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Abstract 

 

This master's thesis addresses the issue of improving the efficiency of 

electrochemical protection of the main gas pipelines using the example of the 

section between 336-384 km of the main gas pipeline “Punga-Ukhta-Gryazovets III”.  

The thesis studies the issues of using cathodic protection stations, reveals the main 

problems of gas main pipelines corrosion protection, conducts a scientific review of 

domestic and foreign scientific papers and the existing ways of solving these 

problems. The project also proposed a solution to the issue of optimizing the 

operation of electrochemical protection stations, develops mathematical models of 

protective potentials distribution at the “Punga-Ukhta-Gryazovets III” gas main 

section and verifies their reliability and adequacy by the methods of mathematical 

statistics. The project also calculates the parameters of cathodic protection units 

when using extended elastomeric anodic grounding conductors and justifies the 

replacement of steel anode grounding. 
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Zusammenfassung 

 

Diese Masterarbeit befasst sich mit der Frage der Verbesserung der Effizienz des 

elektrochemischen Schutzes der Hauptgasleitungen am Beispiel des 336-384 km 

langen Abschnitts der Hauptgasleitung "Punga-Ukhta-Gryazovets III".  

Die Dissertation untersucht die Problematik des Einsatzes von kathodischen 

Schutzstationen, zeigt die Hauptprobleme des Korrosionsschutzes von 

Gashauptleitungen auf, führt eine wissenschaftliche Auswertung in- und 

ausländischer wissenschaftlicher Arbeiten durch und untersucht die bestehenden 

Lösungsmöglichkeiten für diese Probleme. Im Rahmen des Projekts wurde auch 

eine Lösung für die Optimierung des Betriebs von elektrochemischen 

Schutzstationen vorgeschlagen, mathematische Modelle für die Verteilung der 

Schutzpotentiale im Gasleitungsabschnitt "Punga-Ukhta-Gryazovets III" entwickelt 

und ihre Zuverlässigkeit und Angemessenheit mit den Methoden der 

mathematischen Statistik überprüft. Im Rahmen des Projekts werden auch die 

Parameter der kathodischen Schutzanlagen bei Verwendung von verlängerten 

elastomeren anodischen Erdungsleitern berechnet und die Ersetzung der 

Stahlanodenerdung begründet. 
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1. Introduction 

 

Today, natural gas is technically, economically and environmentally superior to 

many other energy sources (Tcvetkov et al., 2020). As a result, natural gas has the 

potential to become the main fuel of the 21st century, replacing oil. 

Currently, the natural gas industry is of strategic importance for the economic 

development of the Russian Federation (Litvinenko, 2020). Natural gas is the largest 

source of supplement to the state budget (about 50%); therefore, as the most 

important structural component of the development of national and regional 

productivity, it plays a huge role in the livelihood security of the population 

(Shaposhnikov et al., 2022; Tcvetkov et al., 2020) 

In terms of transport services, gas transportation system of Russia is the largest in 

the world. Gas pipelines remain the safest way to transport gas over long distances 

and are therefore an important infrastructure system. 

The reliable supply of gas to consumers is largely dependent on the operability of 

gas pipelines, most of which have been in operation for more than 20 years. With 

the development of oil and gas fields and the consequent expansion of pipeline 

systems, corrosion is becoming an increasingly important issue for the industry 

worldwide. The greatest threat to the integrity and reliable operation of mainline 

pipelines is the development of corrosion processes and the stress corrosion 

processes that occur under aggressive ground conditions (Dann and Maes, 2018). 

Diagnosing the technical condition of steel pipelines is an important task because 

energy security and, in particular, the social and economic development of the 

country depend on the accident-free and reliable operation of the Russian fuel and 

energy complex, including the objects of gas trunk pipeline transport. 

Pipeline failures and accidents can lead not only to significant energy losses, but 

also to serious environmental consequences and sometimes to fatal accidents 

(Belvederesi and Dann, 2017; Cheng, 2016; Ramírez-Camacho et al., 2017). 

Corrosion defects can have a negative impact on the serviceability and reliability of 

pipelines. Defect assessment is therefore essential for integrity management and 

failure prediction of corroded gas pipelines (Qin and Cheng, 2021). If the maximum 
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allowable operating pressure passes the reliability assessment, the corroded 

pipeline can continue to operate by determining the pipeline failure pressure. 

When a pipeline reaches its design life, the failure rate typically increases due to 

various fracture processes that reduce the pressure resistance of the pipeline. In 

order to transport hydrocarbons safely and efficiently, it is important to improve the 

capability and accuracy of pipeline failure prediction (C. Wang et al., 2021a). 

Protecting pipelines from corrosion processes is a key challenge for gas 

transmission companies. And the key to effective protection of pipeline facilities is 

to keep electrochemical protection (EPC) systems in optimal operating condition to 

reduce energy consumption, extend the life of EPC systems and reduce overhaul 

costs. 

Current problems are the frequent failure of electrochemical protection system 

components and their power supplies, and the maintenance of overrun cathodic 

protection stations to cover areas with impaired drainage point protection potential. 

This leads to increased power costs and a reduction in the service life of the 

equipment and materials used in pipeline corrosion protection systems 

(Bornukovskaya et al., 2019). Determining the optimum mode of operation for CPS 

under such conditions can be complex, taking into account the different 

requirements for minimum and maximum potential values depending on the 

operating conditions and the presence of factors that contribute to the development 

of corrosion damage. 

Currently, operating CPS operate in the protection potential maintenance regime, 

but the protective potential value is only monitored at the point of drainage, which 

does not take into account changes in the loading parameters of the CPS equipment 

along the gas pipeline, as well as changes in corrosive environmental parameters 

such as stray currents, soil resistivity and the mode of operation of neighbouring 

CPS. This in turn makes it difficult to select the optimum CPS operating mode that 

will allow for protection along the gas pipeline and long-term operation with minimal 

energy consumption. 

Reducing the protection current not only means optimising power consumption, but 

also increasing the service life of one of the most expensive components of the CPS 

system, the anode grounding electrode, from which the current flows. A reduction 
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in current consumption by a factor of several during plant operation means that the 

frequency of overhauls can be reduced by a factor of several. 

The aim of this work is to improve the efficiency of the CPS by using statistical 

methods to select the optimum parameters for its operation in order to ensure the 

reliable operation of the gas pipeline. 

Objectives of this work: 

• To study the basic normative documents on electrochemical protection 

of underground pipelines and cathodic protection stations; 

• To analyse the existing methods of regulation of cathodic protection 

systems; 

• To calculate the characteristics of electrochemical protection for gas 

pipelines using mathematical statistics; to use the results of the calculations to 

develop optimal regulatory recommendations for CPS; 

• Demonstrating the replacement of anode grounding as a means of 

improving the efficiency of CPS. 

 

2. Analysis of basic technology 

 

The basic material used for making pipelines is steel, which is subjected to corrosive 

effects of the pipeline environment during operation. 

The corrosion process depends on many factors, but always occurs in a corrosive 

system, which consists of the corrosive object (steel) and the corrosive medium 

(substance). The result is the loss of mechanical strength of the metal, i.e., corrosion 

damage. 

The consequences of an accident are not only economic damage in the form of loss 

of transported hydrocarbon material, but also significant damage to the environment 

and the infrastructure of nearby communities. Maintaining a stable protection 
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potential on a pipeline can reduce the corrosion rate from more than one millimetre 

per year to 0.01-0.001 mm1. 

In addition, an important aspect of reliable and efficient corrosion protection of 

pipelines is the optimization of operating parameters of cathodic protection stations, 

as well as the selection of their components, in particular anode earthing switches. 

The object of this study is electrochemical corrosion of main pipeline. The subject 

of the study is the method of electrochemical protection of section 336-384 km of 

the main gas pipeline "Punga-Ukhta-Gryazovets III" against corrosive effects of 

aggressive ground environment. The gas pipeline is laid in a swampy area with 

alternating sandy soils and peat bogs, and there is also the presence of organic 

inclusions. 

According to the regulatory document1, regardless of the method of laying the 

pipeline, corrosion protection must ensure its continuous operation during the entire 

operational life of the pipeline. 

There are two types of corrosion protection for pipelines: active and passive. Active 

protection creates the conditions for protection against corrosion, whilst passive 

protection protects the pipeline from the environment. 

Passive corrosion protection methods include various protective coatings. An 

insulating coating must be applied to prevent corrosion of metal pipelines, including 

main gas pipelines. Before coating, the pipe surface must be properly prepared by 

removing substances that cause rust: water, varnish residues, grease/oil stains and 

dirt. Varnishes, paints and powders are used to protect the outer surface of the pipe 

against corrosion. Insulating coatings must have low water and oxygen permeability, 

mechanical strength, high and stable adhesion to steel, resistance to cathodic 

cracking and good dielectric properties. The protective coating must also be 

resistant to mechanical damage and maintain its performance under various 

temperature conditions. Correct application of the insulation coating can significantly 

reduce the corrosion rate of a pipeline and prevent possible accidents and 

environmental damage. 

 

1 SP 36.13330.2012 Main pipelines. Revised edition of SNiP 2.05.06-85 - Introduced 2013-07-01, 
2012 
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Active corrosion protection of pipelines is based on a combination of 

electrochemical reactions of electric current and the following ion exchange 

techniques: 

• Anodic protection – the use of magnesium anodes that release 

magnesium ions in the presence of an electric current, thereby slowing down the 

destruction of the pipeline metal. 

• Cathodic protection – the phenomenon of cathodic polarisation of the 

pipeline metal in the presence of direct current, whereby the pipeline becomes a 

low-potential cathode, thereby eliminating the possibility of corrosion propagation. 

• Electric drainage protection is a series of measures to counteract stray 

currents by installing drainage protection, installing electrical shields, etc. 

Irrespective of the corrosivity of the ground or terrain, the pipeline must be fully 

protected against corrosive effects by protective coatings and electrochemical 

protection. All contact connections in the electrochemical protection system and 

cable connections between pipeline and anode earth shall be at least as reliable 

and durable as the factory-approved insulation of the connecting cables. In a circuit 

consisting of anode earth, cathodic protection devices and pipework, only double 

polymer insulated cables shall be used for underground connection cable sections. 

Electrochemical protection of process communication cables for pipelines shall be 

designed in accordance with GOST 9.602-89. 

A direct current generator is required to provide cathodic corrosion protection for the 

pipeline. The pipeline shall be connected to the “negative” pole of the generator. 

The “positive” pole is in turn connected to the anode earthing elements, which are 

buried in the same soil area. The distance from the anode elements to the pipeline 

must be fifty to one hundred metres. The wires connecting the pipeline to the 

generator must have a low resistance and be properly insulated. The current 

produced by the generator passes underground through the anodes and then into 

the pipeline, which acts as a cathode element. This process protects the pipeline 

from corrosion. The DC generator normally consists of a current rectifier fed from 

the mains via a transformer. 

The anode protection consists of a magnesium block placed in the ground, which 

acts as an anode in the corrosion “cell” formed between the anode and the pipeline. 
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The current generated by the driving force of this “cell” travels along the following 

route: anode element, ground, pipe, wire, anode element. The low decomposition 

rate of the magnesium blocks ensures reliable anodic corrosion protection of the 

pipeline. This method is typically used for steel pipelines. In anodic protection, the 

magnesium block is placed in clay, which allows the anode elements to disperse 

evenly, also maintaining the necessary humidity and preventing the formation of a 

film that prevents magnesium decomposition. 

All main gas pipelines in any method of installation, except above-ground, must be 

fully protected against corrosion by protective coatings and electrochemical 

protection, regardless of the corrosive activity of the ground2. 

Electrochemical protection consists in polarisation of metallic materials of the 

pipeline, thus avoiding short-circuiting on metallic surfaces. In general, the essence 

of electrochemical protection is to suppress anodic processes by artificial 

polarization (anodic or cathodic) of metal of protected structure from external source 

(Medvedeva et al., 2013). 

Polarisation is the deviation of the electrode potential from its equilibrium value when 

current flows through the system. In polarisation the potential in the anodic region 

shifts towards positive values (anodic polarisation) and the potential in the cathodic 

region shifts towards negative values (cathodic polarisation). In order to obtain 

protective polarisation of the cathode, a protective potential from a direct current 

source can be applied, or an additional anode material with a more negative intrinsic 

potential than the cathode material can be used. Of the electrochemical elements 

occurring on the surface of buried metal structures, the main cause of cathodic 

polarisation is the limitation of access of oxygen, the main cathodic depolarising 

agent, to the surface where corrosion occurs (Medvedeva et al., 2013). The anodic 

polarisation is mainly due to the outflow of oxidised metal ions from the surface and 

the difficulty of their diffusion from this surface through the ground electrolyte. 

The underground pipeline acts as a cathode; the electrolyte filling the pores in the 

ground, in turn, acts as an anode. The cathodic protection station, which generates 

 

2 State Standard GOST R 51164-98 Steel pipe mains. General requirements for corrosion protection 
- Introduced 1999–07–01, 1999, STO Gazprom (Proprietary Standard) 9.2-002-2009 Protection 
against corrosion. Electrochemical protection against corrosion. Basic requirements - Introdused 
2009-10-13, 2010 
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the protective potential, is a direct current source. In this protection system, the 

negative pole of the current source is connected to the pipeline and the positive pole 

is connected to the anode earth electrode. An additional anode material with a more 

negative potential than the cathode material can be used to increase the protective 

effect. The length of the protected section of a single CPS depends on various 

factors, such as the corrosivity of the ground, the quality of the protective layer of 

the pipeline and the capacity of the protection station. The protective capacity 

prevents cathodic corrosion of the pipeline and ensures reliable operation without 

damage to the environment. At the same time, the anode, i.e., the anode ground, is 

intensively destroyed as a result of the activation of the anodic process. 

The generally accepted standard for corrosion protection of pipelines is the 

protective total potential difference between pipe and ground and the polarisation 

potential defined as the potential difference in the “pipeline-ground” pair relative to 

the copper-sulphate reference electrode (Nikulin, 2015). 

Figure 1 shows a model of the current distribution of the CPS. The potential 𝜑𝑖 at 

the drainage point of the cathodic protection station acts as a boundary condition 

and is set or changed as an input to optimise the CPS parameters (Skuridin et al., 

2011). The pipeline section is divided into finite elements of length ΔL. The end 

elements are numbered i-2, i-1, i, i+1, i+2 etc. The current ji flows from the anode of 

the CPS to the pipeline and the current Ji flows through the protective zone of the 

pipe. 

 

 

Figure 1: Scheme for a section of the CPS protection zone (Skuridin et al., 2011) 

 

Experimental data show that the corrosion rate is minimal at an applied potential of 

-0.85 V (relative to the copper sulphate electrode). In the absence of factors 

significantly increasing soil erodibility, this will inhibit the corrosion process by 80-
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85%. In Russia this potential is considered to be the minimum protective potential. 

In highly corrosive soils it is recommended to increase the standard (absolute value) 

to -0.95 V. The probability of electrochemical corrosion (ECC) increases significantly 

when the absolute level of the protective potential of the copper-sulphate electrode 

decreases (above -0.8 V). In this regard, the level of corrosion propagation through 

the electrochemical pathway is higher in the sections of the pipeline between 

cathodic protection stations, where the protective potential is generally lower 

(Lyubchik et al., 2011). 

The potential for ECC strongly depends on the corrosive activity of the soil. In acidic 

soils (i.e., at pH < 5), the passivated magnetite film on the surface of pipes with 

broken insulation is either absent or rather friable, which increases the probability of 

ECC. At pH > 6, the passivated magnetite film is dense (especially in calcareous 

soils) and protects the pipe from ECC. Pipeline sections near steel mills, coal-fired 

power plants and livestock farms are particularly susceptible to electrochemical 

corrosion (Lyubchik et al., 2011). 

Cathodic protection is achieved by maintaining a protective potential on the pipeline. 

This potential is measured with a high resistance voltmeter in relation to a copper 

sulphate saturated reference electrode located in the ground. 

Electrochemical protection systems for main gas pipelines include cathodic 

protection devices, protector devices, drainage protection devices, measuring and 

diagnostic stations, remote control and remote control and corrosion monitoring 

facilities, as well as their power supply facilities. Depending on the specific operating 

conditions of the pipeline, the electrochemical protection system may include all or 

some of these elements. 

The DC power supplies of CPS are subdivided into two groups. The first group 

consists of converter-rectifiers and the second group consists of generators such as 

wind turbines, thermoelectric generators, gas turbine driven electric generators, 

internal combustion engines, etc. On main gas pipelines, the most common type is 

a cathode station with a rectifier powered from AC mains. It is most appropriate to 

use this type of power source where AC power lines of 0.4, 6 and 10 kV are 

available. Two types of converters are most commonly used in the gas transmission 

system: thyristor converters (where the protective current is regulated by the 

electronic phase control of the thyristor) and inverter converters (the essence of 
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which is to increase efficiency by double conversion of energy and reduction of 

losses on the high-frequency transformer). 

The conditions for the mandatory application of electrochemical protection are 

detailed in SNIP 20506-85. 

Anode earthing is one of the main components of the cathodic protection device, 

and the effectiveness of the whole electrochemical protection system depends 

largely on its reliable operation. 

Anode grounding, in terms of design and depth, can be divided into the following 

types3: 

• Subsoil earthing installed in the soil up to 10 m below the ground 

surface with horizontal, vertical or combined arrangement of electrodes. 

• Deep earth grounding, installed in specially drilled boreholes, e.g., pile 

anode grounding and deep anode grounding using casing as anode grounding, with 

the working part reaching the surface, and pile earth grounding with reaching the 

surface. 

• Extended earthing, usually laid along the structure to be protected 

(decommissioned underground steel structures can be used as extended horizontal 

anode grounding). 

Anode grounding electrode is the main element of cathodic protection system for 

underground gas pipelines, which is in direct contact with the corrosive medium and 

is designed for distribution and flow of protective current into the corrosive medium. 

In general, the construction of anode earth electrodes consists of the following main 

elements: 

• the electrode (i.e., the working element); 

• connecting conductive wire; 

• contact node. 

For deep anode ground electrodes, the following additional structural elements are 

also necessary: 

 

3 RD 153-39.4-039-99 Standards for the design of electrochemical protection of main pipelines and 
oilfield sites, 1999 
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• gas outlet tube; 

• fastening assembly for bundling. 

The design of the extended anode earth electrode provides for uniform wear of the 

working element material over its entire surface. 

As a result of long-term operation of the main gas pipelines, defects in the protective 

coatings arise, which contributes to the formation of local areas of protection failure. 

The following methods are used to restore the protective capacity: 

• Increasing the number of CPS in the pipeline section; 

• Applying of a new insulation coating of the pipeline; 

• Changing the type of anode grounding used; 

• Changing the operation modes of auxiliary protection devices by 

setting optimum operating parameters. 

Due to the fact that most of these methods require higher material investments, the 

last two methods are the most preferable. Increase of service life of main gas 

pipelines is possible due to optimization of electrochemical protection parameters 

and increasing of effectiveness of pipeline corrosion protection level control. 

For optimization of CPS performance, it is necessary to reveal dependence of 

pipeline protection potential value on CPS output parameters. For experimental 

definition of this dependence by existing methods it is required to find coefficients of 

influence of each CPS on the total potential difference. And for the latter, in its turn, 

it is necessary to define the stationary potential, which is equal to the intrinsic 

potential of the gas pipeline metal at switching-off all CPS influencing on it, and also 

at pipeline depolarization. This is rather difficult to achieve on an operating pipeline 

with a good insulation coating. Accordingly, an alternative solution for determining 

dependence of protective potential distribution of the pipeline on the output 

parameters, in particular, on the value of current. In this paper we take as a base 

the solution of the described task suggested by the author (Nikulin et al., 2014; 

Nikulin, 2015) – using the introduced parameter of the external potential difference 

instead of using the own potential of the CPS system. 

Besides the above-described way of optimisation of CPS operation in the process 

of pipeline corrosion protection, another effective method is optimal selection of 

anode earth electrodes suitable for particular conditions of pipeline operation. In 



 

Improving the electrochemical protection of the linear part of gas pipelines Page 11 

particular, this paper proposes replacement of deep anode earth electrodes with 

extended anode earth electrodes using elastomeric electrodes. 

Series of elastomeric anode ground electrodes for electrochemical protection of 

underground pipelines is one of the representative examples of production 

organisation that has fundamentally changed the principles of technical processes 

in electrochemical protection from designing to operation. The main technical 

characteristics inherent in this type of electrodes include: possibility of creation and 

control of electric grounding field in electrochemical protection system, creation of 

necessary protective potential at the protected object, regardless of its size and 

construction, taking into account conductivity of corrosive medium, other consumer 

qualities, providing their application in electrochemical protection systems, minimum 

requirements for transportation, simplicity and convenience of installation, reliability 

and maintainability. 

3. Research part 

3.1 Literature review  

 

Due to the effects of corrosion, oil and gas pipelines are subject to wear, leaks, 

fractures and failures. Optimally selected protection methods can prevent corrosion 

of steel pipelines, especially in unfavourable conditions and in aggressive soils. 

Properly selected and timely applied corrosion protection methods can reduce wear 

and tear on gas pipelines, extend their service life and qualitatively improve the 

transport of hydrocarbons. 

It is well known that the main factors affecting the efficiency of protection against 

corrosion cracking in underground pipelines are: the corrosion activity on the 

ground, the state of the anticorrosion protection layer of the protected object, the 

parameters of the protected object itself and the characteristics of the means of 

protection. 

Methods of preventing external corrosion of pipelines are divided into passive, 

active and mixed protection methods. Passive methods include coatings, linings, 

barriers, electrical insulation, inhibitors, etc. While active methods of corrosion 



 

Improving the electrochemical protection of the linear part of gas pipelines Page 12 

protection include the use of sacrificial (electrochemical) anodes and pulsed current 

cathodic protection. Active and passive methods are often combined to provide a 

more comprehensive corrosion protection system against newly discovered causes 

of corrosion or coating degradation (Farh et al., 2023). 

Although corrosion damage to metallic pipelines is a common and frequent problem, 

it remains uncontrollable even with the use of advanced corrosion protection 

techniques. It is therefore important to understand the factors that contribute to 

corrosion in metallic pipelines (Farh et al., 2023). 

Soil resistivity, the acidity of the medium (i.e. pH), humidity, temperature, redox 

potential, organic content of the soil, mineral composition, the presence of bacteria 

and soil type are all external factors that contribute to accelerated pipeline corrosion 

(Wasim et al., 2018).  Each factor has a definite effect. For example, soil resistivity 

decreases with increasing water content and chloride concentration. Soil properties, 

mineral and chemical composition are considered to be the most common external 

corrosion factors at 12%, with coating damage and degradation considered to be 

the third most common external corrosion factor at 10% (Wasim et al., 2018). 

Stray currents caused by energy infrastructure (trams, railways, AC lines) are 

considered to be the fourth most common external corrosion factor, accounting for 

4%. Other factors, such as biochemical or bacterial activity, hydrogen embrittlement 

and stress corrosion are less common external corrosion factors (Wasim et al., 

2018). 

Directly buried pipelines are most susceptible to corrosion sources such as sulphide 

cracking, microbial corrosion, electrochemical corrosion, atmospheric corrosion and 

exposure to stray currents (C. Wang et al., 2019a). 

The probability of electrochemical corrosion increases significantly when the 

absolute level of the protective potential of the copper sulphate electrode decreases 

(below -0.85 V). In this respect, the probability of ECC occurring and spreading is 

higher in the sections between cathodic protection stations, where the protective 

potential is usually lower (Lyubchik et al., 2011) It has also been found that sections 

of pipelines close to steel mills, coal-fired power plants and livestock complexes are 

particularly susceptible to electrochemical corrosion (Lyubchik et al., 2011). 
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In addition, the potential for stress corrosion cracking (SCC) and ECC to occur is 

highly dependent on the corrosive activity of the soil. In acidic soils (pH < 5), the 

passivated magnetite film on the surface of pipes with broken insulation is either 

non-existent or weak, which increases the likelihood of stress corrosion cracking. At 

pH > 6, the passivated magnetite film is dense (especially in calcareous soils) and 

protects the pipe from ECC. 

Stray currents are currents that are generated when the ground is used as a 

conducting medium and these currents deviate from their intended path. Depending 

on the source, they can be direct or alternating currents. Due to their low resistance, 

buried pipes tend to trap these currents, passing them along another route through 

themselves and subsequently withdrawing them underground, back to their original 

source. The conductive part of the buried pipe will be protected electrochemically, 

while the current-sharing part of the pipe may be susceptible to corrosion 

(Allahkaram et al., 2015; Qin et al., 2020; Solgaard et al., 2013). 

Stray current corrosion poses a significant risk to the technical conditions for 

maintaining pipelines fit and safe for operation during the transportation of natural 

gas (Y. Wang et al., 2019), as the increased electrochemical reactions lead to a 

serious risk of accidents (Dann and Huyse, 2018; C. Wang et al., 2021a; Wang and 

др., 2020). Stray current-induced corrosion is characterised by high concentrations 

(Paul, 2016), and its characteristics are very different from natural corrosion. Stray 

current-induced electrochemical corrosion occurs at the interface between the soil 

electrolyte and the pipe surface, which contributes to the rapid degradation of the 

coating and the thinning of the pipe wall. The potential deviation causes electrons 

to bounce off the metal and complete the electrochemical reaction (C. Wang et al., 

2019b). 

At the same time the pipe wall is gradually depleted due to the cumulative effect of 

corrosion caused by stray currents, which is often accompanied by the onset of 

pitting. This can lead to perforation, which can cause leakage of the hydrocarbon 

product being transported (Wang et al., 2020). 

The authors (C. Wang et al., 2021b)assessed the change in corrosion damage rate 

of natural gas pipelines due to the development of pitting corrosion caused by stray 

currents. The aim of the study was to establish a more reliable indicator for a timely 

response to the corrosion status of natural gas pipelines. A Monte Carlo model was 
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applied to describe the uncertainty in the effect of stray currents on corrosion losses. 

In this study, an integrated electrochemical method was developed for point 

estimation of the part of the pipeline most likely to experience stray current 

corrosion. This paper presents an integrated electrochemical approach to simulate 

the distribution of corrosion along a natural gas pipeline due to stray current leakage. 

This approach allows the temporal and spatial characteristics of the stray current 

corrosion distribution on the pipeline to be taken into account, which is important for 

predicting the locations on the pipeline where severe DC corrosion is particularly 

likely to occur. This helps to organise preventive measures to respond to corrosion 

conditions on natural gas pipelines in a timely manner and to improve the reliability 

of the pipeline. 

As corrosion is a destructive process that varies over time and leads to the gradual 

depletion of metals, stray current corrosion is no exception (Dann and Maes, 2018) 

The degree of corrosion damage to pipelines by stray currents follows Faraday's 

law. This type of corrosion process is also influenced by many factors: stray current 

density, ion concentration in the electrolyte medium (Bertolini et al., 2007), pH (Qian 

and Cheng, 2017), applied strain, temperature (Yuan et al., 2018), etc. 

The corrosion risk assessment of underground metallic pipelines is usually based 

on their potential, which is measured against a reference electrode. In the absence 

of stray currents, this measured potential has a constant value. When stray currents 

flow through the pipe, the system potential begins to fluctuate. Measuring changes 

in pipeline potential relative to the electrolyte and deviations from normal potential 

are the two main methods of detecting changes caused by stray currents and 

assessing their magnitude (Allahkaram et al., 2015). 

Protective coatings are the first line of protection against corrosion to maintain the 

integrity of underground pipelines. They act as a physical and electrochemical 

barrier layer between the metal and the environment. If used properly, they can 

protect more than 99% of the pipeline surface (Farh et al., 2023). 

An important aspect of corrosion protection and corrosion control methods for 

metallic pipelines buried in corrosive soils is the selection of a protective material for 

the particular corrosive environment. The material selected must meet certain 

criteria and requirements, namely: physical and mechanical properties, corrosion 
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and erosion resistance, design availability, cost, maintainability, compatibility with 

other system components, reliability and service life (Makarenko, 2009). 

The thickness and resistivity of the protective layer are the main controlling 

parameters for its protective properties. However, its corrosion resistance and 

resistance to degradation vary depending on the permeability and chemical 

composition of the crude oil product, which may not be fully reflected by the above 

parameters (Xu et al., 2020). 

Commonly used epoxy resins and carbon-based enamels exhibit cathodic 

protection from current flow, while high-performance composite coatings and 

polyethylene tapes block current flow in long-term tests (Kuang and Cheng, 2015). 

The authors have measured and modelled the environmental chemical and 

electrochemical characteristics of the electrolyte trapped under the protective 

coating (Yan et al., 2015). In addition, laboratory tests have been carried out to 

understand the protective behaviour of some gas pipeline coatings using 

electrochemical measurements, including constant potential currents and 

electrochemical impedance spectroscopy (Ruschau and Chen, 2006). 

Defects in the coatings may be due to mechanical failures in the application of these 

coatings, negligence during operation, soil during backfilling of the pipeline, cracking 

due to increased mechanical loading, biological erosion in the soil, damage caused 

by subsequent construction works, etc. (Nykyforchyn et al., 2019, 2017; Wan et al., 

2017). If the protective coating is damaged, stray currents begin to flow, resulting in 

a cathodic zone at the entrance and an anodic zone at the exit of the stray current 

path through the pipeline. 

Due to delamination, degradation and defects from various causes, coatings lose 

their reliability over time, leading to corrosion. Therefore, coated pipelines must be 

combined with cathodic protection to prevent external corrosion (Shaalan et al., 

2022). In addition, the coating makes the application of cathodic protection cost-

effective and extends the life of the anode, as the coated pipeline requires less 

protective current. In other words, coatings and cathodic protection have a 

synergistic effect and complement each other (Brenna et al., 2020; Farh et al., 

2023). While the coating provides a first barrier of protection against corrosion 

attack, cathodic protection acts as a back-up protection against coating defects (e.g. 
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perforations and dents) or corrosion damage in the event of coating failure (Chen et 

al., 2009; Kuang and Cheng, 2015) 

However, depending on the nature of the defect and the chemistry of the pipeline 

environment, the cathodic current provided by cathodic protection can produce 

reaction products that affect the adhesion of the coating around the defect, leading 

to so-called cathodic stripping, which is considered to be the most important 

degradation mechanism for organic coatings on steel surfaces (Mahdavi et al., 

2015; Xu et al., 2020). 

In particular, when protective coatings are damaged, the following cathodic 

reactions occur: oxygen reduction and hydrogen release (Gu et al., 2020). Both 

reactions can be important causes of cathodic delamination of protective insulation 

coatings, but some studies have shown that it is hydrogen release that leads to 

greater delamination of the coating, so this process deserves more research in the 

pipeline field (Gu et al., 2020; Wang et al., 2022). 

Cathodic protection (CP) refers to a method of protection in which a negative current 

is applied to a steel structure to shift the electrode potential towards the redox 

equilibrium potential of the metal by cathodic polarisation (Broomfield, 2020). The 

desired cathodic protection potential on the pipeline can be controlled manually 

(internal feedback) or semi-automatically (external feedback) (C. Wang et al., 

2021a). 

Cathodic protection systems polarise the steel surface of the pipeline and form a 

passive film (Kumar Thakur et al., 2021). Accepted conditions for preventing 

pipeline corrosion include a pipeline polarisation in the negative direction of greater 

than 850 mV (Brenna et al., 2014; Büchler, 2020; Kuang and Cheng, 2016). 

Cathodic protection, as an active corrosion protection method, functions by applying 

a protective current that converts all the anodic (i.e., active) parts of a steel pipeline 

into cathodic (i.e., passive) parts (Farh et al., 2023). As the resistance between the 

pipeline and the ground increases, the current required for cathodic protection 

decreases. 

To ensure effective cathodic protection of the pipeline, the following factors must be 

taken into account: pipe-to-ground potential, AC to DC current density ratio, AC 

voltage, AC current density. Experiments have demonstrated that the probability of 
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corrosion increases when the AC current density is between 30 and 100 A/m2 and 

that considerable corrosion damage to the pipeline is more likely to occur when the 

density exceeds 100 A/m2 (Goidanich et al., 2010). 

In the case of AC, over-protection should be avoided, as it leads to an accelerated 

development of corrosion. The authors (Chen et al., 2020) have shown that the 

effect of AC corrosion is similar to that of steady-state AC corrosion as the 

intervention time increases. An increase in the ratio of AC current density to DC 

current density implies an increased risk of corrosion damage. In turn, a decrease 

in this ratio means that the probability of corrosion occurring is reduced, but it still 

does not guarantee complete prevention of corrosion. 

When exposed to a corrosive medium at cathodic protection potential, cathodic 

failure usually starts with a coating defect, leading to the following electrochemical 

reactions (Mahdavi et al., 2017): 

 𝑂2 + 2𝐻2𝑂 + 4𝑒
−4𝑂𝐻− (3.1.1) 

in case when the potential is less negative than -1100 mV; 

 2𝐻2𝑂 + 2𝑒
−𝐻2 + 2𝑂𝐻

− (3.1.2) 

in case when the potential is more negative than -1100 mV. 

These reactions produce hydroxyl ions which result in a highly alkaline environment 

near the coating defects. This high pH solution can lead to the onset of cathodic 

disintegration at the boundary of the coating defect (Mahdavi et al., 2017). 

It is now recognised that the effectiveness of cathodic protection is achieved by 

activating the polarisation effect and the resulting concentration polarisation 

associated with oxygen reduction, as well as by increasing the pH of the steel 

surface (Brenna et al., 2020). 

Cathodic protection can be carried out in two ways: by using a pulsed current and 

by using a metal protector anode. The first method does not require a power supply 

to provide current from the sacrificial anode to the protected part of the cathode. 

The condition is that the electrochemical potential of the anode metal must be higher 

than that of the cathode metal, which is the object to be protected – the pipe. The 

second method consists of generating the necessary current, for which a DC current 
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source – a rectifier (if AC power is available) or a diesel generator is used (Shaalan 

et al., 2022). 

Cathodic protection with anodic grounding electrodes is defined as protection with 

electrically corrosive elements, in which the metal pipe acts as the cathode and the 

part to be corroded (sacrificed) is the anode in this system. Therefore, the anode is 

consumed and eventually needs to be replaced. The cathodic protection current of 

the metal pipe must be equal to the corrosion current of the anode grounding 

electrode (Szeliga, 2012). 

However, cathodic protection systems with sacrificial anodes are not effective for 

protecting pipelines with low earth resistance (Szeliga, 2012). Furthermore, when 

pipelines are laid in cased pipes under road and railway tracks, the ability of the 

cathodic protection current to reach the protected pipe is mainly determined by the 

electrical insulation of the pipe and the cased pipe and the medium between them 

(Farh et al., 2023). 

Pulsed current cathodic protection is a corrosion protection method that uses a 

sacrificial anode driven by an external direct current source (Broomfield, 2020). The 

positive terminal of the DC source is connected to the corrosion depleted anode and 

the negative terminal is connected to the steel pipe (cathode) (Mohammed and 

Abdulbaqi, 2018; Szeliga, 2012). 

The extent of the external corrosion regime can be assessed by quantifying the rate 

of evolution of localised pipe damage. However, the full range of factors contributing 

to corrosion growth is poorly understood for environments with ventilated soils. 

Furthermore, over many years of operation, pipes are dynamically exposed to 

corrosive environments and the factors influencing the corrosion process tend to 

change over time (Cole and Marney, 2012; H. Wang et al., 2019). 

The various criteria that can be used to assess pipeline defects treat corrosion as a 

localised thinning of the pipeline wall thickness and assess the resulting effect on 

mechanical stress and strain distribution (Qin and Cheng, 2021). 

The integration of mechanical-electrochemical interactions in corrosion defects 

allows for physical modelling that can contribute to more accurate defect 

assessment and possible pipeline failure prediction at a more mechanical level. For 

example, the authors (Xu and Cheng, 2013) presented the concept of mechanical 
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and electrochemical effects of pipeline corrosion: they derived theoretical 

dependencies between the thermodynamic component of corrosion (i.e., 

electrochemical equilibrium potential), the kinetic component (i.e., anodic and 

cathodic current densities), and the mechanical stress and strain of the corroding 

steel, and confirmed these dependencies with experimental data (Liu et al., 2011; 

Xu and Cheng, 2012; Yang and Cheng, 2016). 

In connection with the expediency of increasing the useful life of pipeline transport, 

it is necessary to take into account the fact of the negative effect of the stress state 

of the pipe metal, which contributes to the development of electrochemical 

corrosion. The presence of residual stresses in the pipeline wall, both tensile and 

compressive, leads to the appearance of local areas of plastic deformation. This, in 

turn, significantly enhances the spread of the corrosion process in the metal, which 

can cause premature failure of the object. Therefore, it is necessary to establish a 

clear relationship between the corrosion rate and the degree and type of plastic 

deformation of the pipe metal. This dependence is also necessary to determine the 

deadline for the use of the pipeline. 

The authors (Bolobov et al., 2022) also investigated the effect of mechanochemical 

effects by calculating corrosion rates under different types of loading. Using pipeline 

steel 17GS (Fe510D1) as an example, it was found experimentally that 

electrochemical corrosion of metals is most intense when objects are subjected to 

tensile stresses and also when stress concentrators are present. 

As major gas pipelines are single objects consisting of individual parts welded 

together to assemble a transport system, it is important to note that the presence of 

corrosion defects at the weld seams poses a significant threat to the integrity of the 

pipeline. These defects may be the result of welding, or they may be the result of 

corrosion during the operation of the pipeline, as the weld joint is a stress 

concentrator (Qin and Cheng, 2021). Due to the complex composition, structure, 

resulting stresses and electrochemical properties, corrosion defects in pipeline 

welds must be modelled using a large amount of input data and involving a large 

number of physical fields. As a result, predicting the fracture process in pipeline 

welds may be more difficult to simulate. To date, there has been little research on 

this topic (Teran et al., 2019; Yeom et al., 2016). 
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However, the most common internal corrosion factors in oil and gas systems are 

corrosive gases (e.g., CO2 and H2S) (Folena and Ponciano, 2020), elevated 

pressure, temperature, flow rate, and pH (Ben Seghier et al., 2022; Benitez et al., 

2002). 

The presence of H2S hydrogen sulphide in oil and gas fields can affect the 

metallurgical properties of structural steel, such as ductility, leading to a loss of 

mechanical properties. Hydrogen embrittlement is a related process that can lead 

to catastrophic pipeline failures. The operating conditions of pipelines, i.e., high 

temperatures, pressures and flow rates, combined with the presence of hydrogen, 

lead to the necessary conditions for hydrogen embrittlement and hydrogen-induced 

cracking (Folena and Ponciano, 2020). 

When using steel for the manufacture of hydrocarbon transport pipeline systems, 

account must be taken of the fact that pipeline steel is susceptible to material 

degradation in the presence of hydrogen. And one manifestation of this fact is the 

growth of fatigue cracks in the presence of hydrogen. Understanding the extent to 

which hydrogen accelerates the growth of fatigue cracks has been the subject of 

much research (Alvaro et al., 2019; Ronevich et al., 2018; V. Singh et al., 2019). 

Hydrogen embrittlement is a phenomenon of accelerated fracture caused by the 

introduction of hydrogen during fabrication or repair (Nagumo, 2016; Robertson et 

al., 2014). This phenomenon can be caused by the embrittlement of aggregated 

hydrogen molecules or hydrides, or it can occur suddenly at low loads, with very low 

hydrogen concentrations, after a long delay (Z. Wang et al., 2021). The latter leads 

to catastrophic failure of steel and other structural materials under natural gas and 

hydrogen transport conditions (Bai et al., 2020; Chatzidouros et al., 2019; Koyama 

et al., 2017). 

Despite significant improvements in the understanding of the hydrogen 

embrittlement and a wealth of experimental data on the behaviour of metals during 

hydrogen, a number of key issues in this process remain relevant. For example, 

predicting the sensitivity of metals to HE under specific industrial conditions remains 

challenging because of the problems in accurately determining the interaction 

between absorbed hydrogen and metal microstructure under different 

environmental conditions (Li et al., 2022). Predicting hydrogen sensitivity requires 

knowledge of the properties of the material itself (e.g., crystal structure, grain 
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boundaries, dislocations, inclusions) and the external conditions that determine 

hydrogen exposure (e.g., temperature, humidity, pH and pressure) (Zhang et al., 

2023). 

In their study Zhou et al. (Zhou et al., 2021) conducted tensile experiments on both 

smooth X80 pipe steel specimens and notched specimens. The yield strengths of 

the base metal of X80 pipeline steel measured in the experiments in a reference 

atmosphere and three simulated atmospheres with hydrogen volume fraction of 1%, 

2.2% and 5% were 660.9 MPa, 668.1 MPa, 676.5 MPa and 659.1 MPa, respectively. 

The yield strength of the sample reaches its maximum in an atmosphere with 

hydrogen content of 2.2%. However, the yield strengths at all 4 atmospheres were 

practically identical. When the material entered the plastic stage, the stress began 

to increase slowly with increasing strain. The tensile strengths were 724.2 MPa, 

726.7 MPa, 727.5 MPa and 722.2 MPa, and the corresponding strains were within 

5-6%, as shown in Figure 2. Thereafter, the stress gradually decreased and the 

specimens finally failed when the strain reached the range of 16%-18%. It can be 

concluded that the addition of hydrogen has no significant effect on the tensile 

strength of X80 pipe steel, but has a significant effect on the yield strength. 

 

Figure 2: Tensile diagram under slow loading of smooth round bar specimen (Zhou et 
al., 2021) 

 

High-strength steel pipelines are widely used to transport hydrocarbons over long 

distances (Laureys et al., 2022; Nanninga et al., 2010). It is known that hydrogen 

embrittlement problems occur when the interior of the pipeline is exposed to high 
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pressure hydrogen (Ghosh et al., 2018; Ohaeri et al., 2018) or acidic gases 

containing hydrogen sulphide H2S, due to the acidic corrosion of the steel and the 

production of hydrogen atoms (Mohtadi-Bonab et al., 2021). However, hydrogen 

embrittlement can also occur when the outer surface of the pipe is exposed to 

electrochemically generated hydrogen due to cathodic protection (Cazenave et al., 

2021; Zhang et al., 2018). In some cases, the inner and outer surfaces of a steel 

pipeline can be exposed to hydrogen from different sources at the same time. 

Since hydrogen embrittlement can be caused by both internally dissolved and 

environmentally adsorbed hydrogen atoms, Lynch (Lynch, 2012; Z. Wang et al., 

2021) proposed the adsorption-induced dislocation emission (AIDE) mechanism. In 

AIDE, hydrogen atoms diffuse to the internal apex of a stress-induced crack or 

adsorb from the environment to the outer surface of the crack. These atoms 

enhance the emission of dislocations within a few nanometres of the crack tip and 

are rapidly carried away by these dislocations. 

Nagumo (Nagumo, 2016; Nagumo and Takai, 2019; Z. Wang et al., 2021), on the 

other hand, described the interaction of strain amplitude, the presence of hydrogen 

and vacancies, and proposed a mechanism for hydrogen enhanced strain-induced 

vacancies (HESIV). According to this theory, the combination of hydrogen atoms 

and vacancies in the plastic zone of the metal reduces their mobility and stabilises 

these vacancies, thereby localising deformation and forming clusters. 

Wang et al. (Z. Wang et al., 2021) argue that the local distribution of hydrogen 

affects the brittleness of α-Fe single crystals and that dissolved and adsorbed 

hydrogen atoms in particular cause hydrogen embrittlement in steel, which in turn 

is partly based on the mechanisms of hydrogen enhanced local plasticity (HELP) 

(Schippl et al., 2018; R. Singh et al., 2019) and hydrogen enhanced strain enhanced 

vacancies (HESIV) (Z. Wang et al., 2021). 

In addition, the hydrogen enhanced debonding (HEDE) mechanism has been 

suggested as a representative mechanism for HE (Traidia et al., 2018). The HELP 

model is based on the idea that hydrogen promotes dislocation movement and thus 

reduces local shear strength, i.e., hydrogen diffuses into the crack tip region and 

hydrogen atoms are attracted to the lattice strain around the dislocation, which in 

turn migrates to the lower stress region, thereby increasing its mobility. On the other 

hand, the HEDE model assumes that the atomic bonds in front of the crack tip are 
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weakened by stretching the atomic lattice due to the presence of hydrogen, and 

therefore the fracture energy is reduced (Li et al., 2018). HEDE is thought to 

dominate when brittle fracture surfaces are observed, whereas HELP is seen more 

as a highly localised plastic fracture process. 

Also, H2S sulphide is known to be responsible for cathodic reactions on the steel 

surface of the pipeline, due to the release of hydrogen atoms and sulphide ions into 

the environment (Folena and Ponciano, 2020). The hydrogen atoms diffuse easily 

into the crystalline matrix of the steel due to their small size. These atoms are then 

trapped and accumulate in the form of lattice defects such as micro voids, 

vacancies, dislocations, inclusions and segregation zones, leading to the formation 

of cracks (Mohtadi-Bonab et al., 2013). This hydrogen-induced cracking can even 

start without significant external stresses, but intensifies as the ductility of the metal 

decreases in response to tensile stresses. On the surface of the pipe, sulphide ions 

can combine with iron ions released by the dissolution reaction of the iron anode to 

form iron sulphide. The iron sulphide formed on the steel surface can in turn act as 

a diffusion barrier, weakening the corrosion rate and/or absorbing hydrogen. 

The kinetics of damage generated by vacancy clusters are closely related to the 

strong localisation of strain, for example, near grain boundaries. Characteristics of 

hydrogen embrittlement mechanisms in steel, such as sensitivity to microstructure, 

fracture morphology and strain rate and temperature dependence, correlate well 

with damage kinetics (Nagumo and Takai, 2019). Zhang et al. (Zhang et al., 2018), 

stated that the sensitivity of pipeline steels to hydrogen embrittlement should also 

be determined by the variation of the fracture surface and not only by an empirical 

value based on the degree of hydrogen embrittlement. 

The presence of H2S, i.e., acidic hydrocarbons, is one of the most prominent causes 

of failure and defect formation in carbon steel pipelines. most of the atomic hydrogen 

produced by the electrochemical corrosion reaction between H2S and iron 

penetrates into the base material through an adsorption-absorption-diffusion 

mechanism (Hao et al., 2018; Tian et al., 2018). At defective interfaces in steel in 

the form of elongated non-metallic inclusions (e.g., MnS sulphide), diffused 

hydrogen is trapped and forms gaseous hydrogen cavities under high pressure. The 

increase in pressure within these cavities is continuously supported by the hydrogen 

from the corroded steel surface, which is the main driver for the formation and 
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growth of small cracks, i.e., hydrogen-induced cracking (HIC) occurs (Gan et al., 

2018). 

Furthermore, in addition to the corrosive effects of hydrogen sulphide, corrosion in 

a carbon dioxide environment is one of the important and dangerous types of 

damage to objects in straight sections of trunk pipelines, accelerating their corrosive 

damage (Shaposhnikov et al., 2022). According to the analysis of statistical data on 

the accident rate of trunk pipelines transporting natural gas, one of the main causes 

of failures is damage caused by corrosion of carbon dioxide (Shaposhnikov et al., 

2022). 

Compared to hydrogen sulphide (H2S), CO2 was earlier considered a minor player 

in ecological corrosion in natural gas production (Devyaterikova et al., 2019). With 

the development of deep natural gas condensate fields with reservoir temperatures 

above 80°C, pressures above 30 MPa and CO2 content in the gas above 1 vol%, 

the issue of CO2 corrosion has become increasingly important (Artemenkov et al., 

2017). 

It is worth mentioning that currently scientists are very interested in the 

implementation of new technologies and the development of methods to solve the 

problem of corrosion damage in hydrocarbon feedstock pipelines, optimise CPS 

operations and develop means of electrochemical protection, in particular - anode 

grounding devices. 

An analysis of patents on international scientific developments shows the following 

results. Thus, for example, the useful model represented in patent (Redekop, 2022) 

relates to the field of electrochemical protection and creates protection of 

underground pipelines for liquid and gas transport with application to pipeline 

transport. The technical results of this model, including the increased reliability of 

the operation of anodes in electrochemical protection systems, are achieved by the 

presence of a conductive shell and a conductive core in the anode, made of copper 

wires and flexible graphite-containing ropes in contact with each other. 

Similar to the above model is the utility model (Odegov et al., 2019). The device 

contains a metal conductor, a polymer sheath, an additional titanium electrode, a 

mineral sheath, a conductive sheath and a woven bag. The titanium electrode is 

coaxial with the metal conductor in the mineral sheath; and depending on the length 
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of the anode ground electrode, there can be several titanium electrodes. The metal 

conductor is made of flexible copper wire. The mineral sheath is made of carbon 

filler with graphite powder. The technical problem solved by the utility model is to 

increase the mechanical tensile strength of the device. Nevertheless, the 

disadvantage of this device is its low reliability. This is due to the fact that the utility 

model uses copper wire as the core, which has a high solubility in the presence of 

electric current, and if the copper wire is damaged, the electrochemical protection 

zone is reduced. When the sheath is damaged, the destruction of the copper wire 

is accelerated. Placing the titanium electrode close to the metal conductor will 

reduce the level of electrochemical protection because the titanium electrode and 

the metal conductor will act as two separate anodes, generating their own electric 

fields and interfering with each other. In addition, the titanium electrodes are hard 

and inflexible, which can cause the integrity of the sheath to be compromised when 

the grounding electrode of the anode is bent. 

A flexible anode model is also described in a patent by scientists from China 

(Yanqiang et al., 2017). The model device consists of a copper core cable, anode 

wire, coke filler, air tube, fabric mesh and fibre optic sheath. This model has a 

connection point to the anode wire, the copper wire cable. This cable, the anode 

wire and the gas pipe are coaxially located in the coke loader. The gas pipe diverts 

the gas generated in the casing and the grid. However, due to the use of copper 

cores, this model also has a disadvantage because, as mentioned above, copper 

has a high solubility in the presence of current. As a result, when the copper core 

dissolves, the electrochemical protection area is reduced. In addition, if the copper 

cores are not connected tightly enough, the working range of the device is reduced, 

which also leads to reduced reliability. 

Another invention by Russian scientists (Aginey et al., 2020) was aimed at saving 

resources when installing and operating an anode earthing, which is part of a 

cathodic protection device for gas pipelines laid underground. After drilling a 

borehole parallel to the structure to be protected and below the water table, the pipe 

is installed into it, consisting of two connected half-cells, made of materials with 

different resistances. When installing the pipe, the pipe is rotated so that the half-

cells of the highly resistive material face the protective earth. A structure consisting 

of two half-cells welded together is connected to the tube of conductive material, 
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into which the protective electrodes are pulled via a cable and filled with a 

conductive solution. The technical result of the invention is an increase in the service 

life of the anode earthing under conditions where the protective earthing and 

lightning protection system components have a negative impact on the current 

distribution parameters of the cathodic protection system. 

The object of the present invention (Kajiyama, 2008) is a system for preventing 

corrosion in pipelines with a high resistance coating based on electro-anodes. The 

system comprises a probe for determining the target protection area of the pipeline. 

The current generated by the electroplated anode is set so that the potential of the 

probe to be disconnected is less than the corrosion prevention potential. The 

present invention (Goodwin, 2019) also relates to the field of corrosion protection of 

pipelines. The model relates to a method of manufacturing an electroplated anode 

containing a spiral coil and expendable metal. 

The aim of the invention (Aginey et al., 2019) is to estimate the remaining service 

life of electrochemical corrosion protection elements for underground pipelines. This 

useful model can be used to determine the service life of anodes for earthing and to 

determine the period of their repair or complete replacement. 

The authors (Liang et al., 2023) and (Liu et al., 2023) investigated the effectiveness 

of using anode earthing made of zinc or indium alloys and anodes made of 

magnesium alloys, respectively, in the cathodic protection of pipelines against 

corrosion. The studies proved that the use of these anode grounding electrodes is 

an effective solution against AC corrosion. 

Furthermore, the aim of the invention (Politov, 2019) is to improve the design of 

anode earthing for the electrochemical protection of metallic structures against 

corrosion when in contact with highly resistive soils. The proposed anode earthing 

electrode, the body of which is made of a conductive polymeric material, is made in 

the form of a tube with a plurality of perforations. This technical solution contributes 

to a significant increase in the reliability and service life of the electrode, as the low 

solubility of the polymeric material eliminates the possibility of forming an oxide film 

and resists aggressive environments, in contrast to similar devices where the metal 

core is dissolved during the protection process. The dissolution of the metal core 

leads to a deterioration of the electrical parameters of the anode earthing electrode 

and a significant increase in current resistance. In addition, the presence of 
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perforations in the electrode body contributes to the uniform wetting of the electrode 

body surface by the activator solution, thus providing a reduction in transient 

resistance, which increases the efficiency of the anode earthing electrode. 

3.2 Methodology 

 

In most cases, cathodic protection stations operate in a protective potential 

maintenance mode, which is not adapted to changing load conditions. As the 

protection potential is only monitored at the point of discharge and does not take 

into account changes in the corrosive environment and the equipment protecting 

the pipeline, increasing the maximum protection potential of a section of pipeline 

can lead to undesirable consequences such as deterioration of the mechanical 

properties of the pipeline metal, an increase in the dissolution rate of the anode 

grounding and delamination of the protective insulation coating. 

An analysis of the latest scientific studies, specifications and technical documents 

in the field of condition monitoring of pipelines and their electrochemical corrosion 

cathodic protection shows that the selection of the optimum mode of operation of 

the elements of the electrochemical protection system, taking into account the 

influencing factors and their combination, is an urgent and important task. 

The existing CPS operation regulation methods are oriented towards specific local 

sites and industrial objects. In industrial sites, the cathodic protection current field is 

inhomogeneous, so existing methods treat the protected object as a system of 

points where the protection potential is measured4. For each particular point, a 

dependence coefficient between the protection potential difference and the CPS 

influence current value is determined. In turn, the influence coefficient is found by 

regression analysis. 

According to the results of the study (Fatrakhmanov, 1998), the variation of the 

protection potential difference is related to the magnitude of the CPS current at each 

particular point with sufficient and high predictive power, described by a system of 

linear equations: 

 

4 STO Gazprom (Proprietary Standard) 9.2-002-2009 Protection against corrosion. Electrochemical 
protection against corrosion. Basic requirements - Introdused 2009-10-13, 2010 
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𝜑1 = 𝐴01 + 𝐴11𝐼1 + 𝐴21𝐼2 +⋯+ 𝐴𝑖1𝐼𝑛
𝜑2 = 𝐴02 + 𝐴12𝐼1 + 𝐴22𝐼2 +⋯+ 𝐴𝑖2𝐼𝑛
𝜑𝑘 = 𝐴0𝑘 + 𝐴1𝑗𝐼1 + 𝐴2𝑗𝐼2 +⋯+ 𝐴𝑖𝑗𝐼𝑛

}, (2.2.1) 

𝜑𝑖 – potential difference of the ith point of the industrial site, where i=1; 2; … k; 

𝐼𝑗– the current of the jth cathodic protection station, where j =1; 2; ...k; 

𝐴𝑖𝑗– the coefficient of influence of the nth CPS on the total potential difference at the 

measuring point. 

The above set of equations for k points and n CPS at an industrial site is used to 

solve the current regulation problem for cathodic protection devices in order to find 

the optimal mode. This problem is the minimisation of the output power of all active 

CPS used to protect the pipeline: 

∑𝑃𝑗 =∑𝐼𝑗
2

𝑚

𝑗=1

∙ 𝑅𝑗 ,                                                     (2.2.2) 

Ij – the current intensity of the jth CPS; 

Rj – impedance of the external circuit of the jth CPS 

It is important to observe the limitations on potential differences: 

 |𝜑𝑚𝑖𝑛| ≤ |𝜑𝑖| ≤ |𝜑𝑚𝑎𝑥|, (2.2.3) 

𝜑𝑚𝑖𝑛, 𝜑𝑚𝑎𝑥 – the minimum and maximum permissible protective potential 

differences at the points determined in accordance with the technical regulations. 

A feature of this approach is that the optimum operation of the cathodic protection 

station does not take into account the corrosion factors of the object to be protected 

and their combination. Furthermore, in order to determine a model for the 

dependence of the distribution of the protection potential difference on the intensity 

of the current generated by the CPS, i.e., to find the influence coefficient 𝐴𝑖𝑗, it is 

necessary to determine a fixed potential 𝐴0𝑗. This parameter is determined by the 

inherent potential of the gas pipeline metal when all switches affecting the CPS, and 

when the pipeline is depolarised. The value of the potential of the pipeline itself is 

influenced by the chemical composition of the pipeline metal and the chemical 

properties of the surface where the pipeline is located. 
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Depolarisation of an operating pipeline with a good insulating coating condition is 

difficult to achieve. This process can take several days at the measurement point 

and can be interfered with by the operation of other operating CPS. This method is 

therefore impractical as it requires a large number of cathodic protection stations to 

be shut down for long periods of time, resulting in increased logistical costs. Another 

disadvantage of this model is that it requires a large amount of background 

information, such as operational cathodic protection potential data obtained through 

regular measurements. 

The method described does not take into account the influence of important factors 

such as the condition of the insulation coating on the potential distribution, the 

inevitable changes in the chemical composition of the environment during operation 

and the cumulative effect of corrosive factors. 

In order to eliminate all the above-mentioned drawbacks, new methods for 

distributing the protective potential along the pipeline need to be developed. 

Therefore, S.A. Nikulin (Nikulin et al., 2014; Nikulin, 2015) proposed a method for 

determining pipeline shielding which excludes the above-mentioned drawbacks. In 

this method, it is proposed to use the introduced external potential difference 

parameter instead of the CPS system's own potential 𝐴0𝑗. The method consists of 

determining the coefficient of CPS influence on a point and calculating the external 

potential difference at the “pipe-ground” point as the difference between the total 

potential difference at that point and the total revealed value of CPS influence. 

In order to calculate the external potential difference at the “pipe-ground” point, the 

protective total potential difference at the drainage point (360 km CPS) must be 

measured in the following order: 

1. the CPS is switched off; 

2. the total protection potential difference at the selected drain point is 

measured with reference to a fixed copper sulphate reference electrode; 

3. next, the current intensity at the CPS outlet shall be measured; 

4. after this, the CPS shall be opened; 

5. the CPS output current shall then be increased according to the 

selected control step (1 A); 

6. repeat steps 2-5 until the current value is 13 A; 
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7. repeat steps 1-6 n times. 

As the external potential difference includes a component determined by the output 

parameters of the joint station, for the investigation point it is necessary to find the 

coefficient of influence of the joint station on the total protection potential difference. 

The measurements for all adjacent CPS (at km 336, 345, 371, 384) are to be carried 

out in the following order: 

1. the adjacent CPS is switched off; 

2. measuring the total protection potential difference at the measured 

drainage point with respect to a fixed copper sulphate reference electrode; 

3. the current output from the adjacent CPS is measured; 

4. the adjacent CPS is switched on; 

5. the current output from the CPS is increased by the control step – 3 A; 

6. repeating steps 2-5 until the current value is 21 A; 

7. repeating 1-6 n times. 

Once all the impact factors for CPS have been determined, the following equation 

is derived: 

 𝜑1 = 𝜑𝑠𝑡 + 𝐴11𝐼1 + 𝐴12𝐼2 +⋯+ 𝐴𝑖𝑗𝐼𝑛, (2.2.4) 

𝜑𝑠𝑡 – steady-state pipeline potential, V; 

𝜑1 – total protective potential difference, V; 

𝐼𝑛 – output current of the nth RMS, A 

From the resulting equation, the steady-state pipeline potential is expressed. As the 

effects of all CPS and current sources have not yet been determined, this potential 

is expressed using the value of the external potential difference “pipe-ground”, 

which includes the steady-state potential and the potential applied by the unknown 

source: 

 𝜑𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 = 𝜑𝑠𝑡 = 𝜑1 − 𝐴11𝐼1 − 𝐴12𝐼2 −⋯− 𝐴𝑖𝑗𝐼𝑛, (2.2.5) 

𝜑стор – external potential difference of the gas pipeline, V. 

Anode dissolution, high electrochemical activity and internal corrosion resistance for 

almost any application environment. 
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In underground main gas pipelines, where the ground resistivity is less than 100 

Ohm·m, the use of extended grounding anode is recommended5. 

In general, the construction of an extended grounding anode should consist of an 

electrode, a working element, a connecting conductive cable and a contact node. 

The connection point of the electrode should be reliably isolated from the electrolytic 

contact with earth. The design should provide for connection on one or both sides 

of the cable terminals for connection to the terminal clamps of the instrumentation 

terminal block. The design of reinforced extended grounding anode, on the other 

hand, must include, for example, a metal braid on the sheath of the electrode 

working body, a reinforced core on the structure of the electrode conductor, etc. The 

design of the extended grounding anode electrode must ensure uniform wear of the 

working element material over the entire surface. 

Due to the inadequate performance of steel deep grounding electrodes, they are 

used as anode grounding electrodes in the 336-384 km CPS of the “Punga-Ukhta-

Gryazovets III” main gas pipeline. In order to improve the operational efficiency of 

the CPS, it is recommended to use an extended elastomeric grounding anode 

electrode of the ELER-2.1 series. This grounding element consists of a conductor 

wire and a working sheath made of a conductive elastic material with a constant 

specific resistance value in the range of 0.5 to 5 Ohm·m. 

Elastomeric grounding anode electrodes are used for the uniform distribution of the 

protective potential over the surface of the pipe. They are a cylindrical linear 

electrode consisting of 1-2 conductive shells with a metal core inside as a current 

conductor (Kopytin, 2005). The core is coaxial with the central axis of the electrode. 

The efficiency of these electrodes is due to the protective current distribution 

principle in the “pipe-anode” system, i.e., the current is only distributed in the ground 

volume between two parallel linear electrodes – the pipe and the anode grounding 

electrode – which allows for a current distribution factor of no more than 100% 

(Kopytin, 2005). 

 

5 State Standard GOST R 58344-2019 Earthing switches and grounding devices for various 
purposes. General technical requirements for anode grounding of electrochemical corrosion 
protection installations - Introduced 2019-06-01, 2019 
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In addition, the current density becomes progressively more uniform along the entire 

length of the anode during operation, which ensures uniform depletion of the ground 

electrode along its entire length (Delektorsky and Stefov, 2006). 

The calculation of the basic electrical characteristics is based on the regulatory 

document6 and is presented in section 3.2. 

 

3.3 Theoretical and experimental research 

 

For this study, we have chosen a 336-384 km section of the Punga-Ukhta-

Gryazovets III gas pipeline. The pipeline crosses swampy land with alternating 

sandy soils and peatlands interspersed with organic matter. 

In order to determine the number of experiments, it was necessary to use the 

planning theory of the experiments. This planning problem is described by the 

following model: 

 𝑦 = 𝑓 (𝑥1, 𝑥2, ... 𝑥𝑛),  (2.3.1) 

y – the dependent variable of the response, 

𝑥𝑖 – the factors affecting the response, which may change during the experiment. 

In this system, the value of the protection potential at the CPS drain point is taken 

as the response and the value of the current intensity at the output of each ith CPS 

is taken as the factor. 

For the linear regression model chosen, the number of experiments performed n 

coincides with the number of linear regression equation coefficients k+1 (in this case 

k equals 𝐴𝑖𝑗) and will therefore be determined by the number of CPS on the main 

gas pipeline segments considered. 

In the technical section considered, five CPS, designed for a nominal output current 

of 21 A, were used. Therefore, the number of experiments required in this case 

would be 6. 

 

6 RD 106-05. Rules for use of elastomeric anode grounding electrodes in cathodic protection 
installations and protective earthing circuits., 2005 
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Before proceeding to construct a model for the variation of the protection potential 

at the drainage point by means of linear regression analysis, we carry out a 

calculation of the cathodic protection device. This calculation is carried out 

according to a number of regulations. First, we calculate the electrical characteristics 

of the pipeline being protected. The initial data for a given section of the main gas 

pipeline divided into five sections by five CPS are presented in Table 1. 

№ section 
1 2 3 4 5 

Parameter 

Pipe diameter, mm 1420 

Wall thickness, mm 17 

Pipe steel grade 17GS (Fe510D1) 

Type of insulation coating bitumen mastic + polymer tape 

Electrical resistivity of pipeline 
metal, Ohm·m 

2.45·10-7 

Depth of pipeline, m 1.5 

The average electrical resistivity of 
the ground, Ohm·m 

44.2 51.33 48.18 54.35 47.51 

Length of protected parts, m 9000 15000 11000 13000 5000 

Initial insulating coating resistance, 
Ohm·m2 150000 

Table 1: Input data 

 

1. Longitudinal pipeline resistance 𝑅𝑝, Ohm/m, is calculated according to the 

formula 

𝑅𝑝 =
𝜌𝑝

𝜋(𝐷 − 𝛿𝑝)𝛿𝑝
,                                                      (3.3.2) 

D – pipeline diameter, m; 

𝛿𝑝 – wall thickness, m; 

𝜌𝑝– electrical resistivity of pipeline metal, Ohm·m. 

2. Current flow resistance of the pipeline, Ohm·m2: 

𝑅𝑟 =
𝜌𝑔𝑟 ⋅ 𝐷

2
⋅ ln

0,4 ⋅ 𝑅𝑟
𝐷2 ⋅ 𝐻𝑝 ⋅ 𝑅𝑝

,                                             (3.3.3) 

𝜌𝑔𝑟 – the average electrical resistivity of the ground, Ohm·m; 
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𝐻𝑝– depth of pipeline, m 

Since the expression is transcendental, the solution to the problem of determining 

the current flow resistance of the pipeline is done using software products (in this 

case, MathCAD). 

3. The transient resistance of the pipeline (at the time t) per unit length is 

calculated using the following formula 

𝑅𝑡 =
𝑅0𝑒

−𝛽𝑡 + 𝑅r
𝜋𝐷

,                                                       (3.3.4) 

𝑅0 – initial insulation resistance of the gas pipeline, Ohm·m2; 

𝛽 – a coefficient specifying the rate of change of insulation resistance over time (to 

be selected depending on the type and design of the insulation, and depending on 

the operating conditions of the pipeline – normal or extreme), β = 0.11, 1/year; 

t – the lifetime of the pipeline, t = 43 years. 

4. Current propagation constant along the gas pipeline: 

𝛼𝑝 = √
𝑅𝑝

𝑅t
                                                            (3.3.5) 

5. Inlet pipeline resistance: 

 𝑍c = 𝑘𝑧√𝑅𝑝𝑅t ⋅ cth(𝛼c ⋅ 𝑘𝑧 ⋅ 𝐿p), (3.3.6) 

𝑘𝑧 – construction constant of the CPS (𝑘𝑧=1, for cantilevered asymmetrical anode 

connection scheme; 𝑘𝑧 = 0.5 – for symmetrical anode connection scheme); 

𝐿p – length of protected pipeline’s parts, m 

The results of the calculation of the electrical characteristics of the main gas pipeline 

to be protected are shown in Table 2. 

№ section 
1 2 3 4 5 

Parameter 

Longitudinal pipeline 
resistance, Ohm/m 

3.27·10-6 

Current flow resistance, 
Ohm·m2 

118.69 139.19 130.14 147.89 128.21 

The transient resistance of 
the pipeline, Ohm·m 

323.554 328.151 326.122 330.102 325.689 



 

Improving the electrochemical protection of the linear part of gas pipelines Page 35 

Current propagation 
constant, 1/m 

10.05·10-5 9.98·10-5 10.01·10-5 9.95·10-5 10.02·10-6 

Inlet pipeline resistance, 
Ohm 

0.045 0.036 0.041 0.038 0.070 

Table 2: Calculated electrical characteristics 

 

3.3.1 Modelling the change in protective potential at the drainage point using 

the linear regression analysis method 

 

There are various ways to study statistical groups of random variables, such as 

variance, correlation and regression analysis. Variance analysis determines the 

effect of a particular factor on the process under study based on statistical data. 

Correlation analysis assesses the strength of the relationship between variables, 

while regression analysis helps to select a mathematical model and assess its 

adequacy for the established relationship between random variables (Kobzar, 

2006). 

Based on the data presented in the Annex tables 1-5  for the 336-384 km section of 

the main gas pipeline, linear regression analysis was used to construct a model for 

the dependence of the drainage points of the 360 km CPS on different values of 

current strength at the CPS outlet. This approach reveals the functional form of the 

relationship between the protective potential difference and the current intensity of 

the CPS. 

The linear regression analysis is based on this relationship: 

 𝑦 = 𝛼 + 𝛽𝑥, (3.3.1.1) 

𝛼 and 𝛽 – unknown regression coefficients. 

Since the calculation of regression equation coefficients by the method of least 

squares can be applied to any statistical data distributed according to any law 

(Rebrova, 2016), we apply this method. 

The method of least squares is based on the requirement to minimize the sum of 

squares of deviations of experimental points from the corresponding values of the 

regression equation: 
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𝑆 =  ∑[𝑦𝑖 − 𝑦�̂�]
2 = 𝑚𝑖𝑛

𝑛

𝑖=1

                                         (3.3.1.2) 

Thus, equation (2.3.1.1) takes the form of the following system of equations: 

{
 
 

 
 ∑  

𝑛

𝑖=1

𝑦𝑖 −∑  

𝑛

𝑖=1

(𝛼 + 𝛽𝑥𝑖) = 0

∑  

𝑛

𝑖=1

𝑦𝑖𝑥𝑖 −∑  

𝑛

𝑖=1

(𝛼 + 𝛽𝑥𝑖)𝑥𝑖 = 0

                                  (3.3.1.3) 

Solving the system of equations gives the required regression coefficients: 

𝑏 =
𝑛∑  𝑛

𝑖=1 𝑦𝑖𝑥𝑖 − ∑  𝑛
𝑖=1 𝑥𝑖 ∑  𝑛

𝑖=1 𝑦𝑖

𝑛∑  𝑛
𝑖=1 𝑥𝑖

2 − (∑  𝑛
𝑖=1 𝑥𝑖)

2
;

𝑎 =
∑  𝑛
𝑖=1 𝑦𝑖 − 𝑏∑  𝑛

𝑖=1 𝑥𝑖
𝑛

                                    (3.3.1.4) 

In the following, the models of dependencies of the measured value of protective 

potential on the current strength are presented (Figures 3-7) using the data 

presented in the Annex tables 1-5. The linear regression analysis problem was 

solved using machine learning library – “Scikit-Learn” written in Python 

programming language and, directly, using “LinearRegression” class from 

“sklearn.linear_model” package used for linear regression implementation. 

 

Figure 3: Plot of the impact of the 360 km CPS on the protective potential difference 
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Figure 4: Plot of the impact of the 336 km CPS on the protective potential difference at 
the 360 km CPS drainage baseline 

 

 

Figure 5: Plot of the impact of the 345 km CPS on the protective potential difference at 
the 360 km CPS drainage baseline 
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Figure 6:  Plot of the impact of the 371 km CPS on the protective potential difference at 

the 360 km CPS drainage baseline 

 

 

Figure 7:  Plot of the impact of the 384 km CPS on the protective potential difference at 

the 360 km CPS drainage baseline 

 



 

Improving the electrochemical protection of the linear part of gas pipelines Page 39 

Based on the models developed above, the linear regression equations for the CPS 

of the pipeline section in question are as follows: 

• CPS at 360 km: 

 𝜑 = 0.2097 ∙ 𝐼 + 1.2357 (3.3.1.5) 

• CPS at 336 km: 

 𝜑 = 0.0032 ∙ 𝐼 + 1.1879 (3.3.1.6) 

• CPS at 345 km: 

 𝜑 = 0.0124 ∙ 𝐼 + 1.7019 (3.3.1.7) 

• CPS at 371 km: 

 𝜑 = 0.0045 ∙ 𝐼 + 1.5198 (3.3.1.8) 

• CPS at 384 km: 

 𝜑 = 0.004 ∙ 𝐼 + 1.3882 (3.3.1.9) 

 

3.3.2 Improvement of CPS performance through the use of an elastomeric 

extended anode grounding 

 

The calculation of the basic electrical characteristics of anode grounding is based 

on the normative document7. The input data for the calculation of the anode earthing 

characteristics are given in Table 3. 

Parameter Value 

Specific resistance of the conductor material, Ohm·mm2/m 0.018 

Cross-sectional area of the conductor, mm2 50 

Specific electrical resistance of the electrode material – elastomer, 
Ohm·m 

0.5 

Electrode diameter, m 0.038 

Current conductor diameter, m 0.018 

Depth of anode ground electrode, m 1 

Maximum protective potential of the pipeline, V -2.5 

Minimum protective potential of the pipeline, V -0.9 

 

7 RD 106-05. Rules for use of elastomeric anode grounding electrodes in cathodic protection 
installations and protective earthing circuits., 2005 
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Magnitude of the neutral potential of the pipeline, V -0.55 

Distance from gas pipeline surface to electrode, m 0.5 

Specific resistance of copper wires, Ohm·m 0.018 

Total length of connecting wires, m 500 

Cross-sectional area of connecting wires, mm2 300 

Specific weight of the conductive rubber of the extended ground 

electrode, tn/m3 1.35 

Table 3: Input data 
 

1. One of the main features used in the calculation of the parameters and 

operating modes of the CPS with extended anode grounding electrodes is the 

current propagation constant: 

𝛼А = √
𝑟𝐴
𝑅𝐴
,                                                           (3.3.2.1) 

𝑟𝐴 – longitudinal resistance of the extended electrode, Ohm/m (3.3.2.2); 

𝑅𝐴 – transient resistance, Ohm·m (3.3.2.3). 

2. Longitudinal resistance of the extended electrode: 

𝑟𝐴 =
𝜌𝑐𝑜𝑛
𝑆𝑐𝑜𝑛

,                                                            (3.3.2.2) 

𝜌𝑐𝑜𝑛 – specific resistance of the conductor material, Ohm·mm2/m; 

𝑆𝑐𝑜𝑛 – cross-sectional area of the conductor, mm2 

3. The transient resistance of an extended anode grounding electrode is 

determined as follows: 

 𝑅𝐴 = 𝑅𝑇𝑅 + 𝑅𝐹𝑅 , (3.3.2.3) 

𝑅𝑇𝑅 – transverse resistance of the electrode, Ohm·m (3.3.2.4); 

𝑅𝐹𝑅 – electrode current flow resistance, Ohm·m (3.3.2.5). 

4. Transverse resistance of the electrode: 

𝑅𝑇𝑅 =
𝜌A
𝜋
ln
𝑑A
𝑑T
,                                                         (3.3.2.4) 

𝜌A – specific electrical resistance of the electrode material – elastomer, Ohm·m; 

𝑑A – electrode diameter, m 

𝑑con – current conductor diameter, m 
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5. Electrode current flow resistance: 

𝑅𝐹𝑅 =
𝜌gr

𝜋
ln
1,12√𝑅𝐹𝑅

√𝑟A𝑑A𝐻
,                                            (3.3.2.5) 

𝜌𝑔𝑟 – the average electrical resistivity of the ground, Ohm·m; 

𝐻 – depth of anode ground electrode, m  

Since this equation is transcendental, the solution of the equation of determining the 

resistance of the electrode current flow resistance is done with software (in this 

case, with MathCAD). 

6. Input resistance of the anode grounding electrode: 

 𝑍А = 𝑘𝑧√𝑟𝐴𝑅𝐴 ⋅ cth(𝛼А ⋅ 𝑘𝑧 ⋅ 𝐿А), (3.3.2.6) 

𝑘𝑧 – the construction constant of the CPS (𝑘𝑧=1, for cantilevered asymmetrical 

anode connection scheme; 𝑘𝑧 = 0.5 – for symmetrical anode connection scheme); 

𝐿А – optimum length of extended anode grounding, m (3.3.2.7). 

7. The optimum length of the extended anode grounding can be found 

as follows: 

𝐿А =
1

𝛼А ⋅ 𝑘𝑧
⋅ Arch

Δ𝜑0
Δ𝜑𝑚

,                                             (3.3.2.7) 

Arch
Δ𝜑0

Δ𝜑𝑚
≈ 2,4 at the regulated8 values of the minimum required Δ𝜑𝑚 and maximum 

permissible Δ𝜑0 shifts of the potential difference in the pipe-soil system. 

8. Use a similar formula to calculate the protective zone of the anode 

grounding: 

𝐿𝑧 =
1

𝛼C ⋅ 𝑘𝑧
⋅ Arch

Δ𝜑0
Δ𝜑𝑚

,                                             (3.3.2.8) 

𝛼С – current propagation constant in the “anode-pipeline” system (3.3.2.9) 

9. Current propagation constant in the “anode-pipeline” system: 

 𝛼С = √𝛼𝑝𝛼А, (3.3.2.9) 

 

8 State Standard GOST R 51164-98 Steel pipe mains. General requirements for corrosion protection 
- Introduced 1999–07–01, 1999 
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𝛼т – Current propagation constant along the gas pipeline (3.3.5). 

10. Input resistance of the “anode-pipeline” system, Ohm: 

 𝑍С = 𝑍А + 𝑍p, (3.3.2.10) 

𝑍p – pipeline inlet resistance, ohm (3.3.6). 

11. Total anode grounding protection current: 

𝐼𝐴 =
Δ𝜑0
𝛼C ⋅ 𝑅t

,                                                      (3.3.2.11) 

𝑅t – the transient resistance of the pipeline, Ohm/m (3.3.4) 

12. Maximum permissible potential difference displacement in “pipeline-

ground” system: 

Δ𝜑0 = |𝜑𝑚𝑎𝑥| − |𝜑𝑒|,                                              (3.3.2.12) 

|𝜑𝑚𝑎𝑥| – maximum protective potential of the pipeline, V; 

|𝜑𝑒| – the value of the neutral potential of the pipeline, V. 

13. Ground resistance between the pipeline and the extended anode 

grounding electrode (value of current flow resistance in CPS) (at a≤5): 

R𝐺𝑅 = 𝜅C
∗
𝜌gr

𝜋LA
ln

a

√dAd𝑐
,                                            (3.3.2.13) 

𝐻𝑝– depth of pipeline, m; 

d𝑐 – equivalent diameter of coke backfill, d𝑐 = 3√𝑑𝐴 = 0.59 𝑚; 

a – distance from the surface of the gas pipeline to the anode grounding electrode, 

m; 

𝑘C
∗   – coefficient of possible non-uniformity between the length of the pipe section to 

be protected and the anode earth electrode of the extended type: 

𝑘C
∗ = √

𝐿3
𝐿z
                                                        (3.3.2.14) 

14. Output voltage from the CPS, V: 

𝑈CPS = 𝐼𝐴 ⋅ (𝑍c + 𝑅𝐺𝑅 + 𝑅d),                                      (3.3.2.15) 

𝑅d – resistance of the drain line connecting the CPS to the anode grounding 

electrode, Ohm. 
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15. Resistance of the drain line connecting the CPS to the anode 

grounding: 

𝑅d = 𝜌w 

𝑙w 

𝑆w 

,                                                     (3.3.2.16) 

𝜌w  – specific resistance of copper wires, 𝜌w = 0,018 
𝑂ℎ𝑚∙𝑚𝑚2

𝑚
; 

𝑙w  – total length of connecting wires, 𝑙w = 500 m; 

𝑆w  – cross-sectional area of connecting wires, 𝑆пр = 300 mm2. 

16. The power output of the CPS is determined by the following formula: 

𝑃CPS = 𝑘𝑤 ⋅ 𝑈CPS ⋅ 𝐼𝐴,                                               (3.3.2.17) 

𝑘𝑤 – power reserve factor assumed for the CPS at the time of calculation, 𝑘𝑤=1.5. 

17. The lifetime of the extended anode grounding is calculated as follows 

(extended anode grounding must have a lifetime of at least 50 years9): 

𝑇 =
𝐺 ⋅ 𝑘

𝑞 ∙ 𝐽(0) ⋅ 𝑘г
,                                             (3.3.2.18) 

𝐺 – specific mass of conductive rubber of the extended earth electrode, kg/m 

(3.3.2.19); 

𝑘 – safety factor (𝑘 = 0.8); 

𝑞 – electrochemical equivalent of anode material, 𝑞 = 0.25 
𝑘𝑔

А ∙ 𝑦𝑒𝑎𝑟⁄ . 

𝐽(0) – linear anode current density at drainage point, A/m (3.3.2.20); 

𝑘𝑔𝑟 – coefficient of heterogeneity of the ground along the length of the anode 

(2.3.2.21). 

𝐺 = (
𝜋𝑑𝐴

2 

4
− 𝑆𝑤 ∙ 10

−6) ∙ 𝛾𝑟 ∙ 10
3,                                  (3.3.2.19) 

𝛾𝑟 – specific gravity of conductive rubber, tn/m3. 

𝐽(0) = 𝛼А𝐼𝐴(𝑎𝑣𝑟) cth(𝛼А ⋅ 𝐼𝐴).                                       (3.3.2.20) 

𝑘𝑔𝑟 =
𝜌𝑔𝑟(𝑎𝑣𝑟)

𝜌𝑔𝑟(𝑚𝑖𝑛)
,                                                      (3.3.2.21) 

 

9 RD 106-05. Rules for use of elastomeric anode grounding electrodes in cathodic protection 

installations and protective earthing circuits., 2005 
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𝜌𝑔𝑟(𝑚𝑖𝑛) – minimum electrical resistivity of the ground at the anode site, Ohm·m. 

The results of the calculation of the main electrical characteristics of the extended 

anode grounding are shown in the Table 4. 

№ section 
1 2 3 4 5 

Parameter 

Longitudinal resistance of the extended 
electrode, Ohm/m 

0.00036 

Transverse resistance of the electrode, 
Ohm·m 

0.12 

Electrode current flow resistance, 
Ohm·m 

113.68 133.31 124.61 141.68 122.77 

The transient resistance of an extended 
anode grounding electrode, Ohm·m 

113.80 133.43 124.73 141.80 122.89 

Current propagation constant, 1/m 0.00178 0.00164 0.00170 0.00159 0.00171 

Optimum length of the extended anode 
grounding, m 

1349.36 1461.12 1412.68 1506.25 1402.22 

Input resistance of the anode grounding 
electrode, Ohm 

0.206 0.223 0.215 0.230 0.214 

Current propagation constant in the 
“anode-pipeline” system, 1/m 

0.00042 0.00040 0.00041 0.00040 0.00041 

Protective zone of the anode 
grounding, m 

9534.63 15049.85 11097.28 13036.42 9495.45 

Input resistance of the “anode-pipeline” 
system, Ohm 

0.251 0.259 0.256 0.268 0.284 

Maximum permissible potential 
difference displacement in “pipeline-

ground” system, V 
1.95 

Total anode grounding protection 
current, A 

6.94 9.15 7.06 8.23 7.04 

Coefficient of possible non-uniformity of 
the length of the pipe section to be 

protected 
2.66 3.21 2.80 2.94 2.60 

Ground resistance between the pipeline 
and the extended anode grounding 

electrode, Ohm 
0.033 0.043 0.037 0.041 0.034 

Resistance of the drain line connecting 
the CPS to the anode grounding, Ohm 

0.03 

Output voltage from the CPS, V 1.775 3.041 2.280 2.787 2.452 

The power output of the CPS, W 18.487 41.733 24.159 34.406 25.910 

Specific mass of conductive rubber of 
the extended earth electrode, kg/m 

40.22 
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Linear anode current density at 
drainage point, А/m 

1.107 0.840 1.88 0.934 1.091 

Coefficient of heterogeneity of the 
ground along the length of the anode 

1.1112 

The lifetime of the extended anode 
grounding, years 

104.643 137.891 106.438 124.029 106.149 

Table 4: Calculated electrical characteristics of anode grounding 

 

3.4 Results 

 

The coefficient of determination R2, which assesses the validity of the model 

proposed in Section 3.3.1 of this paper, is as follows: 

• CPS at 360 km: R2 = 0.9991 

• CPS at 336 km: R2 = 0.9734 

• CPS at 345 km: R2 = 0.9816 

• CPS at 371 km: R2 = 0.9622 

• CPS at 384 km: R2 = 0.9912. 

The values in this work are less accurate compared to the calculated values of the 

determination coefficients presented in the work of S.A. Nikulin. Perhaps, the high 

accuracy of the model presented in (Nikulin, 2015) is due to the fact that the authors 

conducted their experiments under different laying conditions: in the middle zone, 

there is loess, whereas in this work the calculations were performed on the study 

object located in the circumpolar zone, where there are many bogs and the soil is 

formed by peatlands. In addition, there may be a small number of unknown external 

current sources affecting the pipeline to be protected, as well as a large number of 

rivers and lakes along the pipeline route. 

The value of the external potential is calculated using equation (3.2.5). According to 

the obtained linear regression equation model (3.3.1.5 – 3.3.1.9), the coefficient of 

influence of the nth effective value on the total potential difference at the 

measurement point takes the following values: 

• CPS at 360 km: А11 = 0.2097 

• CPS at 336 km: А12 = 0.0032 

• CPS at 345 km: А13 = 0.0124 
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• CPS at 371 km: А14 = 0.0045 

• CPS at 384 km: А15 = 0.004. 

Consequently, equation (3.2.5) will take the following form: 

𝜑𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 = 𝜑1 − 0.2097 ∙ 𝐼1 − 0.0032 ∙ 𝐼2 − 0.0124 ∙ 𝐼3 − 0.0045 ∙ 𝐼4 − 0.004 ∙ 𝐼5 

The external potential equation obtained provides the opportunity to subsequently 

optimise the operating mode of the CPS by modelling the total protection potential 

distribution on the main gas pipe. In this case, when solving the optimisation 

problem, the external potential allows the CPS to be disconnected for only a short 

period of time in order to establish the influence coefficients for each CPS, on the 

basis of which further calculations can be carried out, rather than the potential of the 

pipe itself. 

№ of the 
experiment 

1 2 3 4 5 6 

№  I, А 𝜑, V 

1 0 1.2357 1.2357 1.2357 1.2357 1.2357 1.2357 

2 1 1.4454 1.4454 1.4454 1.4454 1.4454 1.4454 

3 2 1.6551 1.6551 1.6551 1.6551 1.6551 1.6551 

4 3 1.8648 1.8648 1.8648 1.8648 1.8648 1.8648 

5 4 2.0745 2.0745 2.0745 2.0745 2.0745 2.0745 

6 5 2.2842 2.2842 2.2842 2.2842 2.2842 2.2842 

7 6 2.4939 2.4939 2.4939 2.4939 2.4939 2.4939 

8 7 2.7036 2.7036 2.7036 2.7036 2.7036 2.7036 

9 8 2.9133 2.9133 2.9133 2.9133 2.9133 2.9133 

10 9 3.123 3.123 3.123 3.123 3.123 3.123 

11 10 3.3327 3.3327 3.3327 3.3327 3.3327 3.3327 

12 11 3.5424 3.5424 3.5424 3.5424 3.5424 3.5424 

13 12 3.7521 3.7521 3.7521 3.7521 3.7521 3.7521 

14 13 3.9618 3.9618 3.9618 3.9618 3.9618 3.9618 

Table 5: Calculated values of protective potential by linear approximation at the 
drainage point of the central CPS 

 

Calculation of the relative error of the calculation of the protective potential 

difference at the drainage point of the 360 km central CPS is made according to the 

following formula: 
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휀𝜑 =
𝜑measured − 𝜑calculated 

𝜑measured 

⋅ 100%                                     (3.4.1) 

№ 
№ of the experiment 

Average 
1 2 3 4 5 6 

1 0.30% 0.31% 0.30% 0.29% 0.29% 0.27% 0.29% 

2 2.00% 1.99% 2.00% 1.74% 2.00% 1.95% 1.95% 

3 1.40% 0.92% 1.41% 1.48% 1.48% 1.42% 1.35% 

4 1.09% 0.97% 0.95% 1.02% 0.96% 0.98% 0.99% 

5 1.36% 1.33% 1.31% 1.32% 1.35% 1.31% 1.33% 

6 0.85% 0.85% 0.84% 0.84% 0.86% 1.29% 0.92% 

7 0.24% 0.24% 0.24% 0.24% 0.25% 0.25% 0.24% 

8 1.64% 1.64% 1.65% 1.65% 1.65% 1.65% 1.65% 

9 0.56% 0.18% 0.35% 0.39% 0.53% 0.18% 0.37% 

10 1.80% 1.95% 1.93% 2.01% 1.99% 1.84% 1.92% 

11 0.62% 0.48% 0.62% 0.61% 0.63% 0.62% 0.60% 

12 0.14% 0.14% 0.14% 0.18% 0.13% 0.13% 0.14% 

13 0.01% 0.01% 0.02% 0.00% 0.01% 0.18% 0.04% 

14 0.49% 0.49% 0.49% 0.49% 0.50% 0.50% 0.49% 

Table 6: Errors in calculating the potential at the drainage point 
 

For the subsequent applications of the obtained data, it is not sufficient to assess 

the adequacy of the model, as the coefficients of determination provide more of an 

estimate of the accuracy of the obtained model, but do not confirm its validity. 

One of the basic assumptions of linear regression is that there is no correlation 

between successive residuals. In other words, it assumes that the residuals are 

independent. The residuals are the difference between the observed and predicted 

values in a regression analysis. 

Regression error autocorrelation is the correlation between random regression 

errors in different observations (Dougherty, 2011). 

In practice, error autocorrelation manifests itself in the behaviour of the regression 

residuals: 

 𝑒𝑖 = 𝑦𝑖 − 𝑦�̂�, (3.4.2) 

y – the observed value (response); 
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𝑦�̂� – calculated value (�̂� = 𝛼 + 𝛽𝑥). 

The presence of regression residuals indicates that they do not have the lowest 

variance of all linear unbiased estimates, which makes the estimates of regression 

parameters obtained by the ordinary least squares method inefficient, although they 

can also be used for interpretation and prediction. More dangerously, however, 

when the residuals are correlated, the standard errors of the regression parameter 

estimates become untenable and so cannot be used to construct confidence 

intervals for these estimates, nor can Student's t-test be used to test hypotheses 

about their significance (Bazilevsky, 2018). 

When the assumption that the estimates are independent is violated, the standard 

errors of the coefficients in the regression model are likely to be underestimated, 

meaning that the predictor variables are more likely to be considered statistically 

significant, when in fact they are not. 

If the sample regression satisfactorily describes the true relationship between y and 

x, then the residual 𝑒𝑖 should be an independent normally distributed random 

variable with a mean of zero and there should be no trend in the value of 𝑒𝑖 (Kobzar, 

2006). 

In order to obtain a more adequate regression equation and statistically non-

differentiated calculations, it is recommended that the Durbin-Watson serial 

correlation coefficient be used: 

𝐷𝑊 = 
∑ (𝑒𝑡 − 𝑒𝑡−1)

2𝑛
𝑡=2

∑ 𝑒𝑡
2𝑛

𝑡=1

                                                (2.4.3) 

To determine the hypothesis that the residuals are correlated, the calculated 

coefficients are compared with the critical values 𝐷W1 and 𝐷W2 (Kobzar, 2006): 

• If 𝐷W<𝐷W1(α) or 𝐷W>4-𝐷W1(α), accept the hypothesis of a positive 

or negative correlation with confidence α, respectively; 

• If 𝐷W2(α) > 𝐷W > 𝐷W1(α) or 4-𝐷W1(α) > 𝐷W > 4-𝐷W2(α), the test does 

not allow the choice between the presence or absence of the residual correlation 

hypothesis; 

• If 𝐷W2(α) < 𝐷W < 4-𝐷W2(α), then the hypothesis of correlation is 

rejected. 
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According to the reference data in (Kobzar, 2006), with a confidence level α = 0.95, 

the number of regression coefficients in the model k = 1 and the number of 

experiments performed n = 6, the critical value of the correlation coefficient is 

considered to be equal to: 

• 𝐷W1(0.95) = 0.61 

• 𝐷W2(0.95) = 1.4 

To fully evaluate the model, regression residuals were calculated for each of the six 

experiments (3.4.2), followed by Durbin-Watson series correlation coefficients 

based on the data in the Annex tables 1-5 (Figures 8-12) the Python language 

package “Statsmodels” for statistical calculations, including descriptive statistics, 

estimation and statistical model output, was used to calculate Durbin-Watson 

coefficients. The class “durbin_watson” included in the package 

“statsmodels.stats.stattools” allows the exact calculation of serial correlation 

coefficients. 

 

Figure 8: Regression residuals plot at different current strengths when adjusting the 

CPS at 360 km 
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Figure 9:  Regression residuals plot at different current strengths when adjusting the 

CPS at 336 km 

 

 

Figure 10: Regression residuals plot at different current strengths when adjusting the 

CPS at 345 km 
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Figure 11:  Regression residuals plot at different current strengths when adjusting the 

CPS at 371 km 

 

 
Figure 12: Regression residuals plot at different current strengths when adjusting the 

CPS at 384 km 

 

Figure 13 shows the reference values for the Durbin-Watson coefficients (shown in 

green) and the calculated coefficient values for each CPS. 
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Figure 13: Values of the Durbin-Watson correlation coefficients in the given critical 

value interval 

 

Since the calculated values satisfy the condition: 

 𝐷W2(α) < 𝐷W < 4-𝐷W2(α), (2.4.4) 

then the resulting regression equations should be considered valid. 

Furthermore, in order to analyse the effectiveness of the flexible anode earthing 

electrode, Table 7 presents a comparison of the power output of the CPS when 

using the existing grounding anodes and the elastomeric grounding anodes. The 

replacement of the grounding anode electrode is therefore justified, as this operation 

leads to a reduction in energy consumption and thus to a more efficient operation of 

the CPS. 

 № CPS 
Total 

power, W 

Absolute 
difference, 

W 

Relative 
change, %  1 2 3 4 5 

Power output of the 
CPS using the 
existing depth 

ground electrodes, 
W 

42.342 73.982 48.801 56.662 38.456 260.243 115.548 44% 
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Power output of the 
CPS using the 

elastomeric ground 
electrodes, W 

18.487 41.733 24.159 34.406 25.910 144.695 

Table 7: Comparison of power consumption when using different grounding anodes 

 

4. Economic analysis 

 

The process of optimisation of the cathodic protection station is a project whose 

product (i.e., result) is the derivation of a mathematical model of the distribution of 

the protection potential of a section of gas main pipeline, contributing to facilitating 

the procedure of optimal regulation of electrochemical protection system of the 

pipeline. 

The practical application of this result is introduction of the received model to similar 

production objects – main gas pipelines with the same product pumping 

characteristics and media properties. 

One of the methods used to assess advantages and disadvantages of the project is 

the application of a SWOT analysis. 

SWOT analysis is a versatile strategic management technique. The object of SWOT 

analysis may be any product, company, shop, factory, country, educational 

institution or even a person. 

SWOT analysis is a comprehensive analysis of a research project. SWOT analysis 

is used to investigate the external and internal environment of a project (Zub, 2023). 

SWOT represents the following: 

1. Strengths; 

2. Weaknesses; 

3. Opportunities; 

4. Threats. 

Table 8 presents the SWOT analysis for the project to improve the electrochemical 

protection performance of the linear sections of major gas pipelines. 
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Strengths: 

• Cost-effectiveness and energy 
efficiency of the methodology; 

• Environmental feasibility of optimising 
the operation of the CPS; 

• Economic feasibility of the 
methodology. 

Weaknesses: 

• Lack of a prototype scientific design; 

• Lack of some input data affecting the 
validity of the methodology. 

Opportunities: 

• Emergence of demand for the project 
implemented due to economic 
attractiveness. 

Threats: 

• Introduction of additional customer 
specifications for the method model; 

• Introduction of additional national 
requirements regarding certification of 
the products used. 

Table 8: SWOT analysis 
 

Drafting the matrix entails breaking down the information into the following groups: 

• Strengths–Opportunities strategy – the strengths and opportunities 

of the project are explored: 

1. Develop a more effective method for identifying the sources of corrosion 

damage development during long-term operation of gas pipelines; 

2. The continuation of scientific research to improve the method and its 

implementation in operational facilities. 

• Weaknesses–Opportunities strategy – how to use opportunities to 

eliminate existing weaknesses: 

1. Develop the concept of scientific research; 

2. The acquisition of the necessary software and equipment. 

• Strengths–Threats strategy – how strengths can be defended 

against uncontrollable external factors: 

1. Promotion of new technologies to create demand. 

• Weaknesses–Threats strategy – what activities are introduced to 

prevent future risks: 

1. Developing the concept of scientific research; 

2. Promotion of recommended methods and optimisation to create demand. 

The application of third-party potential differences in the pipeline protective potential 

distribution model resulted in making it possible to determine the optimum 

parameters for the operation of the 336-384 km section of the “Punga-Ukhta-

Gryazovets III” main gas pipeline without shutting down the CPS for a long period 

of time. This factor contributes to facilitate the optimum adjustment procedure for 
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the operation of the CPS. This is due to the fact that it is not necessary to disconnect 

all CPS simultaneously for a long period of time, up to a week. In this case it is 

sufficient to disconnect them sequentially to set the coefficients of influence of each 

CPS on the total protection potential difference. 

The savings in the time required for measurement contribute to the fact that the 

pipeline does not need to be depolarised for a long period of time and hence is not 

exposed to stray currents on the insulation coating. The corrosive effects of stray 

currents accelerate the degradation of the protective coating, leading to additional 

costs for early replacement. 

The second proposed method to optimise the operation of cathodic protection 

stations was to replace deep grounding electrodes with elastomeric extended anode 

grounding. The existing anode grounding electrodes in this section of the main gas 

pipeline are deep grounding electrodes. 

The construction of deep anode grounding electrodes is several electrodes 

connected by a wire. Located at a depth of about 40 metres, they are coated with a 

coke mineral composition, which greatly increases the weight of the product. A 

drilling rig is used for installation, which makes the job more expensive. Despite the 

high cost, the range of deep anode grounding electrodes is increasing and their 

resistance is not dependent on the time of year. 

When using long elastomeric anode ground electrodes, however, considerable 

savings can be made as this type of ground electrode is laid horizontally, usually in 

the same trench as the pipeline to be protected. Therefore, there is no need to drill 

holes for the installation of ground electrodes which reduces the installation costs 

compared to deep ground electrodes. 

Feasibility calculations for anode grounding include determining optimum design 

parameters and number of anode electrodes to ensure minimum possible reduced 

total costs (in relation to one year of operation). 

The speed of anode dissolution is very important as replacement of old grounding 

electrodes or premature failure of anode electrode not only incurs financial costs but 

can also lead to a catastrophe. The dissolution rate of a deep anode ground 

electrode is in the order of 0.5 kg/A- year. For extended anode earth electrodes 
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made of elastomeric materials of the ELER-2.1 series, the dissolution rate is 0.25 

kg/A- year. 

Extended anode ground electrodes are characterised by a reduced diffusion 

coefficient. In addition, during operation, the current density gradually evens out 

along the length of the anode, so the anode ground electrode is consumed evenly 

along its entire length, which contributes to a longer service life. The current density 

flowing from the anode cladding can also be controlled by the design of the anode. 

It is possible to manufacture the anode sheath with any declared characteristics, 

including variable conductivity in the radial direction and along the length of the 

anode. This is achieved by the use of cable technology in the manufacture of earth 

electrodes. This aspect is a key characteristic to ensure long and reliable 

performance of elastomeric earth electrodes (Delektorsky and Stefov, 2006). 

An economic consequence of replacing anode earth electrodes is also a reduction 

in the power output of their CPS to drive current to the earth electrodes. Table 7 

presented a comparison of the power output from the CPS when using existing 

anode grounding and elastomeric anode grounding. Thus, replacement of anode 

earth electrodes is justified, as this operation leads to a reduction of power 

consumption and therefore to a more efficient operation of the CPS, also from an 

economic point of view. 

5. Environmental impact assessment 

 

Transportation of hydrocarbons by pipeline remains the most efficient and safe way 

of transporting them over long distances. The reliability of the country's pipeline 

transport is largely determined by the good and serviceable condition of the main 

pipelines. One of the main aspects of pipelines deterioration is the corrosive effect 

of aggressive ground environment.  

Corrosion cracking often becomes the reason of technical equipment failures and 

accidents, and as a result it leads to serious ecological consequences (Belvederesi 

and Dann, 2017; Ramírez-Camacho et al., 2017). Not only energy security of a 

state, but also ecological, social and economic development depends on failure-free 

and reliable operation of fuel and energy companies, gas pipeline transport facilities. 
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Therefore, pipeline condition monitoring, aimed at timely detection of corrosion 

damage as well as prevention of its development, is an important task. 

As one of the suggested ways of increasing the efficiency of electrochemical 

protection, renewed anode earthing switches must meet the requirements of 

normative and technical documentation. 

According to10 anode grounding electrodes during operation should not cause 

adverse effects on the environment in amounts exceeding hygienic specifications 

specified in GOST 12.1.007-76 “Hazardous substances. Classification and general 

safety requirements”. 

Also, during production of anode electrodes, control of maximum permissible 

emissions of harmful substances shall be carried out in accordance with GOST 

17.2.3.02-2014 “Rules for Establishing Permissible Emissions of Pollutants by 

Industrial Enterprises”. Preliminary laboratory control of the level of harmful 

substances in the atmosphere shall be carried out according to the schedule agreed 

by the territorial authority of the Federal Office. 

Depending on the degree of exposure anode earth electrodes belong to hazard 

category IV (low hazardous substances) according to GOST 12.1.007-76. Materials, 

used for making anode earthing switches must not release concentrations of 

products harmful for people and polluting environment under observance of 

conditions of their production, storage and operation.  

Advantage of elastomeric earth electrodes as compared with deep ground 

electrodes is the higher environmental friendliness of their application. Elastomeric 

matrix has high elasticity, deformation elasticity and resistance to hydrogen, oxygen 

and other types of ageing as well as to corrosive media. The electrically conductive 

elastomer is chemically inert, which allows it to emit carbon dioxide when 

electrochemically attacking the carbon material, thus ensuring environmentally 

friendly operation of the anode grounding system. 

 

10 State Standard GOST R 58344-2019 Earthing switches and grounding devices for various 
purposes. General technical requirements for anode grounding of electrochemical corrosion 
protection installations - Introduced 2019-06-01, 2019 
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The proposed type of anode grounding is environmentally friendly, has low anode 

dissolution rate, does not contaminate water and process media with dissolution 

products. 

The high flexibility and reliability of the current conductor contact assembly 

combined with environmental friendliness and the possibility to manufacture it as a 

“cable” with different sheath resistance make elastomeric anode earth electrodes 

indispensable for the protection of underground pipelines of any length. 

6. Conclusion 

 

Corrosion processes caused by the electrochemical interaction between the 

pipeline metal and the surrounding aggressive ground environment are the main 

cause of metal destruction or change of their properties, which constitutes a risk of 

gas pipelines depressurization, resulting in leakage of the transported hydrocarbon 

raw material and posing a threat to the life and health of operators and the 

surrounding communities. 

An important aspect of maintaining the technical condition of the gas pipeline that 

meets regulatory requirements and corresponds to the efficient and reliable 

operation of hydrocarbon transportation is monitoring the corrosive impact on the 

pipeline metal, as well as preventing and minimising this impact. One of the main 

methods of pipeline protection against corrosion damage is electrochemical 

protection. For effective protection it is necessary to establish optimal operation of 

cathodic protection stations of pipelines. Optimization of parameters of 

electrochemical protection systems - definition of operation mode of CPS under 

which sufficient protection of a section of the gas main pipeline will be established 

and at that the total electric power spent on protection will be minimum. 

The results of this work are: 

1. An analysis of existing methodologies for the optimisation the 

operation of the CPS revealed that the most appropriate methodology is the one 

proposed by S.A. Nikulin (Nikulin et al., 2014; Nikulin, 2015). The method consists 

in determination of protective potential of a pipeline by means of suggested 

parameter – external potential, which takes into consideration influence of adjacent 
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CPS on protective potential in drainage point, as well as own potential of a pipeline. 

The advantage of this method is that there is no need to turn off all cathodic 

protection stations simultaneously for a long period of time for complete 

depolarisation of the pipeline. It is sufficient to switch off the CPS sequentially to 

establish the coefficients of influence of the CPS on the total potential difference. 

2. By applying the method of mathematical statistics – regression 

analysis, a mathematical model of protective potential distribution for the section of 

“Punga-Ukhta-Gryazovets III” gas main pipeline has been developed. Coefficients 

of influence of each of 5 CPS (336 km, 345 km, 360 km, 371 km, 384 km) on the 

total potential difference are determined. The given coefficients contribute to 

facilitation of conducting optimal regulation of electrochemical protection system of 

the pipeline. 

3. In order to check applicability of the method of regression analysis and 

adequacy of the obtained mathematical model, determination coefficients were 

calculated to estimate accuracy of the obtained model and Durbin-Watson serial 

coefficient to confirm reliability of the model. 

Another method of increasing the efficiency of pipeline electrochemical protection 

system was the replacement of deep anode grounding electrodes with elastomeric 

extended anode grounding electrodes. Justification of this technological solution 

has been proved from technical-and-economical point of view as the analysis 

showed that this solution leads to saving of total power at CPS outlet by 44% in 

relation to existing operation modes of these stations, which is one of the key 

aspects of optimization of electrochemical protection system operation. 
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№ of the experiment 1 2 3 4 5 6 

№  I, A 𝜑, V 

1 0 1.232 1.2319 1.232 1.2321 1.2321 1.2324 

2 1 1.4171 1.4172 1.4171 1.471 1.4171 1.4177 

3 2 1.6322 1.64 1.6321 1.631 1.631 1.6319 

4 3 1.8853 1.883 1.8826 1.8841 1.8828 1.8833 

5 4 2.1031 2.1025 2.1021 2.1022 2.1028 2.102 

6 5 2.3037 2.3038 2.3036 2.3035 2.3039 2.314 
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№  I, А 𝜑, V 

1 0 1.191 1.192 1.193 1.193 1.191 1.191 
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5 12 1.228 1.227 1.226 1.228 1.226 1.228 

6 15 1.234 1.235 1.238 1.246 1.234 1.239 

7 18 1.247 1.247 1.249 1.25 1.247 1.248 

8 21 1.256 1.253 1.252 1.254 1.253 1.253 

Annex table 2: Current strength and protective potential difference values at the drainage point 
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№  I, А 𝜑, V 
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№ of the experiment 1 2 3 4 5 6 

№  I, А 𝜑, V 

1 0 1.522 1.521 1.521 1.52 1.523 1.521 

2 3 1.533 1.533 1.533 1.532 1.533 1.534 

3 6 1.546 1.541 1.544 1.539 1.54 1.543 
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Annex table 5: Current strength and protective potential difference values at the drainage point 
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