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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



3
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]



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 pipeline-
route 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]



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: 699,020 m?
Resistivity: 8,000 Q.m

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]:

e The mass of the backfill is 14.4 tons and the numbers of anodes is 5

e The number of modules is acceptable; 10 modules with 14 batteries

e The output voltage is 24 V

e 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.



.
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 Quantity
Soil Moisture 70%
Soil Temperature [°C] 35
Average Soil Resistivity [Q. cm] 1200
Soil pH 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 [m?]

A selection of mixed metal oxide (MMO) coated titanium (150,
2.5x50) 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 Quantity
Minimum Required Current by System [A] 7.867
Number of Required Anodes 5
Pipe Resistance [Q] 0.765
Coating Resistance [] 0.51
Cable Resistance [Q] 0.17
Ground-bed Resistance [Q] 1.52
Voltage Required by System [V] 48
Power Required by System [W] 755
System Lifetime [years] 32
Number of PV Modules 42
Output Voltage [V] 52.2
Output Current [A] 40.04
Output Power [W] 2102
Number of Batteries 4in 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 18" 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" 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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Sacrificial

Anode

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 (MMOQO) 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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DC Power Supply

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 Benefits and Features
- No independent current source | - Need external power source
- Limited effects on neighbor - Adjusted manually or
structures automatically
- Self-adjusting - Anodes are very compact
- Simple to install - Can effects other structures
- No damage due to wrong - Damage possibility due to
installation 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]:

Fe » Fe?" +2e™.................... (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]:

2H  +2e” > Hyooooiiiinn . (2.2)

20" +4e” 5 0p.iiniiiiinn (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]
- Solil

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 base-
forming 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 H* 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].



21

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

Electrons Movement

+ve lons Movement

-ve Jlons Movement

Electrolyte (Salt Water)

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]

2H,0 > 4H " + 0, +4e ..., (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]

0, +2H,0 +4e~ - 40H .................... (2.5)



Figure (2. 5): Reduction Reaction at the Cathode/Electrolyte Interface

2.2.4.4 Electrons and lons 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:H*, Fe?*) 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 (gE) 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 g is negative. E is uniform when neither its
magnitude nor its direction changes from one point to another. The unit of
E is (V.m™1). Figure (2.6) represents the movement of electrons and ions

in the electrolyte. [2.9]

Where:e the permittivity is r is the distance from charge (or the
center of sphere) and the electric field is in a radial direction, and q is the

electric charge. [2.9]

For positive ions [3.3]:
F=+416x10"xE..................... (2.8)

For negative ions [3.3]:
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F=—-16x10"Y%E..................... (2.9)

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

2.2.4.5 Rust Formation
Hydroxide ions (OH~) appear in water as the hydrogen ion
concentration falls. They react with the iron (11) ions to produce insoluble
iron (11) hydroxide, (Fe(OH),), as in the following equation [2.3]:
Fe?t +20H™ > Fe(OH)y.......c.coen... (2.10)
Iron (1) ions also react with hydrogen ions and oxygen to produce
iron (I11) ions, as in the following equation [2.3]:
Fe?* + 4H* + 0, > 4Fe3* + H,0..................... (2.11)
Iron (111) ions react with hydroxide ions to produce hydrated iron
(1) oxide (also known as iron (lll) hydroxide), as in the following
equation [2.3]:
Fe3t* +30H™ » Fe(OH)z..................... (2.12)
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Iron (111) hydroxide dried to make plain (I11) oxide (Fe,05), 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).



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 (Zn),
aluminum (Al) or magnesium (M g), 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]:

Al> ABY +3e ... (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 (g/cm?)
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).



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 (g.cm™3) | Anode Current Density (4. m™?2)
Maximum Average
Graphite 1.6t02.1 50 to 150 10 to 50
Magnetite 5.2 - 90 to 100
High-Silicon Iron 7.0t07.2 300 10 to 50
Lead Silver alloy 11.0to 11.2 300 50 to 200
Lead-Platinum 11.0t011.2 300 100 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).



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% 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 6", 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]
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2.3.3 PV Module
Figure (2.11) represents the PV module diagram and figure (2.12)

represents the PV cell, module and array.

A typical module has 36 cells connected in series

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

Cell

Module

Array

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
(1000 W /m?), the reference air mass equal 1.5, and module junction

temperature should be of 25°C [2.16].

2.3.3.2 PV Module Parameters
The main parameters that characterize a PV module are [2.17]:

1- Open Circuit Voltage (Vy¢): 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 (Ig¢): 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 (Pypp): The point where the power supplied
by the module is at maximum value. The maximum power point of a

module is measured in watts [W] or peak watts [WW,]. Typical value

of: Vi axeand I, q.are a bit smaller than Vycand Ig..
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4- STC:

(T,en; = 25°C,G = 1000 W /m?, Airmass = 1.5 and V,;,q <

2m/s)

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].

Rs

—
I

In ({}) {} In IS“{} R RL%‘JVL

_|_

|

Figure (2. 13): PV Module Equivalent Circuit Diagram ; Rg,: Shunt Resistance, R;:
Series Resistance, I,,,: Photon Current, I,: Diode Current, I¢,: Shunt Current, I;: Load

Current and V;: Load Voltage [2.17]

IL =Iph_ID_ISh ..................... (214)

[Q(V+Rsls)]
I, = Ly — Iy (e akT | — 1) g, (2.15)

Where:
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- A ldeality factor=1-2
- K: Boltzmann Constant; 1.38x10~23 W—KS

o

- I,: Saturation Current

- T: Cell Temperature in Kelvin

V. = Ronlsn — Vi, R 3 Rgvovonvoeoain (2.16)

When applying open and short circuit tests as follows [2.17]:

- At open circuit test of module: I, = 0.

1n(’;’—0") =Ly, =Aqﬂ1n(”’—h) ..................... (2.17)

- Atshort circuit test of module; V;, = 0, Vg = Vg, I}, = I = I

Then the IV characteristic curve will be as in figure (2.14):

3.0 " .
Isc_, Short Circuit Current Maximum Power Point
........................................... Vmp & Imp
2.5 .
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0.0::::::::::::::::é:::::::
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Figure (2. 14): IV-Characteristic Curve [2.18]
From IV characteristic curve some factors can be calculated as

follows [2.17]:

. . Vm Im
n(Efficiency) = ﬁ ..................... (2.18)



39
FF(Fill Factor) = 2eptmee (2.19)

OCISC

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; V,. = 0.6 — 0.62 Volts
- Short Circuit Current; I,. = 3.4 A/100cm?

% 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; V,. = 0.55 — 0.58 Volts
- Short Circuit Current; I, = 2.6 — 3.1 A/100cm?

% 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 (CdTe) are produced. The
efficiency of this type varies approximately in the range from 2% —
10%

- Open Circuit Voltage; V,. = 0.65 — 0.78 Volts



40
- Short Circuit Current; I,, =1 —2A4/100cm? [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).
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IRRADIANCE: AM1.5, 1000w/ m~

Figure (2. 15): Effect of Temperature on IV-Characteristic Curve [2.18]
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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 2.3 mV per 1°C increased
in the solar cell temperature.
The solar cell temperature T, can be found by the following equation

[2.19]:

NOCT-20
)+6
800

Te = Tamp + (
Where:
T mp: Ambient temperature in °C
G: Solar radiation (W /m?)
NOCT: Normal operating cell temperature at (solar radiation
[800 W /m?], spectral distribution of AM1.5, ambient temperature 25°C
and wind speed [> 1m/s]) [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]:

I, = I.(at 1000 W /m?) = (G(in W /m?)/1000).........cevveeren.
(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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Pout—pv = Prepy ¥ (G/Grep) * [1+ Kr(Te = Tref)]eeoovvvneneennnn. (2.22)
Where:
P,..:—py: Output power from the PV cell
P,._py: Rated power at reference conditions
Gyes: Solar radiation at reference conditions (G,.r = 1000 W /m?)
K;: Temperature coefficient of maximum power (K; = —3.7x103/°C) for
mono and poly crystalline silicon
Tc: Cell temperature
Tyef: Cell temperature at reference conditions (T,.r = 25°C)

The following equation can be used to calculate the cell temperature
approximately if the NOCT is not given by the manufacturer [2.17]:

Te=Tymp +0.0256 % G.ooovevveeeennn (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 (8) 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]:

- B =L + 20° During winter season

- B = L During spring and autumn season

- B =L — 10° 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 (32°). [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 (a — Si: H) module, and a module of First Solar based on cadmium
telluride (CdTe) 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 FS-
50
Cell Type Mono c-Si CIS a—Si:H CdTe
Prax [Wp] 50 40 50 52
Vipp[V] 15.9 16.6 16.5 63
Iypp[A] 3.15 2.2 3.03 0.82
VoclV] 19.8 23.3 23 88
Isc[A] 3.4 2.68 3.65 0.95
Cells/Module 33 40 36 96
Dimensions 1219x329 1293x328 952x920 1200x600
[mm]
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Table (2. 5): Different Cells Efficiencies [2.17]

PV Module Type

Efficiency

Mono Crystalline Silicon

12.5% to 15%

Poly Crystalline Silicon

11% to 14%

Copper Indium Gallium Selenide (CIGS)

10% to 13%

Cadmium Telluride (CdTe)

9% to 12%

Amorphous Silicon (a-Si)

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 (1.5°C to 50°C)
- Self-discharge rate

- Permissible depth of discharge (DOD) up to 80%

- Capacity ampere hour (Ah) at 10 hour & 100 hour rates (C;,&C; o)

- 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 (NiCd) Batteries
There are two types of NiCd batteries represented as follows:

- Sintered plate (NiCd) 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 NiCd batteries are not therefore attractive
for use in PV systems.

- Pocket plate NiCd 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 NiCd
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°C to 50°C -40°C to 45°C

2.3.5 Solar Radiation in Palestine

Palestine is located between ([34°20" —35°30']East and [31°10' —
32°30"|North). 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°C to 25°C)
and (51% to 83%) respectively. Palestine has about 3000 sun shine hours
per year. The annual solar radiation on horizontal surface varies from
(2.63kWh/m?) daily in December to (8.4kWh/m?) daily in June [RCA].
See figure (2.17). [2.17]

Palestine has an average solar radiation of (5.4Wh/m?) 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 Monthly Average Radiation (kWh/m?.day)
January 2.89
February 3.25

March 5.23

April 6.25

May 7.56
June 8.25
July 8.17
August 8.1
September 6.3
October 4.7
November 3.56
December 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./? 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 kmindry soil

- 127 km in wet soil with stones


https://en.wikipedia.org/wiki/Palestinian_National_Authority
https://en.wikipedia.org/wiki/Gaza_Marine#cite_note-choss-2
https://en.wikipedia.org/wiki/Yasser_Arafat
https://en.wikipedia.org/wiki/British_Gas
https://en.wikipedia.org/wiki/Oil_field
https://en.wikipedia.org/wiki/Palestinian_territories
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The material of pipeline is carbon steel, APl 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
Diameter [cm] 30.5
Thickness [cm] 1.27
Mass per Unit Length [kg/m] 40.27

Palestine

Egypt

o S0wmn

Red Sca

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
C (%) 0.199 0.191
Mn(%) 1.95 1.95
P(%) 0.016 0.014
S(%) 0.018 0.015
Cr(%) 0.015 0.015
Ni(%) 0.007 0.003
Mo(%) 0.008 0.008
V(%) 0.004 0.003
Cu(%) 0.024 0.028
Fe (%) 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 heat-
generated 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 (215°C to 245°C).
[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
Current Density [uA/m?] 5
Thickness [mm] 1.5t02
High Temperature [°C] +130 to +160
Low Temperature [°C] —60
Life Time [Year] 2010 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 [A/m?]) and resistivity (p [€. cm]) 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[A/m?] p [Q.cm]
Seawater 0.008 10
Clay, Well Aerated Soil 0.003 250
Dry Soil 0.0015 2000
Desert 0.0004 2500
Wet Soil with Stones 0.006 120

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 (n.) 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 5. is 90%.
The three alternatives are listed as follows:

- Alternative (A): n,. = 90%

- Alternative (B): n. = 95%

- Alternative (C): n. =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/0. 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.
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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.

A=mxDxL ..................... 4.1)

Table (4. 1): Pipeline Dimensions in Different Media

Environment L [m] D [m] A [m?]
Seawater 50,000 0.305 48,000

Clay, Well Aerated Soil 105,000 0.305 100,601
Dry Soil 85,000 0.305 79,466

Desert 70,000 0.305 67,073

Wet Soil with Stones 127,000 0.305 121,690

4.1.2 Unprotected Pipeline Surface Area

The unprotected surface area (4,,,) of the pipeline depends on the
coating efficiency (n.) — as mentioned in chapter five — which represents
the three alternatives of the design. The following equation is used to find

A, 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]
Ayp = (L =n)xA oo (4.2)

Table (4. 2): Alternative A

Media A [m?] Ay, [m?]
Seawater 48,000 4,800
Clay, Well Aerated Soil 100,601 10,060
Dry Soil 79,466 7,946.6
Desert 67,073 6,707.3
Wet Soil with Stones 121,690 12,169
Table (4. 3): Alternative B
Media A (m?) Ay, [m?]
Seawater 48,000 2,400
Clay, Well Aerated Soil 100,601 5,030
Dry Soil 79,466 3,973.3
Desert 67,073 3,345
Wet Soil with Stones 121,690 6,084.5
Table (4. 4): Alternative C
Media A [m?] Ay [m?]
Seawater 48,000 960
Clay, Well Aerated Soil 100,601 2,012
Dry Soil 79,466 1,590
Desert 67,073 1,341
Wet Soil with Stones 121,690 2,434

4.1.3 Corrosion Current Calculation
The required current to prevent corrosion (Iz) 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 (4,,). (Iz) can be

calculated as in the following equation.

The values of (/) which depend on the values of 4,,, for alternatives

A, B and C are illustrated in tables (4.5), (4.6) and (4.7) respectively.

Table (4. 5): Alternative A

Media Ay, (m?) | J(A/m?) | Iz [A]
Seawater 4,800 0.008 38.4
Clay, Well Aerated Soil 10,060 0.003 30.2
Dry Soil 7,946.6 0.0015 11.92
Desert 6,707.3 0.0004 2.7
Wet Soil with Stones 12,169 0.006 73
Table (4. 6): Alternative B
Media Ayy (M?) | ] (A/m?) | I [A]
Seawater 2,400 0.008 19.2
Clay, Well Aerated Soll 5,030 0.003 15.1
Dry Soil 3,973.3 0.0015 5.96
Desert 3,345 0.0004 1.35
Wet Soil with Stones 6,084.5 0.006 36.5
Table (4. 7): Alternative C
Media Ay, (M?) | J(A/m?) | Iz [A]
Seawater 960 0.008 1.7
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
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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 Qcm. 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. (35 Q.cm). 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.
(15 Q.cm) 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: 10 Q.cm
Bulk Density: approx. (800 — 900) kg/m3 (compacted)

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: 50 Q.cm
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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

D [mm] 25

L [mm] 500

A [m?] 0.039

Mass [kg] 0.56

Typical 1, in Carbonaceous Backfill [A] 4

Typical 1, in Seawater [A] 25
Maximum Anode Current Density (J ;) [A/m?] 50
Life Time [Years] 20
Anode Cable Cross Section Area (A.,,ss) [mm?] 50

4.2.4 Number of Anodes for Different Media at different Alternative
The number of anodes (N,) in ICCP system can be calculated
according to the following equation. (N,) depends on (I,) which can be

taken from the MMO anode in different media.
Ny=2 i, (4.4)

I4
(N,) for alternatives A, B and C are illustrated in tables (4.11), (4.12)
and (4.13) respectively.

Table (4. 11): Alternative A

Media I [A] 1, [A] Ny
Seawater 38.4 25 2

Clay, Well Aerated Soil 30.2 4 8
Dry Soil 11.92 4 3

Desert 2.7 4 1

Wet Soil with Stones 73 4 19
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Table (4. 12). Alternative B

Media Ix [A] I, [A]l| N,
Seawater 19.2 25 1
Clay, Well Aerated Soil 15.1 4 4
Dry Soil 5.96 4 2
Desert 1.35 4 1
Wet Soil with Stones 36.5 4 10
Table (4. 13): Alternative C
Media Ix [A]l |I4[A]| Ny
Seawater 1.7 25 1
Clay, Well Aerated Soll 6.04 4 2
Dry Soil 2.4 4 1
Desert 0.54 4 1
Wet Soil with Stones 14.6 4 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:

R, Resistance of cables from DC power source and the pipeline
R, Resistance of cables from DC power source and the anodes
ground-bed

R.5: Resistance of cables between anodes

Rp: Resistance of the pipeline metallic structure

R,: Resistance of anodes

R;p: 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]
DC — Power Source
— +
J- . L J_
ch_ RCZ
Rp Rez + Ry + R
1
L —
— +
Return Back Voltage (Coating
and Electrolyte Parts)

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 (Rp) in different media is calculated using equation (4.5) [1.14,
3.4]. (Rp) is fixed for the different alternatives. (Rp) values are represented
in table (4.14). [1.14]

Rp = Co)x1073%xL oo (4.5)

Where: (w) 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 (Rp) 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 (Rp) [Q]
Seawater 1.024
Clay, Well Aerated Soil 2.143
Dry Soil 1.74
Desert 1.44
Wet Soil with Stones 2.603

4.3.3 Anodes and ground-beds Resistances
The resistance of the carbonaceous backfill ground-bed (R;g) is
fixed at the quantity of (1.5 [Q]) and it used in the calculations of all
medias except the seawater media. The resistance of anodes (R,) that their
numbers are calculated in (section 4.3.4) can be calculated as in the
following equation [4.4].
8xLy

R, = —2—x[In( o Al | TR (4.6)

o 2xmxLy

Where: (p) is the resistivity of seawater (10 [Q.cm]) and the
carbonaceous backfill (50 [Q.cm]). (L,) is the length of the anode (500)
[mm], (D,) is the diameter of the anode (0.025) [m]. The resistance of
multiple anodes connected in parallel (R,r) is calculated as: the general
equation for calculating (R,) with different (R4) values is equation (4.7).
(R47) values for alternatives A, B and C are illustrated in tables (4.15),
(4.16) and (4.17).

- (4.7)

_+_+...+—
Rg1 Ra2 RAN
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Table (4. 15): Alternative A

Media Ny | Ry[Q] | Ryr [Q] | Rgp [Q]

Seawater 2 0.13 0.065 -

Clay, Well Aerated Soil | 8 0.65 0.1 1.5

Dry Soil 3 0.65 0.22 1.5

Desert 1 0.65 0.65 1.5

Wet Soil with Stones 19 0.65 0.034 1.5

Table (4. 16): Alternative B

Media Ny | Ry[Q] | Rar [Q] | Rgp [Q]

Seawater 1 0.13 0.13 -

Clay, Well Aerated Soil | 4 0.65 0.2 1.5

Dry Soil 2 0.65 0.325 1.5

Desert 1 0.65 0.65 1.5

Wet Soil with Stones 10 0.65 0.07 1.5

Table (4. 17): Alternative C

Media Ny | Ryi[Q] | Ryr [Q] | Rgp [Q]

Seawater 1 0.13 0.13 -

Clay, Well Aerated Soil | 2 0.65 0.325 1.5

Dry Soil 1 0.65 0.65 1.5

Desert 1 0.65 0.65 1.5

Wet Soil with Stones 4 0.65 0.2 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 (A.s). Table (4.18) represents each

cross sectional area with its resistance of one meter length (R,,).

Table (4. 18): Cross Section Area and Its Resistivity [1.14]

Acs (mm?) Ry [©2/m]
16 0.00108
25 0.00069
35 0.000439
50 0.000345
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The resistance of cable (R.) can be calculated using the following
equation, which is applied to find the values of. (R.;) with cable length
from DC power supply to the pipeline structure (Lgp = 200m), (R.,) with
cable length from DC power supply to the anode ground-bed (Ls, = 20m)
and (R.3) with cable length between anodes (L,4 = 2m). [1.14]

Re =RpyXLcuoooviiiii. (4.8)

Where: (L.) is the length of cable in meters. The values of (Lgp),
(Lgy) and (L,,) are applied in equation (4.8) instead of the value of (L.).
(Lsp) and (Lg,) are fixed with (A, = 25mm?) for different alternatives.

(R¢1) and (R.,) they represented in tables (4.19) and (4.20) respectively.

Table (4.19): R4

Media Rq1 [Q]
Seawater 0.138
Clay, Well Aerated Soil 0.138
Dry Soil 0.138
Desert 0.138
Wet Soil with Stones 0.138
Table (4. 20): Ry
Media R, [Q]
Seawater 0.0138
Clay, Well Aerated Soil 0.0138
Dry Soil 0.0138
Desert 0.0138
Wet Soil with Stones 0.0138

(Rc3) values with (A5 = 16mm?) 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 Ny Rc3 [Q]
Seawater 2 0.00216
Clay, Well Aerated Soll 8 0.01512
Dry Soil 3 0.00432

Desert 1 -
Wet Soil with Stones 19 0.03888

Table (4. 22). Alternative B

Media N, Rc5 [Q]
Seawater 1 —

Clay, Well Aerated Soil 4 0.00648

Dry Soil 2 0.00216
Desert 1 -

Wet Soil with Stones 10 0.01944

Table (4. 23): Alternative C

Media Ny Rc5 [Q]
Seawater 1 —

Clay, Well Aerated Soil 2 0.00108
Dry Soil 1 —
Desert 1 -

Wet Soil with Stones 4 0.00648

4.3.5 Coating Current and Resistance

Coating current (I,) is a small quantity of current (J.o = 5 ud/m?
for FBE coating type) which can improve more protection to the pipeline
coating [1.14, 5.7 and 6.5]. (I-o) can be calculated as in equation (4.10)
depending on (/) and the protected area of the pipeline (4p,-) which can

be calculated as in equation (4.9). [1.14, 5.7 and 6.4]
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The values of (Ap,) and (I;o) for alternatives A, B and C are

illustrated in tables (4.24), (4.25) and (4.26) respectively.

Table (4. 24): Alternative A

Media A[m?] | Ap,[m?] | Ig [A]
Seawater 48,000 43,200 0.22
Clay, Well Aerated Soil 100,601 90,541 0.5
Dry Soil 79,466 71,520 0.36
Desert 67,073 60,366 0.302
Wet Soil with Stones 121,690 109,521 0.55
Table (4. 25): Alternative B
Media A [m?] Ap, [m?] | I [A]
Seawater 48,000 45,600 0.23
Clay, Well Aerated Soil 100,601 95,571 0.48
Dry Soil 79,466 75,493 0.38
Desert 67,073 63,720 0.32
Wet Soil with Stones 121,690 115,606 0.58
Table (4. 26): Alternative C
Media A [m?] Ap, [m?] | I [A]
Seawater 48,000 47,040 0.24
Clay, Well Aerated Soil 100,601 98,589 0.5
Dry Soil 79,466 77,877 0.4
Desert 67,073 65,732 0.33
Wet Soil with Stones 121,690 119,257 0.6

The coating resistance (R.,) can be calculated as in the following
equation depending on the return back voltage (Vzg) quantity which is

equal to 2 V [1.14, 3.4 and 4.4].
Rog =B i, (4.11)

Ico

(Rco) 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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Media Ico [A] Reo [Q]
Seawater 0.22 9.1
Clay, Well Aerated Soll 0.5 4
Dry Soil 0.36 5.56
Desert 0.302 6.623
Wet Soil with Stones 0.55 3.64
Table (4. 28): Alternative B
Media I-o [A] R0 [Q]
Seawater 0.23 8.7
Clay, Well Aerated Soil 0.48 4.2
Dry Soil 0.38 5.3
Desert 0.32 6.25
Wet Soil with Stones 0.58 3.45
Table (4. 29): Alternative C
Media 1o [A] R0 [Q]
Seawater 24 8.33
Clay, Well Aerated Soil 30.2 4
Dry Soil 11.92 5
Desert 2.7 6.1
Wet Soil with Stones 73 3.33

4.4 Total Required Voltage

The required voltage (V) 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. (Vz) 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]

Ve = Isx(Rp + Rayrsce + Rer) ¥ Vag coeeeeeeeaaa, (4.12)
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Where: (Rar+¢g) 1S the summation of (R,r) and (Rs;g), (Rer) 1S the

summation of (Rc;), (R¢2) and (Rc3).

Table (4. 30): Alternative A

Media Iz [A] | Rp [Q] | Rarigp [Q] | Rer [9] | Vk [V]
Seawater 38.4 | 1.024 0.13 0.2168 | 54.7
Clay, Well Aerated 30.2 | 2.143 1.6 0.16 120
Soil
Dry Soil 11.92 | 1.74 1.72 0.154 45.1
Desert 2.7 1.44 2.15 0.152 12.1
Wet Soil with Stones 73 2.603 1.534 0.172 | 316.56
Table (4. 31): Alternative B
Media Iz [A] | Rp [Q] | Rar46e [ | Rer [9] | VR [V
Seawater 19.2 1.024 0.13 0.152 27
Clay, Well Aerated 15.1 2.143 1.7 0.16 62.45
Soil
Dry Soil 5.96 1.74 1.825 0.153 | 24.16
Desert 1.35 1.44 2.15 0.152 | 7.052
Wet Soil with Stones | 36.5 2.603 1.57 0.162 |160.23
Table (4. 32): Alternative C
Media I [A] | Rp[Q] | Rar+gp [ | Rer [Q] | VR [V]
Seawater 7.7 1.024 0.13 0.152 12
Clay, Well Aerated | 6.04 2.143 1.825 0.153 27
Soil
Dry Soil 2.4 1.74 2.15 0.152 12
Desert 0.54 1.44 2.15 0.152 4.02
Wet Soil with 14.6 2.603 0.2 0.16 45.3
Stones

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 (Pr) for ICCP system can be calculated as in
equation (4.13) and the required energy (E) for one day is calculated as in
equation (4.14). (Pr) and (E) values in different media for alternatives A,
B and C are illustrated in tables (4.33), (4.34) and (4.35) respectively.
[2.17]

Table (4. 33): Alternative A

Media IR [A] | VR [V] | Pg[W] Er [Wh]
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
Table (4. 34): Alternative B
Media I [A] | Vi [V] Pp [W] | Eg [Wh]
Seawater 19.2 27 518 12,432
Clay, Well Aerated Soil | 15.1 62.45 942.995 22,632
Dry Soil 5.96 24.16 | 143.9936 3,456
Desert 1.35 7.052 9.5202 228.5
Wet Soil with Stones 36.5 160.23 | 5,848.395 | 140,362
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Table (4. 35): Alternative C

Media Ix [A] | VR [V] | Pgr[W] Er [Wh]
Seawater 1.7 12 92 2,208
Clay, Well Aerated 6.04 27 163.08 3,914
Soil
Dry Soil 2.4 12 28.8 691
Desert 0.54 4.02 2.1708 52.1
Wet Soil with Stones 14.6 45.3 661.38 15,873

4.5.2 Required Power from PV Generator

The required power from PV generator (Ppy/) can be calculated as in
the following equation. (Ppy) values in different media for alternatives A, B
and C are illustrated in tables (4.36), (4.37) and (4.38) respectively. [2.17]

E 1000 W
R x1.15x ———
Nconv 5400Wh/day

Ppy =

Where: (ncony) 1S the DC — DC converter efficiency which is (90%).

Table (4. 36): Alternative A

Media Ep [Wh] Ppy [W]
Seawater 50,400 11,926
Clay, Well Aerated Soil 86,976 20,581
Dry Soil 12,902 3,053
Desert 784 186
Wet Soil with Stones 554,613 131,236
Table (4. 37). Alternative B
Media Er [Wh] Ppy [W]
Seawater 12,432 2,942
Clay, Well Aerated 22,632 5,355
Soil
Dry Soil 3,456 818
Desert 228.5 54
Wet Soil with Stones 140,362 33,213
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Table (4. 38): Alternative C

Media Er [Wh] Ppy [W]
Seawater 2,208 523
Clay, Well Aerated 3,914 926
Soil
Dry Soil 691 164
Desert 52.1 12
Wet Soil with Stones 15,873 3,756

4.5.3 Number of Modules

The number of modules (N,,) is calculated in equation (4.16)
depending on the peak power of one module (P,,) which is taken here as
(240 W), 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. (N,,) values in different media for alternatives A, B and

C are illustrated in tables (4.40), (4.41) and (4.42) respectively. [2.17]
_ Ppy
Ny == i, (4.16)

Py

Table (4. 39): SCHOTT Poly Crystalline Module Datasheet [4.5]

Iltem Quantity
Pypp [W] 240
Vupp [V] 30.4
Lypp [A] 7.9
Voc [V] 37.3
Ioc [A] 8.52
Table (4. 40): Alternative A
Media Ppy [W] Ny,
Seawater 11,926 50
Clay, Well Aerated Soil | 20,581 86
Dry Soil 3,053 13
Desert 186 1
Wet Soil with Stones 131,236 547
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Media Ppy [W] Ny
Seawater 2,942 14
Clay, Well Aerated 5,355 23
Soil
Dry Soil 818 4
Desert 54 1
Wet Soil with Stones 33,213 139
Table (4. 42): Alternative C
Media Ppy [W] Ny
Seawater 523 3
Clay, Well Aerated 926 4
Soil
Dry Soil 164 1
Desert 12 1 (50W)
Wet Soil with Stones 3,756 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 (Vzy) for battery banks. The
nominal open circuit voltage (Vp,_oc) Necessary to charge the battery at
STC can be considered as in the following equation. [2.17]

Vov—oc = 1.8xVgy vevevvniinininni, (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 (N,,p) represent number of PV module strings

and (Nys) represents the number of modules in one string.
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Table (4. 43): Alternative A

Media Ny Nyp | Nys
Seawater 50 10 5
Clay, Well Aerated Soil 90 15 6
Dry Soil 15 5 3
Desert 1 1 1

Wet Soil with Stones 560 35 16

Table (4. 44): Alternative B

Media Ny | Nyp Ny
Seawater 14 7 2
Clay, Well Aerated Soil | 24 8 3
Dry Soil 4 2 2
Desert 1 1 1
Wet Soil with Stones 144 18 8
Table (4. 45): Alternative C
Media Ny Nyp Ny
Seawater 3 3 1
Clay, Well Aerated Soll 4 2 2
Dry Soil 1 1 1
Desert 1 1 1
Wet Soil with Stones 18 6 3

4.6 Battery Storage System Calculation

The required ampere hour capacity (C4,) of batteries can be
calculated as in equation (4.18). (C,;) values depend on the DOD of the
battery (0.85) and its average (Ah—efficiency = 78%). (C4,) values in
different media for alternatives A, B and C are illustrated in tables (4.46),

(4.47) and (4.48) respectively. [2.17]

ER
Copp =———— i, 4.18
AR ™ 0.78x0.85xVg (4.18)

Where: (V) is the battery bank voltage.
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Media Ep [Wh] | Cuy [AR]
Seawater 50,400 2,112
Clay, Well Aerated Soll 86,976 729
Dry Soil 12,902 406
Desert 784 99
Wet Soil with Stones 554,613 2,614
Table (4. 47). Alternative B
Media Ep [Wh] Cap, [AR]
Seawater 12,432 521
Clay, Well Aerated 22,632 267
Soil
Dry Soil 3,456 109
Desert 228.5 29
Wet Soil with Stones 140,362 1,307
Table (4. 48): Alternative C
Media Ep [Wh] | Cyy, [AR]
Seawater 2,208 278
Clay, Well Aerated 3,914 211
Soil
Dry Soil 691 22
Desert 52.1 7
Wet Soil with Stones 15,873 521

4.6.1 Batteries Number and Ratings

The number of batteries (Ng) in different media for alternatives A, B
and C are calculated depending on the following equation — always correct
(Ng) to nearest greater number— and they are illustrated in tables (4.49),
(4.50) and (4.51). In the previous tables: (Ng;) to (number of battery

strings) and (Ngg) to (number of batteries in one string). [2.17]
NB - (CAh ) xNSB .....................

Bcio




Where: (B.10) IS standard capacity that can be discharged in ten
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hours which is given from batteries datasheet. [4.6]

Table (4. 49): Alternative A

Media Can [AR] |Vgn/Bcio|Nsg| Nse| Np
[V/Ah]
Seawater 2,112 | 2/3,415 |18 | 1 | 18
Clay, Well Aerated Soll 729 2/3,415 |60 | 2 | 120
Dry Soil 406 2/820 |24 | 1 | 24
Desert 99 12/52 111 1
Wet Soil with Stones 2,614 | 2/3,415 [160| 10 | 1,600
Table (4. 50): Alternative B
Media Can [AR] | Vgn/Bcio | Nsg | Ns¢ | Np
[V/AR]
Seawater 521 2/1,009 14 1 |14
Clay, Well Aerated Soll 267 2/273 64 1 | 64
Dry Soil 109 21220 24 1 | 24
Desert 29 12/52 1 1 1
Wet Soil with Stones 1,307 2/3,415 81 3 | 405
Table (4. 51): Alternative C
Media Can [AR] | Vgn/Bcio | Nsg | Nst | Np
[V/AR]
Seawater 278 2/325 6 1 6
Clay, Well Aerated 211 2/273 14 1 |14
Soil
Dry Soil 22 12/52 1 1 1
Desert 7 12/52 1 1 1
Wet Soil with Stones 521 2/1,009 23 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.
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Figure (4. 3): PV System Diagram for Alternative B

2

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. 19): Components of PV Module Block
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4.8.2 Current, Voltage, Power and Energy Measurement Blocks
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Figure (4. 24): General Measurement Blocks
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Figure (4. 25): Inside Current and Voltage Measurement Block
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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
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Figure (4. 27): Current Quantities in Amperes
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4.8.3.2 Number of Anodes
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Figure (4. 28): Number of Anodes

4.8.3.3 Total Resistance Quantities
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Figure (4. 29): Total Resistances Quantities in Ohms
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4.8.3.4 Total Required Current, Voltage, Power and Energy Quantities
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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
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Figure (4. 31): Number of PV Modules
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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 (C,,) is $123/m. The total capital cost (C.) of rehabilitation for the
total length (L) of the pipeline distribution network will be as in the
following equation:

C, = CpxL = 123x437,000m = $53,751,000 ................ (5.1)
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Depending on the surface area of the pipeline distribution network
(A), the cost of rehabilitation per square meter (Cr_,,,2) IS calculated as in
the following equation:

Cc 53,751,000
Croimz = =
A mx0.305x437,000

= $128.4/M? ...ooooi (5.2)

The rehabilitation costs (Cg) of the pipeline distribution network for
alternatives A, B and C are (Cz_,), (Cr_p) and (Cr_.) respectively, they
are illustrated in table (5.1). The rehabilitation costs of alternatives are

calculated depending on the following equations [5.1 — 5.6]:

Cron = (1= 0.9)XAXCp_ 1112 cevveereeaennnn.. (5.3)
Coop = (1 = 0.95)XAXCp_ 12 «oeeeeeeeenannn. (5.4)
Choe = (1= 0.98)XAXCh_ 12 weveeeeeeneaennns (5.5)

Table (5. 1): Rehabilitation Cost

Alternative Cr [$]
A 5,376,493
B 2,688,311
C 1,075,350

5.3.2 Capital Cost of Impressed Current Anodes and Ground-bed

The cost of anode (C,_,) and the cost of the ground-bed (Cg;p) is
taken from different sources, but they have very large difference in cost, so
an average approximated cost is taken as follows:
- (C,) = $300 for one anode. [5.10]
- (Cgp) = $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).



The ground-bed is not used in seawater media. Where: (C,7) is the

anodes cost.

Table (5. 2): Alternative A
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Environment Ny | Cu[8] | Cur [8] | Cip [9]
Seawater 2 300 600 0
Clay, Well Aerated Soil | 8 300 2,400 2,400
Dry Soil 3 300 900 2,400
Desert 1 300 300 2,400
Wet Soil with Stones 19 300 5,700 2,400
Total (Cy4465) = $19,500
Table (5. 3): Alternative B
Environment Ny | C4[8] | Car [$] | Cgg [9]
Seawater 1 300 300 0
Clay, Well Aerated Soil | 4 300 1,200 2,400
Dry Soil 2 300 600 2,400
Desert 1 300 300 2,400
Wet Soil with Stones 10 300 3,000 2,400
Total (C4.65) = $15,000
Table (5. 4): Alternative C
Environment N, C4 [$] Car [$] | Csp [$]
Seawater 1 300 300 0
Clay, Well Aerated Soil 2 300 600 2,400
Dry Soil 1 300 300 2,400
Desert 1 300 300 2,400
Wet Soil with Stones 4 300 1,200 2,400
Total (Cy465) = $12,300
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5.3.3 Capital Cost of PV Generator
The capital cost of PV generator (Cpy ) is calculated depending on the
following equation which uses $1 per watt peak [2.17, 5.10]. (Cpy) for
alternatives A, B and C are represented in tables (5.5), (5.6) and (5.7).
Coy = Ppyx1$/Wy.ooooeo (5.6)

Table (5. 5): Alternative A

Environment Ppy [W] Cpy [$]
Seawater 12,000 12,000
Clay, Well Aerated Soil 21,600 21,600
Dry Soil 3,600 3,600
Desert 240 240
Wet Soil with Stones 134,400 134,400
Total (Cpy)=$171,840
Table (5. 6): Alternative B
Environment Py [W] Cpy [$]
Seawater 3,360 3,360
Clay, Well Aerated Soil 5,760 5,760
Dry Soil 960 960
Desert 240 240
Wet Soil with Stones 34,560 34,560
Total (Cpy )= $44,880

Table (5. 7): Alternative C

Environment | Ppy, [W] Cpy [$]
Seawater 720 720
Clay, Well 960 960
Aerated Soil
Dry Soil 240 240
Desert 50 50
Wet Soil 4,320 4,320
with Stones
Total (Cpy)= $6,290
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5.3.4 Capital Cost of Batteries
The capital cost of one battery (C,_g) 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]

Bcig [AR] Ci_p [$]
2/1,411 673
2/3,415 2,700
21820 500
12/52 165
12/65 165
21325 250
2/1,751 2,500
21220 250
21273 250
2/1,009 673
Table (5. 9): Alternative A
Environment Ng | C;_g[V/AR] | C,_5[$] | Cgr [9]
Seawater 18 2/3,415 5,400 97,200
Clay, Well Aerated Soil | 60 2/3,415 5,400 234,000
Dry Soil 24 2/820 1,000 24,000
Desert 1 12/52 330 330
Wet Soil with Stones | 160 2/3,415 5,400 864,000
Total (Cgr) = $1,201,530
Table (5. 10): Alternative B
Environment Ng | Bi_g[V/AR] | C,_5 [$] | Cgr [9$]
Seawater 14 2/1,009 1,346 18,844
Clay, Well Aerated 64 2/1,751 5,000 320,000
Soil
Dry Soil 24 2/220 500 12,000
Desert 1 12/52 330 330
Wet Soil with Stones 81 2/3,415 5,400 437,400
Total (Cgr) = $788,574




Table (5. 11): Alternative C
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Environment Ng | Bi_g [V/AR] | C,_5 [3] | Cyr [$]
Seawater 6 21325 500 3,000
Clay, Well Aerated 14 2/273 500 7,000
Soil
Dry Soil 1 12/52 330 330
Desert 1 12/52 330 330
Wet Soil with Stones | 23 2/1,009 1,346 | 30,958

Total (Cgr) = $41,618

5.3.5 Capital Cost Conclusion

The conclusion of all capital costs are represented as ICCP system

capital cost (C;ccp) and rehabilitation capital cost (Cg) in the following

table.

Table (5. 12): Capital Cost Conclusion

Alternative Cr [$] Ciccp [$]
A 5,376,493 1,392,870
B 2,688,311 848,454
C 1,075,350 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 (C4z) and the annual cost of

ICCP System (C4_;ccp) are calculated according to the following

equations.

Car = (A/P)gy,xCg

Ca—1ccp = (A/P)gy,xCiccp

.............
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Where: ((A/P)go,) is taken from interest tables for 20 years life time
and its equals (0.1019) [5.8]. (C4g) and (C4—;ccp) 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.

CA—ICCP = 8141,933."{}'631'

Time Line in Years
0 1|2|3] 4 56| 718l okl 11l 12} 13 1415 14 17 19 1d 2d 2122 23 24

\AAAAAAAAAAAAAAAAAAAL
Car= $547,865/vear

Figure (5. 1): Cost Cash Flow for Alternative (A)
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CA—ICCP = 886,4601{\fﬂl

Time Line in Years
o 1)2]3| 4| 5l6] 7)8|ohcl 1112} 14 1415 1§ 17 19 1d 2d 2122 2324
YYYYYYVYYYYYYYVYYYYYYY
Cag= $273,939/vear
Figure (5. 2): Cost Cash Flow for Alternative (B)
CA—ICCP = 56,135/}'&11'
Time Line in Years

o 1l213) 4l5l6] 718l okol 112l 1 1415 1§ 11 14 1d2d 2022 234

\AAAAAAAAAAAAAAAAAALA
Cag= 109,578 /vear

Figure (5. 3): Cost Cash Flow for Alternative (C)
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Table (5. 13): Annual Cost

Alternative | Cg [$] | Cicep [S] | (A/P)sgo Car Ca-1ccp
[$]/year | [$]/year
A 5,376,493 | 1,392,870 | 0.1019 | 547,865 | 141,933
B 2,688,311 | 848,454 273,939 | 86,460
C 1,075,350 | 60,208 109,578 6,135

5.5 Saving Calculation
The annual saving (Cs—sqving) IS calculated according to the
following equation [5.8]:
Ca—saving = CaR — CA—1CCP +vveereveenennn. (5.9)

The present saving for 20 years (Cp_sqving) is Calculated according

to the following equation [5.8]:

CP—saving = CA—savingx(P/A)S% .................. (510)
Where ((P/A)go,) is taken from interest table of 8% interest rate and

its equals (9.818). (Cy—saving) and (Cp_saping) 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 Car [$] CA—ICCP CA—saving (P CP—saving
[$]/year | [$]lyear | /A)sy,
A 547,865 | 141,933 | 405,932 | 9.818 | 3,985,440
B 273,939 | 86,460 | 187,479 1,840,670
C 109,578 | 6,135 | 103,443 1,015,603
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A Cp_sq ving $3,985,440

Cy-saving= 58405,932/year

Time Line in Years

0123456 789101112 1314151617 181920 2122 2324

Figure (5. 4): Saving Cash Flow for Alternative (A)

A Co-saving= S1840,670

Co-saving= S187,479/year
AAMAAMMMAANA AN AN AA A

—LI-I.”-I-I-I.I.I.LLLLLLLLI-LLLLLI— Time Line 1n Years

0123456 789101112 1314151617 181920 2122 2324

Figure (5. 5): Saving Cash Flow for Alternative (B)
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A Co-saving= SLOLS603

Ca-saving™ 5103 43 year
AMAANAAAANAANAANAAA AAA

-LI-I.”-M"J-LLLLLLLLLLLLI— Time Line 1n Years

0123456 7891011121314151617 181920 2122 2324

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:

. 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.

. 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 (5.4 kWh/m? — day).

. 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.
. 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.

STANDARD PIPE & LINE PIPE

ISO s001 @ U. S. Steel Tubular Products




U.S_ Steel Tubular Products manufactures both
seamless and welded pipe to meet specific
customer requirements. Advanced manufacturing
technigues and controls ensure high quality,
uniform, economical products. A complete range
of ODs, end finishes and lengths are available.

SEAMLESS STANDARD PIPE
AND LINE PIPE

U. S Steet Tubular Products manufactures
its seamless pipe by piercing solid billets of fully
killed steel. This “seamless” method of manufac-
ture is 2 forging operation that only the soundest,
toughest steel can tolerate.

Chemical and mechanical property require—
ments are as prescribed by current API, ASTM,

and w.
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PRODUCT PROPERTIES

ASME and applicable CSA standards. U. S. Steel
Tubular Products is the only domestic producer of
seamless pipe in the 11-3/4" to 26" OD size range.
U. 5. Steel Tubular Products provides seamless
Standard Pipe and Line Pipe for 2 wide range
of applications. Our seamless pipe has an
unsurpassed record of safety, and uniform
strength and ductility, making it the product of
choice for critical applications.
Standard Pipe is widely used primarily in
the construction, refining, chemical and petro-
chemical industries. Line Pipe is used for the
transmission of crude oil, natural gas and petro-
teum products as well as for water and slurry
pipeline applications

weall * inches

OD (inches)

Lorain, OH

1.900

Fairfield, AL
0.150-0.281 =

23/8

0.154-0.636 -

278

0.160-0.552 =

3172

0.170-0.600 -

o

0.180-0.650 -

8172

S 9/16

0.188-0.67% 0.205-0.750
- 0.250-0750

65/8

- 0.250-0.870

85/8

0.250-1.200

10 3/&

0.307-2.000 -

12378

0.330-2.312 -

16

0.375-2.000 -

16

0.375-2.000

18

0.375-1.562

20

0.375-1.512

22

0375-1.375

25

0.375-1.250

26
1 Sizes Between NPS 1 1/2 and 26 net Nsled submct 1o soquiry
% Toe gradas Sver Xo2 and is subject to n

ELECTRIC RESISTANCE WELD
(ERW] STANDARD PIPE AND
LINE PIPE

U. S._ Steel Tubular Products’ ERW Standard Pipe
2nd Line Pipe are smoothly finished, thin-walled,
extra-long products produced by continuousky
forming coiled bands and weiding the longitudinal
seam using high-frequency electric resistance
welding. Chemical and mechanical property
requirements are as prescribed by current AP SL
2nd applicable ASTM standards.

€RW Standard Pipe and Line Pipe are widely
used throughout the oil and gas industry, as well
as for pipe piling. pipe-type cable systems and
hydraulic hoists_

Characteristics and Advantages
Eighty-Foot Lengths — Ultra-long lengths of

U. S_Steel Tubular Products ERW pipe, available
from McKeesport Tubular Operations minimize

0.375-1.125

handling time in transportation and installation,
and significantly reduce field welding labor, time
and costs

Smooth Surfaces — U. S. Steel Tubular Products
hot rolled strip steel is continuously cold formed
into smooth-surfaced. uniform-gage pipe for
superior flow characteristics.

Stronger, Lighter Walls — The improved, higher
strength, lighter gage steel bands used by
U_S_Steel Tubular Products are fused by high-
frequency electric resistance welders into rugged
pipe that can meet exacting tolerances and
strength specifications.

Uniform Dimensions and Quality — Higher auto-
mated production, combined with continuous
non-destructive and visual inspection and
hydrostatic testing, assures 2 pipe product of
excellent quality. And. because the pipe is made
from flat-rolled steel, it has highly uniform

wall thicknesses.

Wall Thickness,” Inches

172-0406

172-0400

188-0406

188-0.606

©0.203-0.406

©0215-0406

PR P ——
2 st

S—

e w2l v aties for Grases o

Lone Star, TX Availability (Subject to inguiry]

0.250-0.513

Size®

NPS 1)

Wall Thickness,” inches

2 z3/8

©218-03a6

0203-0375

2172 28
3

©0216-0300

3172 [S

0.226-0.318

©.237-0531

0.258-0500

©.280-0532

©.250-0.438

©0.275-0500

0.250-0.500

0312-0.562

Sices nat lsted subjmct 1o squins

aimusen wall varies for grades ovar Xo2 and is subject 1o mill inguing.

0.375-0.562

2a

4

531143408 ¢
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COMPARATIVE
SPECIFICATIONS

The following information is summarized from ASTM standards and API Specification 5L in effect at the
time of publication. Please refer to the specific standards or specifications for more details.

AS3 Seamless and Welded Standard Pipe

Specification AS3 covers seamless and welded, black and hot-dipped galvanized nominal (average) wall
pipe for coiling, bending, flanging and other special purposes and is suitable for welding

Mechanical Properties — Tensile Requirements

Seamiess and ERW Grade A
Tensile Strength, min., psi +8.000
Vield Strength, min_. psi 30.000

Chemical Requirements
Seamiess and ERW
Crade A
Crade 8

Testing Requirements

Hydrostatic Testing
Hydrostatic inspection test pressures for plain end and threaded and coupled pipe are specified.
Hydrostatic pressure shall be maintained for not less than S seconds for all sizes of Seamiess and
ERW pipe.

Mechanical Tests
Tensile Test — Two transverse tests required on ERW for NPS 8 and larger, one across the weld and
one opposite the weld
Flattening Test — On ERW for NPS 2 and larger, STD and XS walls [not required for XXS pipe]
Bending Test [Cold] — for NPS 2 and under, XS wall and under; for NPS 1-1/4 and under, XXS wall

Degree of Bend Diameter of Mandrel
For Normal AS3 Uses s0 12 x nom. dia of pipe
For Close Coiling 180

Number of Tests
Seamless and Electric Resistance Weld — bending, flattening, tensile on one length of pipe from each
lot of 500 lengths, or less, of each pip,

API 5L Line Pipe

d pipe nveying g.

n
qﬂannnngnuﬂﬂﬁunnnﬁuua

bt wgread
Lirbeas st e e b s of O + 4 -

pecification

APISL

asth Ea

(PsL 2]

(Seamless &
welde)

APISL

ISeamless &
Wwelded]

jo(cloloolofolofo)z|z x|z

f SNOILY 1412348

IAILYEVAWO)




120

Chemical Req ements [cont)
Specification

|

AP SL
stk Ed
PsL 2)

(Welded Onby)

HEHHBEEBEEEEEH
=|=|=|=[=]|n|n|n[n]n

BAILVEYAN 0]

110,200
100,200
110,200
110,200
110,200
110,200
110,200

100,800
110,200
152 300 132 700 166,100

API 5L Line Pipe

Testing Requirements
Hydrostatic Testing
Lists hydrostatic inspection test pressures for all sizes and grades covered by the specification.
Test pressures are held for not less than:
- Seamless [all sizes] — 5 seconds
- Welded [NPS 18 and smaller] — 5 seconds
[NPS 20 and larger] — 10 seconds

Mechanical Tests
Tensile Test
- Seamless — longitudinal
- ERW — longitudinal and transverse
Charpy Tests — PSL 2
Flattening Test — ERW — All sizes

Number of Tests
Flattening — Non-expanded ERW for single lengths, crop ends from each length; for multiple lengths,
crop ends from first and last pipe of each coil, plus 2 intermediate rings.

Tensile —
NPS On One Length From Each Lot of
S and smaller 500 or less
6 through 12 less
16 and larg

Permissible Variations

wall Thickness
Seamless:0.158"-0.983" wall, tolerance -125% / +15 %
> = 0.984" wall, tolerance -0.120" / +0.146" or - /+ 10 % whichever is greater
[except If 0O ks >= 18" & wall Is >= 954" then tolerance &5 ~10 /+15%)

= 0.197" wall, tolerance I+ 020"
0.198"-0.590" wall, tolerance = - /+ 10.0%"
0.591" wall, tolerance = I+ 060"

Weights per Foot
For Single Lengths Special Plain End and Grade A25 — Not more than plus 10% minus 5%

For Single Lengths Other Pipe — Not more than plus 10% minus 3.5%
For Carload Lots — Not more than minus 1.75%
Note: NPS & OD and smaller may be weighed individually or in convenient lots; larger sizes by length
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API 5L Line Pipe

Wall, Diameter and Out of Roundness

Diameter Tolerance Out of Round Tolerance
oo Pipe Ends Pipe Body Pipe Ends

|
SMLS | weided | SMLS | weided | sMLS | welded

<2375 -0031/+ 0016 -0.016 / + 0.063 in the di ter tol

2375 -6.625 -+ 0.0075 (D) - 0.015 / + 0.063 020 (D) 0.015 (D)

>6.625-24.00 | 4+ 0.0075(0) | ;57,2007 10) | ~/+ 0005 [O) upto

up to -/~ 0125 —/+ 0.4 i s o

Plain End Pipe Shortest Length M:in\mn Awg_ Length

in Entire Shipment e Shipment Maximum Length

20" Nominal 90" 176" 226"

&£0° Nominal 1670" 350" 450"

60° Nominal 210" 526" 650"

80" Nominal 28'0" 700" 850"

Marking Requirements on €Each Length

Paint Stenciled or Die Stamped manufacturer’s name or mark, Spec 5L, size, weight per foot, grade,
process of manufacture, type of steel, length [NPS & and larger only). Test pressure when higher than (
tabulated [NPS 2 and larger only].

SNOILY 131034
IALLVEVAND)

Suppliemental Annexes

API Specification SL contains 15 Supplemental Annexes that address special conditions and/or
additional requirements.

Annex A Specification for welded jointers

Annex 8 Manufacturing procedure qualification for PSL 2 pipe

Annex C Treatment of surface imperfections and defects

Annex D Repair welding procedure

Annex € Non-destructive inspection for other than sour service or offshore service
Annex F Requirements for couplings [PSL 1 only)

Annex G PSL 2 pipe with resistance to ductile fracture propagation

Annex H PSL 2 pipe ordered for sour service

Annex | Pipe ordered as “Through the Flowline” [TFL] pipe

Annex I PSL 2 pipe ordered for offshore service

Annex K Non-destructive inspection for pipe ordered for sour service and/or offshore service
Annex L Steel designations

Annex M Correspondence of terminology between ISO 3183 and its source documents
Annex N identification/Explanation of Deviations

Annex O APl Monogram

API 5L Line Pipe

APl Specification SL PSL 1 and PSL 2 Comparison

Parameter
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SIN9Y] Mid

CONNECTING AMERICA TO ENERGY INDEPENDENCE™

Corporate Headquarters:
600 Grant Street, Room 2001
Pittsburgh, PA 15219

Toll Free: +1-800-527-6615
Fax: +1-612-433-3993

www ussteel.com

Regional Sales Office:

10343 Sam Houston Park Dr.

Suite 120

Houston, TX 77064

Tel: +1-281-671-3790

Fax: +1-281-671-3879 U. S. Steel Tubular Products

www.usstubular.com
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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”

Marine Sructures, Seawater Intakes, Deepwell Groundbeds, Horwontal Groundbeds, Distributed Anodes, Tank
Internals & Tank Bottoms. Sutable For Use in Scils, Mud, Carbonaceous & Petroleumn Coke Backfil; Fresh, Bracksh
and Sea Water.

Normal Crrome
Silicon 14.50% 14.50%
Manganese 0.75% 0.75%
Carbon 0.85% 0.95%
Crromem - 4.50%
fron Remainder Remnainder

CONSUMPTION RATES
Tymcal Fates

Normal Aloy | 0.5 kn/Amp/year
Crvome Moy | 0.2 kg/Amp/year
CABLE CONNECTION
With Heatshrink Cap With Heatshrnk Sieeve
[ Awesomcne [~ A S
[yl e
i
IR e FAlcy st e
% % PR ¥ weew
557 [oind I_,-fa: :
= 2z

Anode/Catde Cannection : Connecton less than 0.001 Ohm

Varture Way, Grantham, Lincs NG31 7X5 UK. Tek: 444 (01475 580856 Fac +44 [O]1478 570808 DATASHEET
Emid: cpeBeathodic o uk Websike: waw. cathodic.cu uk 2.1

eistarad Ofice: Minsloy Hosm, Rugent Srest, Shafkd 1 30, LK VAT Ne. 118 8408 71, feg'e in Engherst Na. 476008



http://www.cathodic.co.uk/

oaTasussT 2.1.1

casLe TYPES
Avsitnbie cable types mchade : XLPE/PYC, HMVIWEE, PYDF(Kynar], XLPE/PVC/SWA /PVC. EPR/CSPE

STANDARD ANODE TYPES AND WEIGHTS
1. F Teoe A e
L =) i) =) =) (=]
3s/2c S o o8 1250 =
%2 ES X3 o520 5530
2 36 =) ©23 3120
a8/ as X o350 7510
=8/ =8 =5 Se60
8/a1 28 =) 3050
S0/ [==) =5 5570
=22 =) v 35 50
S0/3 =) =8 S600
S04 [==) s = 5510
CANISTERED ANODES
Sondard Sees [y
1 SOrrmm x 1500mm L 1O 5000
200mmbs » 2000mm L 1 Bmen 185g
x 2000mm L 1 Soen 185g
3OO = 2000mm L 2 Orren 1459

DATASHEET
2.1

©) siLicon ron
TUBULAR ANODES

APPLICATION

Marine Structures, Seowater itakes, Decpwell (= Anodes, Tank Fternals
& Tark Bottoms (rot recamemended for large diameter tanks). Sutable For Use In Sois. Mud. Carbonacecus & Pet Coke
Bacisll; Fresh, Bracksh and Sea Water

SILICON IRON TUBULAR ANODE DATA

Siicon Iron  ASTM AS18 - 86 Grade 3

Siscon 14.20 - 14.75%
Nanganeze 1.50% Max
Carton 0.75-1.15%
Chromism 325 -5.00%
Copper 0.50% Max
Mahbdenum O.20haMax
wron Remander

TECHNICAL DATA

Tensie Strengeh (1/2 Dia bar)] 15.000 p=i
Compressie Srenceh 100.000 psi
Brinal Hardness 520 bhn
Density 7.0 gr/mi
Meting Pare. 2.300 F

Typical rates = Crrome: O.2kg/A/y
Consumpuon Rate For CP design a current density of not more than 304/m? of
anode surface is
Anade/Catie Connection Certre connection less than 0.001 Ohm resn encapsuated
Cable Types JLFE/PVC, HVIWPE, PUDF(Kynar); XLPE/PVC/SWA/PVC, EPR/CSPE

Vanture Way, Grantham, Lincs NG31 7XS UK. Tek: +44 ([O]1475 SS0S66 Fac +44 []1476 570800 DATASHEET
Emud: cpeBrathodic co.uh Welnite: ww cathodse. co. 1.2
[—— Ce—

"
Shrm, Shastiicd S1 30, LK VAT M. 118 8408 71, Ragfs in Englarst No. 478006
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IMPRESSED CURRENT CATHODIC PROTECTION

) siLicon ron

TUBULAR ANODES

STANDARD ANODDE TYPES, WEIGHTS, DIMENSIONS AND DUTPUTS

Tume: Pumrage W Outside Inside Lengeh Mominal
frea [ Dia .
bs kgs (e o [mm in |mm in [mm n Armps
g1 a1 ta1|es o271 sefas7 18 1087 a2 | 1se0
Mg 46 200|400 04|58 23 |ase 1.4 [2134 s | apao
Ms3 B3 286 )|ag oas 71 28 |as7 1.8 |[213a B4 ass50
=] @ o890 B0 06 | 08 38 |[744 20 (9934 @4 | G070
= 110 asa|a7 0@ [124a 25 [seo as 2134 s | enas

DATASHEET
2.1.2

Marine Sructures, Seawater . Decprwell Horzantal
& Tank Bottoms  Suable For Use In Sais, Mud, Carbonaceous & Pet Coke SackSlt;

venmure

Email: cpoicantodic uk
Fimgrmt i Qb Mirmbey Hoom, egent Srwet, Shabtiekt 51 3041,

S LEC Tl 444 1476 SS0SSE Fac +44 K1476
Uk Website: s, et hoe.co.

Ds0s

AT b 118 8408 71, e im Englard hio. S7E008

Groundbeds, Groundbecds, Distributed Anodes. Tank iternals

Fresh, Brackizh and Sea Water

Teanium ASTM B338 Grade 1 or 2

02/ Taz0s

Multi pass thermal decompostion of precious metal saks technique
25.4mm

0.90mm

0S.430masase pon

Dimensionally Stable
Sueable for Oy & O, or cambination of both

Operating Ch Max Current Density Life
(A/m=) (Years)
Car Backial S0 20
Caicined Petrolevsm Coke 100 20
100 20
Bracksh Water 100300 20
Seanwer 800 20
Comting knachog can tw afusttad for scmciic Matima,/Curent dunsty ressremert.
Cable Types: HMIWPE /PVDF{Kynar k. XLPE/PVC/SWA/PVC: EPR/CSPE

Vanture Wy, Grantham, Lincs NG31 75 UK. Tek: 444 ([D]1475 580666 Fac +44 (011476 570600

M 1Cs S0

Centre connection les= than 0.001 Ohm, resin encapsuated & hefum tested
to prove effective seal

DATASHEET
2.2.1
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IMPRESSED CURRENT CATHODIC PROTECTION DATASHEET 2.2.1

ypical]

Sod {wth carban Eackhl) mm | inches | mm | inches | lames fom 570 | fames fom 05T
=8.5/50 25 1 S00 | 197 4 2
=35/100 85 1 1000 | 3ma 8 4
Fresh

25 1 500 | 1m7 4 =

25 1 1000 | ama 8 4

25 1 500 | 187 = =

o5 1 1000 | 3ea =0 10

=5 1 S00 | =7 2.4 15
W2 5,100 25 1 00 | ama 3.8 E]
Brackish Water (- -] 1amg= from 10700 | (Amps from G100
EWeE.5,/50 25 1 so0 | 187 412 208
BW-2.5/100 25 1 1000 | 3ma4 8.34 a2

(*] Current outputs in mud depend on site conditons (sea mud or river mod, ©

[* ) Current outputs in brackish water depend on site conditions £ chioride conoentrations.

= Coating loading may be adjusted to sut a particular current density o design ife

= Srandard anades are designed for 20 year Ee, however, design ke of up to 50 years can be catened for.
= Tusbular MMO anode strings can be supphed i Chents specific requinements.

» Other tube dameters are svailble on requess, 1 Bmen din & 32mem da.

DATASHEET Warture Way, Grantham, Lines NE31 755 LI Ta: +44 011476 SS0SSE Fax +44 (011476 570600
Email: cpe@abedic oo uk Wehsive: wem. en.
Flagiat et Ofice: Moy House, Fugent Strest, Shatheld S1 301, LK VAT Ne. 116 8408 71, Fag in Exgland Mo, 478098

2.2.1

IMPRESSED CURRENT CATHOOIC PROTECTION DATASHEET 2.2.2

&) MIXED METAL OXIDE
RIBBON ANODES

STANDARD ANODE TYPES, DIMENSIONS AND OUTPUTS

APPLICATION Sand & Concrete

RIBEON MMO DATA

Substrate Teanium ASTM 8338 Grade 1
Caatng ¥0./Ta.05
Costing Method Misti pass thermal decompostion of precous metal saks techrigue
Wickh (Nam] 0.25" (6.35mm)
Thickness (Nom) 0.025" (0.835mm)
Standard Col Length 250 (78.22m)
Standdard Coil Weight 2.5ibs [1.12%kg)
Surface Area of Fitbon 0.014m3/m
Cansumgtion Rate 0.5 - 4.0 mg/A/y depending upan CF appication conditions
Utilation Factor O Stable
Working Sitable for Cly & O, or combination of both

CURFENT OUTPUT IN FINE SAND
12.8mA/k (42mA/m) when cperating at @ current dersity of
0.2784/67 (38/m7).
SO year desgn life when operating at & current density of
0.2784/8% (38/m?).

CURRENT QUTPUT IN CONCRETE
0.45mA/% (1.5mA/m) when cperating at a current densiy of
10.18mA/R= [1104/m7).
100 year design Ife when operating at a current density of
10.18mA/R= (1104/m=).

Width: 0.50" (12.7mm]): Thickness: 0.035" (0.Smm)
Timniuen Conductor: Bar Coil lengehe 2507 (76.22mi; Coil Weight: 8.5bs (3.8kg)
Sobstae Tanium ASTM B 265 Grade 1

Venture Wy, Grancham, Lincs NG31 7S UK. Tal: +44 [D)1478 SS0SSE Fac 34 [OJ1478 570508 DATASHEET
2

Emad. cpedzuthodic cu ik Websits. mum cathods. 2.2.
[

co.eh
Office: Moy teonsmn, Fugmt Strest, Sl S1 301, LG VAT fn. 118 B40S 71, Ry o Englenst N 478068
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IMPRESSED CURRENT CATHODIC PROTECTION DATASHEET 2.2.3

&) MIXED METAL OXIDE

WIRE ANODES

APPLICATION
Tank Bottoms, Tank Intemais, Pipelne itemals, Canistered Anode=, Continuous Horzoneal Groundbeds,
Dezcortinuous Horizontal Groundbeds, Shaflow Vertical Groundbeds. Deep Anode Groundbeds.

STANDARD ANODE TYPES, DIMENSIONS AND OUTPUTS

Ausilable in two mandard sizes, with two standard current ratings. Other sizes and rating are available upon reques:

MM Wire Anode consists of solid teanum wire which meetz ASTM B348 Grade 1 or 2 standards, that has been
coated with Mixed Metal Qede.

—_—

:\'

WIRE EL
1.Smm dasmeter : 75,537 microhms/ft / 247,821 microhms/m
3.0mm dameter : 18,884 microhms/ft / 61,954 microhms/m

electrical ® 25C. pr are based on typical room temperature.
WIRE ANODE
For use on pipelines, ‘comprises Mxed Metal Quide Wire Anode matenal | " to @ cable at

. the product ‘piggybacked
predetermined intervals (%0 aid current distribution and mtenuation). The wire and cable = cortained within a cotton
zock filed with caloned petroleum coke breeze backfil. The Piggyback Sock Anode is placed along=ide the pipelne with
matable lengths of cable at each end of the lbop aliowed for termination o a junction box.

pre
sock filed with calcned petroleun coke breeze backfil. The Piggyback Sock Ancde is placed alongside the pipeine with
mitable lengths of cable at each end of the loop allowed for termination o @ junction box.

Venture Way, Grancham, Lincs NG31 755 UK. Tal: 4442 [D)1478 580866 Fac +34 [D}1478 570505 DATASHEET
Emaa: 2.2.3

IMPRESSED CURRENT CATHOOIC PROTECTION DATASHEET 2.2.3

jp=—==3
bz “ msce e

c
Holba ® 1A/m fer 2C Years

DATASHEET . Granzham, Lincs NG31 7XS UK. et +44 [O]1476 SS0SSS Fax +34 (0]1475 570805
2.2.3 Emai cpcfcathodic co.ck Website. e cathodic co.ch
Pagtaract Otice: Mirnaey Hoom, Rugert. Stree., Shatiekt 51 304, LIC VAT Mo 118 BACS 71, fag' in Ergierss No. 578096




128

IMPRESSED CURRENT CATHODIC PROTECTION DATASHEET 2

o MAGNETITE ANODES

Specific gravey kg/dm3
Brnel hardness (WBS/187.5/15) | 344

Bending strength s kN/om2
Density a7 g/em3
Meking peint 1500 °c

Coethicern o linear exparmcn 6.4x106 1/°C O100°C)
Consumgion rate 002 kg/A year
Current density (1) 070 mA/dm2
Efficency £

1) depends on envirorrmene:

CHEMICAL COMPOSITION
FeO 28 .32%
Fe304 B80.84%
Balance 4.12%

Venture Way, Gramcham, Lines NG31 7S UK. Tal: +44 [D)1476 SS0S6E Fac +34 [O}1478 570808 DATASHEET
Emad: cpcOeathodic co.uk Websits: e cathodic.co.uk 2.3.1
Fgimtarest Ofice: Moy toumn, ugeet Stremt, Sefi 51 30, LK VAT Mo 118 B408 71, R i Englant Mo 478008

IMPRESSED CURRENT CATHOODIC PROTECTION DATASHEET 2.3.1

neutral zoi and water shaliow grouncbeds, chiorine and/or suifae zralow groundbeds,

sifete corment magraee water
[Diarneter 80 ren Diameter 60 [mm
Total lengen 720 |men Totat tength 720 |mm
Effective tength 670 |mm Effective length 670  |mm
[Total weigne 80 |wm Tot weghe 60 |ea
[Min_ effective mass EE ™ Min. effecte mass 27 |k
Surface area 134 |am® Surface arca 134 o
M currens oas 3o |A M. curvent load 60 |a

DATASHEET Venture Wy, Granzham, Lincs NG31 7XS UK. Tet +44 [0)1478 S90SSS Fax +44 (0]1475 570605
2.3.1 co.ck Website weam cathodic co

Emai. cpceatodic e
Pagataras Otice: Minaly Hocn, Regert Seme, Shatielt $1 30, LCWAT Mo 118 8408 71, Rt in Ergierst No. 578098
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IMPRESSED CURRENT CATHODIC PROTECTION DATASHEET 2.3.1

o MAGNETITE ANODES

flowing seawater ar platforme, jetties, «chiorine containing sod or desp grouncheds apen
bracist harbours stmgra water e, groundbenss
closed hale, water tank
[Diarneter B0 e [Diameter B0 [
[Tatal lengtn 780 [mm [Tl tengtn 740 [mm
[Esfective tengen 710 |mm [Ertecive lengeh B00  [mm
[Tocal weigne B0 |ig [Tersal woeigre B2 o
[Bvin. effective mass 47 [wm Min. effective mass a7 ks
Surtace ares 134 [ame | Surface area 113 |dnr
pax. currene loac 180 |a Mase. current load [grouncbeds) (6.0 [A
Mo current load [tanks] B0 |a

COKE BACKFILL

75 BO0SES Fax +34 X DATASHEET

<u sk 2.3.1
- o 51 S, LI VAT M 1165 5408 71, P i Emgers . 4758

PAPRESSED CURRENT CATHOOIC PROTECTION DATASHEET 2.3.2

APPLICATION

Plain graghte anodes are used in dry sol instated n

bkl U] of ivpragemsted snodes G be tsed & rroket sefies scle. in Sresks wrd Grackiets wetss s for
be

Cathodic Protaction Co Ltd graphite anodes are manufactured in two standard sizes - 3° dia up to B0 long & 47
G up to B0 long. There are two types of graphite ancdes - plain & nseed ol impregnated. Flain graghee
anodes are used for ordinary sod conditions and nseed of Impregnated ancdes are usually used for saline sod
or seawater environments.

Ermaranment Currmat Density Consumption Rate
AmpsM: bglAmpYoar
Fresh Viater 25-3 01-03
Sea water 0 03 -05
Caroonaceous Backnil 0 01-03

.um\-m. Grantham, Lincs NG31 7S UK Tal: 443 n:lu-:*s SS0SSS Fac 34 [OJ1478 570505 DATASHEET
.3.2

ok Website ms cathodic.
o O Moy o S S, St 23 S0, LK VAT . 416 DS 71, Pl n Sl N 478008
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IMPRESSED CURRENT CATHODIC PROTECTION

o GRAPHITE ANODES

Propertics et Pl Imy
arephite. graphitn

Burle density v 155 165
Parosy HaO ED) v
Figwaral @irengen T B EG
Camprezzve strengith Mimme 19 a4
Electrca” T 75 14
Resistivity™ 1z 20
Tharmal ik 158 EL
o ATy 116 35
Mean linear

thermal coetficient Vi as 13
of exgansicn 27 3z
Ash B <05 0.5

“ parallal 4o grain structure:
= perpendicular to grain stracture

ANODE TO CABLE CONMNECTION

Cabiie for Graphice Anodes i supplied acconding tn customer requirements. WA can affer the folowing nsutation and
sheathing types FUVC. XLPE/PUC, HMWFE, KYMAR, HALAR, EPRCSPE.

DATASHEET Grancham, Lincs NGS1 7X5 LEC Tel: +44 (011475 SS06S6 Fax: +44 (011475 570600
2.3.2 [Emai: cpeleatbedic co.ch Website: neecathodic. o
irumliy e, Plmgrart St Shatiukd §1 3L, LK VAT Me 118 1, P’ i Eragherst M. 478008

IMPRESSED CURRENT CATHOOIC PROTECTION

structures - Wharves, jettes. cmrEnsed
throughout the mtructure to be protected to give @ goOd overall protectise Curment distribution. Anodes shouks be
mtalied 0 areas not katie to cause Anode damage Le. Cut of the way of berthng vesmels, MOCHNG FOpes, Chains Stc.

= ot it o i s < et o o i of Wt o o . A e bl o it it
the ancde aperates at fugh Current densities in Seawater which produces chicrne.

= Water tank internal protection - usually distributed rod anodes are used for this hpe of netallation by Suspending fom
the tank roof.

= Internat protection of plant - targe diameter weter ppelines such as cooling water can be protected umng rod or wre

PLATINISED TITANIUM ANODE DATA

Teanium ancdes are pure teantem plated with a very thin conting
o P, Th charian sarves srply o= the anods ody s the oo tha Scbn ot shmart. b the
Plasnum coatng.

The umuml thackness of the platium coating is appraxmately 2.5 microns, however. this coating thickness should be

increased to 5.0 microns for harsher environments. The base metal i auaikble in 3 wide variety of mandard shapes -
rods, tubes, mesh. etc - which can be into mounes for o the o be

The thickness of the platinum coating and the current density at which the ancde is operated determine the useful fe
of the ancde. The maamum voltage ot the ancde to clectrolyte sterface should not excesd 8 Voks n =
cortanng chiorde as vokages grester than the value could cause local corroman on any unplatnsed partons of

Anodic passnation doss not protect the Htanum substrate  such

The acvantage of platinised ttanium anodes is that they can be operated at high current dencties with very low
consumption rates.

Emai. cpeOzathodic ok Website  mm cathodss
e o O My i s oo, Seees 53 LI, L6C VAT S 118 408 71, st i gt N 478008

e e P A Ty T D SUN EN e s eSS KO S P DATASHEET
2.
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IMPRESSED CURRENT CATHOODIC PROTECTION DATASHEET 2.3.3

CURRENT DENSITY AND RATES
Max current density A/dm® 30
Usual arent density An? 10-100
Consumption r3te Gy 0.0 (3t current Gensiy 5.50A/GM)
FEATURES

= Ancdes can work at high current densities without: decomgpostion or dissobing.
= Favoursble strencgeh to weight ratio.

= Ancdes can be smaller and more compact than comparable conventional snodes.
= Can be mamufactured in @ wide variety of shapes and sizes.

* Lightweight support tube installation for Px Ti anode nsaliation.

DATASHEET Venture Way, Grantham, Lincs NG31 7X5 UK. Tk +44 [O]1476 SS08SE Fax +44 (0]1475 570805
2.3.3

Emai: cpe@eathoic co.ck Website: waw.cathodic_co.uk
Pegmterad Otioe: Minsloy o, Regert Strme, Shetiekt S1 300, LIC VAT Mo 118 8408 71, fag's in Erglss No. 978096
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Appendix (3): 240 W and 50 W PV Modules Datasheets

Datasheet of 240 W Module

D

RS-P630-210~230W Series
Poly-crystalline PV Module

TN TR e
A TURR e LR
1 Y L L TE

P
4 a‘f ¥

Solar Cells from
SCHOTT Germany /

Product MOTECH Taiwan

Highlights

- High efficiency cell from Schott Germany for long term output stability

-Low iron high transmittance tempered glass provide more stiffness and impact resistance
-Aluminum frame designed with high mechanical strength and easy installation

- Guaranteed max. +3% Peak power tolerance

-5 years warranty on material and workmanship

- 25 years limited warranty for minimum 80% power output

40 993
a5
3
sé
A .
200
N
1635 soh
1300
I 1
Ol 3.5x8-Y170
i 70
Frame Dimensions Side view Back View
> 21
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Current [A]

Intensity Dependance Power
9—— . — 225w
| E=100dwiimn’ ! |
B = t - 200w
- - - - !
|
B HE=T0 0w ]I 150w
I
sl - - - :
4:-5-4&-*. | 100w
|
I ;
3| =30 wid]? |
2| i i 50w
! | n -
0 10 40 O 000 200 300 400 500 OO 700 MV
Voltage [V]

SPECIFICATION

P630-210W

P630-220W P630-230W P630-240W

Max Power (Pmax) 210w 220w 230W 240W
Open circuit voltage (WVoc) 36.36 36.66 37.02 36.90
Short circuit current (Isc) 7.89 8.09 8.34 .46
Voltage at max power (Vmp) 29.0 9.2 29.6 | 30.6
Current at max power (Imp) 7.25 7.53 7.79 7.96
Efficiency: Cell / Module (%) 14.8/12.9 1527135 15.8/14.2 | 16.6 / 14.8
Module Technaology Glass-foil-laminate with aluminum frame

Module Design

High transparent solar glass {tempered), 3.2mm

Encapsulation :EVA=-Solar Cell-EVA

Type of Solar Cells

Poly-crystalline solar cells, 156 x 156mm

IECE1215, IECE1T30 accredited for :
REPE18130W, REPE24-1890W,

RE-PEID-220W, RE-PEIE-2TOW series

RED SUN ENERGY

JOINT STOCK COMPANY

Array Gx10
Dimensions {LxWsH)mm 993 x 1635 x40
Weight kg 20
Temperature Coefficients (max.)|  Pmax - -0.41% °C ff Voc:-0.38% °C ff Isc: +0.046% T
Operating Temperature 4 ~ + 80 °C
Ambient Temperature Range =4 ~ +45C
Qualification Comply with IEC 61215 / [EC 61730
arg for rod anly, and ane subjected ioch dua 0 lechrokogy ad {5 Trom thime: b0 Sime.
Warranty

5 years product guality limited warran
10 years 90% power limited warranty
25 years 80% power limited warrany

Ofice : 17 Phan Fhu Tien, District 5,
Factory : G2 Duc Hoa Ha Ind. Park, Duc
Tel: {(B4-8) 626 11 071 Fax: 626 11 072

My, Vietrnam
I An, Vietnam

| P un-Solar.oom
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Datasheet of 50 W Module

Length 2677 in (S8 mem)
Width 3677 in (680 mm)
Height 134 (34 mm)
Frame Alurninwem

Weight SEkyg

OKO-TEST

Golarierid
Senmadule Flus

235 puly

excellent

55w A0

Sunmodule”
SW 50 poly RMA

Warld class quality

SolarWorld produces the best products with the highest quality, manufactured
according to German and US guality standards in fully-automated 150 9001
and 14001 certified factories.

Outstanding products

Solar'Word's modules wene aiessed by the OX0-TEST consumer magazine as
“encellent”.

An experienced industry leader

With ower 30 years of experience in off-grid solar applications. — Solar'World
delivers top products and technical experience at the highest levels. Our

modules are installed in aver ¥W0,000 Telecomfindustrial systems worldwide.
Naobody elie comes dose.

SOLARWORLD
—

www.solarwarld-usa com We turn sunlight into power.
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Sunmodule” weemnen
SW 50 poly RMA

FERFORMANCE UINDER STANDARD TEST CONDITIONS [STC)"

SW 50
Maximum power P g
Sen it e kg U By
Mazximum power point vollage ., w1y
Shert ciecuil curnmi i 1954
Maximum power pont curnme L 1A

ST 00, 250, AM LS

PERFORMANCE AT BD0 W/m?®, NOCT AM 15

SW 50
Maximum power P EFwp
Sen it e kg U B
Maximum power pont vollage v, B3y
Short circuit curnmi L 1A
Maximum power pont curnme [ LA

Minor raduction meificiency undin par el load conditior o FNC: at TO0W fmé, 955 S350 of the STC aificiency (K00 fmf] i achsrid.

COMPOMENT MATERLALS SYSTEM INTEGRATION PARAMETERS

Colbs par module 36 Buazimum vdem voltage €1 ddd ¥
Cull type Paly erpilalline Manmum reene curnmi 1A
Coll dimermiens 1A% in x b4 m D fom x 186 ) Incraasid anowload ace. 1o IEC £178 54 kN m
Frant tmrrpirad plais (M 1H50] Kumbsr of bypa doden H
THERMAL CHARACTERISTICS ADDITIONAL DATA

NOCT 46" Powr Lolerance YRt g
Tew, <034 %% Maximum ouber cable dameter 0.3 i [LB m
fl'.'_' Eirs 4 ¥4 Maximum wire crons srction: 4 mmi
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Appendix (4): Classic Solar Batteries Datasheet

GNB

InoustriaL Powsr

Industrial Batteries / Network Power

Classic Solar

»Powerful energy storage for
renewable energy systems«

Claseic

Zlassic



137

Iwousteme Fowen

Industrial Batteries
The powerful range of Metwork Power

Energy storage scluticns for critical systems that reguire uninterrupted power supply. GNEB® Industrial Power offers
powerful batteries for your individual needs. The bedow table is only indicative and depends on customers' specific
applicatons. For more mformation please ask a GHB sales representatree.

fonsemcher Hacalbern Claxuc

AADL RR00 ASDD AMMD SOLAR RAN Fower N-FT MY WIF IF-FT GREX CRak DCIN OFES  Enesgy  Salar vl
L] La Cycin n Bl T

iy

E L L] - - L] L L] L] L L] L] L

Badwun

L] ] L ] ] L | L] - L1 L] L | ] - L ]
-

Fm v

E - - - L]
Lmrdoi

- L] ] L ] | L] - L L] ] ] L | ] L ] L]

AES@LYTE AmimEsdr - VALA batteres (Valve Regulated Lead Acid) in which the slectrobyte
is fixed in an absorbent glass mat (AGR)

ﬁ;.ﬂrl-; P 2 Excellent high curment capability
' = Yery economical
> Maintznance-free inc topping uph
. = WALA batteries [Valve Regulated Lead Acid) in which the slectrobyte
is fixed in a gel {dryfit technology)
Eonnanschemn = Imverttor of Gel technology

= Highest reliability, evwen in non-optimal conditions

= Particularty suitable for cyclic applications

> Maintznance-free inc topping uph
EEIHSEIE > Comventional lead-acid batteries with Equid electrolyte
= Extreme reliability, proven aver decades
= Low maintenancs

> Further information abowt service is available on page 10
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Hetwork Power » Claszic Solar » Classic OPzS Solar » Technical data GHB
Twousreme Fowan

Classic OPzS Solar

Technical data

Technical characteristics and data

O0F7S Solar 190 | NS (N =S0WCDRR 2 190 S f ] 25 1-] 157 530 Li5 1
0F7S Codar 345 | WWEL (V04 SCIFR 2 45 il -] He 5 11-1 153 S0 gl i-] i
00778 Eolar 305 | WWELENGSWCDR 2 305 S Hed X5 15 16 LED L] i
0F7S Solar 360 |  WWSLOENKIS0WCDRR 2 3% 136 ] E L] A0 SED Ly 1
0778 Solar 450 | WWELEN4S0WCIR 2 50 147 Ha X5 57 pokh] 680 L1 ] i
7S Solar 550 |  WWSLENISS0WCDRR 2 550 136 ] 511 L] AT a1l LES 1
0F7S Solar BBD | WWEL (CVISSOWICIRR 2 -] 14T Ha 511 -7 1l ] a5 L] i
00F7S Solar JES | WWEL(ENIPSS LR, 2 i bl ] Fa ] 511 il ] E4 108 a5 1
(7S Solar SES |  WWELENHASWCDRR 2 S5 14 A i3 =T 438 130 a7 1
OFzS Salar 1080 | WVELLCH dSdwCDRA 2 10600 14T Hed ] 15 433 1LE L] 1
OF25 Galar 1330 | WWELIEH IR 2 130 Fard 154 i3 fred £ 171 L] 2
OFS Salar 1400 | WWELLEH 4ndaeCifa 2 1410 HE 163 i o 34 168 Ly 2
OF25 Salar 1650 | WWELEH SSIMCIR 2 1650 Fard 385 [ s [+ 4 [T ] 2
OFS Solar 1090 | WWEL(CH SadwCiFa 2 1960 HE 7 6 sy BEd i [ 2
OF2S Salar F350 | WNELOESASINCIRA 2 2350 Fard 7 o] s 0 oy [ ] 2
OF25 Galar 2500 | WWELIESSM0WCIRA 2 2500 H2 a7 ] pred 1 £ L 2
OFS Salar 3100 | WWELCS nddwCORA 2 L] HE L] 1 15 151 S LAL] 3
OF25 Galar 3350 | MWVELIESISIMCIRA 2 350 N5 L] 1 5 156 &b w14 3
OFS Salar 3350 | WWVELOCCSASIWCIRA 2 SEEN HE L] 1 15 4 LD &id 4
OFS Salar 5100 | WWEL0S nWCIRA 2 4100 N5 L2 ] 13 5 - ] Sib &l 4
OFS Solar S600 | WWVEL(DSSMWCTRA 2 4600 HE ] &3 fr—] HT Tid &ii 4
7S Solar 3B0 | WWSLOGIDSIWODRE [} o] Fird i ] 347 -3 Ll ] 130 258 1
F7S Solar 350 | WWSLIGIGESOWCDRE L} 354 g L] 347 n 560 AL 3 1
0778 Solar 430 | WWSLOEOSNWONRE L} &7 b HE 347 B3 &30 Hid LG 1
OFIS Soiai 70 | EL1S0RWCDRE 12 &7 Fird L] 347 ax =0 150 L1 1
0778 Solar 140 | WWEL1H0 SWOIFE i 1 T HE 347 F--3 450 140 p ] 1514 ] 1
7S Solar 210 | WWSL1EWEDRE 1 i ] - 1] i ] 347 b &40 190 1] bl F-id 1

* inchucies irmisled i cun cifier

dapanoing on e el
= Aokl censiy d, w L.04 BgAl

12 132 145 185

0FzS Bl 305
78 Endar 380
FzS Eolar 450
OFzS Enlar S50
FzS Enlar B8O
OFzS Eolar TES
FzS Enlar B85
OFzS Salar 1080
OFz5 Solar 1330
OFz5 Salar 1400
OFzZS Salar 1650
OFz5 Balar 19680
OFzS Salar X350
OFz5 Balar 2500
OFzZS Salar 3100
OFz5 Salar 350
OFzZS Salar 3850
OFzZ5 Salar 2100
OFz5 Salar S50
OFzS Eolar 280
FzS Enlar 350
0FzS Bodar 420
P15 Selar T
FzS Enlar 140
OFzS Bl 110
Capaciten in & f, -0, 25D

Terminal and torque
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i

B
|

CEECACEEL

g
E
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ijgle

i
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5

BEERCRAACER

Dot i aliso valid for dry changed version.
Change == {iNet) to =D« (Dry) in the part numier.
Epg:

= filled and chargad: WVEL120070 W COFE

= dry charged: NWEL1200T0 D COFB
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Ketwork Power > Classic Solar » Classic EnerSal T » Technical data, Drawings 6"‘

Classic EnerSol T

Technical data, Dra

Twovstriai Powew

Ehort

it

[T H

¥ ]
EnarSal T 570 | WNTSOCHITOWCDFR 2 [ %0 i73 5ib k1] i | FAHD i
EnarSal T 460 | ANTSIMSBIWCIRA 2 52 i 16 5 i il a3 58 S | FAHD 1
EnarSal T 550 | WNTSOMOSSIWCORA 2 542 119 154 445 e M7 .50 L] 4350 | FAND 1
EnarSal TESD | ANTSOMOESIWCDFA 2 ] 18 16 E ] v ] M5 LT LT 450 | FAEHD 1
EparSal T 760 | WNTSOITBIWCDRR 2 ™ i 16 E 7 Sib L] LE:] S350 | FAHD i
EnarSal T EED | WWTSOMOSEOWCORA 2 L 13 154 58 7 IR0 1 s 460 | FAND 1
EnrSol T1000 | NVTSIH DMWONFA 2 1S 15 16 58 85 41 28 LE:] B | R i
EnurSl T11030 | RNTSIM BOWCIFA 2 1154 in 16 E- ] ] a7 141 3 S | FAHID 1
EnSol T1250 | NWTSOE2S0WDIFA 2 1382 1 154 58 an SE 158 LE] EEST | FAND 1
"Tha i il PR p———

Tt ‘I {':- " Bﬂ- "'u-
175 A0 | L LED | 185 LES

[1H Wl (11 H Wit W (Lo

[EnarSal T 570 0 | B8 361 B | 383
EnarSal T 460 =7 36T | 416 | &W SBD | 444 | 452 478
EnarSal TSSO | 30 | &35 | 441 | 40 | 50 | 558 | 583 | 42 | 54
[EnarSal T 650 0 | BI7 | S | EOS | 58 | BEE | B4V | SBE | Ti@
EnarSal T T80 574 | G615 | E4E | TH i TED | TS5 e | EE
EnarSal TERD | 654 | 704 | 7d | BaD | 854 | 953 | m60 | BT | e
ErmsEod T1000 | 755 | B | S48 | S60 | 008 | 1085 | A3 | S | i
EneeEnd Ti030 | BS0 | Gob | 850 | o@D | 1134 | 1235 | 4907 | 1154 | 1342
EnaSol T1250 | S84 | 01 | 1060 | «300 | 1360 | 1380 | i1 | 1l | 1380

T CSpaC s Sre- gives in Ak o 53 50 oher S cpclea.

Drawings with terminal position

A

ry

Terminal and torgue

2Zlassic
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Network Power > Classic Solar » EnerSol > Technical data, Drawings G"B

Twousrriae Powse

Classic EnerSol

Technical data, Drawings

Technical characteristics and data

Pt M

[EnSal 50 RNCE10IS0W0ITA 12 1] -l L4 il 175 =1} 147 L0 | A-Termnal i
[EnSal 65 WNCE120SSW0ITA 12 1] BED LEE P 175 i 7.3 270 | A-Termnal 1
(EnaSal 53 WACE 1 H08DWOITA ¥ TEY 1) 68 T 75 i HT 470 | AeTermnal i
EnarSal 100 MLET IO TITA 12 748 T LE 54 I ] Hd T | A-Termina i
EnitrSel 130 MelEtH MW EITA 12 L] 1% 1.10 35 175 F- ] b 100 | & Termanal 1
Endrsal 175 MelE1 AITPEEITA 12 L L0 148 513 Fra] Fra] 478 148 | A-Termnal 2
EnsrSal 350 WNCE1 IS 0WIITA ik 5 58 215 5id s M AE] 188 | A-Termna 2

" B demity o, = 1559 0gA

Data is also walid for dry charged wversion.
Change «Ws {iVef) to =Ds= [Dry) in the part number. E.g.-
» filled and charged: KVCE120050 'W COTA

Terminal and torque

Don't use Soeque fior ardapber. = dry charged: MVCE1 20050 B COTA
Drawings with terminal position
I-.L'l -|—E—lrl
-1 =+ mw | Y2 - b
e @ o o
Accessories
EnerSal adapter negative EnsrSal adapter pasitive

2Zlassic
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Exide Technologies, with operati nmmwmsmdmm&* prodt and yclers of
lead-acid batteries. Exide Technologies pr a compreh and ized range of stored electrical energy sol
Based on over 120 years of experi in the developr of & " hnologies, Exide Technologies &= an esteemed

pariner of OEMs and serves the spare parts market for industrial and automotive applications.

MMM Acbmtond Exide Technologies - Mnmwdmm&mm:ﬂmm

i dor tek ilwvay applications, mining, photowoltaic (solar energy). uninterrupted power
mupammmwmmmmmm

!ﬁommmnmmnam . An © i
ibuting and Adwmmmmmm.mmw&muud

its products.

’

GNEB* INDUSTRIAL POWER devises enduring

energy concepts that convinoe with efficiency,
WWW.gnd.com flexibility and profitability.

NACSUDIOIO001 4 Sutpects 0 sheratorn
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Appendix (5): 8% Interest Rate Table

% Compound Interest Factors
Single Payment Uniform Payment Series Arithmetic Gradient
Compound Present Sinking Capital Compound Present Gradient Gradient
Amount Worth Fund Recovery Amount Worth Uniform Present
Factor Factor Factor Factor Factor Factor Series Worth
Find F Find P Find A Find A Find F Find P Find A Find P
Given P Giwen F Given F Given P Given A Given A Given G Given G
n F/P PfF AF AP F/A P/A A'G PfG n
1 108D 9259 1.0000 10RO 1.000 0.926 ] 0 1
2 1.166 8573 ARDE S608 2080 1.783 0481 0857 2
3 1.260 J938 3030 RED 36 2577 0.949 2445 3
4 1.360 T350 2219 019 4,506 i3z 1404 4650 4
5 1.469 SE0G 705 2505 5.867 3993 1.846 7372 5
[ 1587 BA02 1363 2163 7336 4.623 2176 10,523 [
7 1.714 5835 121 1921 £923 5.206 2694 14.024 7
] 1.851 5403 0940 AT40 10637 5.747 3099 17 806 8
9 1.999 5002 JDED 601 12488 6.247 3491 21808 9
10 2159 AK32 D690 1490 14487 6.710 3871 25977 10
11 2332 A289 D601 1401 16,645 7.139 4.240 30266 11
12 2518 971 0327 1327 18.977 7536 4596 34,634 12
13 2720 3677 D463 1265 21.495 7904 4.940 39 046 13
14 2937 405 413 A213 24215 #.244 5173 43.472 14
15 3172 152 0368 168 27.152 £.559 5504 47 886 15
16 3426 2919 0330 1130 30.324 R.851 5905 52.264 16
17 3700 2703 0296 i 33.750 9122 G204 56.588 17
18 3996 2502 0267 1067 37450 9372 6492 60843 18
19 4316 2317 0241 A4l 41446 9604 6770 65013 19
20 A.661 2145 0219 A01e 45.762 Q818 7.037 9,050 20
21 5.034 987 0198 AaR 50.423 10,017 7.294 Ti.063 i |
2 5437 839 D130 AR 55.457 10201 7.541 76926 2
3 5871 703 D164 64 GBS 10.371 1779 R0L6T3 3
4 6341 577 0150 {50 66,763 10.529 8.007 #4300 .t |
25 hE4E 1460 0137 AR37 73106 10,675 8225 £7.804 25
16 7.396 1352 0125 925 T79.954 10810 8433 91.184 6
7 7988 252 o4 A4 87.351 10,935 B.636 94,439 F1)
% 8627 159 0103 05 95.339 11.051 5829 97.569 18
» 9317 1073 00962 it 103966 11.158 Q.013 100.574 b ]
30 10063 4994 JD0EE3 JRER 113.283 11.258 9190 103.456 30
31 10863 0920 D0OELL JREL 123346 11.350 9358 106.216 31
32 11.737 0852 00745 ETS 134.214 11.435 9520 108 858 12
33 12676 D789 D0GES RG9S 145951 11.514 9.674 111382 13
M 13690 0730 AD0B30 JR63 158,627 11.587 9.821 113.792 k]
35 14785 J676 05D ARS8 172317 11.655 9.961 116082 35
40 21.725 R 00386 AE39 259,057 11.925 10570 126.042 40
45 31920 0313 00259 R 386.306 12108 11.045 133.733 45
L] 46902 0213 00174 0817 573771 12.233 11411 139.593 20
55 GR914 145 00118 AOR12 R48.925 12319 11,690 L4 006 5
L] 1001257 LSRR D00ED JROR 12532 12.377 11.902 147300 L]
&5 148.780 0672 00034 JR05 18473 12.416 12,060 149.739 [+
To 218607 L0457 00037 R0 27201 12.443 12178 151.533 T
75 321.203 D0E1L 00025 JR02 4026 12.461 12.266 152 845 75
1] 471.956 L0212 00017 JR02 58870 12474 12330 153,800 B0
5 93458 0 44 00012 R0 #6557 12.482 12,377 154.492 85
90 10189 0098 00003 R0 127240 12488 12412 154993 B0
95 14971 00067 00003 R0 187016 12.492 12.437 155.352 95
1040 2 1998 00045 D000 R0 7 4846 12494 12 4353 155.611 100
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