is the most
common form of corrosion and may appear initially as a single penetration,
but with thorough examination of the cross section it becomes apparent that
the base material has uniformly thinned [2.8].
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2.2.3.2 Pitting Corrosion
Pitting corrosion is a localized form of corrosion by which cavities
(holes) are produced in the material. Pitting is considered to be more
dangerous than uniform corrosion because it is more difficult to detect,
predict, and design against. Corrosion products often cover the pits. The
small narrow pit with minimal overall metal loss can lead to the failure of
an entire engineering system. [2.8]
2.2.3.3 Corrosion Due to Dissimilar Metals
This form of corrosion occurs when dissimilar metals are in contact
in the presence of an electrolyte, such as water (moisture) containing very
small amounts of acid. The dissimilar metals produce a galvanic reaction
which is resulted in deterioration of one of them [2.8].
2.2.4 Corrosion Circuit
Corrosion of iron in salt water is a good example to explain the
process of corrosion. This section will discuss it in details.
2.2.4.1 Parameters of Corrosion Circuit
The corrosion circuit consists of two iron electrodes; one of them is
unprotected so it’s more active (has a higher ability to corrosion) than the
other. Both of the electrodes are immersed in salt water solution with an
electrical connection between them. Figure (2.3) shows the corrosion
circuit diagram. The parameters of corrosion circuit are:
- Anode (Iron electrode with higher activity)
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- Cathode (Iron electrode with lower activity)
- Electrolyte (salt water)
- Electrical connection

Figure (2. 3): Corrosion Circuit Diagram

2.2.4.2 Anodic Reaction
At the anode, the high concentration of salts, acidity, lower pH value
in salt water and other solutions around the anode electrode, these factors
lead the iron atoms at the surface of electrode to dissolve (oxidize/loose
electrons), the electrons transferred along the surface of anode electrode
surface, the transferred to the cathode electrode through the electrical
connection. Due to iron conductivity, oxidation reactions happen as in
equation (2.1) [2.5].
The electrons movements from anode to cathode are due to potential
difference occur as a result of oxidation reaction of iron. As the potential
increases some water molecules dissolve to the electrolyte as in equation
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(3.4). Figure (2.4) represents the oxidation of iron and water molecules at
the anode/electrolyte interface. [2.5]
……………….. (2.4)

Figure (2. 4): Oxidation of Iron and Water Molecules at the Anode/Electrolyte
Interface

2.2.4.3 Cathodic Reaction
At the cathode, the released electrons from anode which are
transferred to the cathode through the electrical connection, these electrons
will be consumed by the reduction reaction. The reduction happens as in
reduction of oxygen and water with released electrons to form the
hydroxide, see equation (2.5). Figure (2.5) represent the reduction reaction
at the cathode/electrolyte interface. [2.5]
……………….. (2.5)
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Figure (2. 5): Reduction Reaction at the Cathode/Electrolyte Interface

2.2.4.4 Electrons and Ions Movement
Water temperature, pH value or concentration of salts and different
corrosive materials are coefficients that provide energy to the metal surface
atoms. The provided energy will result of potential difference in the
electrolyte.
At specific quantity of energy, two electrons will free out of the iron
atom outer band. As electrons free out as the iron atom become a positive
ion and dissolves into the electrolyte. The free electrons travel through the
metal path to the less active site and consumed through reduction reaction
as in equation (2.5). Water molecules can dissolve like iron atoms as in
equation (2.4).
The potential difference between the positive (active) part which is
the anode and the negative part which is the cathode will polarize the
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electrolyte ions; the positive ions (like:

) goes from the anodic side

to the cathodic side, and negative ions (hydroxide ions which produced
from reduction of water, oxygen and free electrons that received from the
anode) goes from the cathode side to the anode side.
The potential difference of the corrosion cell will produce an electric
field (E) between anode and cathode. E lines are transmitted from the
cathode to the anode. As charges move due to E, an electric force (F)
produces. The direction of F is depending on the electric charge (q) polarity
as in equations (2.6, 2.7, 2.8, and 2.9). [2.5]
Both F and E are vector quantities; they have both magnitude and
direction. The magnitude of F is equal to (

) and the direction of F is

equal to the direction of E if q is positive, and the direction of F is in the
opposite direction of E if q is negative. E is uniform when neither its
magnitude nor its direction changes from one point to another. The unit of
E is (

). Figure (2.6) represents the movement of electrons and ions

in the electrolyte. [2.9]
………………… (2.6)
Where: the permittivity is

is the distance from charge (or the

center of sphere) and the electric field is in a radial direction, and
electric charge. [2.9]
………………… (2.7)
For positive ions [3.3]:
………………… (2.8)
For negative ions [3.3]:

is the
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………………… (2.9)

Figure (2. 6): Movement of Electrons and Ions in the Corrosion Cell

2.2.4.5 Rust Formation
Hydroxide ions (

) appear in water as the hydrogen ion

concentration falls. They react with the iron (II) ions to produce insoluble
iron (II) hydroxide, (

), as in the following equation [2.3]:
………………… (2.10)

Iron (II) ions also react with hydrogen ions and oxygen to produce
iron (III) ions, as in the following equation [2.3]:
………………… (2.11)
Iron (III) ions react with hydroxide ions to produce hydrated iron
(III) oxide (also known as iron (III) hydroxide), as in the following
equation [2.3]:
………………… (2.12)
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Iron (III) hydroxide dried to make plain (III) oxide (

), this red-

brown, powdery stuff and easily crumbles off to continually expose fresh
metal for reaction, which is called “Rust”. Figure (2.7) represents the
formation of rust on the iron metallic structure in salt water.

Figure (2. 7): Rust Formation

2.2.5 Cathodic Protection Circuit
2.2.5.1 Corrosion Circuit of Pipeline
The corrosion process can be described as in figure (2.8).
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Figure (2. 8): Pipeline Corrosion Circuit

2.2.5.2 Sacrificial (Galvanic) Anode Cathodic Protection (SACP)
- Sacrificial Anodes
Sacrificial anodes are commonly made of alloys of zinc (
aluminum ( ) or magnesium (

),

), which are used to form a galvanic cell.

Due to the potential differences that existing between sacrificial anode
alloys and the cathodic area (steel), positively charged metal ions leave the
anode surface while electrons leave the surface at the cathode. In the case
of aluminum alloy anodes, the reaction at the aluminum anode surface is as
in the following equation [2.5, 2.6]:
………………… (2.13)
In underground applications, aluminum anodes are normally
surrounded with a special backfill. The backfill is usually a mixture of
Gypsum, Mennonite and sodium sulfate, this special backfill serves a
number of purposes. First, it provides a uniform environment for the anode,
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thereby making the corrosion of the anode uniform. Second, the backfill
decreases the anode to earth resistance. Third, it retains moisture and
thereby maintains a lower resistance. Fourth, it acts as a depolarizing agent
[2.6].
The most common alloys used for SACP with their specifications are
explained in table (2.2).
Table (2. 2): Sacrificial Anodes Specifications [2.5]
Metal
Potential (Volts)
Density ( ⁄
Magnesium (Mg)
-1.55
1.70
Aluminum (Al)
-1.15
2.70
Zinc (Zn)
-1.10
7.10

)

- Protection Circuit
In explanation of sacrificial anode circuit, a magnesium anode is
used. By using magnesium anode, the structure to be protected will be as
cathode, and as the structure is more cathodic as it is more protective from
corrosion. The anodic (oxidation) reactions will occur on the magnesium
anode.
When electrons move from the sacrificial anode to the pipe structure,
it consumed by the reduction reaction of water and oxygen to form
hydroxide molecules. As electrons transferred to the pipeline structure as
the pipeline is protected from corrosion.
The magnesium anode sacrifices itself (waste away) as long as
occurrence of anodic and cathodic reaction, as in figures (2.9).
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Figure (2. 9): Sacrificial Anode Cathodic Protection Circuit

2.2.5.2 Impressed Current Cathodic Protection (ICCP)
- Impressed Current Anodes
When external power source is used, the current is derived from an
outside source and is not generated by the corrosion of particular metal as
in the case with galvanic anodes. However, materials used as energized
anodes do corrode.
The materials that are commonly used are graphite, high silicon cast
iron and mixed metal oxide coated titanium. In underground work, special
coke breeze backfills are usually used for the purpose of providing a
uniform environment around the anode and for lowering the anode to earth
resistance. [2.5, 2.6]
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The impressed current anode material is ideally non-consumed by
the passage of current from it into the electrolyte, in practice the materials
used are a compromise between this ideal and the cost and physical
properties of available materials. Impressed current anodes specifications
are represented in table (2.3).
Table (2. 3): Impressed current anodes specifications [2.5]
Type
Density (
) Anode Current Density (
)
Maximum
Average
Graphite
1.6 to 2.1
50 to 150
10 to 50
Magnetite
5.2
90 to 100
High-Silicon Iron
7.0 to 7.2
300
10 to 50
Lead Silver alloy
11.0 to 11.2
300
50 to 200
Lead-Platinum
11.0 to 11.2
300
100 to 250
- Protection Circuit
The DC power source drives electrons to the pipeline metallic
structure through connection wire. The negative pole of the power source is
connected with the pipeline structure. As the structure is at negative
polarization as it’s protected from corrosion.
The only reactions which are permitted to occur are the cathodic
(reduction) reactions because the external power source is delivering
electrons, so there is no anodic reactions will occur at the anode. ICCP
protection circuit for pipeline is represented in figure (2.10).
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Figure (2. 10): ICCP Protection Diagram

2.3 Photovoltaic (PV) Technology
Renewable power generation can help countries to meet their
sustainable development goals through provision of access to clean, secure,
reliable and affordable energy. Renewable energy has gone mainstream,
accounting for the majority of capacity additions in power generation
today. Tens of Giga-Watts of wind, hydropower and solar PV capacity are
installed worldwide every year in a renewable energy market that is worth
more than Hundred Billion USD annually [2.10].
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The rapid increase in the growth of the renewable energy sector can
be traced to the decline in the stock of conventional energy source such as
oil, gas and coal. With the rapid growth of renewable energy, the prices and
the cost of renewable energy systems has decreased remarkably. Recent
years have seen dramatic reductions in the cost of renewable energy
technologies as a result of research and accelerated development. [2.11]
2.3.1 PV Technology
PV is a method of generating electrical power by converting sunlight
into direct current electricity using semiconducting materials that exhibit
the PV effect. A PV system employs solar modules composed of a number
of solar cells to supply usable solar power. Power generation from solar PV
has long been seen as a clean sustainable energy technology which draws
upon the plant’s most plentiful and widely distributed renewable energy
source – the sun. The direct conversion of sunlight to electricity occurs
without any moving parts or environmental emissions during operation.
2.3.2 History
The PV effect was first experimentally demonstrated by French
physicist Edmond Becquerel. In 1839, he built the world’s first PV cell in
his father’s laboratory. Willoughby Smith first described the effect of light
on Selenium during the passage of an electric current issue of nature, in
February, 20, 1873. In 1883, Charles Frittz built the first solid state PV cell
by coating the semiconductor selenium with a thin layer of gold to form the
junctions. The device was only around 1% efficient. In 1888, Russian
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physicist Alexander Stoletov built the first cell based on the outer PV effect
discovered by Heinrich in 1887 [2.10, 2.11].
Albert Einstein explained the underlying mechanism of light
instigated carrier excitation – the PV effect – in 1905, for which he
received the Noble Prize in physics in 1921. Russell Ohl patented the
modern junction semiconductor solar cell in 1946, discovered while
working on the series of advances that would lead to the transistor. [2.10]
The first practical PV cell was publicly demonstrated on April, 25
1954 at Bell Laboratories. The inventors were Daryl Chapin, Calvin
Southern Fuller and Gerald Pearson. Solar cells gained prominence when
they were proposed as an addition to the 1958 Vanguard 1 st Satellite. By
adding cells to the outside of the body, the mission time could be extended
with no major changes to the spacecraft or its power system. In 1959,
United States launched Explorer 6th, featuring large wing-shaped solar
arrays, which became a common feature in satellites, these arrays consisted
of 9600 Hoffman solar cells. [2.10, 2.11]
In 2013, the fast-growing capacity of worldwide installed solar PV
increased by 38% to (139 Giga-Watts). This is sufficient to generate at least
160 Tera-Watts-Hours or about 0.35% of the electricity demand on the
planet. China, followed by Japan and the United States, is now the fastest
growing market, while Germany remains the world’s largest producer,
contributing almost 6% to its national electricity demands. [2.12, 2.13 and
2.14]

35

2.3.3 PV Module
Figure (2.11) represents the PV module diagram and figure (2.12)
represents the PV cell, module and array.

Figure (2. 11): PV Module Diagram [2.15]

Figure (2. 12): PV Cell, Module and Array [2.15]

2.3.3.1 PV Module Characteristics and Equivalent Circuit
If a variable load is connected through the terminals of the PV
module, the current and the voltage will be found to vary. The relationship
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between the current and the voltage will be found to vary. The relationship
between the current and the voltage is known as the IV characteristic curve
of the PV module.
To measure the IV characteristic of a PV module and to find the
maximum power point, international standard conditions (STC) should be
fulfilled.

Standard
⁄

(

conditions

means:

irradiance

level

equal

to

), the reference air mass equal 1.5, and module junction

temperature should be of

[2.16].

2.3.3.2 PV Module Parameters
The main parameters that characterize a PV module are [2.17]:
1- Open Circuit Voltage (

): The maximum voltage that the module

provides when the terminals are not connected to any load (an open
circuit). This value is about 22 V for modules dispend to work in 12
V systems. The output voltage of the module is directly proportional
to the number of cells connected in series.
2- Short Circuit Current (

): The maximum current provided by the

module when the connectors are short circuited. The value of the
output current of the module is proportional to the number of cells
connected in parallel.
3- Maximum Power Point (

): The point where the power supplied

by the module is at maximum value. The maximum power point of a
module is measured in watts [ ] or peak watts [
of:

]. Typical value
.
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4- STC:
⁄

(
⁄ )

Solar cells consist of a p-n junction fabricated in thin wafer or layer
of semiconductors, whose electrical characteristics differ very little from a
diode represented by the equation of Shockley. Thus the simplest
equivalent circuit of a solar cell is a current source in parallel with a diode,
see figure (2.13) [1.30]. The output of the current source is directly
proportional to the light falling on the cell. So the process of deriving an
equivalent circuit and IV characteristic curve can be developed based on
the following equations [2.17].

Figure (2. 13): PV Module Equivalent Circuit Diagram ;
Series Resistance,
Current and

: Photon Current,

: Diode Current,

: Shunt Resistance,
: Shunt Current,

: Load Voltage [2.17]

………………… (2.14)

(
Where:

*

+

)

………………… (2.15)

:

: Load
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- A: Ideality factor = 1 – 2
- K: Boltzmann Constant;
-

: Saturation Current

-

: Cell Temperature in Kelvin
………………… (2.16)
When applying open and short circuit tests as follows [2.17]:

- At open circuit test of module:
(

)

(

)………………… (2.17)

- At short circuit test of module;
Then the IV characteristic curve will be as in figure (2.14):

Figure (2. 14): IV-Characteristic Curve [2.18]

From IV characteristic curve some factors can be calculated as
follows [2.17]:
………………… (2.18)
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………………… (2.19)

2.3.3.3 PV Module Types
 Mono Crystalline Silicon Cell: these are made using cells cut from
single cylindrical crystal silicon. While mono crystalline cells offer
the highest efficiency (approximately 18% conversion of incident
sunlight), their complex manufacturing process makes them slightly
more expensive. Mono crystalline cell specifications:
- Open Circuit Voltage;
⁄

- Short Circuit Current;

 Polycrystalline Silicon Cell: these are made by cutting micro-fine
wafers

from

ingots

of

molten

and

recrystallized

silicon.

Polycrystalline cells are cheaper to produce, but there is a slight
compromise on efficiency (approximately 14% conversion of
incident sunlight). Polycrystalline cell specifications:
- Open Circuit Voltage;
- Short Circuit Current;

⁄

 Thin Film Silicon Cell: these are made by depositing an ultrathin layer
of PV material onto a substrate. The most common type of thin film PV
is made from the material a-Si (amorphous silicon), but numerous other
materials such as Copper Indium/Gallium Selenide (CIGS), Copper
Indium Selenide (CIS), Cadmium Telluride (

) are produced. The

efficiency of this type varies approximately in the range from

- Open Circuit Voltage;
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- Short Circuit Current;

⁄

[2.17]

2.3.3.4 Temperature and Solar Radiation Effects on PV Performance
The two most important effects that must be considered are due to
the variable temperature and solar radiation. The effect of these two
parameters must be taken into account while sizing the PV system, as in
figure (2.15) and figure (2.16).

Figure (2. 15): Effect of Temperature on IV-Characteristic Curve [2.18]

Figure (2. 16): Effect of Variable Solar Radiation Levels on IV-Characteristic [2.18]
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Temperature effect: this has an important effect on the power output
from the cell. The temperature effect appears on the output voltage of the
cell, where the voltage decreases as temperature increases. The output
voltage decrease for silicon cell is approximately

increased

in the solar cell temperature.
The solar cell temperature

can be found by the following equation

[2.19]:
(

)

………………… (2.20)

Where:
: Ambient temperature in
G: Solar radiation ( ⁄
NOCT:

Normal
⁄

[

)

operating

cell

temperature

at

(solar

radiation

], spectral distribution of AM1.5, ambient temperature 25

and wind speed [

⁄ ]) [2.17].

Solar radiation effect: the solar cell characteristics are affected by the
variation of illumination. Increasing the solar radiation increases in the
same proportion the short circuit current. The following equation illustrates
the effect of variation of radiation on the short circuit current [2.19]:
⁄

⁄

…………………

(2.21)
The output power from the PV cell is affected by the variation of cell
temperature and variation of incident solar radiation. The maximum power
output from the PV cell can be calculated using the following equation
[2.16]:
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( ⁄

)

……………… (2.22)

Where:
: Output power from the PV cell
: Rated power at reference conditions
⁄

: Solar radiation at reference conditions (

)

: Temperature coefficient of maximum power (

) for

mono and poly crystalline silicon
: Cell temperature
: Cell temperature at reference conditions (

)

The following equation can be used to calculate the cell temperature
approximately if the NOCT is not given by the manufacturer [2.17]:
………………… (2.23)
2.3.3.5 Effect of Tilting the PV Modules on the Total Solar Radiation
Measurements of solar radiation usually occur on a horizontal plane.
PV modules are usually fixed making a tilt angle ( ) with the horizontal.
This is done to make the PV modules facing the sun to collect more solar
radiation. The value of tilt angle depends mainly on latitude value of the
location (L) and seasonal changes. PV modules may be fixed with a fixed
tilt angle or may be changed seasonally to collect more solar radiation.
These changes are as follows [2.17]:
-

During winter season

-

During spring and autumn season

-

During summer season
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If the tilt angle changes are made, a yearly increase in solar radiation
by a value of 5.6% can be obtained. For Palestine (especially Ramallah &
Nablus sites) latitude (L) is about (

). [2.17]

2.3.3.6 Module Performance and Efficiency
In outdoor environment the magnitude of the current output from a
PV module directly depends on the solar irradiance and can be increased by
connecting solar cells in parallel. The voltage of solar cell does not depend
strongly on the solar irradiance but depends primarily on the cell
temperature.
Table (2.4) and table (2.5) contain typical parameters that are used in
module specification sheets to characterize PV modules. Four examples of
PV modules with comparable power output are included in table (2.4), such
as a Shell module with Mono crystalline silicon solar cells, a Shell module
based on copper indium dieseline (CIS) solar cells, a Kaneka’s amorphous
silicon (
telluride (

) module, and a module of First Solar based on cadmium
) solar cells. Electrical parameters are determined at

standard test conditions (STC). [2.11, 2.14]
Table (2. 4): Specifications of Different PV Modules [2.11, 2.14]
Module Type

Shell SM50-H

Shell ST40

Kaneka PLE

First Solar FS50

Cell Type

Mono c-Si
50
15.9
3.15
19.8
3.4
33
1219x329

CIS
40
16.6
2.2
23.3
2.68
40
1293x328

50
16.5
3.03
23
3.65
36
952x920

52
63
0.82
88
0.95
96
1200x600

Cells/Module
Dimensions
[mm]
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Table (2. 5): Different Cells Efficiencies [2.17]
PV Module Type
Mono Crystalline Silicon
Poly Crystalline Silicon
Copper Indium Gallium Selenide (CIGS)
Cadmium Telluride (
)
Amorphous Silicon (a-Si)

Efficiency
12.5% to 15%
11% to 14%
10% to 13%
9% to 12%
5% to 7%

2.3.4 Battery Storage System for PV System
The simplest means of electricity storage is to use the electric
rechargeable batteries, especially when PV modules produce the DC
current required for charging the batteries. Most of batteries used in PV
systems are lead acid batteries. In some applications, for example when
used in locations with extreme climate conditions or where high reliability
is essential, nickel-cadmium batteries are used. The major difficulty with
this form of storage is the relative high cost of the batteries and a large
amount required for large scale application [2.17]. The following factors
should be considered when choosing a battery for a PV application:
- Operating temperature range (

)

- Self-discharge rate
- Permissible depth of discharge (DOD) up to 80%
- Capacity ampere hour (Ah) at 10 hour & 100 hour rates (
- Resistance to over charging
- Cost

)
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2.3.4.1 Lead Acid Batteries
The most commonly available lead acid battery is the car battery, but
these are designed mainly to provide a high current for short periods to start
engines, and they are not well suited for deep discharge cycles experienced
by batteries in PV systems. Car batteries are sometimes used for small PV
systems because they are cheap, but their operational life in PV
applications is likely to be short.
The most attractive lead acid battery for use in most PV systems is
the flooded tubular plate design, with low antimony plates. Good quality
batteries of this type can normally be expected to have operational life of 5
– 7 years if they are properly maintained and used in a PV system with a
suitable charge controller. Longer operational life may be achieved if the
maximum depth of discharge is limited, but shorter lifetimes must be
expected if the batteries are mistreated. [2.17]
2.3.4.2 Nickel Cadmium (

) Batteries

There are two types of
- Sintered plate (

batteries represented as follows:

) batteries suffer from the well-known memory

effect, in which the useful capacity of the battery appears to drop
after it has been discharged over many cycles or if it is discharged at
low rates. Sintered plate

batteries are not therefore attractive

for use in PV systems.
- Pocket plate

batteries can be used in PV systems, because they

have additives in their plates to prolong their operational life and to
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minimize the memory effect. In addition, they are highly resistant to
extremes of temperature, and can safely be taken down to less than 10%
state of charge. Their main disadvantage is their high cost compared
with lead acid batteries, as in table (2.6). [2.17]
Table (2. 6): Lead Acid and NiCd Batteries Parameters [2.10]
Battery Parameter
Lead Acid
Cycle Time
600 to 1500
1500 to 3500
Efficiency
83% to > 90%
71%
Self-discharge Rate
3% to 10%
6% to 20%
Range of Operation
-15 to 50
-40 to 45
2.3.5 Solar Radiation in Palestine
Palestine is located between (
). Palestine elevations range from 350 m below sea level in
Jordan Valley and exceed 1000 m above sea level at some location in West
Bank. Climate conditions in Palestine vary widely. The daily average
temperature and humidity in West Bank vary in the ranges of (8

to 25 )

and (51% to 83%) respectively. Palestine has about 3000 sun shine hours
per year. The annual solar radiation on horizontal surface varies from
(

) daily in December to (

) daily in June [RCA].

See figure (2.17). [2.17]
Palestine has an average solar radiation of (

) daily, this

average solar radiation can be used in several applications, specially the
electrical applications either off grid or on grid. Table (2.7) presents the
monthly average of daily solar radiation for different months for Nablus
site.
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Table (2. 7): Monthly Average of Daily Solar Radiation for Nablus Site
[2.19]
Month
January
February
March
April
May
June
July
August
September
October
November
December

Monthly Average Radiation (
2.89
3.25
5.23
6.25
7.56
8.25
8.17
8.1
6.3
4.7
3.56
2.84

⁄

)
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Chapter Three
Methodology for Designing a Cathodic Protection
System for Pipeline Distribution Network (PDN)
3.1 Study Objective
There are many forms of corrosion occurring on different materials
in different environments, and the CP has also many forms of protection
techniques. In order to have a good understanding of corrosion prevention
by CP, the main objective of this study is to deal with the corrosion of steel
pipelines that transport natural gas under seawater surface and
underground, and the protection is depending on the ICCP system which is
powered by solar PV generation system with battery storage system.
The study is depending on the knowledge that represented in the
literature review chapter and on the experiences and applied projects that
represented in previous work section in the introduction chapter.

3.2 Case Study Preview
There is neither pipeline distribution network (PDN) nor existing
large metallic structure that can be studied seriously in Palestinian
Territories, so this thesis will depend on a suggested PDN under the
Palestinian seawater and ground. The specifications of the pipelines depend
on the USA steel pipelines properties that are represented in appendix (1),
and the corrosion damage is measured by taking the properties of the
seawater and soils in Palestine.
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3.2.1 PDN Description
The suggested pipeline distribution network in Palestine transports
the produced natural gas from Gaza Marine Natural Gas Station in the
Mediterranean Sea to distribution stations in Gaza Strip and West Bank.
The pipelines are installed under water in the sea area and buried
underground in rest areas. Figure (3.1) shows the pipeline network
distribution.
The Gaza Marine natural gas field is legally under the control of
the Palestinian National Authority. It is located about 36 kilometers
offshore at a depth of 610 m. It has around 1.4 trillion cubic feet of gas and
an estimated value of 2.4 to 7 billion dollars.[2] In 1999, the leader of the
Palestinian Authority, Yasser Arafat, made a deal with British Gas (BG), to
have 25 years to exploit the oil fields. In 2000, BG discovered the Gaza
Marine Gas Field. It has enough energy to supply Palestinian territories and
still have a surplus for export, making the Palestinian territories more
energy independent. See figure (3.2). [3.1]
The pipeline distribution network total length is 437 km, these
lengths have been measured using Google Earth program, and they are
distributed as:
- 50 km in Sea area
- 105 km in clay, well aerated soil
- 70 km in desert sand
- 85 km in dry soil
- 127 km in wet soil with stones
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The material of pipeline is carbon steel, API Spec. 5L, Grade X-42,
high strength and low alloy steel (which is widely used in the construction
of natural gas and petroleum pipelines). The dimensions of carbon steel
pipeline are represented in table (3.1) and the chemical composition is
represented in table (3.2). See the carbon steel pipeline properties in
appendix (1).
Table (3. 1): Dimensions of the Structure of Pipeline [2.9]
Item
Quantity
30.5
Diameter [ ]
1.27
Thickness [ ]
40.27
Mass per Unit Length [ ⁄ ]

Figure (3. 1): Natural Gas Pipeline Distribution Network [2.18]
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Figure (3. 2): Gaza Marine Gas Field [3.2]

Table (3. 2): Chemical Composition of the Pipeline [2.9]
Chemical Composition
Nominal
Analytical
0.199
0.191
1.95
1.95
0.016
0.014
0.018
0.015
0.015
0.015
0.007
0.003
0.008
0.008
0.004
0.003
0.024
0.028
Remaining
Remaining
- Coating Type
Fusion-bonded epoxy coatings are 100% solid, thermosetting
materials in powder form that bond to the steel surface as a result of a heatgenerated chemical reaction. Formulations consist of epoxy resins,
hardeners, pigments, flow control additives, and stabilizers to provide ease
of application and performance. [3.3]
The pipe must be preheated to remove moisture, and it must be
cleaned with proper anchor pattern profile and to improve the adhesion
properties. It is important to observe the powder manufacturer’s pipe
preheat temperature. Heating the pipe to be coated is typically done with
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induction or gas burners to temperatures in the range of (

).

[3.3]
Fusion Bonded Epoxy (FBE) coating system is used for coating of
underground and underwater pipelines. FBE offer corrosion protection to
the pipeline structure by preventing interacts between the pipeline structure
and the surrounding environment, so it plays as an isolation layer. Table
(3.3) represents some specifications of FBE coating.
Table (3. 3): Specifications of FBE Coating [3.3]
Item
Quantity
5
Current Density [ ⁄ ]
1.5 to 2
Thickness [
]
+130 to +160
High Temperature [ ]
Low Temperature [ ]
60
Life Time [Year]
20 to 25
There are a number of properties that make FBE coatings useful as
pipe coatings. They exhibit: [3.3]
- Excellent adhesion to steel
- Good chemical resistance
- Non-shielding, work with cathodic protection (CP)
- No reported cases of stress-corrosion cracking (SCC) of pipe coated
with FBE
- Toughness, frequently installed under the sea, through rolling plains,
in rocky mountainous areas, in the desert, and in the arctic
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3.2.2 PDN Surrounding Environment
There are four types of soil which the pipelines are immersed in it as
mentioned above in addition to the sea water. Due to the differences in
humidity, pH values, salts concentration, etc. in different sea water and soil
types, the current density and resistivity will be different. The quantities of
current density (J [ ⁄

]) and resistivity ( [

]) are represented in the

following table.
Table (3. 4): Electrical Parameters of the Pipeline Surrounding
Environment [1.14, 3.4, 3.5, and 3.6]
Environment
J[ ⁄ ]
Seawater
0.008
Clay, Well Aerated Soil
0.003
Dry Soil
0.0015
Desert
0.0004
Wet Soil with Stones
0.006

[

]

10
250
2000
2500
120

The current densities and soil resistivity quantities that are
represented in table (3.4) are not been measured in Palestine, these
quantities were matched with the similar types of seawater and soils that
were measured by previous work in applied projects that represented in the
introduction chapter.
The properties of seawater and soils in this study were matched with
the properties of seawater and soils in the previous applied projects (taking
in consideration all factors that affect these quantities due to differences in
climate and ground properties) and publications from institutions that
interested in this field of science, such as the department of transportation
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in USA, University of Khartoum, Islamic Azad University in Iran and
corrosion society NACE in USA.
3.2.3 Case Study Alternatives
In this study there are three alternatives for ICCP system design depending
on the coating efficiency ( ) of the pipeline distribution network. The CE
means the coating damaged (inactive) area to the coating active area, for
example if the damaged coated area of pipeline is 10% from total pipeline
surface area, so this means that the

is 90%.

The three alternatives are listed as follows:
- Alternative (A):

= 90%

- Alternative (B):

= 95%

- Alternative (C):

= 98%

3.3 Components of the ICCP System
An impressed current cathodic protection (ICCP) system consists of:
the DC current source which is a PV generator, batteries storage system,
DC – DC converter (not used in the design of the PV system), coated
pipeline structure and impressed current anodes. All the mentioned ICCP
system and PV system components are described in chapter three and
chapter four respectively. Figure (3.3) shows a block diagram for the whole
PV powered ICCP system.
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Figure (3. 3): Block Diagram of ICCP System

3.4 Simulation Model
The simulation of the ICCP system is done in the MATLAB
program which is a short for (MATrix LABoratory) is a programming
package specifically designed for quick and easy scientific calculations and
I/O. It has literally hundreds of built-in functions for a wide variety of
computations and many toolboxes designed for specific research
disciplines,

including

statistics,

optimization,

solution

of partial

differential equations, data analysis. [3.7]
The modeling of the ICCP system is depending on the equations that
used in the mathematical design and these equations is modeled in the
Simulink application in matlab.
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3.4.1 Simulink Application
Simulink is a software package for modeling, simulating, and
analyzing dynamic systems. It supports linear and nonlinear systems,
modeled in continuous time, sampled time, or a hybrid of the two. Systems
can also be multi rate, i.e., have different parts that are sampled or updated
at different rates. [3.8]

3.5 Economic Study
The economic study in this thesis concentrates on the comparison
between the costs of the ICCP system at different alternatives and the cost
of the rehabilitation of the pipelines. The data and costs that related to the
rehabilitation of pipelines are taken from measurements done by the
department of transportations in USA. The costs of the impressed current
anodes, PV modules and Batteries are taken from the manufactures price
lists.

57

Chapter Four
Mathematical Design and Simulation of PV Powered
ICCP System for Pipeline Distribution Network
4.1 Corrosion Current Calculation
4.1.1 Pipeline Surface Area
The total surface area (A) of the pipeline in different media
(environment) can be calculated using the following equation, which is
applied on cylindrical shapes as the distribution pipelines depending on the
length of the pipeline (L) and the diameter of the pipeline (D). Table (4.1)
represents L, D and A of the pipeline in different media.
………………… (4.1)
Table (4. 1): Pipeline Dimensions in Different Media
Environment
L [m]
D [m]
Seawater
50,000
0.305
Clay, Well Aerated Soil
105,000
0.305
Dry Soil
85,000
0.305
Desert
70,000
0.305
Wet Soil with Stones
127,000
0.305

A[ ]
48,000
100,601
79,466
67,073
121,690

4.1.2 Unprotected Pipeline Surface Area
The unprotected surface area (

) of the pipeline depends on the

coating efficiency ( ) – as mentioned in chapter five – which represents
the three alternatives of the design. The following equation is used to find
for each alternative in different media. Equation (4.2) is applied on the
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values of

= 90%, 95% and 98% for alternatives A, B and C are illustrated

in Tables (4.2), (4.3) and (4.4) respectively. [1.14]
………………… (4.2)
Table (4. 2): Alternative A
Media
Seawater
Clay, Well Aerated Soil
Dry Soil
Desert
Wet Soil with Stones
Table (4. 3): Alternative B
Media
Seawater
Clay, Well Aerated Soil
Dry Soil
Desert
Wet Soil with Stones
Table (4. 4): Alternative C
Media
Seawater
Clay, Well Aerated Soil
Dry Soil
Desert
Wet Soil with Stones

A[ ]
48,000
100,601
79,466
67,073
121,690

A( )
48,000
100,601
79,466
67,073
121,690

A[ ]
48,000
100,601
79,466
67,073
121,690

[ ]
4,800
10,060
7,946.6
6,707.3
12,169

[ ]
2,400
5,030
3,973.3
3,345
6,084.5

[ ]
960
2,012
1,590
1,341
2,434

4.1.3 Corrosion Current Calculation
The required current to prevent corrosion ( ) is calculated for
different media depending on the quantities of (J) which is the minimum
quantity of electrical current required to prevent corrosion from occurring
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on the pipeline steel surface (from table (3.4)) and (

). ( ) can be

calculated as in the following equation.
………………… (4.3)
The values of ( ) which depend on the values of

for alternatives

A, B and C are illustrated in tables (4.5), (4.6) and (4.7) respectively.
Table (4. 5): Alternative A
Media
Seawater
Clay, Well Aerated Soil
Dry Soil
Desert
Wet Soil with Stones
Table (4. 6): Alternative B
Media
Seawater
Clay, Well Aerated Soil
Dry Soil
Desert
Wet Soil with Stones

( )
4,800
10,060
7,946.6
6,707.3
12,169

( )
2,400
5,030
3,973.3
3,345
6,084.5

J( ⁄ )
0.008
0.003
0.0015
0.0004
0.006

[A]
38.4
30.2
11.92
2.7
73

J( ⁄ )
0.008
0.003
0.0015
0.0004
0.006

[A]
19.2
15.1
5.96
1.35
36.5

Table (4. 7): Alternative C
)

J( ⁄

Media

(

Seawater

960

0.008

7.7

Clay, Well Aerated Soil

2,012

0.003

6.04

Dry Soil

1,590

0.0015

2.4

Desert

1,341

0.0004

0.54

Wet Soil with Stones

2,434

0.006

14.6

)

[A]
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4.2: Anodes Calculation and Anode Ground-bed Design
4.2.1 Anode Ground-bed
Impressed-current ground-beds in soils have traditionally consisted
of high-silicon cast iron. However, mixed metal oxide (MMO) anodes are
becoming increasingly popular for all environments because of their good
mechanical and electrical characteristics and compact size. For seawater
applications and areas where chlorides are present, MMO anodes work well
as do high-silicon cast iron alloyed with chromium. Other anodes consist of
lead alloy and platinum formed in a thin layer on a titanium or niobium
base.
4.2.2 Carbonaceous Backfill
Impressed current anodes are usually surrounded by a carbonaceous
backfill. Types of materials are used include metallurgical coke and
petroleum coke. The dual purpose of the carbonaceous backfill is to reduce
the ground-bed resistance by increasing the effective size of the anode and
to provide a surface on which oxidation reactions could occur. The latter
function prolongs anode life. To ensure good electrical contact, the backfill
must be tamped around the anode. Resistivity of carbonaceous backfill is in
the range of 10 - 50 Ωcm. Particle size and shape is also important when
specifying a backfill. Both parameters determine the contact area between
anode and surrounding soil whilst influencing the porosity of the column
which is important for gas ventilation. [4.1]
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A general purpose coke breeze is for use in shallow horizontal and
vertical ground-beds. It has a resistivity of approx. (

). For deep

well applications a special calcined petroleum coke breeze is available, this
coke specification is represented in table (4.8). It has a resistivity of approx.
(

) and can be pumped. Metallurgical coke of high quality that

gives optimum performance at a low cost is available in various size ranges
and its specification is represented in table (4.9). [4.1, 4.2]
Coke backfill, prepared from calcinated petroleum coke, has been
properly developed to meet all the basic requirements for an earth contact
backfill. The carbon content, very high in calcined coke assures a low
consumption rate of the backfill material and therefore a longer system life.
[4.1]
Table (4. 8): Specification Calcined Petroleum Coke [4.1]
Ash
0.1%
Max. 0.8%
Volatile
0.6%
Max. 0.8%
Moisture
0.1%
Max. 0.5%
Fixed Carbon
99.0%
Min. 98.0%
Grading: (2 – 8)mm
Resistivity:
⁄
Bulk Density:
Table (4. 9): Specifications Metallurgical Coke [4.1]
Ash
10.0%
Max. 12.0%
Volatile
1.4%
Max. 1.8%
Sulfur
0.6%
Max. 1.0%
Moisture
0.6%
Max. 1.0%
Fixed Carbon
89.0%
Min. 86.0%
Grading: (0 – 1)mm, (1 – 5)mm, (2 – 7)mm, (3 –
10)mm
Resistivity:
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4.2.3 Anode Type and Properties
The most common anode type in underwater and underground
applications is the mixed metal oxide (MMO) coated titanium, the tubular
shape type. The dimensions and outputs of MMO anode are represented in
table (4.10). See appendix (2) for some ICCP anodes specifications.
Table (4. 10): Dimensions and Specifications of MMO Anode [4.3]
Item
Quantity
25
D[
]
500
L[
]
0.039
A[ ]
Mass [kg]
0.56
4
Typical in Carbonaceous Backfill [ ]
25
Typical in Seawater [ ]
50
Maximum Anode Current Density ( ) [
]
Life Time [Years]
20
50
Anode Cable Cross Section Area (
)[
]
4.2.4 Number of Anodes for Different Media at different Alternative
The number of anodes (

) in ICCP system can be calculated

according to the following equation. (

) depends on ( ) which can be

taken from the MMO anode in different media.
………………… (4.4)
(

) for alternatives A, B and C are illustrated in tables (4.11), (4.12)

and (4.13) respectively.
Table (4. 11): Alternative A
Media
Seawater
Clay, Well Aerated Soil
Dry Soil
Desert
Wet Soil with Stones

[A]
38.4
30.2
11.92
2.7
73

[A]
25
4
4
4
4

2
8
3
1
19
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Table (4. 12): Alternative B
Media
Seawater
Clay, Well Aerated Soil
Dry Soil
Desert
Wet Soil with Stones

[A]
19.2
15.1
5.96
1.35
36.5

Table (4. 13): Alternative C
Media
Seawater
Clay, Well Aerated Soil
Dry Soil
Desert
Wet Soil with Stones

[A]
7.7
6.04
2.4
0.54
14.6

[A]
25
4
4
4
4

[A]
25
4
4
4
4

1
4
2
1
10

1
2
1
1
4

4.3 Total Resistance Calculations
4.3.1 Total Resistance Diagram
Figure (4.1) represents the parameters of the circuit diagram. The
symbols that are represented in figure (4.1) are described in the following
list:
-

: Resistance of cables from DC power source and the pipeline

-

: Resistance of cables from DC power source and the anodes
ground-bed

-

: Resistance of cables between anodes

-

: Resistance of the pipeline metallic structure

-

: Resistance of anodes

-

: Ground-bed to earth resistance
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- The return back voltage this voltage considered as (2 V) in the
design of ICCP systems, it is the drop voltage from pipeline to the
electrolyte between the pipeline and the anodes ground-bed [1.14,
3.4]

Figure (4. 1): Total Resistance of ICCP Circuit Diagram

4.3.2 Pipeline Metallic Structure Resistance
The resistance of the metallic structure of the pipeline distribution
network (
3.4]. (

) in different media is calculated using equation (4.5) [1.14,

) is fixed for the different alternatives. (

) values are represented

in table (4.14). [1.14]
………………… (4.5)
Where: ( ) is the mass of one meter length of the pipeline which is
taken from chapter five as 40.27 kg/m and the quantity (3.3) represents the
most common quantity in measurements of (

) in different researches and

papers, this quantity is taken from the following reference [1.14].
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Table (4. 14): Pipeline Resistance
Media
Seawater
Clay, Well Aerated Soil
Dry Soil
Desert
Wet Soil with Stones

(

)[ ]
1.024
2.143
1.74
1.44
2.603

4.3.3 Anodes and ground-beds Resistances
The resistance of the carbonaceous backfill ground-bed (

) is

fixed at the quantity of (1.5 [ ]) and it used in the calculations of all
medias except the seawater media. The resistance of anodes (

) that their

numbers are calculated in (section 4.3.4) can be calculated as in the
following equation [4.4].
………………… (4.6)
Where: ( ) is the resistivity of seawater (10 [
carbonaceous backfill (50 [
[mm], (

]). (

) is the length of the anode (500)

) is the diameter of the anode (0.025) [m]. The resistance of

multiple anodes connected in parallel (
equation for calculating (
(

]) and the

) is calculated as: the general

) with different (

) values is equation (4.7).

) values for alternatives A, B and C are illustrated in tables (4.15),

(4.16) and (4.17).
………………… (4.7)
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Table (4. 15): Alternative A
Media
Seawater
Clay, Well Aerated Soil
Dry Soil
Desert
Wet Soil with Stones
Table (4. 16): Alternative B
Media
Seawater
Clay, Well Aerated Soil
Dry Soil
Desert
Wet Soil with Stones
Table (4. 17): Alternative C
Media
Seawater
Clay, Well Aerated Soil
Dry Soil
Desert
Wet Soil with Stones

2
8
3
1
19

[ ]
0.13
0.65
0.65
0.65
0.65

[ ]
0.065
0.1
0.22
0.65
0.034

[ ]
–
1.5
1.5
1.5
1.5

[ ]
0.13
0.2
0.325
0.65
0.07

[ ]

1
4
2
1
10

[ ]
0.13
0.65
0.65
0.65
0.65

1
2
1
1
4

[ ]
0.13
0.65
0.65
0.65
0.65

[ ]
0.13
0.325
0.65
0.65
0.2

–
1.5
1.5
1.5
1.5

[ ]
–
1.5
1.5
1.5
1.5

4.3.4 Cable Resistance
Connection cables have different cross sectional area and each of
them has a resistance per meter depending on its material (cables material
here is copper) and cross sectional area (

). Table (4.18) represents each

cross sectional area with its resistance of one meter length (
Table (4. 18): Cross Section Area and Its Resistivity [1.14]
[
]
(
)
16
0.00108
25
0.00069
35
0.000439
50
0.000345

).
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The resistance of cable (

) can be calculated using the following

equation, which is applied to find the values of: (

) with cable length

from DC power supply to the pipeline structure (

), (

) with

cable length from DC power supply to the anode ground-bed (
and (

) with cable length between anodes (

)

). [1.14]

……………….. (4.8)
Where: (

) is the length of cable in meters. The values of (

(

) and (

) are applied in equation (4.8) instead of the value of (

(

) and (

) are fixed with (

(

) and (

) they represented in tables (4.19) and (4.20) respectively.

),
).

) for different alternatives.

Table (4. 19):
Media
Seawater
Clay, Well Aerated Soil
Dry Soil
Desert
Wet Soil with Stones

[ ]
0.138
0.138
0.138
0.138
0.138

Table (4. 20):
Media
Seawater
Clay, Well Aerated Soil
Dry Soil
Desert
Wet Soil with Stones
(

) values with (

[ ]
0.0138
0.0138
0.0138
0.0138
0.0138
) for alternatives A, B and C are

illustrated in tables (4.21), (4.22) and (4.23) respectively.
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Table (4. 21): Alternative A
Media
Seawater
Clay, Well Aerated Soil
Dry Soil
Desert
Wet Soil with Stones

2
8
3
1
19

Table (4. 22): Alternative B
Media
Seawater
Clay, Well Aerated Soil
Dry Soil
Desert
Wet Soil with Stones
Table (4. 23): Alternative C
Media
Seawater
Clay, Well Aerated Soil
Dry Soil
Desert
Wet Soil with Stones

[ ]
0.00216
0.01512
0.00432
–
0.03888

1
4
2
1
10

[ ]
–
0.00648
0.00216
–
0.01944

1
2
1
1
4

[ ]
–
0.00108
–
–
0.00648

4.3.5 Coating Current and Resistance
Coating current (

) is a small quantity of current (

for FBE coating type) which can improve more protection to the pipeline
coating [1.14, 5.7 and 6.5]. (
depending on (

) can be calculated as in equation (4.10)

) and the protected area of the pipeline (

be calculated as in equation (4.9). [1.14, 5.7 and 6.4]
……………….. (4.9)
……………….. (4.10)

) which can
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The values of (

) and (

) for alternatives A, B and C are

illustrated in tables (4.24), (4.25) and (4.26) respectively.
Table (4. 24): Alternative A
Media
Seawater
Clay, Well Aerated Soil
Dry Soil
Desert
Wet Soil with Stones
Table (4. 25): Alternative B
Media
Seawater
Clay, Well Aerated Soil
Dry Soil
Desert
Wet Soil with Stones
Table (4. 26): Alternative C
Media
Seawater
Clay, Well Aerated Soil
Dry Soil
Desert
Wet Soil with Stones
The coating resistance (

A[ ]
48,000
100,601
79,466
67,073
121,690

A[ ]
48,000
100,601
79,466
67,073
121,690

A[ ]
48,000
100,601
79,466
67,073
121,690

[ ]
43,200
90,541
71,520
60,366
109,521

[ ]
45,600
95,571
75,493
63,720
115,606

[ ]
47,040
98,589
77,877
65,732
119,257

[A]
0.22
0.5
0.36
0.302
0.55

[A]
0.23
0.48
0.38
0.32
0.58

[A]
0.24
0.5
0.4
0.33
0.6

) can be calculated as in the following

equation depending on the return back voltage (

) quantity which is

equal to 2 V [1.14, 3.4 and 4.4].
……………….. (4.11)
(

) values in different media for alternatives A, B and C are

illustrated in tables (4.27), (4.28) and (4.29) respectively.
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Table (4. 27): Alternative A
Media
Seawater
Clay, Well Aerated Soil
Dry Soil
Desert
Wet Soil with Stones

[A]
0.22
0.5
0.36
0.302
0.55

[ ]
9.1
4
5.56
6.623
3.64

Table (4. 28): Alternative B
Media
Seawater
Clay, Well Aerated Soil
Dry Soil
Desert
Wet Soil with Stones

[A]
0.23
0.48
0.38
0.32
0.58

[ ]
8.7
4.2
5.3
6.25
3.45

Table (4. 29): Alternative C
Media
Seawater
Clay, Well Aerated Soil
Dry Soil
Desert
Wet Soil with Stones

[A]
24
30.2
11.92
2.7
73

[ ]
8.33
4
5
6.1
3.33

4.4 Total Required Voltage
The required voltage (

) from the DC power supply to deliver the

ICCP system by energy to improve corrosion protection is calculated as in
the following equation. Equation (4.12) depends on the previous calculated
data in this chapter for resistances and current. (

) values in different

media for alternatives A, B and C are illustrated in tables (4.30), (4.31) and
(4.32) respectively. [1.14, 3.4 and 4.4]
……………….. (4.12)
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Where: (
summation of (

) is the summation of (
), (

) and (

Table (4. 30): Alternative A
Media
[A]
Seawater
38.4
Clay, Well Aerated
30.2
Soil
Dry Soil
11.92
Desert
2.7
Wet Soil with Stones
73
Table (4. 31): Alternative B
Media
[A]
Seawater
19.2
Clay, Well Aerated
15.1
Soil
Dry Soil
5.96
Desert
1.35
Wet Soil with Stones 36.5
Table (4. 32): Alternative C
Media
[A]
Seawater
7.7
Clay, Well Aerated
6.04
Soil
Dry Soil
2.4
Desert
0.54
Wet Soil with
14.6
Stones

) and (

), (

) is the

).

[ ]
1.024
2.143
1.74
1.44
2.603

[ ]
1.024
2.143
1.74
1.44
2.603

[ ]
0.13
1.6

[ ]
0.2168
0.16

[V]
54.7
120

1.72
2.15
1.534

0.154
0.152
0.172

45.1
12.1
316.56

[ ]
0.13
1.7

[ ]
0.152
0.16

[V]
27
62.45

1.825
2.15
1.57

0.153
0.152
0.162

24.16
7.052
160.23

[V]
12
27

[ ]
1.024
2.143

[ ]
0.13
1.825

[ ]
0.152
0.153

1.74
1.44
2.603

2.15
2.15
0.2

0.152
0.152
0.16

12
4.02
45.3

4.5 PV Generator Calculation
ICCP system needs an external current source, the PV generator is
been used as a current source for the ICCP system. The PV station is
constructed in one place per each section of PDN which means that each
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media has PV station and the station is including the anodes and batteries in
the same place of PV station.
4.5.1 Required Power and Energy for ICCP System
The required power (

) for ICCP system can be calculated as in

equation (4.13) and the required energy (
equation (4.14). (

) and (

) for one day is calculated as in

) values in different media for alternatives A,

B and C are illustrated in tables (4.33), (4.34) and (4.35) respectively.
[2.17]
……………….. (4.13)
……………….. (4.14)
Table (4. 33): Alternative A
Media

[A]

[V]

[ ]

[

]

Seawater

38.4

54.7

2,100

50,400

Clay, Well Aerated Soil

30.2

120

3,624

86,976

Dry Soil

11.92

45.1

537.592

12,902

Desert

2.7

12.1

32.67

784

Wet Soil with Stones

73

316.56

23,108.88

554,613

[A]
19.2
15.1
5.96
1.35
36.5

[V]
27
62.45
24.16
7.052
160.23

Table (4. 34): Alternative B
Media
Seawater
Clay, Well Aerated Soil
Dry Soil
Desert
Wet Soil with Stones

[ ]
518
942.995
143.9936
9.5202
5,848.395

[
]
12,432
22,632
3,456
228.5
140,362
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Table (4. 35): Alternative C
Media
[A]
Seawater
7.7
Clay, Well Aerated
Soil
Dry Soil
Desert
Wet Soil with Stones

[V]
12

[ ]
92

[
]
2,208

6.04

27

163.08

3,914

2.4
0.54
14.6

12
4.02
45.3

28.8
2.1708
661.38

691
52.1
15,873

4.5.2 Required Power from PV Generator
The required power from PV generator (
the following equation. (

) can be calculated as in

) values in different media for alternatives A, B

and C are illustrated in tables (4.36), (4.37) and (4.38) respectively. [2.17]

⁄

Where: (

……………….. (4.15)

) is the DC – DC converter efficiency which is (90%).

Table (4. 36): Alternative A
Media
Seawater
Clay, Well Aerated Soil
Dry Soil
Desert
Wet Soil with Stones
Table (4. 37): Alternative B
Media
Seawater
Clay, Well Aerated
Soil
Dry Soil
Desert
Wet Soil with Stones

[
]
50,400
86,976
12,902
784
554,613

[ ]
11,926
20,581
3,053
186
131,236

[
]
12,432
22,632

[ ]
2,942
5,355

3,456
228.5
140,362

818
54
33,213
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Table (4. 38): Alternative C
Media
Seawater
Clay, Well Aerated
Soil
Dry Soil
Desert
Wet Soil with Stones

[
]
2,208
3,914
691
52.1
15,873

[ ]
523
926
164
12
3,756

4.5.3 Number of Modules
The number of modules (

) is calculated in equation (4.16)

depending on the peak power of one module (
(

) which is taken here as

), this value referred to SCHOTT PV modules, the IV –

Characteristic of SCHOTT module and module’s specifications are
represented in table (4.39). See appendix (3) for datasheet of 240 and 50
Watt PV modules. (

) values in different media for alternatives A, B and

C are illustrated in tables (4.40), (4.41) and (4.42) respectively. [2.17]
……………….. (4.16)
Table (4. 39): SCHOTT Poly Crystalline Module Datasheet [4.5]
Item
Quantity
240
30.4
7.9
37.3
8.52
Table (4. 40): Alternative A
Media
Seawater
Clay, Well Aerated Soil
Dry Soil
Desert
Wet Soil with Stones

[ ]
11,926
20,581
3,053
186
131,236

50
86
13
1
547
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Table (4. 41): Alternative B
Media
Seawater
Clay, Well Aerated
Soil
Dry Soil
Desert
Wet Soil with Stones
Table (4. 42): Alternative C
Media
Seawater
Clay, Well Aerated
Soil
Dry Soil
Desert
Wet Soil with Stones

[ ]
2,942
5,355

14
23

818
54
33,213

4
1
139

[ ]
523

3

926

4

164
12
3,756

1
1 (50W)
16

4.5.4 PV Modules Distribution
In order to distribute PV modules, it must be considered that the
batteries design depends on the nominal (
nominal open circuit voltage (

) for battery banks. The

) necessary to charge the battery at

STC can be considered as in the following equation. [2.17]
……………….. (4.17)
The proper distribution of PV modules (the calculated number of PV
modules could be edited in order to have the best design of PV system) for
alternatives A, B and C are illustrated in tables (4.43), (4.44) and (4.45)
respectively. The short name (
and (

) represent number of PV module strings

) represents the number of modules in one string.
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Table (4. 43): Alternative A
Media
Seawater
Clay, Well Aerated Soil
Dry Soil
Desert
Wet Soil with Stones

50
90
15
1
560

Table (4. 44): Alternative B
Media
Seawater
Clay, Well Aerated Soil
Dry Soil
Desert
Wet Soil with Stones
Table (4. 45): Alternative C
Media
Seawater
Clay, Well Aerated Soil
Dry Soil
Desert
Wet Soil with Stones

14
24
4
1
144

3
4
1
1
18

10
15
5
1
35

7
8
2
1
18

5
6
3
1
16

2
3
2
1
8

3
2
1
1
6

1
2
1
1
3

4.6 Battery Storage System Calculation
The required ampere hour capacity (
calculated as in equation (4.18). (

) of batteries can be

) values depend on the DOD of the

battery (0.85) and its average (Ah–efficiency = 78%). (

) values in

different media for alternatives A, B and C are illustrated in tables (4.46),
(4.47) and (4.48) respectively. [2.17]
……………….. (4.18)
Where: (

) is the battery bank voltage.
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Table (4. 46): Alternative A
Media
Seawater
Clay, Well Aerated Soil
Dry Soil
Desert
Wet Soil with Stones
Table (4. 47): Alternative B
Media
Seawater
Clay, Well Aerated
Soil
Dry Soil
Desert
Wet Soil with Stones

[
]
50,400
86,976
12,902
784
554,613

[
]
12,432
22,632
3,456
228.5
140,362

Table (4. 48): Alternative C
Media
Seawater
Clay, Well Aerated
Soil
Dry Soil
Desert
Wet Soil with Stones

[ ]
2,112
729
406
99
2,614

[ ]
521
267
109
29
1,307

[
]
2,208

[ ]
278

3,914

211

691
52.1
15,873

22
7
521

4.6.1 Batteries Number and Ratings
The number of batteries (

) in different media for alternatives A, B

and C are calculated depending on the following equation – always correct
(

) to nearest greater number– and they are illustrated in tables (4.49),

(4.50) and (4.51). In the previous tables: (
strings) and (

) to (number of battery

) to (number of batteries in one string). [2.17]
(

)

………………… (4.19)
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Where: (

) is standard capacity that can be discharged in ten

hours which is given from batteries datasheet. [4.6]
Table (4. 49): Alternative A
Media

[

Seawater
Clay, Well Aerated Soil
Dry Soil
Desert
Wet Soil with Stones
Table (4. 50): Alternative B
Media

]
[
]
2/3,415 18
2/3,415 60
2/820
24
12/52
1
2/3,415 160

2,112
729
406
99
2,614

[

Seawater
Clay, Well Aerated Soil
Dry Soil
Desert
Wet Soil with Stones

521
267
109
29
1,307

Table (4. 51): Alternative C
Media

[

1
18
2 120
1
24
1
1
10 1,600

]
[
]
2/1,009
2/273
2/220
12/52
2/3,415

14
64
24
1
81

1
1
1
1
3

14
64
24
1
405

]
[

]

Seawater

278

2/325

6

1

6

Clay, Well Aerated
Soil
Dry Soil
Desert
Wet Soil with Stones

211

2/273

14

1

14

22
7
521

12/52
12/52
2/1,009

1
1
23

1
1
1

1
1
23
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4.7 PV System Diagram
The diagrams will be for the wet soil with stones environment. The
diagrams for alternatives A, B and C are illustrated in figures (4.3), (4.4)
and (4.5) respectively.

Figure (4. 2): PV System Diagram for Alternative A
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Figure (4. 3): PV System Diagram for Alternative B

Figure (4. 4): PV System Diagram for Alternative C

4.8 Simulation of PV powered ICCP System for PDN
4.8.1 General System Description
In this section, the blocks are representing the equivalent of each part
of the ICCP system depending on the equation and standards in previous
sections. See the following figures (4.5) to (4.23).
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Figure (4. 5): General System Block
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Figure (4. 6): Pipeline Distribution Network Block

Figure (4. 7): Internal Blocks in Pipeline Distribution Network Block
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Figure (4. 8): Seawater Media Block

Figure (4. 9): Clay, Well Aerated Soil Media Block

Figure (4. 10): Dry Soil Media Block
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Figure (4. 11): Desert Media Block

Figure (4. 12): Wet Soil with Stones Media Block
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Figure (4. 13): General Anodes Blocks

Figure (4. 14): Anode and Ground-bed Resistance Block

Figure (4. 15): Number of Anodes Block
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Figure (4. 16): Cables Resistance Block

Figure (4. 17): PV Module Block
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Figure (4. 18): Inside One PV Module Block

Figure (4. 19): Components of PV Module Block
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Figure (4. 20): Ratings and Number of PV Block

Figure (4. 21): Number of PV Modules Block

89

Figure (4. 22): Ampere Hour Capacity of Battery Block

Figure (4. 23): Inside Ampere Hour Capacity Block
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4.8.2 Current, Voltage, Power and Energy Measurement Blocks

Figure (4. 24): General Measurement Blocks

Figure (4. 25): Inside Current and Voltage Measurement Block

91

Figure (4. 26): Inside Power and Energy Block

4.8.3 Simulation Results
The results of the simulation are taken according to the first
alternative which is at %90 coating efficiency.
4.8.3.1 Corrosion Current Quantities

Figure (4. 27): Current Quantities in Amperes
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4.8.3.2 Number of Anodes

Figure (4. 28): Number of Anodes

4.8.3.3 Total Resistance Quantities

Figure (4. 29): Total Resistances Quantities in Ohms
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4.8.3.4 Total Required Current, Voltage, Power and Energy Quantities

Figure (4. 30): The Required I, V, P and E Quantities in [A], [V], [W] and [Wh]
respectively (Symbol e+04 represents 10000 in Matlab)

4.8.3.5 PV Modules Quantities

Figure (4. 31): Number of PV Modules
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4.8.3.6 Batteries Ampere Hour Quantities

Figure (4. 32): Ampere Hour Capacity [Ah]
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Chapter Five
Economic Study of PV powered ICCP System for
Pipeline Distribution Network
The economic study in this chapter is depending on comparison
between the costs of rehabilitation and the PV powered ICCP system. The
rehabilitation cost is taken from different references from USA, Canada
and Germany. The ICCP system components costs are taken from different
selling websites and manufacturing companies.
In this chapter, the economic study is started with calculating the
cost of rehabilitation of the pipeline distribution network in different media.
Then, the cost of ICCP anodes and ground-beds are calculated, in addition
to the cost of PV system components. All of previous costs are calculated
in different media for the three alternatives. After the calculations, cash
flows are done and the net cost that represents the saving of using the PV
powered ICCP system in protection of the pipeline distribution network is
performed.
5.1 Life Time Analysis
The life time of each part of the pipeline rehabilitation, PV and ICCP
systems is very important in the economic study in order to have a proper
estimation of feasibility of rehabilitation and PV powered ICCP system.
[5.1 – 5.7]
- Pipelines Recoating Life Cycle: the life time is 30 years. But for
warranty the calculation will be on 20 years
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- Anodes Life Cycle: the life time is 20 years
- PV Modules Life Cycle: the life time is from 20 to 25 years. But for
warranty the calculation will be on 20 years
- Batteries Life Cycle: the life time is 10 years. But the calculation will
depend on 20 years life time, so the batteries will be doubled
5.2 Interest Rate
There are many interest rates for cash flow analysis, but in this case
study the interest rate that will be used is (8%). The interest rate table is
represented in Appendix (5).
5.3 Capital Cost Analysis
5.3.1 Capital Cost of Rehabilitation of Pipeline Distribution Network
The rehabilitation process of pipeline includes; moving the pipelines
out from sea and ground, removing the old coating layer, cleaning,
recoating and re-installing the pipes into sea and ground. The average
capital cost for rehabilitation of one meter length and 0.62 meter diameter
of pipeline is $100/m to $250/m. [5.1 – 5.7]
In the case study situation the cost that will be taken is $250/m with
0.62 meter diameter, but here the diameter is 0.305 meter, so the cost per
meter (

) is $123/m. The total capital cost (

) of rehabilitation for the

total length (L) of the pipeline distribution network will be as in the
following equation:
……………. (5.1)
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Depending on the surface area of the pipeline distribution network
(A), the cost of rehabilitation per square meter (

) is calculated as in

the following equation:
……………… (5.2)
The rehabilitation costs (

) of the pipeline distribution network for

alternatives A, B and C are (

), (

) and (

) respectively, they

are illustrated in table (5.1). The rehabilitation costs of alternatives are
calculated depending on the following equations [5.1 – 5.6]:
……………… (5.3)
……………… (5.4)
……………… (5.5)
Table (5. 1): Rehabilitation Cost
Alternative
A
B
C

[$]
5,376,493
2,688,311
1,075,350

5.3.2 Capital Cost of Impressed Current Anodes and Ground-bed
The cost of anode (

) and the cost of the ground-bed (

) is

taken from different sources, but they have very large difference in cost, so
an average approximated cost is taken as follows:
- (
- (

) = $300 for one anode. [5.10]
) = $2,400 for ground-bed. [5.10]
The costs of anodes and ground-beds in different media for
alternatives A, B and C are illustrated in tables (5.2), (5.3) and (5.4).
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The ground-bed is not used in seawater media. Where: (

) is the

anodes cost.
Table (5. 2): Alternative A
Environment
Seawater
Clay, Well Aerated Soil
Dry Soil
Desert
Wet Soil with Stones
Total (

[$]
[$]
2
300
600
8
300
2,400
3
300
900
1
300
300
19
300
5,700
) = $19,500

Table (5. 3): Alternative B
Environment
[$]
[$]
Seawater
1
300
300
Clay, Well Aerated Soil
4
300
1,200
Dry Soil
2
300
600
Desert
1
300
300
Wet Soil with Stones
10
300
3,000
Total (
) = $15,000
Table (5. 4): Alternative C
Environment
Seawater
Clay, Well Aerated Soil
Dry Soil
Desert
Wet Soil with Stones
Total (

1
2
1
1
4

[$]
300
300
300
300
300
) = $12,300

[$]
300
600
300
300
1,200

[$]
0
2,400
2,400
2,400
2,400

[$]
0
2,400
2,400
2,400
2,400

[$]
0
2,400
2,400
2,400
2,400
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5.3.3 Capital Cost of PV Generator
The capital cost of PV generator (

) is calculated depending on the

following equation which uses $1 per watt peak [2.17, 5.10]. (
alternatives A, B and C are represented in tables (5.5), (5.6) and (5.7).
……………. (5.6)
Table (5. 5): Alternative A
Environment
Seawater
Clay, Well Aerated Soil
Dry Soil
Desert
Wet Soil with Stones
Total (

[ ]
12,000
21,600
3,600
240
134,400
)= $171,840

[ ]
12,000
21,600
3,600
240
134,400

Table (5. 6): Alternative B
Environment
Seawater
Clay, Well Aerated Soil
Dry Soil
Desert
Wet Soil with Stones
Total (

[ ]
3,360
5,760
960
240
34,560
)= $44,880

[ ]
3,360
5,760
960
240
34,560

Table (5. 7): Alternative C
Environment
[ ]
Seawater
720
Clay, Well
960
Aerated Soil
Dry Soil
240
Desert
50
Wet Soil
4,320
with Stones
Total (
)= $6,290

[ ]
720
960
240
50
4,320

) for
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5.3.4 Capital Cost of Batteries
The capital cost of one battery (

) for each capacity rating is

represented in table (5.11). The life time of the battery is 10 years, but for
life time of 20 years the cost of battery is doubled. The costs of batteries in
different media for alternatives A, B and C are illustrated in tables (5.12),
(5.13) and (5.14). See batteries ratings in appendix (4).
Table (5. 8): Battery Cost [5.9, 5.10]
[ ]
2/1,411
2/3,415
2/820
12/52
12/65
2/325
2/1,751
2/220
2/273
2/1,009
Table (5. 9): Alternative A
Environment
Seawater
18
Clay, Well Aerated Soil 60
Dry Soil
24
Desert
1
Wet Soil with Stones
160
Total (
Table (5. 10): Alternative B
Environment
Seawater
14
Clay, Well Aerated
64
Soil
Dry Soil
24
Desert
1
Wet Soil with Stones
81
Total (

[$]
673
2,700
500
165
165
250
2,500
250
250
673

[
]
2/3,415
2/3,415
2/820
12/52
2/3,415
) = $1,201,530

[
]
2/1,009
2/1,751
2/220
12/52
2/3,415
) = $788,574

[$]
5,400
5,400
1,000
330
5,400

[$]
97,200
234,000
24,000
330
864,000

[$]
1,346
5,000

[$]
18,844
320,000

500
330
5,400

12,000
330
437,400
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Table (5. 11): Alternative C
Environment
Seawater
6
Clay, Well Aerated
Soil
Dry Soil
Desert
Wet Soil with Stones

14
1
1
23
Total (

[
2/325

]

[$]
500

[$]
3,000

2/273

500

7,000

12/52
12/52
2/1,009
) = $41,618

330
330
1,346

330
330
30,958

5.3.5 Capital Cost Conclusion
The conclusion of all capital costs are represented as ICCP system
capital cost (

) and rehabilitation capital cost (

) in the following

table.

Table (5. 12): Capital Cost Conclusion
Alternative
[$]
A
5,376,493
B
2,688,311
C
1,075,350

[$]
1,392,870
848,454
60,208

5.4 Annual Cost Analysis
The annual cost analysis is depending on 20 years life time and 8%
interest rate. The annual cost of rehabilitation (
ICCP System (

) and the annual cost of

) are calculated according to the following

equations.
…………….. (5.7)
…………….. (5.8)
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Where: (

) is taken from interest tables for 20 years life time

and its equals (0.1019) [5.8]. (

) and (

) are represented in table

(5.13). The costs of ICCP and rehabilitation are representing in cash flow
diagrams in figures (5.1), (5.2), (5.3) for alternatives A, B and C
respectively.

Figure (5. 1): Cost Cash Flow for Alternative (A)
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Figure (5. 2): Cost Cash Flow for Alternative (B)

Figure (5. 3): Cost Cash Flow for Alternative (C)
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Table (5. 13): Annual Cost
Alternative
[$]
A
B
C

[$]

5,376,493 1,392,870
2,688,311 848,454
1,075,350 60,208

0.1019

[$]/year
547,865
273,939
109,578

[$]/year
141,933
86,460
6,135

5.5 Saving Calculation
The annual saving (

) is calculated according to the

following equation [5.8]:
……………… (5.9)
The present saving for 20 years (

) is calculated according

to the following equation [5.8]:
……………… (5.10)
Where (
its equals (9.818). (

) is taken from interest table of 8% interest rate and
) and (

) for each alternative are

represented in table (5.14). The cash flow diagrams of annual and present
saving for alternatives A, B and C are illustrated in figures (5.4), (5.5) and
(5.6).
Table (5. 14): Cash Flow Data
Alternative
[$]
[$]/year
A
547,865 141,933
B
273,939
86,460
C
109,578
6,135

[$]/year
405,932
187,479
103,443

9.818

3,985,440
1,840,670
1,015,603
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Figure (5. 4): Saving Cash Flow for Alternative (A)

Figure (5. 5): Saving Cash Flow for Alternative (B)
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Figure (5. 6): Saving Cash Flow for Alternative (C)
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Chapter Six
Discussion of the Results
The performed study and analysis have given the following results:
1. Using of cathodic protection technology is more appropriate for
providing protection for the pipeline distribution network due to the
difficulty of rehabilitation of the pipelines through digging,
extracting, cleaning, recoating, re-piping and burying.
2. Using of solar PV electrical energy to supply the ICCP system is
recommended due to the existing high solar energy potential in
Palestine amounting to (

⁄

).

3. The economic analysis shows that the saving from rehabilitation cost
in alternative A is $3,985,440 from $5,371,493, for alternative B is
$1,840,670 from $2,688,311 and for alternative C is $1,015,603
from $1,075,350
The economic analysis shows the savings are representing a
percentage of 74.2%, 68.47% and 94.44% of the rehabilitation cost for
alternatives A, B and C respectively. The high percentage of saving mean
that using PV powered ICCP system instead of rehabilitation of the
pipelines is more feasible.
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Chapter Seven
Conclusion and Recommendations
7.1 Conclusion
Corrosion is very danger to the metallic structures (pipelines as a
case study) due to its damage which destruct the metallic structure and
make it out of service. Applying the cathodic protection (CP) technology
for protection of pipeline distribution networks is recommended due to the
cost and the difficulty of the rehabilitation of the pipelines.
The thesis shows that using solar photovoltaic (PV) energy to supply
impressed current cathodic protection (ICCP) systems for Submarine and
underground pipeline distribution network in Palestine is feasible. The
design deals with three alternatives depending on the percentage of
protected surface area, the alternative A, B and C represent 90%, 95% and
98% respectively.
The economic analysis shows that the saving for the three
alternatives A, B and C are $3,985,440, $1,840,670, and $1,015,603
respectively and there percentages from the rehabilitation cost are 74.2%,
68.47% and 94.44% for alternatives A, B and C respectively.
7.2 Recommendations
1. Performing ICCP projects in Palestine (within B.sc graduation projects,
M.Sc. thesis or Ph.D. thesis), where practical measurements of the
current density and resistances of the different media have to be carried
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out. Further mathematical analysis considering the obtained measuring
results are required.
2. Implementation of studies about protection of different metallic
structures as: storage tanks, bridges, ships, high voltage transmission
line towers, etc...
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Appendices
Appendix (1): Carbon Steel Pipeline API Tables
The represented data in this section is taken from: “Standard Pipe
and Line Pipe, USS Company, U. S. Steel Tubular Products”.
Disclaimer
All material contained in this publication is for general information
only. thismaterial should not, therefore, be used or relied upon for any
specific

application

without

independent

competent

professional

examination and verification of its accuracy, suitability and applicability.
anyone making use of the material does so at their own risk and assumes
any and all liability resulting from such use. U. S. Steel tubular Products
disclaims any and all expressed or implied warranties of merchantability
and/or fitness for any general or particular purpose.
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Appendix (2): Different Impressed Current Anodes Properties
The represented data in this section is taken from: “Impressed Current
Cathodic Protection, Section Two, Cathodic Protection Co. Limited,
Venture Way, Grantham, Lincs NG31 7XS UK. Tel: +44 (0)1476 590666
Fax:

+44

(0)1476

570605,

Email:

cpc@cathodic.co.uk

Website:

www.cathodic.co.uk, Registered Office: Minalloy House, Regent Street,
Sheffield S1 3NJ, UK VAT No.116 8408 71, Reg’d in England No.
478098”
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Appendix (3): 240 W and 50 W PV Modules Datasheets
Datasheet of 240 W Module
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Datasheet of 50 W Module
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Appendix (4): Classic Solar Batteries Datasheet
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Appendix (5): 8% Interest Rate Table

5102

