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Executive Summary  
 
NeTIRail-INFRA has the intent to develop and demonstrate technologies and best practice tailored to 

the needs of different categories of rail systems, for example developing options to increase 

economic viability of lower capacity and underutilised lines. Solutions provided will improve 

reliability and availability of these categories of railway lines.  

With these strategies, the project will follow to achieve the objectives:  

 To support society by improving the productivity and economic viability of rail 

transportation.  

 To provide tailored solutions for different railway infrastructure types. These solutions will 

be linked with the business and financial case and in this way will become an overall net 

benefit for society. 

The solutions are addressing the growing demand for already busy services, and future growth of 

underutilised (“low density”) lines. Technical solutions will focus on railway track, power supply 

systems and support of new services. 

The project brings together railway operators, infrastructure managers and research organisations 

to develop infrastructure tailored solutions. For increasing the efficiency, NeTIRail-INFRA restraints 

the area of interest to specific railway line types: busy capacity limited passenger line, freight 

dominated route, rural or secondary and “low density” line. 

The research within this deliverable focuses on achieving two objectives. One objective is to propose 

performant options for new designs of railway power supply systems but also for upgrades, where 

radical changes can be made. The second objective is that the information presented in the 

deliverable, with comparative performances for elements and components, will help infrastructure 

managers to take beneficial decisions; in this way, can be achieved optimal performance, 

appropriate to the line type.  

Together with previous deliverables (D3.1, D3.2, D3.3), D3.4 identified factors that influence the 
performance of power system failures. These are internal factors (the grade and quality of the 
power system components) and external factors (environmental factors as climate and weather 
changes and extremes situations). As a novelty, GIS mapping techniques were used and correlations 
developed to reveal the drivers behind power system failures, and their dependence on the 
environment and the grade of overhead line components. 
 
In this deliverable, the most important components and the infrastructure elements will be 

identified, with specificity for the three line categories analysed in the project. After that, the power 

supply equipment will be tailored for specific use based on its efficiency, reliability requirements, 

ease of maintenance, but also including the trade-offs of the solutions. As an optimisation, this 

deliverable will avoid over-specification for the case study selected lines types and will provide 

optimal capability at lowest cost. 
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NeTIRail-INFRA tailoring, deals with the most important component of any railway power supply 

system: OCS - Overhead Contact Line System. OCS comprises: overhead contact line, cantilevers, 

poles, foundations, lightning protection, feeder lines monitoring and protective equipment return 

conductors to supply current for use by electric railways. OCS represents the most important 

ensembles of components that railway power supply system can be direct influenced like 

performance and reliability. 

Continuing in detail, the overhead contact line (OCL) consists of contact wire, catenary wire, 

droppers, stitch wires, fixed points and tensioning devices. In this regard, the project deliverable will 

follow the components which will define, through optimisation and tailoring, the performance of the 

new or upgraded installations. 

Special attention is applied to the interaction of the pantograph and the overhead contact line as the 

pantograph is the most important external component which influences the performance and the 

life cycle of the contact line system.  

When designing new power supply systems, tailoring solutions means selecting components and 
technologies to be used: selection of the overhead contact line design; selection of conductor cross 
sections and tensile forces; selection of span lengths; selection of system height; design of contact 
lines in tunnels; adoption of contact wire pre-sag; selection of dropper spacing; using or not of a 
stitch wire; selection of tensioning section length.  

Continuing, it is dealing with restrictions from environmental influencing factors because the 
overhead lines are subjected to electrical and mechanical loads resulting from climatic environment. 
External influencing factors have been considered in the models, to support increasing the resilience 
of power supply systems to changing climate: ambient temperature, wind velocity and wind loads, 
icing and ice loads, lightning strokes, industrial pollution, etc. 
 
The content of deliverable is structured with a presentation of the important components and 
elements which are used in the composition of a power supply systems for railways; different 
technical solutions are presented for each component category and the optimal solutions are 
considered. Where there are major differences in investment and operational costs for the most 
advanced technical solutions, optimising variants are indicated for the three lines categories 
analyzed in the project. (1) (2).  
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Abbreviations and acronyms 
 

Abbreviation / 
Acronym 

Description 

ABC  Activity Based Costing  

CFR  Romanian National Railway Company  

EU  European Union  

EP  European Parliament  

FMEA  Failure Modes and Effects Analysis  

GHG  Greenhouse Gases  

ICT  Information and Communications Technology  

ICE  InterCityExpress  

IEC  International Electrotechnical Commission  

IM  Infrastructure Manager  

LCA  Life-Cycle Assessment  

LCC  Life-Cycle Costing / Life-Cycle Cost  

M&R  Maintenance and Renewal  

MAD  Mean Administrative Delay  

MLD  Mean Logistic Delay  

MPH  Miles Per Hour  

MRT  Mean Repair Time  

MTTF  Mean Time To Failure  

RAM  Reliability, Availability and Maintainability  

RAMS  Reliability, Availability, Maintainability and Safety  

SZ  Slovenske železnice  

TGV  Train à Grande Vitesse (High Speed Train)  

UIC  Union Internationale des Chemins (International Union of Railways)  

USA  United States of America  

OHL  Over Headline  

OCS  Over Headline Contact System  

Ag  Silver  

Cu  Copper  

CO  Carbone monoxide  

CO2  Carbone Dioxide  

NO  Nitrogenmonoxide  
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1 Power supply systems for railway networks– 
general aspects, characteristics, factors of 
influence 

 General characteristics 
Electric power supply systems in railway networks have as their main function to perform electric 

traction, without an on-board or local fuel supply. Railway power supplies should ensure 

uninterrupted functioning, reliable and safe electric vehicle traction.  

The power supply system includes all installations necessary for electrical traction function. The power 

supply system should assure functions of generating power supply, transmitting electrics supplying 

energy, feeding power supply to locomotive units. 

From the economic aspect, this type of system has many advantages but at the same time, requires 

significant capital expenditure. The selection of the type of solution is based on the costs of energy 

supply, maintenance, and capital cost compared to the revenue obtained for freight and passenger 

traffic. 

For freight and passengers transport, different electrification systems are used for urban and 

intercity areas; some electric locomotives can switch to different supply voltages to allow flexibility 

in operation. 

 Most performant power supply systems – characteristics and 
classification 

The power supply systems are extremely diverse and heterogeneous and a classification of them can 

be performed taking into account the most used voltages and frequencies. The classification is 

independent of the type of contact used and refers only to voltage and frequency values as being 

alternating signal. Generally, the type of current used distinguishes between the various types of 

electrical energy supply for moving railway vehicles. In the most frequently used system, the railway 

electricity power is supplied from the public high voltage networks, through the individual traction 

substations with special role to convert high voltage levels and sometimes nominal frequency of 

primary power supply parameters according to the railway needs.  

In modern European railway networks (see Figure 1.1), the traction power is provided by alternative 

current (AC) from high voltage networks: AC 55 kV, AC 110 kV or AC 132 kV with 16.7 Hz or 50 Hz 

frequency as input characteristics for traction power supply grid. The power distribution function is 

performed by the components named power substations which achieve the compatibility between 

high voltage grid network and overhead contact lines.  
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Figure 1.1 The electrification systems which exist in Europe 1 

Each different system has different advantages in utilisation, robustness and cost effectiveness, and 

newest electrification schemes require significant capital expenditure for installation. 

On the other hand, for the power supply systems, are used standards SR EN 50163 and IEC 60850, in 

order to establish and characterize permitted tensions. These standards indicate the conditions for 

power supply systems and take into account both the number of trains that consume energy at a 

time and the distance that is to fixed power substations. 

Electrification 

System 

Lowest Non-

permanent 

Voltage 

Lowest 

Permanent 

Voltage 

Nominal 

Voltage 

Highest 

Permanent 

Voltage 

Highest Non-

permanent 

Voltage 

600 Vdc 400 V 400V 600 V 720 V 800 V 

750 Vdc 500 V 500V 750 V 900 V 1 kV 

1.5kVdc 1000 V  1000V 1.5 kV 1800 V 1950 V 

3 kVdc 2 kV 2 kV 3 kV 3 kV 3 kV 

15 kVac/ 16.7 Hz 11 kV 12 kV 15 kV 17.5 kV 18 kV 

25 kVac/ 50 Hz 17.5 kV 19 kV 25 kV 27. 5 kV 29 kV 

Table 1.1 - Mainly used voltage levels of railways electricity power supply (3) 

                                                           
1 Author Jklamo (https://commons.wikimedia.org/wiki/User_talk:Jklamo) 
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Low frequencies such as 25 Hz and 16.67 Hz were introduced in Austria, Germany, and other 

countries to minimize rectification failures. Further technological advances made possible the use 

for commercial 50 Hz frequencies, and therefore this has become the most wide spread system. The 

25 kVac system is now used around the world and also Japan relies on 25 kVac for Shinkansen and 

20 kVac power supply systems for other conventional railways. 

The most important examples of the most performant types of power supply systems are presented 

on the Chapter 17 (ANNEX1)  

Nowadays, the current strategy of railways authorities is to standardize the systems power supply to 

variant with 25kV / 50Hz, which has become a standard. It is required that new projects for power 

supply systems are in this category. Therefore, the new power supply systems for the categories 

analysed in project: busy passenger line, dominated freight route, low density rural / secondary lines 

will mostly be in the category: 25kV / 50Hz. 

 Influencing factors identification for performance of the power 
supply systems 

In precedent deliverables (D3.2 and D3.3) the most important influencing factors were identified 

against the quality and performance of the power supply systems for the railway networks. In these 

tasks, factors which influence the performance of overhead line power infrastructure including 

climate-weather changes, materials, and interconnections between different components were 

identified and the influences of the factors on the performance of OHL power structure were divided 

into two main categories as internal and external factors. 

The climate has considerable impact on the reliability and availability of railway system. In this 

respects, the failures that are mainly caused by variation in climatic condition are characterised by 

temperature, wind and precipitation. Outstanding resistance to environmental influences, such as to 

wind and icing, and reactive substances in the atmosphere is a necessity for a reliable and available 

railway. 

For these reasons, in the design and construction of contact line systems, the climatic conditions 

applicable for the respective territory have to be observed. The standard EN 50 125-2 gives 

guidelines for limits to be considered. 

Similarly, mechanical factors of safety which will be used in overhead line design should consider 

external and extended factors; the strength of line should be as to provide quality and reliability 

against the worst probable weather conditions. 

Electric power supply allows rapid acceleration and less towing effort on gradient sections. As a 

performant solution should be adopted whenever it is economically possible, locomotives equipped 

with regenerative braking may recover energy when the speed drops, power generated can be sent 

back into the supply system or is used local in place of main energy supply; ex. heating or lighting 

systems for passenger cars.  

Also, the list of advantages resulting by using electricity supply systems for railways include lack of 

exhaust gases compared with diesel locomotives, less noise and lower volume of activity for 

maintaining traction units. Given the large and growing density of traffic, especially for increasing 

density for passengers’ lines category, electric trains produce less carbon emissions than diesel 
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trains, providing improved environmental benefits. This also has economic importance in countries 

where fossil energy resources are low and not sufficient.  

Standardization of contact lines for electric railways is the subject of continuous development, so 

should be respected in the design, construction, operation and maintenance of overhead lines, 

considering international, EU and national standardization. 

1.3.1 External influencing factors 
Structures are intended to be robust to extreme weather to some degree. Climate change gives rise 

to particular problems for the railway.  

External factors were explained as the failures due to climatic condition and weather changes, and 

the climatic factors were explained as climatic factors as: temperatures, wind speed; ice accretion; 

active and corrosive substances in the air; lighting voltage surges. Therefore, climatic information 

was identified at country level and become evidence of the correlations between climatic factors 

and electrification failures; maintenance volumes; temporary speed restriction - the effects of 

climatic conditions are for large areas. Detailed information relate to these correlations are 

presented on D3.2 and D3.3 deliverables. 

1.3.1.1 Temperature as factor of influence  

The temperature effects influence the performance of overhead power supply installations but also, 

the temperature characteristics are affected by the other climatic actions. The following effects 

should be considered and detailed for design of contact lines based on EN 50125-2.  

 A minimum temperature of - 20 °C to be considered with no other climatic action.  

 An ambient reference temperature of +5 °C is assumed for the extreme wind load condition.  

 A temperature of -5 °C should be assumed with ice loads and combined wind and ice action, 

where relevant.  

The valid temperature limits in Central Europe are  

 highest temperature of the ambient air +40 °C; 

 lowest ambient temperature -30 °C;  

1.3.1.2 Wind velocity as factor of influence  

Designing of overhead contact lines should take in account wind speed and wind loads parameters. 

These are based on the meteorological wind velocity measured 10 m above ground over an average 

period of ten minutes in a relatively open terrain designated as terrain category II in EN 1991-1-4.  

For the structural design and overhead contact line supports, according to EN 50119, the wind 

velocity having a return period of 50 years, should be used. 

For the activities of the maintenance and serviceability, the return period for wind velocity may be 

less than 50 years and will be stipulated in the project specification. A wind velocity having a three to 

ten year return period can be recommended in this case. Wind velocities have been recorded by 

meteorological services for many years. In most countries, regional information on statistical wind 

velocities data is available. Values for the 50 years’ wind velocities are given in EN 50125-2.  

The specified wind velocities Vref; 0.02 at 10m above ground are presented in below table. 
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Class Wind velocity 

m/s 

W1 low 24.0 

W2 normal 27.5 

W3 high 32.0 

W4 extraordinary 36.0 

Table 1.2 - Reference wind velocities Vref; 0.02 according to EN 50 125 -2 

Since the data given in standard EN 50 125-2:2002 does not refer to a certain location and, 

therefore, cannot be used directly, national specifications are applied in most cases. 

The specific terrain will need to be considered when defining optimizing coefficients for different 

categories (Chapter 12.1). 

This factor of external influences is important for designing contact lines; it is a necessary 

differentiation between loadings which do not have any effect on train operation and loadings under 

extreme conditions where train operations are affected and even stopped but should not damage 

the supports.  

1.3.1.3 Icing and ice loading 

Ice accumulation and the resulting ice loading are factors that influences performance of overhead 

contact line system.  

Due to the added load of the ice or increasing in aerodynamic interaction, power cables have been 

damaged or destroyed on numerous occasions; this can lead to dangerous movement. 

Icing from extreme weather may have a negative influence on the infrastructure railway design but 

especially for power transmission lines or power railway contact wires. As a negative aspect, there 

are no databases with ice formation and accumulation for many countries, which can be used as 

statistical information. 

The research of contact wire icing has not developed enough, for the following reasons:  

 Railways electrification development is relatively late and networks are not a large area. The 

contact wire has not been extended to the areas where ice accretion is frequent because of 

safety reasons and high cost of investment; 

 Icing events at dangerous and destructing levels for railway infrastructure has not happened 

in the freezing rain areas for the last tens of years also because of global warming. This 

situation put the problem of the contact wire icing in low priority.  

 Generally, modern electrified railways are designed for busy main lines with high traffic:   

passengers and freight transportation. The time between trains is short and in the limited 

period, icing is difficult to grow the thickness which can affect the operation. 

It is anticipated that the icing problems for railways network will be more relevant in the future. 

Some causes for this tendency are: the continuous extension of the electrification railways, railways 

network will pass through topographical regions where conditions have difficult features. 



D3.4. Modular packages of component grades 
and design specifications for new installations of 
power infrastructure tailored to traffic and 
operational needs. 

 
 

NeTIRail-INFRA 
H2020-MG-2015-2015 GA-636237 

2016/11/30 

 

NeTIRail-INFRA PUBLIC Page 16 
 

Given these characteristics, it is more important to be considered phenomena of icing and ice 

loading of the elements for power supply systems of specific lines: freight dominated route and low 

density rural/ secondary; in these types of lines the time interval between trains is high, the icing is 

stronger and the ice loads is heavy. For the busy passenger traffic case, the influence factor of icing 

has less importance because of the busy schedule of the traffic does not allow accumulation of ice. 

In the standard EN 50125-2 are presented four classes of ice load on conductors: 

Class Ice load 

N/m 

I0 (without ice) 0 

I1 (low) 3.5 

I2 (normal) 7.0 

I3 (heavy) 15.0 

Table 1.3 - Ice loads classes 

The values are wires with diameters between 10 mm and 20 mm. The class I1 is mainly used for 

contact lines in Central Europe.  

Speed of wind is an important factor of icing because of it characteristics to decrease atmospheric 

temperature; the higher the speed of wind is, the more cooled water drops can touch the wire 

surface; the more easily the latent heat released in the process of icing to be lost, and the more icing 

on the wire surface. 

The icing of the structures - icing or ice accretion, happens in cold and very cold regions. It can be 

classified into categories: precipitation icing, in-cloud icing and sublimation icing. 

Based on density and appearance, ice classification are the following: glaze (density 0.6 to 0.9 

g/cm3), granular rime (density 0.1 to 0.3 g/cm3), crystalline rime (density 0.01 to 0.08 g/cm3), wet 

snow (density 0.1 to 0.7 g /cm3), and mixed rime (density 0.2 to 0.6 g /cm3) (4).  

Classifications of ice based on formation mechanism: precipitations (formed by freezing rain or snow 

falling on the wire surface when atmospheric temperature is around to 00 C); cloud or fog in the air 

(mainly depends on humidity, air velocity); sublimation (when air water vapors freezes on the 

surface of overhead wires, installation surface, etc., and is called crystalline rime).  

The most dangerous to aerial wires is the glaze formed by icing precipitation; this is because of its 

high density and strong adhesive power (icing from the snow covering is common for Europe in Alps 

and Carpathians). More details are presented within D3.2 and D3.3. 

Ice loads with different characteristics occur on conductors and poles. With a few very exposed 

installations excluded, only the ice accretion on conductors may lead to operationally restraining 

conditions. 

1.3.1.4 Lightning stroke as influence factor 

The interaction between the lightning strokes and elevated lines cannot be avoided, and after this 
interaction result an over voltage on contact lines and on neighboring installations and could 
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provoke hazardous damages on exposed installations. Strokes can also lead to back-flashovers and 
to overvoltage on poles.  
A direct lightning stroke on an overhead contact line will cause lightning peak voltage surges. So, 

railway systems must be protected against damage induced by lightning strokes. In these respects, 

the return circuit together with the poles, the pole foundations with contact to the ground and the 

associated reinforcement should perform the task of external lightning protection.  

Also, the earth connections should be kept as short as possible, to keep the impulse resistance and 

inductance in the arrester devices path to a minimum. More details about mechanism and 

protective measures are presented in deliverable D3.3. 

For new installations, the projects must include electrical protective equipment and electrical 

circuits shall be in place to ensure an efficient and fast overvoltage earthing. These measures are 

justified economically because of traffic interruption, as a result of defects caused by lightning 

strokes, for lines with busy passenger traffic, will cause more losses than the costs of protective 

equipment. At the same time, also the lines of secondary or rural category, should be provided in 

the new designs or in the proposed upgrades with equipment type voltage arrester. That will 

prevent increasing maintenance costs for installations that can be damaged by lightning strokes. 

1.3.1.5 Pollution, category and level, as factor of influence  

Aggressive dust, vapors, gases and extreme levels of humidity can cause rapid contamination of 

insulators and increased wear of components in contact line installations, particularly when several 

substances are combined. These active airborne substances may occur in the vicinity of production 

facilities which emit such substances and near the sea. These factors must be accommodated in the 

design of contact line systems because affect specially the insulation components. 

Table 1.4 compares properties which characterize environmental aspects of the various transport 

systems. The transport process consumes less energy when performs on rails. It also should be 

pointed out that transport vehicles with electric traction is the most environmentally friendly means 

of moving people and goods. This aspect is an advantage for railway transportations and will be 

taken in consideration for investments in new designs even for low density/ secondary lines.  

Property Unit Car Train Aircraft 
Specific energy requirement kWh/100·P km 48.7 10.3 62.8 

C02 - emission kg/100·P km1) 12.29 4.75 17.0 

NOx - emission g/100·P km 133 3.8 88 

CO - emission g/1000·P km 209 0 20 

Hydrocarbon emission g/100·P km 27 0 8 

Soot-emission g/100·P km 0 1.0  

Areal requirement at equal 
performance, new constructions 

% 285 100 170 

Noise level at 25 m distance dB(A) 73 92  
1) 100·P km means that the data are related to 1 Person travelling 100 km. 

Table 1.4 - Environmental properties of modem transport resources (5)  (6)  

Also in case of trains can be highlight that emissions in the supplying power plants could be efficient 

filtered and the air along the lines is not polluted. 
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It is well known that the transport of people and goods is a social necessity because it provides the 

basis for a high mobility of individuals and products and sustains effective production activities; also 

provides the ability to use materials and technologies that are not available in the local area, for 

growing the economy for that region.  

Considering the lower level of pollution, transport by railway lines is suitable for isolated and low 

economic developed areas but also for urban high concentrations of people and industrialization 

where the large volume of passenger and freight transportation by roads produce an alarming 

increasing of pollution levels. 

1.3.1.6 Environment protection  

Contact line systems are often places of rest and landing of different species of birds. This could be a 

potential danger to birds and also for operating overhead contact line. In this respect, in case of 

electrifying railways, the relevant regional or national directives and laws with regard to nature and 

bird protection have to be complied. 

For example, tension insulators and the risk of collision with the overhead contact lines represents a 

serious danger, so the installation of bird protection devices reduce the potential hazard 

significantly. 

It must be mentioned that during construction of overhead contact lines, it may be necessary to use 

land temporarily for provisional roads, for construction and excavation work. After completion of the 

installation, these areas should be returned to their initial state.  

All these aspects for environmental protection should be considered when designing and 

constructing overhead contact line systems because involves additional costs and delays of main 

activities. 

1.3.1.7 Aesthetics necessity for cities and historical places  

The assessment of the effects on the environment within the approval procedures is known as an 

environmental impact study. Such a study is required prior to the construction of new lines and 

extension of existing railway lines.  

Consumption of land area is insignificant in the case of electrification of railway lines, or in the case 

of work for foundations. Thus, where the poles are set on areas which have already been consumed 

by the construction of the railway, e.g. on railway land, no additional land area is required for the 

construction of contact line installations.  

Evaluations of the effects of the electrification of a railway line on the landscape will always be 

subjective. An objective assessment of the aesthetic influence on the landscape is attempted with 

the aid of computer programs for the three-dimensional display of objects on the ground (7). In 

certain contained urban systems third rail dc systems may provide benefits over overhead line 

systems with respect to aesthetics and also in terms of ease of electrification as they require less 

modification to tunnels and bridges. 

1.3.2 Internal influencing factors 
Internal factors were addressed as the failures due to the grades and quality of components, 

electrical design configuration and mechanical parameters. Mechanical, electrical, operational, 

architectural and environmental requirements as well as life cycle costs affect dimensioning, 
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material and design of the systems. Design specifications should be adapted to the busy passenger, 

underutilized rural/secondary line and freight dominated lines, so should be tailored need-based 

solutions for improving the quality and performances of overhead lines power infrastructure.  

Optimization and monitoring of controllable factors like wire tension, pantograph upload force and 

selection of pantograph collector strip material will cause high quality current collection. 

Due to the great importance that the electricity supply system has, the following criteria must be 

respected for the quality and safety of overhead lines: 

 Supply electricity without interruption to the pantograph of traction vehicles. 

 The railway network has to implement and/or accept the function of continuously absorbing 

regenerated braking energy. 

 Comply with specified and standardized quality parameters for the voltages and frequency 

at the pantographs of electric traction vehicles. 

An important advantage of electric traction systems is that significant power can be obtained from 

regenerative braking in certain circumstances, with the appropriate equipment. These energy 

sources can be fed back into the power supply railway network and used by other vehicles in the 

same section. The solution is effective if there is a high density of electric rolling stock in a section – 

could be a real improvement for busy capacity passenger trains which can use efficiently the 

regenerated power.  

In other cases, renewable energy is collected and used later in the same section of railway network, 

for example for accelerating for the trains stopped in stations. This is the situation of the freight 

transporting trains where the inertial forces are very high because of weight loaded; in this situation, 

the consumed current for accelerating could affect other trains operating in the same section, so, 

extra energy provided by regenerative systems could resolve the problems. Some systems, for 

example in the UK, are based on the voltage of 25 kVac, and are capable to load renewable energy 

into the public network. 

Factors like mechanical, electrical, operational, architectural and environmental requirements as 

well as life cycle costs affect dimensioning, material and design of the products. Selected 

components should be specific to the busy passenger, under-utilized rural/secondary line and freight 

dominated lines and reflect high quality and the latest state of art. 

The further products like tensioning equipment, insulators, tension wheel equipment, section 

insulators etc. have to be selected according to the desired system design. 

 Overhead contact line system 
System components of contact line systems are affected by aging, electrical and mechanical wear; all 

depend on the period of use and the magnitude and duration of the load and by stresses. Knowing 

wear and ageing processes become high importance for the scheduling of maintenance and allow 

for preventative maintenance and renewals, rather than traffic interrupting service affecting failures.  

The overhead contact line system (OCS) comprises overhead contact line, cantilevers, poles, 

foundations and return conductors to supply current for use by electric railways. Continuing in 

details, the overhead contact line (OCL) consists of contact wire, catenary wire, droppers, stitch 

wires, fixed points and tensioning devices. Each will be analysed and detailed the components and 
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elements that have that strong influence rate of failures and life of the power supply system 

identified. 

The overhead contact line system (OCS) represents the most important ensembles of components in 

railway power supply system that can directly influence like performance and reliability. 

The components of an overhead contact line system could be separated as their component loading:  

 Mechanical loads, especially for poles and support devices. 

 Electrical but also mechanical loads: overhead contact line, railway energy supply lines, 

section insulators, disconnectors, current connectors and current carrying clamps.  

1.4.1 Contact wires, catenary wires, droppers, connectors   
Contact lines can be overhead contact lines as wires or conductor rail lines. Contact lines are 

influenced by different external loads and actions; and can be enumerated as: dead loads from con-

ductors and fittings, insulators and supports defined from dimensions within technical 

documentation.  The conductor tensile forces are considered as a permanent load.  

The contact lines are exposed to the weather and occasionally to heavy additional loads due to wind 

action on conductors and structural components as well as due to ice accretion on conductors. 

These loads can be determined by evaluating statistically records of long-term weather 

observations. Wind and ice are not predictably distributed variables with respect to the frequency of 

occurrence (IEC 60 826). During construction and maintenance, contact lines can be subjected to 

additional loads that must be supported by the structures and ensuring personnel safety should be 

considered. Design loads should include adequate provisions for construction and maintenance 

requirements (EN 50125-2; EN 50119).  

Droppers are also subject to mechanical loads from friction and bending during the passage of 

pantographs. The degree of wear increases with increasing stiffness of the dropper, e.g. with current 

conducting droppers, thicker wire cross sections and reduction of dropper lengths. The service life of 

this components is largely load-dependent and varies from 10 to 70 years.  

In general, steel messenger wire, used in the past, deteriorated after six years, while the copper-clad 

steel messenger wires used in Russia for 40 years, there haven't experienced failure due to 

corrosion.  

1.4.2 Overhead line disconnectors and insulators 
The pole disconnectors involved on electric railways applications must withstand several thousand 

switching operations over decades of outdoor operation. Wear and ageing affects the linkages, 

contact surfaces, arcing horns and the lubricating and contact greases. The adjustment and 

replacement of contact elements after frequent switching operations under load and renewal of the 

greases at regular intervals ensures a long service life of the equipment.  

Insulators devices need to separate energized components of the contact wire and traction power 

lines from each other and from earth. The behaviour of insulators over time is determined by their 

mechanical and electrical stresses. It also depends on the type of design and the materials 

employed. Porcelain insulators are widely used due to their high mechanical strength, chemical and 

heat resistance and their favourable electrical properties. The service life of modern porcelain 

insulators without flashovers is estimated to be 50 to 60 years.  
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The other kind of insulator is the plastic insulator. Increasingly popular, plastic insulators are 

especially resistant to external influences such as vandalism. The amount of wear caused by 

weathering and UV radiation depends on the surface material. Silicone materials have shown to be 

especially robust and long-lived, approximately 30 years. Due to their composite design, their 

deterioration properties are determined primarily by the endurance of the bonding between the 

glass fibres reinforced rod, the fastening fittings and the surface layer (8). 

The presence of electricity in the vicinity of railways can pose a hazard to life, installations and 

equipment. These hazards must be limited to acceptable values by adequate design of the new 

installations or for radical changes where is made, in compliance with the relevant standards.  

Contact wires and contact lines are subjected to vertical and horizontal forces that stress and 

displace these elements. These forces are referred to as "loads". According to the definitions of EN 

50 119, the following loads on overhead contact line systems must be considered in any design:  

 Dead weight of all conductors, wires and other elements.  

 Maximum permissible tensile force on conductors and wires and their accessories. 

 Wind loads on conductors, wires, poles and cantilevers. 

 Additional or superimposed loads in the form of installation loads and ice loads. 

 Transient loads that can be caused by breaking of conductors or by sudden change of forces 

acting on wires and ropes. 

 Interaction of pantograph and overhead contact line  
A pantograph is a device that collects electric current from overhead lines for electric trains; are 

used also for trams. The term resides from the pantograph devices for copying writing and drawings. 

The purpose of the pantograph is to transfer power from the contact line to the electric traction 

unit. This transfer of power has to be safe and reliable both in a stationary situation and for motive 

power for the operating traction vehicle. The pantograph consists of a main frame, arm, pantograph 

head and drive.  

Contact lines are represented by electrical conductors used in conjunction with a sliding current 

collector, part of pantograph device, to supply electrical energy to vehicles. Overhead contact line 

should be considered in direct interaction and influencing with pantograph system when current 

collecting. First pantograph component affected by this interaction is the collector strip which has 

essentially duty of current collecting from traction power supply contact line system. For these 

reasons, should be analysed and modelled the pantograph collector strip and the contact wire 

material as unitary mechanism. 

The service life of contact wires and collector strips essentially depends by: contact force exerted by 

the pantograph on the contact wire; materials of which the collector strips and contact wires are 

made; number and the dimensions of the collector strips; current flowing through the contact point; 

traction vehicle speed; environmental factors such as lines in tunnels or in the open. 

The last three factors cannot be controlled directly in new designs for energy transmission systems. 

They need to be quality selected when choosing the materials and calculating the dimensions of the 

components. 

The common type of pantograph is the so called half-pantograph (shape ‘Z’, Figure 1.2), which has 

evolved to provide a more reliable, compact and responsive single-arm design at high speeds. The 
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half-pantograph can be seen in use from very fast trains (ex. TGV) but also for low-speed urban tram 

systems. The design operates with equal efficiency in either direction of moving, as experimented by 

the Swiss and Austrian railways with their high performance locomotives the Re 460; this can 

operate with pantograph set in opposite directions.  

 

Figure 1.2 - The (asymmetrical) 'Z'-shaped pantograph using a single-arm design 

Pantographs are driven by compressed air supplied from the locomotive brake system. This system 

is used to raise the current collector and pressing on the contact line or when it is lowered for 

interrupting electrical contact. As a precaution for the pressure loss, when is not active, the arm is 

held in the lowered position through a mechanical fastening system. 

The power supply transportation system for railway consists of catenary line, from which is 

suspended the contact wire through vertical droppers. From its construction, the pantograph 

collector is spring loaded and pushes a contact shoe/contact strip (or carbon) against the contact 

wire, to transmit the electrical load for the trains traction. The steel rails have the role of return path 

of the electric signal. During operation, train movement can cause mechanical vibrations at the 

contact between the pantograph and line and produce large variations of the electrical flow power 

and, in some situations, interruption for short time of electric contact; these cases lead to strong 

disturbing electromagnetic fields. 

 Influence of electric and magnetic fields  
In the vicinity of the contact line systems, the greatest expected electric fields of AC 25 kV railways is 

2.7 kV/m. On lines electrified with a nominal voltage of AC 15 kV in Germany, there are expected 

values at the edge of the railway line at around 1.6kV/m. The magnetic fields in the vicinity of the 

railway are dependent upon the current and, therefore, on time and location. They can reach peak 

values up to 80 A/m for short duration.  

Both the electric and the magnetic fields in the vicinity of electric railways should be completely 

harmless to humans, but if sensitive equipment (monitors, displays) are operated in the vicinity of 

electric railways, interference can occur and these devices can be affected and fail to properly 

function.  
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 Stray current corrosion, return circuit and earth conductors   
Stray current defines the current component that does not flow through the intended return circuit.  

Stray current corrosion is a major factor of decreasing performance and life cycle time especially for 

DC current railways but has negative influence also for AC systems 

One of the objective of any new design of railway power supply installations or for projects that 

involve radical changes on existing electric installations, is to avoid stray current corrosion at railway 

level and on the third party installations. This can be achieved by limiting stray currents by adequate 

design of the return circuit, in particular by insulating the tracks from the earth or structures, e.g. 

tunnels and viaducts, and by planned maintenance to identify rail to earth connections and repair 

such defects (EN 50122-2, VDV 500, and VDV 501) (9) (10) (11). 

Return circuits include all conducting components used for the traction return current: running rails, 

return current conductors, earthing wires, return current cables and all other components which 

conduct return currents. As far as possible, the traction return current should use all running rails 

and/or dedicated return cables. For this purpose, the running rails are bonded by rail-to-rail and 

track-to-track cross bonds (10). 

Earth conductors or earth electrodes are metal conductors, having purpose to link the supports to 

the potential of earth. Mainly purpose of earth connection is to protect people and equipment in the 

case of insulation faults, so that no potential voltage accumulates between the rails or vehicles 

relative to earth.  

Stray current protection have to be implemented for even third party and railway owned 

installations, steel reinforced tunnels and viaducts as well as at-grade lines equipped with reinforced 

concrete slab permanent way or similar permanent way designs. 
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2 General requirements for new power supply 
systems 

Designing new power supply systems for railway networks should cover all aspects of the electricity 

supply needed for operation of electric locomotive motors. It consists mainly of technology and 

infrastructure required for energy conversion at substations, power transmission circuits to supply 

electrical power to consumer systems; and also included are fixed structures, measurement and 

inspection materials, overhead lines maintenance equipment, etc. The systems of power 

transmission for most optimum systems is generally considered to be as AC current which has lower 

resistive losses of long distances, but does require larger transformer equipment. 

The reliability of electric railway operation depends heavily on the availability and reliability of the 

traction power supply installation. The requirements of the overhead contact line need to consider 

that the contact line is the only component in the traction power supply installation which cannot be 

installed redundantly because of economic and technical reasons.  

Technological developments have concentrated on increasing the current capacity, speed, and 

safety; in the present days, the current capacity is more than sufficient to drive modern super high-

speed trains, but may be limited by the transformers or the links to the power grid.  

 Benefit consideration for upgrade of existing systems as diesel 
or DC installations 

Maintenance and operating cost are increasing day by day due to operating diesel locomotives. 

Energy consumption of diesel locos can be classified by energy consumption during idle time, energy 

consumption during preparing of train and during traction.  

Reducing energy costs by using low cost energy types such as electricity shall could make the 

difference for being able to compete with the other transportation modes.  

As an example, in the current situation, diesel locos consume from 20 to 25 l/h fuel during idle time; 

during traction mode, consumption for diesel loco are between 200 and 300l/h.  

As general consideration, the energy cost of diesel locos is more than 3.6 times of electric locos. On 

the other hand, the number of mainline electric locos is only 9% of total, and the percentage of the 

catenary system of TCDD network is 21%. Operation of diesel locos instead of electric locos at 

catenary track increases the operational further cost by adding air-conditioning and heating systems 

in summer and winter. 

DE24000 is one of the diesel loco types at TCDD and constitute more than 50% of the diesel locos on 

the TCDD network. This model is the worst for fuel consumption, but also for life cycle costs (LCC). 

Fuel consumption of DE24000 diesel locos for each GTKM(gross tonne km)  is 9lt.   

The other model of diesel locos is DE33000 and the fuel consumption of this is 7.1lt for each GTKM. 

In other words, the fuel consumption of DE33000 is 39% less than DE24000. 

A short list of advantages of AC electric power versus diesel locomotives are: lower cost of 

operational activities, especially for locomotives; higher power-to-weight ratio (less weight as no 

fuel tanks) which result in fewer locomotives for the same loaded power, faster acceleration, higher 
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limit of speed, less noise pollution, reduced power loss at higher altitudes, more trains running in the 

same section as the acceleration is faster, independence of running costs from fluctuating oil prices, 

reduced environmental pollution especially in highly populated urban areas even if electricity is 

produced by fossil fuels; more comfortable ride on multiple units as trains have no power full diesel 

engines. However, significant investment in infrastructure is required, for example electrification 

schemes in the UK have shown that for electrification of the Great Western route would cost up to 

£2.8bn. 

At the same time, it is obvious that AC variant for electric energy is better than DC power supply 

systems for long distance and lower density lines. AC variant can provide more electrical power 

through higher voltage; DC variant can provide more electric energy only by increasing the supply 

current; this causes a heavy erosion of power system components, especially those supporting the 

high current values. This could be considered main limitation of increasing the energy for 

locomotives: the system components are very hard to support highest electric stresses from highest 

currents. 

If the case of the upgraded power supply systems from DC to AC current, the investment costs will 

be much lower than in ranging from diesel to AC because many of the components and elements of 

the power installations are already installed and designed to withstand the toughest operating 

conditions in the power devices than in the alternative power systems.  

Taking in consideration above observations, in general the most feasible and long-time future 

usability solution, for new design or radical upgraded for railways, is the electrification with AC 

power supply systems. However, a case by case life cycle cost analysis is required to assess based on 

the traffic density whether the operational savings outweight the capital infrastructure costs. From 

variants of AC electrification systems, the most favourable and most interoperable on European 

network, the optimum solution is the power supply system with 25kV/ 50Hz. 

More details about comparative costs, diesel versus electric traction systems, and year evolutions 

are presented on Chapter 18 (Annex 2).  

 Trade-off between the choice of on-board vs line side 
positioning of equipment 

The trade-off between deploying equipment such as power filtering equipment and energy storage 

on the line side or on-board is a complex argument which needs to consider the following factors: 

 The energy and consequent cost savings of reducing vehicle weight by setting necessary 
equipment line side. 

 The impact of reduced railway vehicle mass on reducing the damage to the track and 
consequent savings to track infrastructure maintenance and life, and increased availability 
and reliability. 

 The interoperability benefits of the having the equipment installed on the vehicle (if for 
example filtering equipment is moved to the line side and taken off of vehicles, those 
vehicles will then be limited to the lines where filtering equipment is provided on the line 
side, limiting their flexibility). 

 The capital cost comparison of on board equipment vs fixed lineside infrastructure. 

 Migration of system from lineside equipment to vehicle or vice versa 
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It is therefore evident that the case for including equipment on board vs line side is very dependent 

upon the particular lines, where the economic case will depend heavily on the traffic density and the 

degree of flexibility required by the system. Electrical systems with the potential for on board weight 

savings include: 

 Electrical filters 

 DC systems with reduced need for transformer equipment 

 Energy storage equipment 

The cost and energy impacts of vehicle weight will depend largely on the operation of the railway 

including the acceleration and braking profile, as well the availability of being able to regenerate 

energy from braking either back to power supply infrastructure or to on-board energy storage. 

Without the regeneration the energy will be approximately proportional to the vehicle mass at lower 

speeds where the aerodynamic effects are small (12), but then as speed increases the force per 

tonne increases at greater rates. 

 

Figure 2.1 - Movement resistance for passenger trains. 1 UIC car about 1960 (SNCF, CFF, DB, FS); 2 

Corail car 1975 (SNCF), Eurofima 1980 (DB, FS, ÖBB …) or VUIV 1985 (CFF); 3 Light car 1940 (CFF) 3 

adding 20 [N/t] BOB car on rack section.  (13) 

Also of concern is the safety of vehicles, if they are too lightweight their stability, especially in high 

winds (14),  may be at greater risk of derailment or blowing over on particularly exposed routes. 

2.2.1 Electrical filtering equipment 
One area in which on board and line side weight should be considered is in the case of filtering of 

electric magnetic interference. This filtering is particularly required to prevent interference with 

track circuit signalling and communication systems and to prevent damage to transformer and drive 

equipment on other vehicles and potentially also to substations (15) (16). The track circuits will 

operate at frequencies between direct current and 2.5kHz (17) though it is beneficial to filter noise 

up to 1MHz to prevent interference with communication systems (18). There are various sources 

from where electromagnetic emission can emerge, but generally they originate from the propulsion 

system itself (15). 
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Figure 2.2 - Common mode current flow paths in the propulsion system (15) 

A common method to mitigate this electromagnetic noise is to introduce a passive filter at the 

inverter output on the vehicle. However, cost, size and weight can be restrictive to their use, for 

example in the UK Bombardier Class 377 DC units which operate on the Southern and South Eastern 

networks carry 1.5 tonnes of power car filter equipment (18), which has an impact on the space 

available within the rolling stock and the increase in mass will also impact on the acceleration and 

energy consumption of the units.  

For AC networks it is possible to install lineside equipment to help mitigate the impact of 

electromagnetic noise, for example booster transformers with return corridors can be used at 2km 

intervals between transformers, however, this can also result in increased impedance and therefore 

a loss of potential power (18). 

2.2.2 DC vs AC rail systems and the impact on train weight 
Direct current (DC) traction systems have the benefit that the power electronics required on the 

vehicle is much simpler compared to high voltage alternating current (AC) systems and this simplicity 

partly explains why DC systems were developed earlier than AC systems for use in metro systems 

and urban railways. DC systems which operate typically at 750V for third rail systems and up to 

1.5kV for overhead line systems, these relatively low voltages can be applied directly to the drive 

motors and therefore there is no need for the on-board transformers and for the separation of the 

high voltage and low voltage systems which is required where AC traction is used at 25kV (19), 

greatly reducing the mass of the vehicles and the volume required for the traction systems, this 

reduced mass then provides saving in energy consumption, increased space for passengers and 

reduced damage to track and infrastructure. The traction package for DC is also much more efficient 

due to not having the transformer losses, a DC train traction package can have efficiencies of 92-94, 

however, there will be some losses at the substations and DC networks have much greater resistive 

losses between the substation and the vehicle due to the higher currents compared to AC systems 

(19). 

However, the reduced on-board equipment for DC systems is balanced by the need for a greater 

number of substation with substations required every 1.5-2 km for 750V DC systems and every 3-

4km for 1.5kV systems, resulting in much greater infrastructure costs compared to AC, but the DC 

third rail infrastructure has much higher reliability and lower maintenance costs (19). DC systems 

also limit speed, due to issues with the third rail shoe contact at high speed. 
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DC systems also allow much smaller headway between trains, down to as little as 85 seconds 

between trains, this and the improved reliability make third rail systems much better suited to very 

high density traffic lines where capacity and reliability are key issues and the increased frequency of 

lineside substations is not problematic. The reduced train mass on AC systems can also aid 

acceleration and braking, again making it ideal for services with frequent stops. 

Also much research and new development work is currently being carried out to reduce the on-

board mass and volume of the AC traction systems and incremental developments have made 

significant progress in this area, examples of this include the work carried out as part of the 

Railenergy project (20), within the ABB Pett transformer technology (21) (22) and within the 

Japanese Shinkansen where incremental improvements over time in the weight and size of the on-

board transformer equipment have been demonstrated (23), this will aid the light weighting of 

vehicles and reduce energy consumption, improve acceleration 

 

Figure 2.3 - Railenergy project concept for a medium frequency traction transformer  (20) 

 

Figure 2.4 - Traction converter for Shinkansen trains (23) 

2.2.3 Energy storage for future trains  
Regenerative braking systems have potential to maximise the energy efficiency of the electrified 

railway system and reduce the impact of vehicle weight of on energy efficiency of the railway 
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system, for example a heavier train will require more energy for accelerating, but will also recover 

more energy during braking, but it will still consume a higher amount of energy than a lighter train. 

However, although some substations have been upgraded to pass the regenerated energy back into 

the grid, for most of the networks the use of the regenerated energy relies on there being another 

train in the area to utilise that energy, otherwise the supply voltage rises to a level at which the 

braking train must switch off the regeneration. Energy storage can help to alleviate this issue and 

also save costs by reducing the size of the connection feeders from the main grid, as it will flatten 

the peaks in demand from the grid (24). Energy storage also potentially makes more power available 

for increased acceleration, reduces effects such as voltage sags and can reduce the numbers of 

substations required (25) (26) (27) (28). 

Energy storage may either be lineside or on vehicles, each system has its own benefits and 

disadvantages, the lineside equipment mainly saves on train mass and space, and by having reduced 

mass compared to on vehicle energy storage should help to minimise the overall energy 

requirements and the damage to track caused by the vehicles. Lineside energy storage should be 

located as close as possible to the areas in which trains accelerate and decelerate, so particularly 

around stations, speed restrictions and certain junctions. A range of energy storage devices have 

been suggested for lineside equipment, these include battery storage, super capacitors, the use of 

electric car batteries (utilise the batteries of the cars parked at the station (29)), superconducting 

magnetic coil, hydrogen (hydrolysis and fuel cell), heat storage, pumped hydro, compressed air and 

flywheel technology. However, to obtain effective results the infrastructure capital investment may 

be quite high especially for services which stop frequently (30). 

 

Figure 2.5 Classification of electrical energy storage systems according to energy form (30) 

On-board energy storage has the disadvantages of the space taken up on the vehicle which may 

impact on the space available for passengers and increased mass, but does have the advantage of 

offering greater system flexibility. The trains with on-board energy storage are able to store their 

regenerative braking energy no matter which network they are operating on, increasing the 

interoperability of the rolling stock. On-board storage also has a number of other advantages, it may 

be used to power the vehicle over short sections in the case of a failure of the power system, it could 

be combined with a discontinuous electrification scheme, so that it could operate on sections of the 

railway that are difficult to electrify such as tunnels or under low bridges, or could provide power for 

the “last mile” of a journey, this would apply in cases where the final station is on a branch line and 
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therefore is not economical to electrify but the energy storage would allow the vehicle to operate 

using the stored energy for the last stretch of the journey on non-electrified infrastructure (31). Due 

to the weight, space and safety considerations fewer energy storage options are available for on 

vehicles and this is limited to battery, super capacitor, compressed air and fly wheel technology. 

The case for on-board or off board energy storage is therefore highly dependent upon the operating 

environment, for low traffic densities and frequently stopping suburban routes, which may want to 

take advantage of discontinuous electrification or run the last mile on stored energy, the on-board 

solutions would be advantageous. However, where the distance between accelerations and 

decelerations is great or on networks which have a very high density of vehicles, the lineside storage 

options would be more economical and have the potential to a wider range of energy storage 

technologies to be used. The line side systems may also be combined with renewable technologies 

too such as wind or solar, to further reduce the energy demands from the grid. 

2.2.4 Track damage due to increased weight of on-board equipment 
One of the main areas in which reduced vehicle weight, due to reducing on board equipment, can 

have a positive economic impact on the railway is by reducing the maintenance demands and 

increasing the overall life of the railway. Most damages to the rail such as squats, rolling contact 

fatigue and plastic deformation are related to the forces at the wheel rail interface which are directly 

related to vehicle mass. Also any damages to the ballast layers, subgrade, bridges and structures also 

correlate to the vehicle mass and the forces imposed by the vehicle on the track or structure. Many 

routine and preventative maintenance and inspection tasks are scheduled based on the number of 

million gross tonnes that passes on the track (32) (33). It is expected that significant savings can be 

made to energy consumption and lower life cycle costs by reducing train mass (34). 

 General requirements for OCS 
As detailed and structured, the overhead contact line system (OCS) comprises overhead contact line, 

cantilevers, poles, foundations and return conductors to supply current for use by electric railways. 

The overhead contact line (OCL) consists of contact wire, catenary wire, droppers, stitch wires, fixed 

points and tensioning devices. (3) 

The need for availability of the contact line system bring up the necessity for designing of 

electrification; in this regards the following basic requirements must be considered when designing 

an installation of the contact line: 

 Providing a sliding contact in any condition for current collector.  

 The system components must have a long service life with specific requirements: optimum 

mechanical and electrical strength; low and uniform wear of the contact wire; resistance to 

loads imposed by wind and ice and aggressive substances in the air; the corrosion resistance 

of all the components. 

 Ensuring that people and equipment are not placed in dangerous operating area of contact 

lines. 

 Ensure that power supply interruptions do not occur under normal circumstances, at the 

dynamic interaction of the current collector and the contact line for any speed up to the 

maximum speed allowed by the contact line type considered. 

 In areas with buildings, anaesthetic and urban-planning issues, need to be monitored 

throughout the design of overhead contact line installations. 
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 It must be taken into account all aspects for protection of nature and environment. 

 During the life cycle of the equipment, the investments for the installation and the costs for 

operation and maintenance must be as low as possible. 

Figure 2.6 illustrates a typical overhead contact line system design with individual poles on both 

sides of the tracks. This is the preferred design for secondary lines but even for main line traffic, at 

all usual voltages. The components such as contact line, cantilevers, poles, traction power feeder 

lines, return current conductors and rail bonds are shown in this schematic diagram.  

 

Figure 2.6 - Overhead contact lines on individual supports using concrete poles (3) 

System Type Worldwide 

Single - phase 

AC 

50 Hz &      

60 Hz 

< 20 kV France, USA 

20 kV Japan 

25 kV Russia, France, Romania, Japan, India, China 

50 kV USA, Canada, South Africa 

25 Hz; 11 kV - 13 kV USA, Austria, Norway 

16.67 Hz 
11 kV Switzerland 

15 kV Germany, Sweden, Switzerland 

Three-phase AC Switzerland, France, Japan 

Table 2.1 - Railway electricity systems dispersion 

The required high availability of the contact line system, therefore, necessitates thorough planning 

as early as practicable in the planning cycle for electrification. It should make use of proven, carefully 
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tested equipment with long service life, correct installation and effective maintenance during 

operation.  

The overhead contact line has to comply with sophisticated quality criteria for successful power 

transmission. There are static quality criteria such as elasticity and its uniformity along the span and 

contact wire uplift. The dynamic quality criteria include the wave propagation velocity, the Doppler 

factor and the reflection factor. The contact force as a function of the running speed and its standard 

derivation are also significant quality features. Overhead contact lines, shall also be capable of 

allowing operation of trains with two or more pantographs in contact. 

3 Characteristics related to the traffic density of 
the railway networks  

The operating conditions and the type of the line and track will lead to specific requirements on the 

contact lines. 

The requirements resulting from the operating conditions are functions depending the type of the 

transportation required as local area or long distance traffic, frequency of the trains passing, mass of 

the trains that use the line.  These requirements are applicable related to the case study lines as 

busy passengers and low density lines could be assimilated to local area lines with the frequency of 

trains being a very important characteristic. Moreover, the mass of trains but also long distance lines 

are important characteristics of the freight dominated route.   

When traffic lines are constructed in local area, especially for high density of population (historical 

cities, industrial cities, metropolis, etc.) the new lines need to have characteristics designed for short 

distances but high density of traffic, especially for passengers’ traffic.     

   Traffic line for low density utilisation  
The traffic volume capacity is a measure of the traffic that a railway line can handle and it is defined 

as the number of trains that actually run on the line within a given period.  

The scheduled run, the track condition, the geographical location of the line determine the nominal 

average speed for which the respective traction contact line must be designed. In low density traffic, 

the train speed is one of the essential system characteristics.  

The design for contact line system must be matched to the required traffic volume capacity for 

freight dominated route and correlated with density of the traffic for lines with low density of traffic, 

as examples this is the situation of the designs and upgrading for local rural lines.  

The topographic conditions, the required speed and the need of efficiency determine the power to 

be transmitted via the current collector. From experiments, traction vehicles achieve their maximum 

power at speeds of 80 km/h to 100 km/h due to their typical traction-force/speed characteristics. 

They can utilize this power either for further acceleration or to maintain a steady speed. The power 

supply systems and the contact line installations must be able to supply the required power for 

these phases of the running trains.    

The maximum train length is another characteristic which will affect the length of platforms; will 

affect also secondary and main lines in stations, the passing tracks as well as protective sections, 
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neutral sections and location of signals.  This is the case especially for freight dominated routes. The 

design of the contact line installation also depends on these factors.  

The operating requirements and the power supply systems for long-distance line traffic are the 

factors leading to the use of overhead contact lines as traction energy supply installations for 

railways with low traffic density; this situation is capable to provide high energy with high voltage to 

traction vehicles, being in low number in a feeding section. Lines with low density traffic give 

opportunity to improve the infrastructure for becoming high speed lines and/or dedicated freight 

corridors. These types of railway lines have opportunity to use high current power being low number 

of trains in the feeding section.  

 Traffic line for high density utilisation  
These types of lines are mostly considered suitable for local area traffic where the railway traffic 

solution can decrease traffic congestions in high populated areas. 

The lines of urban railways and metropolitan railway tracks are generally separated from all other 

traffic. Table 3.1 summarizes the main characteristics of urban railways and metropolitan railway 

systems. 

Characteristics Urban railway Metropolitan 

railway 

Vehicle width 2.30 to 2.65 m 2.50 to 3.00 m 

Average speed 25 to 40 km/h > 40 km/h 

Reserved 

track/roadway 

mainly exclusively 

Distance between 

stations 

400 to 800 m 500 to 1 000 m 

Table 3.1 - Main characteristics of urban railways and metropolitan railway systems  (3) 

Overhead contact lines, often installed as simple trolley-type contact wire without a catenary wire, 

should be designed for new lines as catenary solution, providing the advantages of higher speeds; 

higher current carrying capacity; better collector running characteristics; less collector strip wear; 

less dangerous behaviour in the event of contact wire breakage; longer spans.  

The use of vertical catenary suspensions is only avoided in areas where aesthetic urban planning and 

architectural aspects do not permit such systems. Then simple trolley-type contact lines with parallel 

feeder wires or double contact wires are used instead.  

To minimise voltage drops and the associated power loss, the overhead contact lines of both tracks 

of double-track lines can be electrically interconnected at regular intervals. On the basis of 

experience gained with modern over-sized road transports, most urban communities now install 

overhead contact wires at heights of 5 m to 5.5m in the open, and approximately 4 m in tunnels due 

to the restricted space available.  
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In high density areas, the space is restrictive and in an attempt to minimise the overall line width, a 

central support structure is used wherever possible, for example, the poles are located between the 

tracks.  

In local area lines, the contact lines are mainly fed at both ends via rectifier substations, ensuring 

adequate distribution of the peak currents when trains are accelerating and braking. 

Occasional overcurrent relay tripping cannot be avoided when trains are run at sight. For this reason, 

all contact line circuit breakers should be equipped with devices capable of distinguishing between 

operating overcurrent and short-circuit currents.  

With the ever-increasing deployment of traction vehicles able to feed braking energy back into the 

network, voltages exceeding the nominal traction voltage will occur frequently, meaning that the 

insulation of the contact line installations must be designed to resist with these increased and 

randomised voltages.  

Poles between the tracks are frequently used on lines running on their own reserved right-of-way. 

Transport systems that use contact rails should always have their own right-of-way.  

In high density traffic from agglomerated area, the operating speeds range is from 80 to 100 km/h. 

The design of the contact line installations will not be determined so much by the train speeds as by 

the larger currents needed due to the lower traction voltage. Curve radii are also smaller than on 

long range and high speed lines. Line gradients up to 11 % may also occur for existing lines but on 

newly-planned lines, have to be tried to respect the requirements to limit gradients to maximum 5 

%. 

Due to the great importance that the electricity supply system has, the following criteria must be 

respected for the quality and safety of overhead lines: 

 Supply electricity without interruption to the pantograph of traction vehicles. 

 The railway network has to implement function of continuously absorbing regenerated 

braking energy. 

 Comply with specified and standardized quality parameters for the voltages and frequency 

at the pantographs of electric traction vehicles. 

Modern railway projects have generally use high-voltage AC for new designs and for radical changes, 

also the trend now is the DC routes have to be converted to AC standard systems. 

 The gauge characteristics for new lines designs 
The clearance gauge is of great importance in contact line design since no components of any kind 

are allowed to exceed clearance into this area.  

Mainly in local-area transportation systems, a larger variety of clearance gauges is found than in high 

speed long range railways. This is a result of the separate development of individual local-area 

transport companies and the lack of interoperability requirements.  

The independent development of railways in various regions in the past has led to different 

clearance gauges coded: GA, GB and GC. They have been harmonized by the TSI for Infrastructure 

subsystem, the TSI for the Rolling Stock subsystem which aim to achieve interoperability of 
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European railways. The smaller GA gauge (Gabarit A) shall be maintained on all lines. For combined 

road/rail transports, piggyback loads etc., the larger gauges GB and GC have been defined on the 

basis of specific model loads on special wagons.  

The gauge GB is designed to accommodate standard shipping containers. To permit transportation 

of 2.6m wide containers instead of the 2.5m normally used up to now, the gauge variant GB1 has 

been defined. Another variant, GB2, has been defined for the piggyback transportation of trailer 

trucks on special low wagons with a floor height of 0.27m.  

Normal trucks and trailer trucks are transported on special wagons on certain corridor lines. The GC 

gauge has been specifically defined for this purpose. The GC gauge is also required to enable the use 

of comfortable double-decker passenger wagons on high-speed railway lines. For this reason, all new 

railway lines for high-speed traffic as for passenger lines or freight transportation in Europe will be 

built with GC gauge clearance.  

From point of view of interoperability of the trans-European new lines and for radical upgrades for 

existing conventional lines, the minimum infrastructure gauge for structures shall be set according to 

the gauge GC.   

4 Category requirements for new power supply 
systems 

The directives classify the trans-European rail system into subsystems based on structural and 

operational areas. Technical Specifications for Interoperability (TSI) were specially introduced as 

links between the directives and the European standards.  

Interoperability will remove technical and operational obstacles for railways traffic. Also, it will 

reduce difficulties of railway equipment procurement.  

Interoperability is necessary and became a political goal of the European Community (EC) to improve 

the trans-European rail traffic in Europe. To accomplishing this target, the EC ratified the directive on 

the interoperability of the trans-European high-speed rail system in 1996, of the trans-European 

conventional rail system in 2001 and a directive with the modification of the mentioned directives, 

in 2004.  

The main advantage of interoperability achievement could be met at high-speed technology trains 

and dominated freight corridors because these have to be designed to guarantee safe, 

uninterrupted travel through different sections and for long distances. 

According to the definition, high-speed trains are those designed for 250 km/h and greater speeds. 

The increasing speed for any railway line is a desired upgrade. The upgrades, where radical change 

are possible, cover three categories:  

 Category line I (high speed lines) - special built category for high-speed lines; there are 

equipped for speeds equal or greater than 250 km/h. 

 Category line II (upgraded lines) - upgraded high-speed lines for speeds around of 200 km/h. 
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 Category line III (connecting lines) - specially upgraded high-speed lines with special features 

for topographic characteristics, town-planning constraints; on these situations, the speed is 

adapted to each case. 

As a consequence, the existing standards EN 50 163 and EN 50 119 evolved. New standards were 

established:  

 EN 50 388 on technical criteria for the coordination between power supply and rolling stock 

to achieve interoperability. 

 EN 50 367 on technical criteria for the interaction between pantograph and overhead 

contact line. 

 EN 50 317 on the requirements for validation of measurements of the dynamic interaction 

between pantograph and contact line. 

 EN 50 318 on the validation of simulation of the dynamic interaction between pantograph 

and overhead contact line.  

The TSI establishes provisions for subsystems and their component have to be complied when 

designing the overhead contact lines for high-speed installations; it contains essential requirements 

concerning safety, reliability, availability and maintainability, health, environmental protection and 

technical compatibility. Strict application of the specification guarantees the compliance of the 

installation with the essential requirements of the TSI. 

For reducing the contact wire wear and the pantograph wear quality and suitable materials 

combinations should be used; the design stage is very important in this aspect. If it is possible, 

separate poles for each track should be used. The contact line should be designed so that the 

periods of line closure for planned maintenance or to repair contact lines and tracks are kept low.  

Technical and functional characteristics for power supply systems have to take into account the 

strength and quality of the wires, stranded conductors and other elements. The height of the 

contact wire is specified according to the type of railway and field of application. The minimum 

contact wire height, the maximum contact wire height and the permissible contact wire gradient are 

all important.  

During normal operational activities, the forces in stranded conductors, wires and other components 

have to be kept within permissible limits. The sag of conductors has not to exceed permissible values 

for safety of people and operations, also maintenance activities. When the required safety clearance 

or the minimum clearance is breached, danger situations may arise. Minimum free air space, to 

energized parts, has to be maintained under all operating conditions, such as different positions due 

to pantograph moving and different sags, this involves variable heights of overhead lines. The wind 

and ice loads when this situation appears against the conductors and other elements should not 

have a negative effect on railway operations.  

 Requirements for overhead contact line system by electrical 
restrictions  

From this point of view, significant characteristics are the type of current and the nominal voltage. A 

principal characteristic for the performance of an electrified line is the capacity of current carried by 

the contact line system. In comparison with industrial or public distribution systems of power supply, 
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short-circuits occur more frequently in contact line networks. Therefore, the short circuit current 

capacity of a contact line system is also a feature that count on new designs.  

In addition, as an obligatory condition, the voltage of the overhead line network has to be 

maintained within designed limits under all normal operating conditions. The losses during power 

transmission also have to be maintained within acceptable limits.  

The insulation should be accommodated by associating insulating materials and their design to 

requirements and by respecting defined minimum air gaps. Protective measures should be effective 

to avoid exposing any person to the possibility of electric shock.  

The overhead contact line has to comply with electrical quality criteria for successful power 

transmission. Quality criteria such as elasticity and its uniformity along the span and contact wire 

uplift have to be considered. The dynamic quality criteria include the wave propagation velocity, the 

Doppler factor and the reflection factor. The contact force as a function of the running speed and its 

standard deviation are also significant quality features. Overhead contact lines, shall also be capable 

of allowing operation of trains that contact two or more pantographs at the same time.  

Important considerations should be taken into account related to impacts against the public energy 

network, e.g. harmonic frequencies and electromagnetic fields should be as low as possible. The 

transmission of power through the contact line network can cause interference to adjacent lines of 

all kinds through inductive, capacitive and galvanic coupling. In direct current railways, extensive 

measures are necessary to limit current corrosion.  

 Requirements for overhead contact line system by 
environmental interaction 

Power supply systems have to be reliable and to function according with the technical 

characteristics. One of the most important characteristics is temperature range; this is defined as 

ambient temperature: -30 °C to 40 °C for Central Europe, -30 °C to 45 °C for Spain, etc. According 

with standard EN 50125-2 are specified environmental conditions to be accommodated by the 

design of overhead contact lines. Lateral deflections of contact lines are caused by wind loading, 

which in turn could lead to the pantograph de-wiring under extreme conditions. For this reason, 

contact lines have to be designed for particular wind velocities, under which operation are 

considered. Beyond this, extreme wind loads should not lead to mechanical damage of the contact 

line installation. The magnitude of the wind velocities, upon which the design is based, is agreed 

with the railway company or authorities or taken from EN 50 125-2.  

The ice accretion on contact line has to be taken into account in the design, especially when this 

phenomenon is frequent. Atmospheric precipitation, aggressive vapours, gases and dust are to be 

taken into account when determining the electrical values and the life expectancy of components 

and elements.  

Relating to the insulating materials and other elements in the contact line installation, the properties 

should not be altered by climatic impacts and sunlight other else the operational life cycle could be 

affected.  
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5 Materials and fittings requirements for overhead 
contact line system 

 Components and subsystems selection for OCS (Overhead 
Contact Line System) 

Overhead contact line systems include the live longitudinal contact line and the lateral and vertical 

supporting structures that suspend the contact line equipment. For these reasons, need calculations 

for determining the mechanical dimensions of the contact line.  

Table 5.1 present the type of current and the nominal voltage with their permissible variations; this 

is a starting characteristic of electrical requirements.  

An important characteristic as performance of a power supply system is maximum current-carrying 

capacity. This become essential in comparison with industrial electricity distribution systems 

because short-circuits happened frequently in contact line networks.  

Electrification 
System 

Lowest Non-
permanent 
Voltage 

Lowest 
Permanent 
Voltage 

Nominal 
Voltage 

Highest 
Permanent 
Voltage 

Highest Non-
permanent 
Voltage 

600 Vdc 400 V 400V 600 V 720 V 800 V 

750 Vdc 500 V 500V 750 V 900 V 1 kV 

1.5kVdc 1000 V  1000V 1.5 kV 1800 V 1950 V 

3 kVdc 2 kV 2 kV 3 kV 3 kV 3 kV 

15 kVac/ 16.7 Hz 11 kV 12 kV 15 kV 17, 5 kV 18 kV 

25 kVac/ 50 Hz 17.5 kV 19 kV 25 kV 27.5 kV 29 kV 

Table 5.1 - Mainly used voltage levels of railways electricity power supply (3) 

Concerning overhead contact lines, the contact wire position should be related to the projected 

centreline of the super-elevated track. The height of the contact wire above rail is specified 

according to the type of railway and field of application: minimum contact wire height, maximum 

contact wire height and the permissible contact wire gradient; all are important.  

The components and the structural elements of a contact line installation have to possess adequate 

mechanical and electrical strength. A knowledge of the physical properties of applied materials is 

essential for the correct design of contact line installations.  

The expenses for construction, operation and maintenance of contact line installations should be as 

low as possible throughout the entire service life. Therefore, the components and elements should 

be reliable and require little or no maintenance.  

5.1.1 Selection of conductor cross sections and tensile forces  
The contact wire and catenary wire cross sections are to be kept as small as possible for economic 

reasons. They should be designed to satisfy requirements at the lowest investment. The traction 

power supply system, the traffic timetable and the route profile determine the magnitude of the 
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current flowing through the overhead contact lines. There are major differences between the 

conductor cross sections for high density lines and lines with low density of traffic; also, are larger 

differences between conventional lines and high speed lines.  

Table 5.2 and Table 5.3 show the most important physical characteristics of components materials 

which could be considered a basis for the design of contact line installations; these types of contact 

wires and stranded wires are used commonly in Europe. More details are presented on D3.2 and 

D3.3 deliverables. 

Property Unit 

Contact wires 

 

Cu CnAg0.1 CuMg0.5 

Ultimate strength 

σ 
106 N/m2 

355 (AC-100) 360 (AC-100) 510 (AC-100) 

330 (AC-120) 350 (AC-120) 490 (AC-120) 

Modulus of 

elasticity E  
kN/mm2 120 120 120 

Coefficient of 

thermal 

expansion α 

10 6 K-1 17 17 17 

Coefficient of 

resistivity α20  
10-3 K 1 3.93 3.81 3.85 

Resistivity g20  Ω · mm2/m 0.01777 0.01777 0.02778 

Conductivity k20  S · m/mm2 56.3 56.3 36.0 

Specific mass ϒ  kg/dm3 8.9 8.9 8.9 

Specific heat c  Ws / (kg · K) 380 380 380 

Coefficient of 

thermal 

conductivity λ 

W/(K · m) 377 375 59 

Table 5.2 - Physical properties of contact wires (EN 50 149; DIN 43 140; EN 60 865 -1; (35) (36))  
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Property  Unit 
Conductors Origin 

Application BzII Al Steel 

Ultimate 

strength σ  
N/mm2 

- 172 - DIN 48200:61 - wire 

687 - 390 Bz III; steel I 

Bz II: 7-wire; steel II 589 - 650 

Modulus of 

elasticity E  
kN/mm2 113 60 180 DIN 48 203: 7-wire 

Coefficient of 

thermal 

expansion α  

10-6K-1 17 23 11 DIN 48203 

Coefficient of 

resistivity α20  
10-3K-1 

4 3.81 4 DIN 48 203 

EN 60 865-1  4 4.5 

Resistivity g20 S · mm2/m 0.02773 
0.02826 

0.0287 

 DIN 48203 

EN 60 865-1 0.138 

Conductivity 

k20 
S · m/mm2 36 35.38 7.25 

DIN 48 203 

EN 60865-1 

Specific mass ϒ kg/dm3 8.9 2.7 7.8 DIN 48 200 

Specific heat c  Ws/(kg · K) 380 910 480 EN 60 865-1 

Coefficient of 

thermal 

conductivity λ 

W/(K · m) 59 222 67  

Table 5.3 - Physical properties of standard conductors (36)  

 Distinctive characteristics of materials in contact wires and 
conductors 

Hard-drawn electrolytic copper and copper alloys have become the established global contact wire 

material, due to high conductivity, tensile strength, hardness and ability to withstand temperature 

changes and corrosion. Also, copper forms a hard-conductive oxide layer, when it is exposed to air, 

which does not decrease the current flowing.  

Alloy additives such as silver (0.1%) or magnesium (0.5%) make improvements for the mechanical 

and thermal properties of copper wires; these permit applications to use higher tensile forces (high-

speed traffic). Magnesium alloy metals reduces the material conductivity. Attempts were made for 

cadmium alloy, but is no longer permitted in most European countries because of the associated 

environmental pollution risks.  
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As opposite, aluminium forms an oxide layer of poor conductivity and is not suitable for sliding 

contact. All attempts to use aluminium as contact wire material have failed. 

Copper-clad steel contact wires with a bronze or copper content of 45 % were installed in Germany 

along lines (from Nuremberg to Augsburg, near Dessau and in Silesia in the 1940). Up to the time, 

when the copper on the contact surfaces had wearing, the steel was affected and conductor worn 

very quickly and affected operating reliability. Copper-clad steel contact wires are currently used in 

Japan and Russia (37).  

 Wearing mechanism calculation for the overhead contact line 
Contact wire wear, has special significance. Loosing material at the contact point, conducts to 

increasing local tensioning stresses; these leads to wear that is more intensive. This process is due to 

arcing because of insufficient or non-existent contact pressure between the contact wire and the 

pantograph. Similar phenomena also occur because of superimposed vibration in the contact line 

system. 

Major local wear at contact point, determines the service life of the contact wire. If at least 20% of 

the cross section has been worn, contact wire splice connectors – as budget solution, or new contact 

wire sections must be installed at the affected positions. 

The contact wire needs to be checked during maintenance to ensure the residual cross section is 

more than the minimum permissible cross section. The residual thickness h (Figure 5.1) or the width 

a, of the displaced contact surface can be measured requiring a relationship between the measured 

quantities h or a, and the residual cross-section.  

 

Figure 5.1 - Contact wire cross section with residual thickness (h) and contact surface width (a)  

In the case of a grooved contact wire type AC (Figure 5.1) with circular shape, the worn area can be 

calculated from equation:  

𝐴𝑤𝑒𝑎𝑟 = 2 ∫ √𝑑2

4⁄ − 𝑥2𝑑𝑥

𝑑
2⁄

𝑑−𝑑
2⁄

 

 

Equation 5.1 

 
 
 

Current collectors sliding on contact line are main factor of wearing the contact wires (38). 

Combination of contact materials, used for collector strips and contact wires, affects the rate of 

wear of these components. The lowest rates of wear are achieved using a combination of copper 

contact wire with carbon collector strips. Steel and copper collector strips lead to considerably 
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higher rates of wear. Since the resulting reduction of the cross-sectional area of the contact, wire 

reduces its current-carrying capacity and increases the tensile stress; if the force applied is not 

reduced proportionally will start a process of accelerated wear. In this regard, the permitted wear is 

limited between 20 % and 30 % of the original cross-sectional area, after that should be replaced.  

 Stranded wires and conductors 
Galvanized steel or high-grade stainless steel wires are used for pole earthing and the wind stays of 

the steady arms, respectively. Stranded steel wires are used also for head spans and catenary wires.  

In overhead contact line installations, stranded conductors are used both for suspension and 

tensioning purposes and as electrical conductors. The most common stranded wire designs are 

shown in Figure 5.2; made by copper alloy as CuMg0.5, which can carry heavy mechanical and 

electrical loads, has become widely used. In modern railways networks from Central Europe, the 

majority of catenary wire, head-span and cross-span wires, stitch wires and droppers, are made of 

this alloy. Stranded wires of electrolytic copper, E-Cu, are mainly used as electrical connectors 

between the catenary wire and the contact wire because of increased the current-carrying 

capability. 

 

Figure 5.2 Stranded wire cross sections  

Galvanized steel stranded conductors were also used as catenary wires; head-span and cross span 

wires into former contact line installations; vulnerability to corrosion is the main disadvantage of 

simple steel conductors. Taking this in consideration, flexible and high-tensile strength stranded 

steel conductor with bitumen protection is used for tensioning wheel ropes, when is needed for high 

mechanical loads. Aluminium conductors, due to their weight, are generally used for electrical 

parallel feeder lines, bypass and other feeder cables, which are mainly used for their loading 

characteristics.   

Aluminium is cheaper and extremely corrosion-resistant because of itself protective oxide layer has 

formed. For these reasons it is used even though it has lower conductivity and tensile strength than 

copper.  

Because European standards do not cover copper-based stranded conductors, National Standards 

should be applied. Specifications and technical properties and conditions for conductors and 

stranded wires are presented in:  

 DIN 43 138: Flexible copper and copper alloy conductors  

 DIN 48 201, Part 1: Copper stranded conductors 

 DIN 48 201, Part 2: Bronze stranded conductors  

 EN 50 182: Conductors for overhead lines. Conductors made of aluminium, aluminium alloy 

and steel.  

NeTIRail-INFRA project emphasizes on the strategy to reduce as much as possible of maintenance 

costs and on this way total operating cost reduction. For the passenger lines used intensively, 
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optimized maintenance activities will prevent disruptions of circulation program and therefore 

unplanned losses. 

For low density and secondary lines, reducing the maintenance costs can be in many cases the only 

possible economic viability of the railway line. In this way the line could become even profitable. 

Given the presented considerations, selecting even in the design phase for the type of material 

made by copper alloy as CuMg0.5 is a solution to reduce operations and maintenance costs. 

For anchors of plastic cantilevers, bridle-and-pulley suspensions and cross-spans, could be used 

types of synthetic ropes made of polyester acrylamide fibres. These ropes fulfil mechanical as well as 

insulating functions as in standard EN 50 345. 

 Dead loads for overhead contact line (OCL) 
Dead load for overhead contact lines means dead weight of wires, conductors, insulators, stitch 

wires and fittings. These are considered as whole and described by mass per unit length and noted 

with m'; it is calculated relative to support spacing. The force because of gravity acting on a 

conductor, relative to its length, is named “load on unit length” and noted with G':  

𝐺′ = 𝑚′ ∙ 𝑔 
 

Equation 5.2 

In this equation, g is the acceleration because of gravity.  

Mechanical specifications masses and loads per unit length of commonly used contact wires; 

conductors are presented inside the Table 5.4 and Table 5.5. 

The load per unit length of a contact wire of cross section area  and with a specific mass of ; 

calculated using the following equation and the measuring units as follows:  

𝐺𝑐𝑤
′ = 𝐴𝑐𝑤𝛾𝑐𝑤 ∙ 9.81

1000⁄   Equation 5.3 

  

   

N/m mm2 Kg/dm3 

 

Stranded conductors have individual strands up to 3 % longer than the actual conductor length. The 

dead load because of fittings, droppers and other fittings may differ from one span to the next. In 

practical design and planning work, the self-weight of these components is determined for a typical 

span length and corresponding loads per unit length are calculated then using this value. Table 5.5  

includes such approximated values for various contact line designs. 
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Designation A m’ G’ 

mm2 kg/m N/m 

Copper and copper alloy contact wires 

AC- 80   0.71  6.98  

AC-100  100  0.89  8.73  

AC-107 107  0.95  9.34  

AC-120  120  1.07  10.48  

AC-150  150  1.34  13.10  

Copper and copper conductors 

10  10.02  0.090  0.88  

16  15.89  0.143  1.40  

25  24.25  0.218  2.14  

35  34.36  0.310  3.04  

501)  49.48  0.446  4.38  

70  65.81  0.596  5.85  

95  93.27  0.845  8.29  

120 116.99  1.060  10.40  

Aluminium conductors  

240  242.54  0.670  6.57  

400  400.14  1.107  10.86  

625  626.20  1.732  16.99  

Conductors of ACSR 185/30  213.6  7.44  72.99  

Conductors of ACSR 240/40  283.5  9.85  96.63  

Table 5.4 - Mass per unit length and load per unit length of new, unworn contact wires and 

conductors  
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Designation G' G' G' 

N/m N/m N/m 

Contact line type  Sicat S1.0 Madrid-Seville Sicat H1.0 

Contact wire  8.73 10.48 10.48 

Catenary wire 4.35 5.85 10.40 

Droppers  0.11 0.20 0.20 

Clips  0.19 0.40 0.40 

Stitch wires  0.15 0.85 0.85 

Sum   13.53  17.18 22.33 

Value used in planning   14.00  18.00  23.00 

Table 5.5 - Load per unit length for contact lines  

6 Tensioning overhead lines and wave propagation 
In electrification railways networks, the contact lines should be at relative constant mechanical 

tension to prevent pantograph oscillations in the electrical lines. Furthermore, the wave generated 

by trains at high speed must go faster than the train to prevent the generation of standing waves 

because this phenomenon can cause the wires to break. Tensioning the line at an optimum should 

make waves to travel faster than speed of train. 

The most critical constants for the performance of the overhead line, mechanical point of view, are 

the weight and tension per unit length of the contact line. The tension is linked by the push force 

pantograph against the contact line. These tension influences directly the vertical motion of the 

overhead line. Tension in the contact line are different from one infrastructure to other; few 

examples of values are: 54 kN for Shinkansen, for the French and German overhead systems there 

are from 28 kN to 34 kN. The Italian system accepts a total tension of 66 kN because it uses a twin 

catenary system with a larger wire size. The next tension force is related to up lift pantographs force: 

these are designed and accepted to be from 70 N to 80 N for Japan Railways, from 130 N to 250 N 

for France and Germany, and from 200 N to 300 N for Italy. This means France and Germany have 

overhead contact line tension amplitude about four times greater than that of Japan. Generally, 

greater stability results from smaller overhead line amplitude. It also reduces the fault frequency 

and damage to components.  

As definition, the square root of the ratio of the contact wire tension to the weight per unit length 

represents the velocity of the lateral wave propagating along the wire. This is the most important 

parameter in overhead line design and is called the wave propagation velocity.  

Table 6.1 shows the velocity for wave speed and the ratio of the train speed related to the wave 

propagation velocity. Experiments have tested that if the train speed approaches the wave 

propagation velocity, the overhead line amplitude and local bending are increased; the contact of 

the pantograph and overhead line will be difficult to maintain. When the train speed exceeds 70% to 
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80% of the wave propagation velocity, risk of pantograph contact loss increases at higher level; 

overhead line also, can be destroyed.  

Item France Germany Italy Japan 

TGV 

Southeast 

TGV    

Catenary type Stitched and 

simple  

Simple Stitched and 

simple  

Twin stitched 

and simple  

Heavy 

compound 

type  

Standard span [m] 63 (Stitched 

wire 15)  

63 65 (Stitched 

wire 18)  

 50 

Standard wire height [m] 4.95  4.95  5.3  4.85  5.0  

System height [mm] 1400  1400  1800  1400  1500  

Wire 

grade 

Suspended Bz 65 mm2 

(0.59 kg/m) 

Bz 65 mm2 

(0.59 kg/m) 

Bz11 70 mm2 

(0.63 kg/m) 

CdCu 153.7 

m2 (1.42 

kg/m) 

St 180 mm2 

(1.450 kg/m) 

Auxiliary 

suspended 

Bz 35 mm2  -  Bz11 35 mm2 

(0.31 kg/m) 

(0.30 kg/m)  Cu 150 mm2 

(1 .375 

kg/m) 

Contact wire CdCu 120 mm2  Cu 150 mm2 

(1.33 kg/m) 

CuAg Ri 120 

mm2 (1.08 

kg/m) 

CuAg 151.7 

mm2 (1.35 

kg/m) 

Cu 170 mm2 

(1 .511 

kg/m) 

Contact line total density 

[kg/m] 

1.65  1.92  1.71  2.77 x 2  4.34 

Catenary 

wire 

tension 

Suspended 

[N] 

14,000  14,000  15,000  18,400  24,500  

Auxiliary 

suspended 

[N] 

4,000 

(Stitched wire)  

-  2,800 (Stitched 

wire)  

2,900 

(Stitched 

wire)  

14,700  

Contact wire 

[N] 

14,000  20,000  15,000  14,700  14,700  

(Total 

tension) [N] 

(28,000)  (34,000)  (30,000)  (33,100 x 2)  (53,900)  

Wave propagation 

velocity of contact wire 

[km/h] 

414  441  424  376  355 

β (train speed/wave 

propagation velocity) 

0.65  

 (= 270/414)  

0.68  

(= 300/441)  

0.59  

(=250/424)  

0.66  

(= 250/376)  

0.68; 0.76  

(= 240, 270 / 

355) 
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Item France Germany Italy Japan 

TGV 

Southeast 

TGV    

Pre-sag 1/1,000  1/1,000  1/1,000  1/1,000  None 

Table 6.1 – Comparison of overhead line constants on dedicated high-speed lines (39) 

The constant for contact wire have to be set so that the propagation velocity should be significantly 

faster than the train speed. The propagation velocity could be improved using a light wire with 

higher tensioning force. In the case of a pure copper contact wire, the maximum achievable speed is 

around 500 km/h. Increasing of the wave velocity can be done by using wires with a higher tensile 

resistance and special composition for less wearing.  

In Table 6.1, the β values are 0.7 or lower; that indicates that all countries have selected values 

within the range, mentioned for stable wave propagation velocity and for high speed of trains.  

Designs for new lines from the categories chosen in the project should take in consideration above 

presented characteristics as most performances.  

 Tensile forces acting on conductors and wires  
Generally, the tensile forces for conventional overhead contact lines are in the interval of 10 to 20 

kN. The tensile forces acting on and within conductors and wires of overhead contact lines are 

determined from designing stage of overhead contact line system. As example, design Sicat H1.0 for 

high-speed overhead contact line establish the tensile force on the catenary wire as 21 kN and on 

the contact wire as 27 kN. The special situation when the speed-record runs by the SNCF in 2007 

used contact-wire tensile forces as high as 40kN. The basis of all calculations is the permissible stress 

of the respective materials, which is used to determine the maximum permissible tensile forces (40) 

(35) (41). 

From the maximum permitted tensile stress αper and the cross-section area A of the respective 

conductor, the maximum permissible tensile force Fper is calculated using the equation:  

𝐹𝑝𝑒𝑟 = 𝛼𝑝𝑒𝑟 ∙ 𝐴 Equation 3.3 

 

The standard EN 50119 requires that the maximum permissible tensile stress under operating 

conditions should be calculated as follows:  

𝛼𝑝𝑒𝑟 = 𝛼𝑚𝑖𝑛 ∙ 0,65 ∙ 𝑘𝑡𝑒𝑚𝑝 ∙ 𝑘𝑤𝑒𝑎𝑟 ∙ 𝑘𝑙𝑜𝑎𝑑 ∙ 𝑘𝑒𝑓𝑓 ∙ 𝑘𝑐𝑙𝑎𝑚𝑝 ∙ 𝑘𝑗𝑜𝑖𝑛𝑡 Equation 3.4 

 

The symbols in equation (5.4) indicate:  

αmin - minimum rated tensile strength.  

ktemp - factor which gives the relationship between the maximum operating temperature and 

permissible tensile stress, examples of these values are given in Table 5.4   

kwear - factor expressing the permitted maximum wear, e.g. kwear is 0.8 for a maximum permitted 

reduction of the cross section to 80 % of its nominal value. 
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kload - factor that expresses the effect of wind and ice loads, the recommended values are given in 

Table 5.5.  

keff - factor used to describe the characteristics of the tensioning equipment; keff is assumed to be 

equal to the efficiency specified and proven by the manufacturer. In normal designs, keff can be 

assumed to be 0.95 in the calculation; for designs of greater accuracy and an efficiency of more than 

0.95, it is permissible to assume keff = 1.0.  

kclamp - factor used to describe the characteristics of the tensioning clamps; if the force that can be 

transmitted by the clamps is greater than 95 % of the nominal tensile force on the contact wire, this 

factor can be assumed to be 1.0 otherwise it is equal the ratio of the clamping force to the tensile 

strength.  

kjoint - factor which describes the reduction of the tensile: strength because of welded, brazed or 

soldered joints, It is equal to the ratio of the tensile strength of welded or soldered joint to the 

higher strength of the contact wire. If no such joints are used, a value of 1.0 is assigned to kjoint.  

The normal operated tensile stress may not exceed 65 % of the nominal rated tensile strength of the 

contact wire. 

Nominal cross-

section (mm2)  

Specified 

cross-section 

(mm2) 

Number of 

strands 

Diameter 

(mm) 

Related tensile strength 

N/mm2 

E-Cu Bzll AL1 

Conductors        

10  10.02 7 4.1 401 587 - 

16  15.89 7 5.1 401 587 180 

25  24.25 7 6.3 401 587 190 

35  34.36 7 7.5 401 587 175 

50  49.48 7 9.0 401 578 170 

50  48.35 19 9.0 401 587 185 

70  65.81 19 10.5 401 587 180 

95 93.27 19 12.5 401 587 170 

120  116.99 19 14.0 401 578 170 

240  242.54 61 20.3 401 578 180 

400  400.14 61 26.0 401 578 170 

625.  626.20 91 32.6 - - 170 

185/30  213.60 26/7 19 - - 306 

240/40  285.50 26/7 21.8 - - 301 
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Nominal cross-

section (mm2)  

Specified 

cross-section 

(mm2) 

Number of 

strands 

Diameter 

(mm) 

Related tensile strength 

N/mm2 

E-Cu Bzll AL1 

Contact wires    Cu-ETP CuAg0.1 CuMg0.5 

AC-80 80 - 10.6 355 365 520 

AC-100, BC1OO 100 - 12.0 355 360 510 

AC-107  107 - 12.3 350 350 500 

BC-107  107  12.24 350 350 500 

AC-120  120  13.2 330 350 490 

BC-120  120  12.85 330 350 490 

AC-150  150  14.8 310 350 470 

BC-150 150  14.5 310 350 470 

Table 6.2 - Material properties of conductors in accordance with DIN 48 201, EN 50 182 and of 

contact of wires in accordance with EN 50149  

 

Contact wire type  Maximum operating temperature  

80°c  100°C  

Cu  1.0  0.8  

CuAg0.1  1.0  1.0  

CuSn  1.0  1.0  

CuMg0.5  1.0  1.0  

Table 6.3 - Factor ktemp for contact wires in accordance with EN 50119  

 

Design of overhead 

contact line  

Wind and Ice 

load 

Wind load 

CW and CA automatic 

termination  

0.95 1.0 

CW automatic termination, 

CA fixed tensioned  

0.90 0.95 

CW and CA fixed tensioned  0.70 0.80 

CW = contact wire; CA = catenary wire 

Table 6.4 - Factor k load for contact wires in accordance with EN 50 119  
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Type of catenary wire  
Maximum operating temperature  

80°c  100°C  

Cu  1.0  0.8  

Al-alloy  1.0  0.8  

CuAg  1.0  1.0  

CuMg - steel  1.0  1.0  

ASCR  1.0  1.0  

Table 6.5 - Factor ktemp for catenary wires in accordance with EN 50 119  

 

Type of tensioning 

kwind 

kice Up to Above 

= 100km/h 

Automatic 

termination  
1.00 0.95 1.0  

Fixed tensioned  0.95 0.90 0.95  

Table 6.6 - Factors kwind and k ice for catenary wires in accordance with EN 50 119  

When the speed is medium to high, the contact lines and the catenary wires are generally strained 

by weights or hydraulics tension. This method is known as auto-tensioning (AT), or the constant 

tension; the tension in the catenary line and the contact line is independent of temperature. 

Tensions are usually between 9 kN - 20 kN on line. If weights are used, they slide up and down on a 

rod or tube attached to sustaining poles, to stop movement of the mid-section of the line (see Figure 

6.1). 

With low speeds and in tunnels, where temperatures are constant, fixed termination (FT) equipment 

can be used. In this way, the wires terminate directly on structures at each end side of the overhead 

line. In this application, the tension is generally about 10 kN.  



D3.4. Modular packages of component grades 
and design specifications for new installations of 
power infrastructure tailored to traffic and 
operational needs. 

 
 

NeTIRail-INFRA 
H2020-MG-2015-2015 GA-636237 

2016/11/30 

 

NeTIRail-INFRA PUBLIC Page 51 
 

 

Figure 6.1 – Example of tensioning line 2 

There is a limitation to the continuous length of overhead line which may be installed, when the 

auto tensioning is used. This is related to changing in the position of the weights with temperature 

because the overhead wires expand and contract. This movement is proportional with the distance 

between fixing points (max. 1970 m for UK). If balance weights are attached to both ends, the whole 

tension length will be free to move along the track. To avoid this issue, a midpoint anchor (MPA), 

close to the centre of the line tensioning length, restricts the movement of the wire by fixing it.  

MPAs are anchored in many cases to the typical vertical catenary poles or portal catenary supports; 

the tension length can be considered as two half wires tension lengths, expanding and contracting 

with temperature.  

Most systems from overhead tensioning line category, include a brake suspended to stop threads to 

gather at every tensioning side or fall on the track when the mechanical tension is lost or the wire is 

broken for any other reason. One very good solution is to use a tension pulley with a serrated edge 

mounted on an articulated arm to the mast. If a contact wire or catenary wire break or tension is lost 

from other causes, the pulley back falls, toward the mast, and one of its teeth will block the system 

and will provide the stop of the falling wires. This stops the wheel rotation, limits the damage and 

keeps intact the not damaged section of the contact and catenary wire, until it can be repaired. 

 Selection of tensioning section length  
The temperature range of the overhead contact line, the operating range of the tensioning 

mechanism, the variation of the contact wire tensile force along the section, and the permitted 

                                                           
2 http://www.wikiwand.com/en/Overhead_line 
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tolerances for the contact wire stagger and contact wire height, determine the tensioning section 

length, (see Figure 6.2). Higher tensile forces require longer weight stacks and, therefore, reduce the 

operating range.  

Overhead contact lines are normally automatically tensioned at both ends. Tensioning section 

lengths shorter than 750 m that are automatically tensioned at one end and rigidly anchored at the 

other, are adopted in station areas and at special locations on the interstation track. Single ended, 

tensioning sections offer advantages especially for contact lines in transitions between open track 

and a tunnel. There, longitudinal displacements of the contact line and loadings on the midpoint 

anchor can occur. These are caused by different ambient temperatures in the tunnel and in the 

open, when double-ended flexibly tensioned contact lines are adopted. These displacements are 

avoided by single ended tensioning sections.  

 

Figure 6.2 - Example of operating of the tensioning device (3) 

Mechanical mid points, fixed anchor points or other kind of restraints should be used in a tensioning 

section length of an overhead contact line that is tensioned automatically at both ends, to ensure 

the conductors do not migrate towards both ends of the tensioning section length with changes in 

the loading conditions. This may be provided for by the installation of an anchoring arrangement at 

approximately the midpoint of the tensioning section length or at such a location which balances the 

along track forces at the midpoint. Midpoint anchors restrict the travel of the contact line during 

temperature variations and after failing of contact wire, catenary wire, or contact line.  

If a contact wire fixed point is required, this can be achieved in several ways. For example, the 

contact wire is connected to the catenary wire by a conductor installed close to the catenary wire 

fixed point. Thus, the contact wire is fixed in its position along the track. The design of the contact 

wire fixed point should take into account the difference of the operating tensioning forces of the 

contact wire on both sides of the fixed points.  

The midpoint anchor fixes two-ended automatically terminated overhead contact lines. Two types of 

midpoint designs are considered, those with a hinged tubular cantilever and those in cross spans. 

For cantilever designs, a midpoint anchor manufactured from bronze or steel conductors fixes both 
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sides of the catenary wire support. The stabilisation of the midpoint anchors is performed by the 

neighbouring poles, which are often provided with anchors. The contact wire is anchored to the 

catenary wire on both sides of the midpoint to ensure the conductors do not migrate. The cross-

span wires also provide stabilisation of the midpoint in cross-spans. The rating of the midpoint 

complies with the sum of the contact wire and catenary wire tensile forces.   

When used automatic flexible tensioning, the tensioning mechanism and devices serve the task of 

maintaining the magnitude of the tensile forces in the contact line, and therefore the position of the 

contact wire, as constant as possible after length changes in the contact wire and catenary wire as a 

result of temperature variations. The device should be designed to achieve an efficiency defined in 

the specification over the specified design temperature range of the contact line. The efficiency, 

measured as the ratio of the actual to the intended tensile force, should be as high as possible, so 

that the horizontal tensile forces do not vary by more than 3%. 

 

Figure 6.3 - Wheel tensioning design with separate tensioning of contact wire and catenary wire  

To ensure that the tensioning device does not fail in the case of an incident, the breaking load of the 

tensioning device should be higher than the breaking load of the tensioned conductor.  

The wheel tensioners consist of a tensioning wheel with two rope drums on a common axle and a 

blocking device. The contact wire and catenary wire are tensioned separately (Figure 6.3) on high-

speed overhead contact line systems. The separate tensioning ensures the planned tensile forces 

even when differing length changes occur in the contact wire and catenary wire. Separate tensioning 

also allows different tensile forces to be specified for the catenary and contact wires.  

 

Figure 6.4 - Jointed tensioning device with articulated lever  
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Combining of the contact wire and the catenary wire with the same tensioning device is shown in 

Figure 6.4 and has the disadvantage that after rupture of either the contact wire or the catenary 

wire the wheel tensioner does not always latch-in as a result of the articulated lever. This can result 

in the intact part of the contact line being tensioned with a doubled tensile force.  

Figure 6.5 shows a tensioning device with compact design.  

 

Figure 6.5 - Tensioning devices with compact design (Siemens AG)  

Pulley tensioners operate on the pulley block principle. The weight force is transmitted to the 

contact line via several pulley wheels as a horizontal tensile force, as shown in Figure 6.6. The 

efficiency of these tensioning devices should be more or equal than 97%. Figure 6.6 shows such a 

tensioning device designed by SNCF as used on the Paris-Strasbourg line.  

 

Figure 6.6 - Pulley-wheel tensioner used on the Paris – Strasbourg line; SNCF 
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Pulley tensioners without stoppers can cause large distortions and additional dropper failures after 

damage to the contact line as there is no safety latch-in to restrict the travel after a fault. Some 

railway companies use additional anchor ropes to avoid this problem.  

The hydraulic tensioner controls the tensile force in the contact lines by means of the change in 

volume of a gas and fluid in a cylinder. This causes an axial movement of a piston, which adjusts the 

tensile force in the contact line as illustrated in Figure 6.7. 

 

Figure 6.7 – Principle of hydraulic tensioning device 

The tensile force, as required according to the specific condition of a contact line, is set by adjusting 

the gas pressure in the cylinder when installing the equipment. This device reacts only to changes in 

the ambient temperature but not to changes of the contact line temperature.  

The electromechanical tensioning device compensates tensile force changes resulting from 

temperature - dependent contact line length changes, via an electrically driven spring, whose 

reaction threshold can be adjusted. The electromechanical tensioning device requires an electricity 

supply.  

Only the wheel and pulley tensioners have become accepted for mainline railways. Urban 

transportation systems could use spring type tensioning devices for short tensioning section lengths, 

up to 180 m. 

Although the solution “Tensioning devices with compact design” (see Figure 6.5) involve slight higher 

costs, due to the safety advantages resulting from implementation, this solution is the 

recommendation for all case study lines, even for low density and secondary rural lines.  

When contact lines failures through breakage, will be less damages when used systems wheels with 

stoppers than other variants; the cost or replacement/ repairing is much smaller relative to the 

other solutions (e.g. jointed tensioning device with articulated lever, see Figure 6.4). 

7 Overhead contact line and pantograph 
interaction   

Contact lines are represented by electrical conductors used in conjunction with a sliding current 

collector, part of pantograph device, to supply electrical energy to vehicles. 

Overhead contact line should be considered in direct interaction and influencing with pantograph 

system when current collecting. First pantograph component affected by this interaction is the 
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collector strip, which has hard job of current collecting from contact line of power supply system. For 

these reasons, will be analysed and modelled the pantograph collector strip and the contact wire 

material as unitary mechanism. 

The service life of contact wires and collector strips essentially depends by contact force exerted by 

the pantograph on the contact wire; materials of which the collector strips and contact wires are 

made; number and the dimensions of the collector strips; current flowing through the contact point; 

traction vehicle speed; environmental factors. 

Experience as well as theoretical considerations have shown that it is not possible to design 

pantographs solely with the intention of optimizing the interaction with a specific overhead contact 

line design. Even standardized overhead contact line designs do not have uniform dynamic 

characteristics, because the span lengths, masses and tensile forces will vary under real line and 

operating conditions. However, pantographs need to have certain basic characteristics to make 

them suitable for a specific range of applications.  

To minimise wear of the contact wire and the collector strips of the pantograph, the contact 

combination of contact wire and collector strips needs to be made of suitable materials. For 

situations when interruptions occur in the operation of the railway for one track, pre-planning 

should ensure that is possible to travel on neighbouring tracks.  

The contact force defines the interaction between the pantograph and the overhead contact line. 

The components of the contact force are: static, aerodynamic and dynamic contact components. 

The static contact force is the force exerted by the collector strips due to the force applied by the 

pantograph drive on the overhead contact line, measured at a stationary traction unit.  

The sum of the static contact force and the component resulting from running speed and dependent 

on the aerodynamic effects is considered as the aerodynamic contact force. 

According to T81 Energy the following static contact forces F are recommended for the design of 

contact lines for AC current: 70 N for the new installations and 60 to 90 N for upgrading of existing 

power supply systems. 

Another element should be considered is the aerodynamic resistance of the pantograph. It is 

exerted by the wind in a direction opposing the running direction. The main part of the aerodynamic 

resistance occurs at the collector head. 

 Collector strip and contact wire materials  
Regarding contact wires materials, pure copper (electrolytic copper E-Cu) and copper alloys have 

become the primary material for contact wires. The standard EN 50149 specifies the following 

materials: E-Cu, CuAg, CuSn, CuCd and CuMg especially in high-speed and high-power applications. 

CuCd no longer permitted because of the environmental contamination involved. The wear 

characteristics of these materials were the object of studies (35) (36). 

Multi-component alloys such as CuCrZr and CuCrZrMg could be possible as contact wire materials. 

Copper- clad steel wires have already been used by German Railways and considered for use in 

Japan. It is generally known that copper is also used as a material for sliding contacts in electrical 

motors and generators. (42) (37)  
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Depending on the environmental conditions and the contact partner material, copper will form a 5 

to 20 pm thick layer of CuO and Cu02, which may also have graphite inclusions generated from the 

collector strip material. This layer is electrically conductive and hard. It provides ideal conditions for 

sliding electric contacts. 

Many attempts had made to use aluminium as a contact wire material but aluminium forms a non-

conductive oxide layer; when collector stripe passes, the transmitted energy produce abrasion and 

significant arcing. For this reason, aluminium is not suitable for use as a contact wire material.  

Severe arcing due to unfavourable combinations of overhead contact line and pantographs or late 

renewal of collector strips lead to a roughened and partially softened contact wire surface. This can 

be re-smoothed only with considerable cross section losses at the contact wire and collector strips.  

Experience of SNCF has shown that on AC railways with graphite contact strips, 40 000 to 100 000 

km travelling distance and approximately two million pantograph passes respectively are the wear 

limits for the pantograph contact strips and contact wires. According to information of ADIF the 

corresponding values for heavily loaded DC railways with more than 2 000 A per pantograph are only 

20 000 to 30 000 km and less than 100 000 pantograph passes.  

Absolute wear values have been calculated from experiments described in the publications and 

compared with the wear rates achieved in real utilisation. The following statements are possible for 

the given test conditions:  

 Contact wires made of electrolyte copper wear faster than silver alloys and these wear faster 

than magnesium alloys.  

 The wear rates show minima dependent upon current, which tend in the direction of higher 

currents with increasing speed of travel - current lubricating effect. 

 The wear rate increases with increasing contact force.  

 Under experimental conditions, the total wear reduces with increasing speed of travel.  

The basic requirements for near-uniform wear of contact wires and, as a result, for a long service 

life, are optimum overhead contact line and collector interaction, which depends on the design and 

on running speed as well as on accurate installation and adequate maintenance (43) (44). 

 Wearing Rates Examples 
The results of wear measurements on contact wires made of CuAg0.1 and CuMg0.5 are described in 

reference (43). When the current increased under otherwise unchanged parameters, the wear rate 

decreases initially. This can be attributed to the current's lubrication effect and is due to the 

formation of a lubricating graphite layer. This leads to a minimum wear rate at currents of 100 to 

150 A at a speed of roughly 200 km/h. 
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Figure 7.1 - Wear rates of a CuMg0.5 contact wire at a speed of 150 km/h, measured on a tes t 

stand according to (45) 

In Figure 7.1 is presented wearing rate of contact wire, increasing as the traction current is 

increased. The mechanical wear also increases with increasing contact force. As condition for 

optimum performance of an overhead contact line, is important to achieve as uniform a contact 

force as possible.  

 

 

Figure 7.2 - Wear rate of a CuMg0.5 contact wire depending on the running speed, contact force 

250N, current 300A (45) 

Figure 7.2 shows the wear rate initially increases with speed to a maximum value at around 

150km/h, and then decreases again; in this experiment contact, forces and currents are constant. It 

is possible to achieve long contact wire service life in high-speed applications with conditions of 

higher currents and increased contact forces. (43) 
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Figure 7.3 - Comparison of wear rates of contact wires made of CuAg0.1 and CuMg0.5, 

running speed 150 km/h, current 300 A (45) 

In Figure 7.3 a comparison of the wear of different materials: CuAg0.1 and CuMg0.5, showed. It is 

observed the harder contact wire made by CuMg0.5. For this material, wearing is only half as quickly 

as contact wires made of CuAg0.1. Therefore, CuMg0.5 has superior quality for contact wires and as 

default, has increased service life (43). 

Steel, copper alloys, graphite and metallic carbon were used as materials for collector strips. The 

interactions of these materials with the contact wire differ considerably. Carbon and graphite lead to 

a smooth, shiny surface without any visible roughness on the contact wire. Other else, copper and 

steel form a rough surface and this acts as an abrasive leading to rapid wear for both: the contact 

wire and the collector strips. 

Using only carbon collector strips could provide a contact wire service life of 30 years and more. This 

solution is considered better as observed the metal collector strips has a wearing rates almost ten 

times those in case of carbon collector strips. The Japanese railways and the SNCF use metal steel 

collector strips in AC systems. For this type of collector strips material the service life is only a few 

years. The reason of using metal is because risk that carbon strips is impact-sensitive and can brittle 

under mechanical impact. This negative characteristic of the carbon material can be accepted as will 

be very rarely if the finite models for optimum interaction between pantograph and contact line are 

respected (46). 

Also, the metal collector strips are much heavier than carbon strips and lead to negative dynamic 

characteristics; also, metal collector strips affect negative the contact forces.  

Mixing carbon collector strips and metal collector strips on the same contact wire are negative 

influence against life cycle. It is experimented and it is considered that this combination leads to 

increased wear rates, both of the contact wires and of the carbon collector strips. For this reason, 

the TSI Energy for the interoperability of European high-speed railway networks specifies carbon as 

the collector strip material. 

Even the pantograph device is the responsible of the rolling stock owners, because of the direct and 

strong influences on the contact lines, it is recommended to be used carbon collector strips. Under 

long time of observations to all requirements of operations, the using of this solution provides a 
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lifetime of 30 years and less corrosion of the contact lines which is most expensive to be replaced. In 

these requirements, the low density and rural secondary lines will benefit by long life cycle for the 

contact lines. 

High-strength contact wires are required for current transfer at high speeds. Such contact wires 

consist of copper-tin or copper-magnesium alloys. They tend to deviation from the ideal contact wire 

shape because of microwaves. Such very small deformation can cause or amplify the arcing. The 

effect will remain low if the height difference is less than 0.2 mm and will increase at greater 

differences.  

Main causes for microwaves are the contact wire blanks and the contact wire stringing technology. 

The maximum strength of the contact wire blanks should be limited; for this reason, the contact wire 

production should be supervised to detect microwaves at manufacturing level, alignment devices for 

the contact wires should be used and the contact wire position should be monitored after stringing. 

Using these improved techniques, the microwaves can be reduced to amplitudes less than 0.1 mm, 

which avoids arcing (47) (48) (49) (50) (51). 

 Recommendations for overhead contact line and pantograph 
In EN 50 367 requirements on the contact wire height are specified, see Table 1.1. Contact lines for 

speeds equal to and above 250 km/h should be installed with a uniform contact wire height. 

For overhead contact lines designed to be used for up to 150 km/h running speed, the geometric 

and static characteristics related to the interaction of the contact line with pantographs are 

predominant importance. At higher speeds, have to be added, as very important, the additional 

dynamic criteria; this is particularly dependent on the tensile stress in the contact wire.  

Speed  ≤ 160  160 to 220 220 to 250 ≥ 250 

AC-lines 

Nominal 5.0 to 5.75 5.0 to 5.5 5.08 to 5.30 

Minimum 4.98 4.95 - 

Maximum 6.2 6.0 - 

DC-lines 

Nominal 5.0 to 5.6 5.0 to 5.5 5.0 to 5.3 - 

Minimum 4.9 4.9 4.9 - 

Maximum 6.2 6.2 5.3 - 

Table 7.1 - Contact wire heights in m according to EN 50 367 

It is possible to design an overhead contact line for a given speed range based on the dynamic 

criteria. The wave propagation speed should be chosen in such a way that the Doppler factor never 

drop below 0.2. This means that the wave propagation speed should be between 1.4 and 1.5 times 

the planned train speed. EN 50119 and the TSI Energy and limit the operational speed to 70 % of the 

wave propagation velocity.  
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When designing cantilevers, the space for maximum uplift of the steady arm should be a minimum 

of twice the calculated or simulated uplift value. If restrictions or design limitations for uplift are 

provided then a space not less than 1.5 times the uplift will be sufficient (48) (52).  

 

Figure 7.4 - Characteristic values of geometrical interaction of the contact wire and the 

1950 mm wide pantograph (53) 

 

Figure 7.5 – Characteristic values of geometrical interaction of the contact wire and the 

1600 mm wide European pantograph (54) 

To meet the functional requirements, the lateral ends of the pantograph shall always emerge 

beyond the most unfavourable position of the contact wire because the overhead contact line will 

have a zigzag pattern to the direction of pantograph travel. The proper functioning of the system is 

possible only if the contact wire does not leave the pantograph width, during the movement - as an 

example see the working range of two pantographs on Figure 7.4 and Figure 7.5. 

The range between lower and upper working position of the pantograph is considered the working 

range. The highest and lowest working positions are between approximately 2800 mm and 3000 mm 

in relation to the upper edge of the pantograph frame.  

Pantographs are designed as a single or a double arm. Double arm pantographs (see Figure 7.6) are 

heavier and require more power to be raised and lowered; the advantage is that to be more fault 
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tolerant. With time, single arm variant is replacing the systems with two arms due to technological 

improvements. 

 

Figure 7.6 – Symmetrical, diamond shaped pantographs of the Swiss cogwheel locomotive of the 

Schynige Platte railway 

As comparative performant situations, in Table 7.2 are presented characteristics of traction power 

supply systems in Europe. 

 Characteristics 

Country 
Type of 

power supply 

Stagger 

mm 

Pantograph width 

Mm 

France 

High-speed lines AC 25kV/ 50Hz 200 1450 or 1600 

Conventional lines DC 1.5kV 200 1600 or 1950 

Germany 

High-speed lines AC 15kV/ 16.7Hz 300 1600 or 1950 

Conventional lines AC 15kV/ 16.7Hz 400 1950 

Austria 

Conventional lines AC 15kV/ 16.7Hz 400 1950 

Denmark 

Conventional lines (2) AC 25kV/ 50Hz 275 1950 

Spain 

High-speed lines AC 25kV/ 50Hz 300 or 200 1 950 and 1 600 

Conventional lines DC 3kV 200 1950 

Netherlands 

https://en.wikipedia.org/wiki/Schynige_Platte_railway
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 Characteristics 

Country 
Type of 

power supply 

Stagger 

mm 

Pantograph width 

Mm 

High-speed lines  AC 25 kV/ 50Hz 200 1600 

Conventional lines DC 1.5 kV 350 1600 or 1950 

Portugal 

Conventional lines AC 25 kV/ 50Hz 200 1450 or 1600 

Italy 

High-speed lines DC 3 kV or AC 25 kV/ 50 Hz 300 1600 

Conventional lines DC 3 kV 300 1600 

Belgium 

High-speed lines AC 25 kV/ 50Hz 200 1450 or 1600 

Conventional lines DC 3 kV 350 1950 

Great Britain 

High-speed lines AC 25 kV/ 50Hz 200 1600 

Conventional lines DC 750V or AC 25 kV/ 50Hz 230 1600 

Table 7.2 – Characteristics of traction power supply systems in Europe  (3) 

 High-performance pantograph models  
In this category of performance are considered two models. The DSA-350 S pantograph with a total 

mass of 109 kg is an example of high-performance pantograph with a single-arm unit designed for 

350 km/h. The main frame has a mass of 52.7 kg including the lifting drive and dampers. 

The technical specifications are: 

 Design speed: 350 km/h. 

 Voltage/current: 25 kV/ 1000A. 

 Static contact force: 50 N to 140 N, adjustable. 

 Drive: Compressed air lifting drive. 

 Collector strips: Carbon on strip holder made of aluminium alloy. 

 Service life at v = 250 km/h: 100.000 km. 

 Travel of individual springs: 40 to 60 mm. 

 Total mass: 109 kg. 

 Materials for main frame: Stainless steel. 

 Material for other elements: Aluminium alloy.  
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Figure 7.7 – Model Pantograph DSA-350 S – side view 

 

Figure 7.8 – Model Pantograph DSA-350 S – upper view (53) 

Lower arm and the control bar have a mass of 34.6 kg, the upper arm and head have 9,1kg. The two 

collector strips with holders have a mass of 2.9 kg each. The pantograph head, consisting of collector 

strip holder, pantograph head guide with horns and collector strips are available for AC 25 kVac/ 

1000 A and for DC 3 kVdc/ 2400A. Figure 7.7 and Figure 7.8 present the main characteristic data of 

this pantograph.  

Other performance system pantograph is DSS 400+ (see Figure 7.9 and Figure 7.10); this model is 

used for the high-speed line Madrid-Barcelona, by the Siemens Velaro and fulfils the requirements 

of TSI Energy, EN50206-1 and EN50219.  
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Figure 7.9 – Model Pantograph SSS 400+ – side view  

 

 Figure 7.10 – Model Pantograph SSS 400+ – upper view (54) 

Technical specifications: 

 Design speed: 350 km/h. 

 Voltage/current: 25 kVac/ 1000 A. 

 Static contact force: 50 N to 140 N, adjustable. 

 Drive: Compressed air lifting drive. 

 Collector strips: Carbon on strip holder made of aluminium alloy. 

 Service life at v = 350 km/h, around 100.000 km. 

 Materials of main frame: Stainless steel. 

 Materials of other elements: Aluminium alloy. 
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Both pantographs are in accordance with the needs of our case lines, requesting a type or another of 

these modern systems, will protect the overhead contact lines by accelerating wearing and will 

decrease the maintenance costs. 

8 Architectures elements for overhead power 
supply system  

 Selection of the overhead contact line design  
An overhead contact line type is defined by the design and thus by the configuration of its 

components for a given application. It follows that the overhead contact line should also be 

configured to provide minimum operational life cycle costs. The verification of the suitability of a 

design of overhead contact line for a given purpose can be performed by simulation of the 

interaction between the overhead line and the pantograph or by carrying out a track test. Table 8.1 

contains applications for typical overhead contact line designs.  

Type Design Properties Application 

1  

Simple overhead contact line 

without continuous catenary wire, 

fixed termination or flexible 

tensioning, horizontal registration 

arrangements  

Contact wire height changes 

with temperature,  

Limited span length and current 

carrying capacity  

Light rail systems (tramways)  

With low electrical load, sidings 

on mainline railways, speed up to 

100 km/h 

2  

Vertical contact line without stitch 

wire, tensioned contact wire, 

catenary wire fixed or tensioned  

Contact wire height 

independent of temperature, 

span lengths up to 80 m are 

possible, current-carrying 

capacity can be adapted by 

selecting suitable catenary wire 

and contact wire cross sections, 

large variation of elasticity 

between mid-span and support  

Tramways with high electrical 

load, main-line railways at speeds 

up to 120 km/h, two parallel 

contact wires are often employed 

with DC traction supplies  

3  

As (2), but with or without stitch 

wire, automatically high tensioned 

contact wire and catenary wire  

As (2), however lower elasticity 

differences between mid-span 

and support  

Main-line railways with high 

electrical loading and speeds up to 

350 km/h  

4  

 

 

 

Vertical contact line with auxiliary 

catenary wire automatically 

tensioned  

As (3), however higher current-

carrying capacity and more 

uniform elasticity  

Main-line railways with very  

High electrical loading and very 

high speeds 

Table 8.1 - Typical applications for types of overhead line system designs  (3) 
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 Catenary and their positioning relative to the contact line   
The structure of an overhead line can be seen in Figure 8.1 and consists of individual spans, which 

are designed according to the application of the contact line. The contact line is divided into 

individual tensioning sections. 

 

Figure 8.1 - Design of a contact line section and a span.  

Terminations or tensioning equipment are found at the ends of these sections. The tensioning 

equipment maintains the tensile forces in the contact wire and the catenary wire approximately 

constant at varying temperatures. The contact line must be designed to satisfy the static, dynamic, 

thermal and electrical requirements for each application.   

Overhead line systems have roles to transfer electric power from substations to moving vehicles on 

the railway; for this reason, the pantograph should be in direct and constant contact with the 

overhead contact wire. Therefore, the overhead line must always be located within the pantograph 

range, and the pantograph must always maintain contact with the overhead line to supply 

uninterrupted, good-quality power at all times. To accomplish these conditions, the overhead line 

system is generally designed with these requirements:  

 Should be considered general characteristics generated by speeds at which trains will run. 

 The height above ground must be uniform as possible to optimize pantograph electrical 

power collecting, so entire equipment must have uniform spring forces and rigidity.  

 Have to be affected by minimum vibration and motion to ensure pantograph passage as 

smooth as possible during high-speed running or when strong winds.  

 Need to have enough strength to withstand vibration, corrosion, heat, etc., that means   

reliability on operational life.  
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Figure 8.2 – Synthetic Layout Overhead Lines of world high speed railways  (39) 

Figure 8.2 compares the catenary equipment for high performant trains in different countries. In 

Japan, compound catenary equipment consisting of three longitudinal wires is used for Shinkansen, 

while simple or stitched catenary equipment is used in Europe. Also, the Italian high-speed line uses 

twin catenary equipment to supply the large current for the electrification, even for DC power 

supply systems.  

Compound catenary systems have a very complex design because they require the larger number of 

components, but as an advantage there is less vertical motion and vibrations and can provide larger 

current capacity for traction (see Figure 8.3).  



D3.4. Modular packages of component grades 
and design specifications for new installations of 
power infrastructure tailored to traffic and 
operational needs. 

 
 

NeTIRail-INFRA 
H2020-MG-2015-2015 GA-636237 

2016/11/30 

 

NeTIRail-INFRA PUBLIC Page 69 
 

 

Figure 8.3 – Compound overhead line3 

 

 

Figure 8.4 – Simple catenary equipment4 

Simple catenary systems are used in Europe and pre-sag has role to compensate large vertical 

motion of the pantograph (see Figure 8.4). Pre-sag means to design feature in which the height of 

the contact wire is lower at the centre of the span by an amount equal to around 1/1000 of the 

span. In the real generally values, the contact wire height is 20 or 30 mm lower at the centre of the 

span than at supports, suppressing the pantograph vertical motion. This design is effective for the 

overhead lines on the French and German high-speed lines which have large amplitude, but is less 

                                                           
3 http://www.aeg-ie.com/englisch/rolling_stock.htm 

4 http://www.eurobricks.com/forum/index.php?showtopic=76552 
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effective for overhead lines with small amplitudes like the Italian high-speed line, also for 

Shinkansen line.  

For example, in Japan a simple catenary system is used for operating high-speed lines. This system 

was chosen for economy, because the less-frequent train operation consumes only a small 

proportion of the current-carrying capacity and the simple catenary system can comply with it. This 

line type uses a 110 mm2 copper - clad steel wire; the wire tension is 20 kN to resist for the train 260 

km/h operating speed. 

Considering our conditions for new designs of power supply systems, the compound catenary is 

considered over-specification and not feasible for case study lines taken in consideration in the 

project. The simple catenary solution provides optimal capability at lowest cost for all the three case 

study lines. 

 Selection of the span lengths  
Long span lengths are desirable in view of keeping investment down. Contact wires that are 

displaced by wind from their still air position have to guarantee an uninterrupted power transfer. 

Determination of span length must consider the wind loading per unit length for the contact wire 

and the catenary wire for the anticipated regional wind velocity. The height of the overhead contact 

lines above the surrounding terrain together with maximum regional wind velocity determines the 

wind velocity to be applied.  

 Selection of system height  
The regular system height, being the distance between the contact wire and the catenary wire at 

supports should allow for the installation of minimum design length droppers at the centre of the 

span.  

The minimum lengths of flexible dropper (LHmin) are dependent by the running speed. Recommended 

minimum dropper lengths for new lines designs are:  

v <= 120 km/h; LHmin = 300mm; 

v > 120km/h; LHmin = 500 mm;   

If this is not possible, shorter flexible droppers, and finally sliding droppers have to be employed. 

These transfer the contact wire lift directly to the catenary wire and, therefore, generate force peaks 

in the contact force profile. To respect the minimum dropper length is important in view of dynamic 

behaviour. Shorter droppers in combination with inflexible material increase the probability of 

dropper failures, especially at higher speeds and larger contact wire lift.  

 Adoption of contact wire pre-sag  
For some designs of overhead contact lines, the contact wire is not threaded at a constant height 

above the top of rail.  

Better quality of the operation of overhead contact line, at speeds of up to 200 km / h, can be 

provided by a pre-sag who take into consideration their relatively large elasticity differences along 

the line, whereby the static behaviour in the interaction between the overhead line and the 

pantograph is predominant. 
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For example, the TGV overhead line for SNCF, the contact wire is provided with a contact wire pre-

sag of 0.1 % of the span length, so that the contact wire is lower height at the centre of the span 

than at the supports. The provision of pre-sag is based on the premise that the overhead contact line 

has a higher resilience at the supports than at mid span, and the pantograph, therefore, lifts the 

contact wire at the supports to a lesser degree than at mid span.  

Achieving constant pantograph operating height during the passage of a train, a pre-sag is needed at 

mid span; compensate the difference contact force at the support compared with the mid span.  

An initial pre-sag can also contribute to compensate the effect of wear which could result in a 

negative sag. When installing the contact wire, a pre-sag of 0 to 0.05 % of the span length should be 

achieved.  

 Selection of dropper type and dropper spacing  
The dropper has the duty to support the contact wire and is attached to the contact wire and the 

catenary or stitch wire using screw nuts and various types of clips (see Figure 8.5). Mechanical 

requirements for droppers can be rigid, flexible or sliding. The different types should withstand the 

loads imposed by the designs without a negative effect on the performance over the life-cycle of the 

system. 

 

Figure 8.5 - Dropper types a) non-current carrying dropper, b) current carrying droppers, c) 

adjustable current carrying dropper, d) current carrying dropper, e) current carrying droppers for 

twin contact wire (3) 

The loading capacity for the optimum should be 2.5 times the vertical and 1.5 times the horizontal 

working loads. The following service loadings need considered in the designs:  

 vertical loads resulting from contact wire weight, ice loads, wind loads and mainly loads 
from the contact wire profile;  

 horizontal loads in the axis of the contact wire resulting from a dropper inclination of up to 
30°;  

 dynamic loads resulting from vibration, dropper buckling, etc.; 
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In addition to the service loads, the following additional loads should be considered: 

 loads during construction; 

 temporary loads resulting from failures, e. g. the failure of an adjacent dropper; 

Droppers are bent by contact wire uplift due to running pantographs and should withstand the 

dynamical loads thereof. 

The dropper coded as 8WL7060-2 (see Figure 8.5; b)) having a special stranded conductor passed all 

tests under high-speed conditions. As his mechanical conformations and electrical characteristics, 

this version of droppers is optimum variant for new designs of the case study lines adopted in the 

project. 

Electrical requirements for droppers may be defined as current carrying, non-current carrying or 

insulating. Current carrying droppers should be designed to allow for current to flow between the 

contact and catenary wires. In less situations, when current flow should be restricted by design, 

insulated droppers are required.  

For new designs for all case study lines, the dropper should be designed to conduct current as shown 

in see Figure 8.5 b), especially in systems with high short-circuit currents. In Figure 8.5 e) is 

presented a dropper designed for twin contact wires as sometimes used for DC installations. 

The catenary wire supports the contact wire via the droppers (hangers). Dependent upon the 

contact wire tensile force, the dropper intervals determine the contact wire sag between droppers. 

To limit this sag, the dropper intervals should be less than 12 m. The dropper intervals are also 

chosen with the objective of allowing contact between the contact wire and the track after a contact 

wire failure, thus activating the tripping of the section feeder circuit breaker. This safety 

requirement will be satisfied even if the dropper intervals are less than double the contact wire 

height and the contact wire fails in the middle of two droppers, since the adjacent droppers also fail, 

allowing the contact wire to make contact with the track, creating a short circuit. Following 

consideration of these aspects, dropper intervals between 5 m and 12 m have been used.  

 Using the stitch wire  
In the case of contact lines with a fixed catenary wire, stitch wires compensate for changes in 

contact wire height at the supports and at mid-span caused by varying temperatures. In the case of 

automatically tensioned contact and catenary wires the stitch wires equalise the elasticity at the 

supports and in mid span. The vertical movement of the contact point where the collector strip 

touches the contact wire should be as low as possible within a span. Low differences in the elasticity 

result in nearly constant contact point height and a higher current transmission quality. According to 

the TSI Energy the difference between the highest and lowest dynamic contact point within a span 

should be:  

 80 mm for AC line design speeds of 250 km/h and above;  

 100 mm for AC line design speeds below 250 km/h.  

Elasticity differences between the support and at mid span result in varying contact forces and 

uneven wear of the contact wire. 

The lengths and tensile forces of the stitch wires are the results of optimisation processes, whose 

objectives were to achieve, as far as possible, the same elasticity near the support as at mid span.  



D3.4. Modular packages of component grades 
and design specifications for new installations of 
power infrastructure tailored to traffic and 
operational needs. 

 
 

NeTIRail-INFRA 
H2020-MG-2015-2015 GA-636237 

2016/11/30 

 

NeTIRail-INFRA PUBLIC Page 73 
 

SNCF used stitch wires on the Paris-Lyon high-speed line and experienced that they were difficult to 

be installed and maintained. Therefore, the contact lines for the other high-speed lines in France 

were designed without stitch wires. 

It is agreed that using stitch wires will be an improvement of power supply system. The only obstacle 

is the financial feasibility for this improvement included in the new designs or for upgrade for 

existing systems. When is, possible and accepted as investments, the stitch wires will be used in the 

designs. From this point of view, first candidates are the busy passenger lines and freight dominated 

lines.  For busy passenger situation, the stitch wire will provide more reliability of the system, 

needed because of intense utilised lines with many trains in the same section and agglomerated 

schedule.  For the freight dominated route, the added improvement will help the locomotives to 

collect higher energy needed for moving heavy loads. 

 Design of contact lines in tunnels  
In addition to the general requirements, there is a need to minimise the installation space for tunnel 

overhead contact lines in order to keep the overall tunnel cross section as small as possible.  

The contact wire height should be kept as low as possible to minimize the tunnel cross section and 

the associated construction investment. Contact wire gradients are not permitted on high-speed 

lines, so that the same contact wire heights in tunnels as on the open line sections are requested; 

will not be lowered the railway line performance. To keep the tunnel cross section low, a low system 

height should be provided within the tunnel; this requires shorter span lengths e.g. 50 m. Depending 

by the operating speed, alternative contact line equipment is possible, could be used overhead 

contact lines with elastic or overhead contact rail systems and with short support intervals, e.g. 10m.  

Contact wire gradients do tend to exist to transition into tunnels and under bridges for non-high 

speed railways. These gradients do result in significant lateral forces on the contact wire and 

catenary system and can therefore result in high maintenance costs and become a frequency cause 

of failure. 

 Line stagger 
For uniform and low wear of the pantograph collector strips and the contact wire, the contact wires 

need to be places at lateral offset to the track centre line, called stagger. All mechanical loads acting 

on the overhead contact line must be carried by the poles and foundations and transferred to the 

subsoil. Deformation of parts such as bending of poles or any incurred resonant vibrations should 

not affect the transmission of power. At least the electrical separation of the contact lines of 

adjacent tracks and using of separate poles for each track should be considered. 

The tight, close schedules of local-area traffic, particularly at peak hours, as in the case of crowd 

passenger transportation lines, mean that the contact lines must be able to conduct large currents.  

Overhead contact lines, are now mainly designed as catenary installations, providing the advantages 

of higher speeds, higher current carrying capacity, better collector running characteristics, less 

collector strip wear, less dangerous behaviour in the event of contact wire breakage and longer 

spans.  

The overhead contact lines of both tracks when double-track lines, can be electrically interconnected 

at regular intervals in order to minimise voltage drops and the associated power loss. And also, 
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remote-controlled coupling disconnectors are installed between the tracks on lines where a single-

track with two-way emergency operation is possible if a contact line fault occurs.   

The stagger of the contact wire at the supports is usually ±0, 40 m. To prevent grooves from being 

formed in the collector strips from localised wear, the stagger variation of the contact wire should 

not be less than 10 mm/m as the collector strip moves along it.  

For minimising the overall line width, a central support structure is used wherever possible, and the 

poles are located between the tracks. 

The maximum lateral range of the collector strip within which the contact wire may move is 
determined for each type of pantograph. If a contact wire leaves this maximum lateral range, 
damage to the contact line and the pantograph could occur, resulting in interruptions to train 
operations. The contact wire should traverse the collector strips as uniformly as possible and wear 
the collector strips evenly.  
However, the wear of the collector strips on the pantograph is less important than the wear of the 
contact wires. The replacement of collector strips can be carried out more easily and less 
expensively than the replacement of a contact wire. 
The design of the stagger should follow: 

 Keeping the contact wire within the working range of the pantograph. 

 Arranging the contact wire staggers associated with each contact line design so as to utilize 
the working range on the collector strip as evenly as possible. 

 Selecting the contact wire stagger such that the lateral force should be from 80N to 2000N. 

 Selecting the contact wire stagger such that the difference of lateral force should be as low 
as possible and the variation of the lateral displacement of contact wire should be more 
than 5mm/m (55). 

8.9.1 Design of contact wire stagger and radial forces 
The contact wire is not parallel to the track centre line. In this way is avoided uneven wear of the 
collector strips on the pantographs and guarantee continuous contact in curves, also under wind 
action. On interoperable lines on straight track the maximum lateral position of the contact wire 
under wind has to be ≤ 0,4m. Instead, it is provided with an alternating lateral displacement along 
the track, also known as a zigzag or stagger. A contact wire stagger at the support of ± 0, 3 m is used 
on overhead line types as German railways. As generally, the catenary wires on overhead contact 
line system are arranged vertically above the contact wire both on straight track and in curves. 
When specifying contact wire stagger in curves, the wind displacement of the contact wire is taken 
into account for both the inside and outside of the curve.  
 

  CW height  SH CA height 

German Railway    

Conventional lines v S 230 km/h 5,5 1,8 7,3 

French Railway    

Conventional lines v S 230 km/h5 5,5 1,25/1,4 6,75/7,15 

Norwegian Railway    

Conventional lines v S 230km/h12 5,6 1,6 7,2 
Table 8.2 - Contact wire heights, system heights, catenary wire heights and catenary stagger of 

European AC Railways, in m. 
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8.9.2 Stagger and height of catenary wires 
The catenary wire supports the contact wire by means of droppers. The contact wire height, the 
minimum dropper length at mid span and the sag of the catenary wire determine the height of the 
catenary wire at the supports and, therefore, the system height which is the distance between the 
contact wire and the catenary wire at the supports; European railway entities use different system 
heights and, therefore, different catenary wire heights at supports as in table above. 
Three alternatives are adopted for the stagger of the catenary wire (56): 

 Vertical arrangement: above the contact wire having the same stagger as the contact wire 

itself. 

 Semi-inclined arrangement: the catenary wire is arranged vertically above the track axis and 

the stagger of the contact wire varies. 

 Crooked arrangement: the catenary wire and the contact wire assume opposite lateral 

positions. 

In most performant cases around the Europe, the arrangement of the catenary wire above the track 
axis along straight line sections and of the contact wire with changing stagger dominates on 
conventional lines. 
The stagger of the catenary wire follows the stagger of the contact wire also in curves.  
The vertical arrangement of the catenary wire above the contact wire should be given priority and is 
proper situation for case study lines in the NeTIRail-INFRA project. 
 

9 Designing structural elements of the overhead 
contact line system 

As it is defined, the overhead contact line system (OCS) contains also cantilevers, poles, foundations 

and other structural elements, with roles of ensuring the mechanical functionalities. 

From the mechanical point of view, loads and actions on contact lines can be classified by their 

application or by their nature and/or structural response.  

 Permanent loadings and variable loadings   
Permanent loads are dead weight of supports including foundations, fittings and fixed equipment, 

dead weight of conductors and the effects of applicable conductor tensile forces. The characteristic 

value of permanent loads can normally be determined as one value since the variability of 

permanent actions is very small.  

Variable loads comprise wind loads, ice loads, or other imposed loads. Wind, ice loads temperatures 

are climatic conditions, which can be determined from statistics or considered from applicable 

standards (EN 50125-2). For variable actions, are considered characteristic values as nominal value, 

upper maximum value of probability, lower minimum value, and average probability for one year.  

Construction and maintenance loads take into account working procedures, temporary loading, 

lifting arrangements etc. The characteristic values for construction and maintenance loads are 

deterministic values provided to assure the safety of personnel. 
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During the life cycle of an installation, permanent actions vary only because of the contact wire 

wear. Dead loads are independent of the conductor temperature and result from the dimensions of 

the installation, being dependent by the designs. 

The dead loads of structures, fittings and conductors act vertically and the loads resulting from 

conductor tensile forces act horizontally in case of level attachment points.  

Surface protection needs provided on components of ferrous material. The local environmental 

conditions have to be considered when determining the type and thickness of surface protection. 

For components made of corrosion resistant materials surface protection is not necessary. 

Additional protection need considered for internal strands of ferrous multi-stranded wires (e.g. 

greasing).  

Clamps, splices and other fittings may not cause any bimetallic corrosion with the conductors with 

which they are in contact. Consideration has given to the risk of water retention to reduce the 

potential for damage during freezing conditions. Components need designed in such a way that the 

danger of stress corrosion cracking does not occur.  

The tensile forces are approximately constant with automatically tensioned contact and catenary 

wires. Fixed terminated wires and conductors depend on the conductor temperature and vary as a 

function of ambient temperature, current loading and ice loads. Structural design must consider the 

imposed maximum tensile forces.  

Variable actions due to climatic conditions are added to the permanent loads. All contact lines are 

exposed to wind in the open. Ice accretion on conductors occurs in many regions, including Central 

and Northern Europe, Russia, Northern China, Japan and North America, in addition to wind action. 

Extreme climatic conditions result in the most adverse maximum mechanical loads on contact lines. 

More details are presented in chapters related to environmental factors of influences from D3.2 and 

D3.3.  

 Support elements for the overhead contact line (OCL)  
Transversal support elements are represented by various types of consoles: cantilevers on multiple 

tracks, flexible, rigid cross-openings and portals. Generally, they are used to support the contact line 

equipment, to provide lateral position and stranded wire contacts and to transfer loads which act on 

the overhead contact line, to the poles. 

The components for cantilevers and supports are divided into three types of basic materials: 

 Copper-aluminium alloys combined with rods and tubes of glass-reinforced plastics 

 Aluminium alloys combined with aluminium tubes and composite, cast resin insulators or 

GRP loop insulators 

 Hot-dip galvanized malleable cast iron combined with steel tubes and composite, cast resin, 

ceramic insulators or GRP loop insulators 

Swivel cantilevers also known as hinged cantilevers are made of tubular elements and are the most 

frequently used design for individual supports for overhead contact line installation. They are fixed 

to poles, buildings or other structures and swivel around a vertical axis. Cantilevers rigidly fixed to 

poles are no longer used for new installations but can still be found in service on older routes.  



D3.4. Modular packages of component grades 
and design specifications for new installations of 
power infrastructure tailored to traffic and 
operational needs. 

 
 

NeTIRail-INFRA 
H2020-MG-2015-2015 GA-636237 

2016/11/30 

 

NeTIRail-INFRA PUBLIC Page 77 
 

In addition to supporting the catenary wires, the catenary wire clamp connects the cantilever tube 

with the top tube or top anchor rope. With this design, mainly tensile forces occur in the top anchor, 

permitting the use of ropes instead of tubes in many cases. Only axial forces act on the structural 

cantilever elements.  

Mechanically effective cantilever elements may consist of steel tubes, steel or copper alloy wires, 

aluminium tubes and bars or tubes made of glass fibre reinforced plastics, which may also serve as 

insulators. 

Cantilever across several tracks - If supports can only be installed on one side of a multi-track line, 

cantilevers across several tracks are a viable alternative. Several designs of multi-track cantilevers 

are used in service.  

The multi-track cantilever does not transmit mechanical vibrations between the adjacent contact 

lines. As in the case of individual cantilevers the contact lines of adjacent tracks are separated 

mechanically keeping the operational security at the same level as with individual poles. 

Cantilevers across several tracks must carry the vertical and horizontal loads of the contact line. 

Their lengths should be limited to approximately 10 m because of construction and maintenance 

difficulties. 

Transversal flexible support equipment - From this category is the head span support for contact 

lines; this solution offers advantages in stations with more parallel tracks and saves space to install 

poles between tracks. This is advantageous especially for the wiring of station ends with many 

turnouts. Flexible cross-spans have reached lengths up to 80 m but in practice the length is limited 

to 40 m because of operational and maintenance operations. The vertical loads from the individual 

contact lines are carried by head span wires. The main disadvantage is that any movements are 

transmitted between the lines. This is considered not performance for installations of overhead 

contact lines with high-speed traffic; it is recommended supports as separate for each track of high-

speed lines (57). Head-spans do not satisfy the requirement for mechanical separation of the main 

through-lines from each other and from other tracks. They are, therefore, employed mainly in 

systems with operating speeds lower than 200 km/h, since the cost for head-spans is lower than for 

designs adopting individual poles, especially if the track layout needs to be adjusted.  

Portal structures - In the case of portal structures, a rigid horizontal cross beam carries the individual 

contact lines. The beam is supported by poles on both sides of the line. Some designs use posts with 

swivel cantilevers fixed to the crossbeam, while with others the crossbeam carries the vertical loads 

and is used for the lateral guidance of the catenary wires.  

Portal structures are used for lengths up to 40 m. For long portals, lattice steel design proves to be 

advantageous. For spans up to 25 m H-beams or hollow steel sections may also be used. To reduce 

maintenance, aluminium portals have been used for some mass transit installations.  

 Poles along the railway lines 
Poles used as supports of a contact line perform various functions. A tensioning pole supports both 

the loading from the cantilever and the forces exerted by termination tensions of contact and 

catenary wires. 
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9.3.1 Types of the poles: 

 Intermediate poles are within the overlap section and carry two cantilevers arranged on 

brackets. These poles are loaded by bending moments and by torsional moments due to 

different radial forces of the individual contact lines.  

 Suspension poles are equipped with one cantilever and withstand loads created by contact 

wire and catenary wire stagger, radial forces on curves and wind loads.  

 Midpoint pole is arranged approximately in the middle of the tensioning section. It is loaded 

by the contact line and the midpoint anchors.  

 Midpoint anchor poles for termination of midpoint anchors are adjacent to the midpoint 

pole that are loaded by forces in line direction and generally anchored by stays. Poles for 

mechanical mid points, or midpoint anchor poles should be used in a tensioning section 

length of an overhead contact line that is tensioned automatically at both ends, to ensure 

the conductors do not migrate towards both ends of the tensioning section length with 

changes in the loading conditions. 

 Poles for head-spans carry loads from the head-span wires, cross-span wires are tensioning 

equipment acting in line direction. The height of these poles must take into account the sag 

of the head-span wire.  

 Poles carrying crossbeams are loaded by vertical and transverse loads only since the 

crossbeams are fixed to the poles by hinged joints, to avoid bending-resistant joints. These 

poles have to be rated according to the applied loads.  

If the power lines are parallel feeder lines having the same electric potential as the contact line, 

solution requires a reduced clearance to the contact line. Supply feeders or by-pass feeders can be 

switched separately from the contact line. It is standard practice to provide a clearance of at least 

2m to the contact line. Pole types for power lines may be classified as suspension poles equipped 

with suspension insulator sets, intermediate tensioning poles and dead end poles equipped with 

tension insulator sets. The dimensions of the pole top need to be determined in correlation with the 

traction power line arrangement. This ensures compliance with minimum clearances to earth 

potential as specified by relevant standards such as EN 50 341-1. The required clearances are 0.15m 

for 15kV and 0.27m for 25kV. 

Type of pole Permanent loads Variable loads 
Suspension pole with one 
cantilever  

 dead loads of conductors, 
cantilevers and poles 

 forces due to radial action 
and stagger 

 wind loads 

Intermediate suspension pole 
with twin cantilever  

 same as first case 
(suspension pole) 

 torsional moment due to 
radial forces and stagger 

 same as first case 
(suspension pole) 

 torsional moment due to 
wind action 

Midpoint pole  same as first case 
(suspension pole) 

 loads due to anchoring of 
contact line 

 same as first case 
(suspension pole) 

Midpoint anchor pole  same as first case 
(suspension pole) 

 loads due to anchoring of 
contact line 

 same as first case 
(suspension pole) 
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Type of pole Permanent loads Variable loads 
 
 
 Tensioning pole 

 same as first case 
(suspension pole) 

 loads due to anchoring of 
contact line 

 same as first case 
(suspension pole) 

Table 9.1 - Poles types for contact line structures (3) 

Various types of external loads act simultaneously on the supports of overhead contact lines. 

Depending on the utilization of the poles, these loads should be combined to cover all possible 

loading combinations during operation and minimize the risk of failure. Relevant standards such as 

EN 50119 stipulate these loading assumptions which consider differing loading conditions; EN 50119, 

combines conditions to six load cases: A case (loads at minimum ambient and design temperature); 

B case (maximum wind loads, acting in the most unfavourable direction); C case (ice loads added to 

tensile forces); D case (combined action of wind and ice loads added to tensile forces; wind acts in 

the most unfavourable direction); E case (construction and maintenance loads); F case (accidental 

loads means unintentional reduction of one or several conductor forces) 

For selection of the rating of the poles, the load case resulting in the maximum stress has to be 

selected. 

9.3.2 Structural design and materials of the poles 
A large variety of pole types is utilized for contact line supports.  

Lattice steel poles (see Figure 9.1) consist of four legs made from angle sections and diagonal 

bracing. The strength can be adapted to the specified condition and loadings; are used for tensioning 

poles on line sections outside stations and for head-span supports.  

 

Figure 9.1 - Lattice steel pole for overhead contact lines (3) 
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Double channel poles (see Figure 9.2) consist of two U-channels which are connected by flat steel 

plates at a spacing of approximately 500 mm. They are tapered in the vertical direction. Double 

channel poles are characterized by differing bending resistances around either axes. On this regard, 

this type is used primarily for support location without tensioning equipment along interstation line 

sections. 

 

 Figure 9.2 - Double channel pole (3) 

H-beams steel poles (see Figure 9.3) are used by many overhead installations for their relatively high 

weight/strength ratio, but low resistance to deflection, and low torsion strength are disadvantages 

especially for use with twin cantilevers.  

Tubular walled hollow steel poles form an interesting alternative since their dimensions can be 

matched to the loading requirements. Generally, these poles are used for mass transit installations 

in urban areas. They are produced by rolling, drawing or welding enabling the manufacture of poles 

with tailored cross-sectional dimensions, strength and torsional rigidity (see Figure 9.4).  
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Figure 9.3 - H-beam steel pole 

 

Figure 9.4 - Tubular steel pole for contact line  

Spun concrete poles are also used for contact line installations. They are characterized by circular 

cross sections, a hollow core and produced with a conical increase of the diameter from the top to 

the bottom by at least 15 mm/m. They are spun in two-part horizontal casings that are rotated 

around their longitudinal axis. The spinning process achieves a high concrete compressive strength 

of 70 N /mm2 according to C70/80 and recently up to 100N/mm2 according to C95/105. The high 

density of the concrete protects the reinforcement against corrosion and prevents cracking. 
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Concrete pole reinforcement can be carried out adopting conventional reinforcement bars or pre-

stressed reinforcement using high-tensile steel wires. Pre-stressed poles have become more popular 

for railway applications. Pre-stressing of the steel wires is carried out before spinning. After the 

concrete sets, the pre-stressing strands arc cut at the mould ends, producing then a compressive 

force in the concrete pole (see Figure 9.5).  

In the past, different kinds of defects were reported in spun concrete poles. Multiple analyses and 

improvements on technologies suggest that the defects were due to low of the design of the 

structures including inadequate concrete thickness and reinforcement cover. Modifications to the 

standards and to quality assurance measures taken by manufacturers indicate that similar defects 

will not re-occur in the future and spun concrete poles may be considered as long-lasting 

components. Some railway operators, e.g. the OBB, use concrete poles with a solid core, produced 

on vibration tables. Concrete is poured in and compacted by means of external vibrators. As a 

consequence of the solid cross section, these types of poles are considerably heavier than spun 

concrete poles. When produced to best practice, concrete poles achieve a long life free of 

maintenance. For overhead contact line installations, they have proven benefits especially when 

associated with direct-planted foundations (58). 

     

Figure 9.5 - Spun concrete pole of an overhead contact line ; structure of design 5  

Our recommendation for diverse the three case lines is the use of spun concrete poles because they 

offer the following advantages: 

• Could be used for increased span lengths, reduce the overall cost by using less structures 

and pole installations. 

• Long lifetime and maintenance almost free. 

• Controlled quality and no major influences by the climatic conditions as with other types. 

• Flexible for line design and low cost of intrinsic materials and manufacturing. 

• Direct embedment of the pole in the ground with no risk of rotting. 

                                                           
5 http://www.europoles.com/mobility/rail/catenary-poles-mainline-rail-traffic/ 
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• No deterioration of strength during the lifetime. 

• No leaking chemicals into the ground (environmentally friendly). 

9.3.3 Mechanism corrosion for concrete structures  
Corrosion is a process of destruction of material and caused by chemical and electrochemical 

phenomena. When electro-corrosion, metals oxidize because of a chemical reaction; this process is 

accelerated by a flow of current, DC or AC type. Stray current corrosion is included. The humidity 

level of soil, air humidity, etc., when considered the electrolyse phenomena, is a point start of the 

reaction. According to the Faraday law for electrolysis, anode components is destroyed. The erosion 

of the metal is proportional to the amount of current flowing (59). 

Influences that acts on concrete material:  

 Chemical decomposition because of carbon dioxide in the water and in the atmosphere. 

 Mechanical forces: loads and compression. 

 Water that get out the calcium hydroxide; calcium carbonate is formed and show as white 
stains. 

 Repeated freezing - unfreezing stresses the capillaries inside the concrete poles and causes 
volume increasing and decreasing. This process of degradation is accelerated by thawing of 
water, solar radiation and air currents cooling. 

Concrete consists of solid, liquid and gaseous components. The protective effect for the 

reinforcement is not brought about by the hermetic inclusion, but rather by the alkalinity of the 

interstitial water with pH = 12.5 to 13.5. By forming a protective layer, this helps to reduce 

corrosion.  

When corrosion accentuated, the structure is not considered safety and need changed; for example, 

when the cracks exceed 1 mm or concrete cover layers are less than 20 mm.  

Damaging for poles with no electrical causes (effects of aggressive materials, crack formation, sepa-

ration of the concrete from the reinforcement) are not as critical as stray current corrosion; but 

occur more frequently. The prevention measures of these negative actions are from observation and 

monitoring category. The concrete strength is gaining from selected materials with stability but also 

durability characteristics and from poles designing. Ventilation of hollow poles has proven helpful in 

avoid cracks. Experience shows that the service life of concrete poles under normal operational 

conditions can be 60 years and more. 

During the construction phase, the planned earth connections must be inspected before they 

covered with concrete. The measurement of the earth resistance of subsystem is recommended if 

the design has given critical values, so corrective measures are possible in due time.  

Experiments and experience present that satisfactory protection against above mentioned causes 

can be achieved with a water (w) to cement (z) ratio w/z < 0.45 and a cement component Z > 

300kg/m3. The concrete poles, having a good quality for railway projects, produced in Central 

Europe during the last 15 years, having w/z ≈ 0. 35 and Z ≈ 400 kg/m3 (59).  

9.3.4 Mechanism corrosion for metal structures - protective measures  
For overhead contact line system, steel poles, cantilevers as mainly but also and other support 

structures, represent metal structures category 



D3.4. Modular packages of component grades 
and design specifications for new installations of 
power infrastructure tailored to traffic and 
operational needs. 

 
 

NeTIRail-INFRA 
H2020-MG-2015-2015 GA-636237 

2016/11/30 

 

NeTIRail-INFRA PUBLIC Page 84 
 

The metal corrosion begins with the presence of defects in the crystal lattice. These include 

vacancies, inclusions, dislocations and surface defects and main causes are the metal fatigue or 

structure age; these causes to structure changes and to the increasing of dislocations, which 

increase the probability for apparition of cracks. These destructive processes are correlated with 

static tensile loading of the structures and fatigue of materials from cyclic loading actions. 

Metal structures failures and damaging are from following reasons: brittleness at low temperatures; 

deformation at high temperatures; electrochemical corrosion; mechanical overload because of 

errors during planning or installation; deformation related to extreme events e.g. train derailments.  

Corrosion, mainly by rust, affects steel poles especially at the fixing point in the foundation concrete 

or the foundation cap. These positions can be protected efficiently by elastic coating systems. 

Corrosion accelerates under continental climate conditions by gases with sulphur containing, mainly 

at temperatures between 0°C and 15 °C; also, hard influencing is because of coastal conditions, by 

salts with included chlorine ions.  

A fluid electrolyte layer is a condition to start corrosion. Corrosion rate has a six higher up level in 

industrial regions that in rural areas, these levels of corrosion are from the increased air pollution. A 

simple measure for decreasing the corrosion is to design hollow poles for having ventilation.  

As corrosion, protection for steel components has been developed galvanising procedures for many 

years. In this procedure, the zinc covers with protective layers, surface of the metal, which ensure 

protection of the lower layers. When erosion from wind and weather, it is approximated that zinc 

layer on a cantilever or steel pole is reduced each year as different average, considering different 

region conditions: by 2 µm in rural areas, 3 µm in urban areas and up to 20 µm in industrial or 

coastal areas. Corrosion also depends on the design and arrangement of the components, because 

have to be taken in account design condition provided for accumulation of dust and moisture.  

Aluminium cantilevers have become popular in modern railway networks for the last 40 years, as an 

alternative to hot-dip galvanized steel cantilevers with hot-dip galvanized malleable cast iron fittings 

and regularly renewed coatings. Railway components from aluminium have good conductivity 

properties in case of short-circuits; the conductivity is ten times higher than of steel, also its specific 

heat is twice that of steel.  

Aluminium provide itself a relatively high resistance to corrosion, when forms oxidation layer at the 

surface. The protective effect is durable because after e.g. mechanical damage, the protective layer 

renews itself. The service life of hot-dip galvanized steel components maintained by renewal 

coatings at proper interval is estimated to be longer than 70 years. Experience with aluminium 

components in laboratory, already shows a service life of over 80 years without corrosion special 

protection measures.  

The attachment of steady arms to the drop bracket with a loose fit can lead to mechanical wear. 

Therefore, recommended a steady arm minimum tensile force of 80 N. Electrical erosion occurs 

especially on DC railways when remaining currents flow through movable, non-insulated 

connections, because of voltage potential. Differences of only 15 to 20 V between metal surfaces 

can lead to electric arcs and erosion of the metallic components. For avoiding or at least minimising 

these effects, are used electrically conducting bypass cables or electrical insulation for vulnerable 

points (60) (61).   
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9.3.5 Distance separation between tracks, cant deficiency, tilting bodies 
It is known that electric railway networks over long distances have their own reservations and 

permit free choice of the pole location. With these option the poles are placed on the outside edges 

of the track, in order to achieve mechanical separation of the overhead contact lines of double-track 

lines.  

Separated poles are required on lines with more than two parallel tracks in order to achieve easier 

mechanical and electrical separation of the contact lines of the individual tracks. So, in this case, 

enough space for the poles between the tracks is required, leading, for example, to a track spacing 

of 6.40 m between main line tracks and overtaking tracks (e.g. DB railway lines).  

The demands on and design of contact line installations of lines for long-distance traffic between 

stations is strongly influenced by the desired running speeds. The running speeds, in turn, determine 

the geometry and topographical location of the railway lines, especially the curve radii and the 

associated super-elevation. 

Also, on existing lines, it is necessary to increase the permitted running speeds to achieve shorter 

journey times. In such cases the super-elevation of curves can be increased to a maximum of 180 

mm. In addition, a cant deficiency of up to 150 mm is tolerated. This can lead to an increase in the 

uncompensated centripetal acceleration by up to 1m/s2.  

Trains with tilting bodies permit a further increase of the running speed by 14 % if passive tilting 

mechanisms are used or by as much as 30 % in the case of active tilting mechanism. Traction vehicles 

with tilting bodies will experience larger lateral displacements of the pantographs due to the 

increased centrifugal forces at higher speeds. This means that the registration of the contact line 

must be checked and that the lateral contact wire position may need readjusting. If the train speeds 

in curves are increased, this will have a direct effect on the design of contact line lateral registration. 

The smallest radii of long-distance lines are 180 m. The maximum gradient is generally limited to 4 % 

and on future high-speed lines this value will be limited to 3.5 %. 

10 Electrical configuration – design requirements 

 Electrically power characteristics of the contact lines 
 

 

Figure 10.1 - Electrical schematic of traction power supply (3) 

Electrical characteristics such as the impedance, current distribution and current capability 

determine the energy transmission behaviour of a contact line system. The electrical characteristics 

of a contact line and the corresponding protection required for the electric installations and 
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operating equipment are designed in view of the current to be transmitted via the contact line 

system. Once the transmission characteristics and currents are known, it is possible to evaluate the 

electromagnetic interferences being emitted by an electric railway line. The contact line system can 

be assumed to act as a long conductor installed above ground. Figure 10.1 presents the basic supply 

scheme. The basic relationships within the contact line system are:  

 The substation supplies the electric energy with a source voltage USS and the current Itrc.  

 The energy is transmitted from the substation to the traction vehicles via the contact line. 
The line impedance Z in case of AC supplies or the resistance R in case of DC supplies causes 
a voltage drop ∆U and a power loss ∆P along the contact line with the return circuit 
included.  

 The traction current Itrc returns to the substation through the return circuit consisting of the 
rails and return conductors. In AC supplies, the earth is part of the return circuit.  

In the following, the equations are for single-phase AC railways. Since there is no reactive 

component effective in direct-current supplies, the simpler relationships applying to DC railways can 

be deduced from the AC-related equations when replacing the impedance by the resistance.  

The power   traction of the train has to be transferred to the train via the collectors under the 

respective conditions.  

𝑆𝑡𝑟𝑐 = 𝑈𝑡𝑟𝑐 ∙ 𝐼𝑡𝑟𝑐 Equation 10.1 

 

 Resistances and impedances of the overhead contact lines 
The impedance of the loop comprising the contact line and the return circuit is commonly called the 

line impedance. In the railway installations, the line impedance is obtained from the resistances of 

all parallel contact lines, reinforcing feeder conductors or cables and the return circuit comprising 

the track resistance including all parallel return conductors. The impedances of contact lines are 

usually expressed in relation to the length.  

The resistance per unit length of conductors, wires, cables and rails is determined by the electrical 

properties of the materials that these components are made of.  

The resistance per unit length of wires, conductors, rails and earth is determined in the following 

equation.  

The resistance per unit length of wires and conductors is calculated by:  

𝑅𝑐
′ = 𝑅

𝑙⁄ =
𝜚 ∙ 𝑙

(𝐴 ∙ 𝑙)⁄ =
𝜚

𝐴⁄ = 1
(𝑘 ∙ 𝐴)⁄  

 

Equation 10.2 

Where:  

 - specific resistivity in ; k - specific conductivity ;  - length in m or km; A cross 

section in mm2;  

The resistivity 12 of the conductor material is a function of the temperature. The conductivity  is 

defined by   to 200 °C and the following applies  
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𝜚 = 𝜚(𝜗) = 𝜚20 ∙ [1 + 𝛼𝑅 ∙ (𝜗 − 20)] 
 

Equation 10.3 

In this equation,  is the conductor temperature in °C and is the temperature coefficient of the 

resistivity.  

The resistance per unit length of parallel conductors is obtained from  

𝜚 = 𝜚(𝜗) = 𝜚20 ∙ [1 + 𝛼𝑅 ∙ (𝜗 − 20)] Equation 10.4 

 

Conductor  A R' at 20°C R' at 40°C 

 mm2 new 
20 % 

worn 
new 

20 % 

worn 

Cu AC-80  80 223 278 240 300 

Cu AC-100  100 179 223 193 240 

Cu AC-120  120 149 186 160 200 

Cu AC-150  150 119 149 128 160 

CA Cu  501) 360 - 390 - 

CA Cu  70 271 - 292 - 

CA Cu  95 191 - 206 - 

CA Cu  120 153 - 165 - 

CA Cu  150 121 - 131 - 

CA Bzll  501) 561 - 605 - 

CA Bzll  70 422 - 455 - 

CA Bzll  95 298 - 321 - 

CA Bzll  120 237 - 255 - 

CA Bzll  150 189 - 204 - 

Conductor rails 

soft iron  5100 22,5 - 25.2 - 

soft iron  7625 15,0 - 16.8 - 

composite2)  5100 6.8 - 7.3 - 

composite2) 2100 16,4 - 17.6 - 

FL 243-ALl  240 118 - 126 - 

FL 625-ALl  625 45 - 48 - 
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Conductor  A R' at 20°C R' at 40°C 

 mm2 new 
20 % 

worn 
new 

20 % 

worn 

CA steel  501) 3880 - 4230 - 

1) seven-strand; 2) aluminium-steel composite rail; AC contact wire, CA catenary wire, FL feeder line 

with reinforcing conductor (RL)   

Table 10.1 - Resistances per unit length of conductors at 20°C and 40°C, values in m/km 

Table 10.1 presents the resistance of conductors often used in contact line installations and can be 

used to calculate the resistance of overhead contact line designs.  

 Running Rails, Conductors Rails  

The resistance of steel running rails can be obtained from Equation 10.3 with  

and 𝛼𝑅 = 0,0047𝐾−1.  Table 10.1 gives the characteristic properties of commonly used running 

rails. The resistance of single-track and double track lines is one-half or one quarter, respectively. 

Where rail joints are used, the resistance R' is increased according to the material and cross section. 

A commonly accepted value is 0.5 % per joint.  

The resistance of conductor rails made of soft iron can be determined from Equation 10.3 with 

 and . An additional rail length of 2.5 m per joint may consider 

as the effect of joints.  

The conductivity of aluminium composite conductor rail is governed by the electrical properties of 

aluminium with  including the steel content as well, being 0.0036K-1. Wear 

of the steel plate does not need to be considered when determining the resistance.  

For example, a conductor rail made of soft iron with 5100 mm2 with 20 joints per kilometre has a 

resistance of 0.115 · (1000 + 20 · 2.5)/5100 = 23.7 m/km at 20 °C without wear.  

 Earth Return Path  
Although the differing types of soil show a great variety of resistivity, the resistance of earth to DC 

currents is zero due to the big cross section involved. In case of AC currents, the earth possesses a 

resistance. The resistance per unit length of the earth return path  is a function of the frequency 

of the power supply.  
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Overhead contact line 

configuration  

Catenary wire cross-sectional area in mm2 

50 70 95 120 150 

Contact wire 
Catenary 

wire 

20°

C 
40°C 20°C 40°C 20°C 40°C 20°C 40°C 20°C 40°C 

Cu AC-1001)  BzII  136 147 126 135 112 121 102 110 92 99 

Cu AC-1001)  Cu  119 129 108 116 92 100 82 89 72 78 

Cu AC-1002)  BzII  160 172 146 157 128 137 115 124 102 110 

Cu AC-1002)  Cu  138 148 122 132 103 111 91 98 78 85 

Cu AC-1201)  BzII  118 127 110 119 99 107 91 99 83 90 

Cu AC-1201)  Cu  105 114 96 104 84 90 75 81 67 72 

Cu AC-1202)  BzII  140 151 129 139 115 123 104 112 94 101 

Cu AC-1202) Cu  123 132 110 119 94 102 84 90 73 79 

Cu AC-1501)  BzII  98 106 93 100 85 92 79 85 73 79 

Cu AC-1501)  Cu  89 96 83 89 73 79 67 72 60 65 

Cu AC-1502)  BzII  118 127 110 118 99 107 92 98 83 90 

Cu AC-1502)  Cu  105 114 96 103 84 90 76 81 67 72 

2Cu AC-1201)  Bzll  66 71 63 68 60 64 57 61 53 57 

2Cu AC-1201)  Cu  62 67 58 63 54 58 50 54 46 50 

2Cu AC-1202)  BzII  80 86 76 82 71 76 67 72 62 67 

2Cu AC-1202)  Cu  74 80 69 75 63 67 58 62 53 57 

2Cu AC-1201)  2BzII  59 63 55 59 50 54 46 49 42 45 

2Cu AC-1201)  2Cu  53 57 48 52 42 45 38 41 33 36 

2Cu AC-1202)  2BzII  70 75 65 70 57 62 52 56 47 51 

2Cu AC-1202)  2Cu  61 66 55 59 47 51 42 45 37 40 

1) New contact wire; 2) contact wire 20 % worn  

Table 10.2 - Resistance per unit length R' of overhead contact lines at 20 'C and 40 'C, data in 

mΩ/km  

According to (62),  

𝑅𝐸
′ = (𝜋

4⁄ )𝜇0 ∙ 𝜇𝜏 ∙ 𝑓 = (𝜋
4⁄ ) ∙ 𝜇0 ∙ 𝑓 Equation 10.5 

 

In this equation: µ0 is a constant magnetic space; µr relative permeability; f frequency,  
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𝜇0 = 4𝜋 ∙ 10−4 𝑉𝑠
(𝐴 𝑘𝑚)⁄  

Equation 10.6 

 

 

The relative permeability µr of the soil may be assumed as unity. Inserting µ0 from Equation 10.6 

leads to:  

𝑅𝐸
′ = 10−4 ∙ 𝜋2 ∙ 𝑓 ∙ Ω

𝑘𝑚⁄       Equation 10.7 

 

Therefore, the resistance per unit length is calculated to be 16.4mΩ/km for 16, 7 Hz and 49.3mΩ/km 

for 50Hz.  

 Inductance, reactance and impedance  
The impedance of a conductor-earth loop consists of its resistance and reactance. The reactance 

depends on the inductance L and the frequency f.  

Rail type m' H Fw A u eqA R' mΩ/km 

 kg/m mm mm mm2 mm mm 
wear 

0% 
wear 15% 

549  49,43 149 125 6297 600 44,77 35,7 42,0 

R50  50,50 152 132 6450 620 45,31 34,5 40,6 

S54  54,54 154 125 6948 630 47,03 32,0 37,6 

UIC54  54,40 159 140 6934 630 46,98 32,0 37,6 

560  60,30 172 150 7650 680 49,35 28,9 34,0 

UIC60  60,34 172 150 7686 680 49,46 28,9 34,0 

R65  65,10 180 150 8288 700 51,36 25,2 29,9 

m' - mass per unit length; H - height of rail; Fw - foot width; A - cross section; eqA - cross section-area-equivalent radius: 

;  R' - resistance at 20 0C  

Table 10.3 - Characteristic properties of commonly used running rail types  
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Type of conductor rail 

Soft iron 5100 

mm2 

Degree of wear 

Soft iron 7625 

mm2 

Degree of wear 

Al-composite 

5100mm2 

Al-composite 

2100mm2 

 0% 20% 0% 20%   

-30 15,8 19,7 10,5 13,2 5,6 13,4 

20 22,5 28,1 15,0 18,8 6,8 16,4 

40 25,2 31,5 16,8 21,0 7,3 17,6 

Table 10.4 - Resistances per unit length of conductor rail types, mΩ/km  

 Electrical clearances 
Insulation quality level is the choice of the electrical strength of the electrical equipment, dependent 

on the voltages occurring in the contact line network. The criteria for the necessary electrical 

strength is the design level, which depends on the nominal voltage and the use of the equipment. 

The use is designated by the overvoltage category. Correct choice of the design insulation level 

ensures that the equipment will withstand the necessary voltage.  

Withstand voltages are characterized by the wave shape and magnitude of representative 

overvoltage which the insulation will withstand with a defined probability.  

Nominal voltage  

Highest 

permanent 

voltage             

Hated voltage          

Impulse voltage 

withstand level 

for overvoltage 

category  

V V V kV 

Ueff 

AC AC/DC  AC 

15 000 

25 000 

50 000 

17 250 

27 500 

55 000 

18 000 

27 500 

55 000 

95 

170 

300 

Table 10.5 - Allocation of the rated voltage and impulse voltage to the nominal voltage and 

overvoltage category according to EN 50124-1  

Creep Age Distance - is the shortest path between two conductive parts (or between a conductive 

part and the bounding surface of the equipment), measured along the surface of the insulation. A 

proper and adequate creep age distance protects against tracking, a process that produces a 

partially conducting path of localized deterioration on the surface of an insulating material as a 
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result of the electric discharges. The creep age distance is a protective measure from insulation 

design, in close correlation with insulation material, the degree of pollution in the environment and 

value of the voltage that will cause failure during standard testing.  

Clearance Distance - is the shortest distance between two conductive parts (or between a 

conductive part and the bounding surface of the equipment); measurements considered through air. 

Clearance distance helps prevent dielectric breakdown between electrodes caused by the ionization 

of air. The dielectric breakdown level is further influenced by relative humidity, temperature, and 

degree of pollution in the environment. 

Tracking that damage the insulating material, normally occurs because of one or more of the 

following reasons: Humidity in the atmosphere; Presence of contamination; Corrosive chemicals; 

Altitude at which equipment is to be operated.  

During maintenance works in electrical separations with the same voltage and phase one contact 
line is under voltage and the other contact line is switched off and earthed. For this case the air 

clearances between earthed and live parts of the overhead contact line are defined in Table 10.6. 
Therefore, the clearances given should also be applied for clearances between adjacent live parts of 
contact lines of different electrical sections of the same voltage and phase. Different clearances for 
"static" and "dynamic" cases are justified by probabilistic considerations.  
For an overhead contact line system with electrical sections of differing voltage phases, resulting in a 

phase-to-phase voltage higher than the nominal voltage, Table 10.7 provides requirements for the 
air clearance which should be achieved between live parts of AC contact lines supplied by differing 
phases. These clearances should be maintained under all conditions. 
 

Voltage Recommended clearances 

 Static (mm) Dynamic (mm) 

AC 15kV 150 100 

AC 25kV 270 150 
Table 10.6 - Electrical clearances between live and earthed contact lines in electrical 

separations according to EN 50119.  

 

Nominal voltage kV Phase difference; 

degree 

Relative 

voltage (kV) 

Recommended clearance 

(mm)  

15 120 26 260 175 

15 180 30 300 200 

25 120 43.3 400 230 

25 180 50 540 300 

Table 10.7- Clearance between differing phases according to EN 50119.  

10.6.1 Protection by clearance 
According to EN 50 122-1, all areas wider than 100 mm x 100 mm are considered as possible 

standing surfaces. Moreover, components of the overhead contact line installation, the power line 

or parts of the vehicle outside surfaces such as pantographs, roof lines and resistors are considered 

as active parts of the installation.  
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It should be mentioned that the clearance is measured in a straight line and without any remedies. 

The insulators which connect the live part of the installation with the inactive part are considered as 

live as far as the clearances are concerned.  Moreover, as described in EN 50188, the protective 

clearance to be complied with in the case of working close to the voltage or at overhead contact line 

installations starts at the insulator shed of the earthed cap of the insulator and is – 1.50m for AC 

15kV, AC 25kV or 2x25kV. 

Sometimes, the railway companies can stipulate larger clearances. In this case, for contact lines or 

power lines that cross roads, a minimum clearance of 5.5m has to be observed between the road 

surface and the lowest part of the contact line or power line.  

However, if barriers or profile doors are available the clearance between the highest point of the 
vehicle and the lowest point of the contact or power line may be reduced to 0.5m. Moreover, no 
power lines should be planned above loading areas and tracks. If a crossing cannot be avoided, then 
a clearance of 12 m has to be observed. A clearance of 2.5m has to be maintained between trees 
and branches and the live parts of the contact or power lines under all specified conditions. 
 

10.6.2 Protection by obstacles or barriers 
Protection by obstacles or barriers needs to be implemented, in case of the clearances stipulated 
cannot be complied. In this point of view, the shape and the arrangement of the obstacles depends 
on the: 

 Position of the standing surface relative to the active component. 

 Distance between the obstacle and the live part. 

 Arrangement of the standing surface in private or public areas. 

The obstacles may only consist of: 

 solid walls or solid wall doors or 

 framework structures; 
Moreover, all these needs to be rail bonded. Otherwise it should be noted that it is not 
recommended to be used the lattice structures made of non-conductive material or plastic covered 
metal.  
And yet where are installed the plastic covered or non-conductive obstacles, they should consist of a 
solid wall which has to be edged with a blank conductor connected to the railway earth. 
 
Obstacles considered for clearance protection need to be mechanically stable and reliably fixed to 
avoid movement and reduction of minimum clearances to live parts and may not be able to be 
dismantled in the public area with standard tools without destroying them. 
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Figure 10.2 - Examples for obstacles for standing surface adjacent to live  parts a) obstacle with solid wall 

and meshed wire design at Cologne-Frankfurt high-speed line, b) glass solid wall design at HSL ZUID high-

speed line 

Protecting obstacles between live parts of the overhead contact line and active parts of vehicles  
In this case of clearance cannot be obtained, then the complete obstacle has to be a solid wall. The 
clearance between the obstacle and the active part must be at least 1 m in the public area and in the 
non-public area at least 0.6 m.  
 
Protecting obstacles above active parts of the overhead contact line but also for active parts of 
vehicles 
In this case, the obstacle to standing surfaces above active parts has to be installed as a solid wall, 
has to cover the pantograph area by ±2.0 mas seen from the track axis, has to deal from the project 
at least 0.5 m past the active parts on both sides. 
 
Protecting obstacles for working people 
When the clearances are used as a work platform, following restrictions should be considered: 

 Vehicle placed on the working track is switched-off and the pantograph is lowered; 

 Overhead contact line along the working platform has been de-energized; 

 Contact line is earthed on both sides by earthing disconnecting switches; 

 Visual inspection of the contact line section earthed on both sides has been carried out. 
 
Warning signs   
Warning signs must comply with ISO 3864. Such signs shall be arranged at a clearly visible position 

close to the entrance. Moreover, warning signs have to be arranged at entry points where there is 

dangerous proximity to the contact line installation 
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Figure 10.3 - Warning sign. 

Environmental pollution factors have a negative impact on the functionality and reliability of power 

supply systems, especially on components and operating elements are in outdoor space.  

These influences cannot be reduced directly, through reducing pollution level. Sources of these 

factors are external related to railway networks; it was demonstrated that rail transport is the least 

polluting transportation mode. Taking in consideration these characteristics will be developed 

restrictions and measures to increase resistance against the corrosive action of ambient factors.  

As mentioned, this type of influence has negative effect mainly to the insulators reducing their 

quality of isolation.  

Pollution 

level 

Specific 

minimum creep 

distance for AC 

(mm/kV) 

Specific 

minimum creep 

distance for DC 

(mm/kV) 1) 

Example of typical environments2) 

 

 

Light   1 28 32 

 Areas without industries and with low density of 

houses equipped with heating plants.  

 Areas with low density of industries or houses 

subjected to frequent wind and/or rainfall. 

 Agricultural areas. 

 Mountainous areas.  

All these areas shall be situated at least 10 km to 20 

km from the sea and not exposed to winds directly 

from the sea.  

Medium   2 35 40 

 Areas with industries not producing highly 

polluting smoke and/or with average density of 

houses with heating plants.  

Heavy   3 43 50 

 Areas with heavy industrial density and the 

suburbs of large cities where the high density of 

heating systems causes contamination. 

 Areas with high-density housing and/or industries 

subject to frequent wind and/or rainfall. 

 Areas close to the sea or exposed to relatively 

strong winds from the sea. 
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Pollution 

level 

Specific 

minimum creep 

distance for AC 

(mm/kV) 

Specific 

minimum creep 

distance for DC 

(mm/kV) 1) 

Example of typical environments2) 

 

 

Very heavy   4 54 62 

 Areas exposed to wind from the sea but not too 

close to the coast (at least 10 km to 20 km 

distance).  

 Areas generally of moderate extent subjected to 

conductive dusts and industrial smoke producing 

very thick conductive deposits.  

 Areas generally of moderate extent, very close to 

the coast and exposed to sea spray or to very 

strong and polluting offshore winds.  

 Desert areas, characterized by no rain for long 

periods, exposed to polluting winds carrying sand 

and salt, and subjected to regular condensation.  

1) Recommended values due to experience; 2) See also EN 50119:2001; 

Table 10.8 - Pollution severity levels and specific minimum creep age distances for insulation 

design IEC 60 815 system voltage as phase to earth voltage. 

According these classification, the busy passenger line will be related to levels 3 (heavy) and 4 (very 

heavy) when designing and when will be established the electrical clearances. 

For the freight dominated routes would be considered the levels 2(medium) and 3 (heavy) as 

pollution level for designing. 

Because of isolated characteristics of the low density or secondary lines, this situation is covered by 

the level 1 (light) of pollution level.    

10.6.3 General recommendations 
In contact line systems of electric railways, the insulation co-ordination is performed as follows:  

 Determination of the impulse voltage withstand level in relation to the nominal voltage and 

the overvoltage category. Contact lines and feeder lines of electric railways are allocated to 

overvoltage category IV according to EN 50124-1.  

 The allocation of the impulse voltage withstand level is made according to Table 10.5;  

 Determination of minimum air gaps as a function of the impulse voltage withstand level. A 

distinction may be made between permanent and temporary situations. In the case of 

section insulators, the distance between the active components may be reduced to 100 mm 

for voltages up to AC 25 kV unless special conditions are applied,  

 Determination of the minimum creep age distances using the design voltage from Table 

10.5; and the degree of contamination according to Table 10.8. 

Examples for modelling and calculating creeping distance and clearance for overhead contact line 

system are presented on previous deliverables as D3.2 and D3.3 where analysis of case study lines. 
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11 Stray current corrosion mechanism, return 
circuits, protective measures 

From the electrical engineering aspect, contact line and return circuit are link together meaning a 

closed circuit. For conventional AC and DC power supply systems, the necessary current flows 

through the contact line system to locomotive. The return current, could be traction current and/or 

regenerative braking current, could be flows from the vehicle to the substation, using or not a 

particularly returning circuit.  

According to EN 50122-1, the return circuit includes all conductors that compose the circuit pathway 

used for the return current during operational activities. From this category of conductors, will be 

mentioned: running rails (when have role to conduct the return current), return conductors (which 

laid parallel to the running rails and connected to the running rails at regular intervals), AC lines as 

return conductors (suspended on the contact line poles); earth strips for AC systems that are 

alongside the track.   

For AC power supply systems, the soil is considered a part of the return circuits. Part of the return 

current flows into the soil near rails because of earthed of the running rails and of inductive 

coupling.  

Using of the running rails as return circuits is a common feature of AC and DC railway systems. As 

not efficient return circuit, insulations between earth and the return circuit of DC lines have gaps or 

cannot be achieved in practice as designing. In this situation, percent of the return current leaks 

from the running rails into the structure or earth. Stray current defines the current component that 

does not flow through the intended return circuit. This phenomenon is important for AC power 

supply systems but most important, as negative influence, on DC installations.  

If connections are made to the return circuit to achieve protection against electric shock, then 

voltage limiting devices have to be used. Voltage limiting devices form a conductive connection 

either temporarily or permanently if a pre-set voltage limit exceeded.  

As the resistance between the rails and earth is finite and the rails have a longitudinal resistance, a 

portion of the return current will flow to earth and back to the substation through earth. The total of 

the currents flowing through the rails, earth and any metal objects near the track in the railway line 

area (e.g. cable sheaths, buildings foundations, pipelines, etc.) are equal to the current flowing in the 

contact line system.  

In different situations could be thousands amperes that flowing in the return circuit path and cause 

high voltages between running rails and conductive parts of the trains. In order to avoid these 

voltages, which could potentially be dangerous when bridged by passengers and staff, the return 

circuits need adequately designed.  

 Return conductors as the most efficient solution 
Installing parallel return conductors in the vicinity of the overhead contact line is a simple and 

effective way of reducing the proportion of return current. Parallel return conductors, with a close 

inductive coupling with the overhead contact line, offer considerably reducing the proportions of 

return current flowing through track and earth (63) (64) (65). There are following important 

advantages: 
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 Track-to-earth voltages are decreased considerably by 50 to 55 % relative to systems 

without return conductors. 53 % reduction was confirmed by measurement after return 

conductors had been installed. 

 Longitudinal voltages induced in conductors installed parallel to the railway line are reduced 

by 40 to 50 %. Measurement of induced voltages on the AC 25 kV 50 Hz Madrid-Seville 

railway line show that return conductors had achieved a reduction of the induced voltage of 

approximately 40 %. The interference voltage decreased 45 % due to parallel return 

conductors.  

 Impedance per unit length is reduced by 9 % relative to the variant without return. The 

resistance per unit length was increased by approximately 8 % relative to the design without 

return conductors and the reactance per unit length was decreased by approximately 18 %.  

 Magnetic field near the railway line is reduced considerably.  

The installation of parallel return conductors requires only low additional investment. A contact line 

installation with parallel return conductors involves barely 5 % more expenditure than one without. 

As a special improvement, if the return conductor considered at earth potential, is installed along 

the poles at the same height as the overhead contact line, then almost half the current normally 

leakage to earth is stopped from flowing to earth and close power supply circuit through the return 

conductor. (65)  

AC 25kV 50Hz  A B C 

Distribution of return current (%) 

tracks  70 65 40 

earth  30 30 20 

buried strips  - 5 - 

return conductors  - - 40 

Rail potential at load (V /kA) 

track conductance 1 S/km  130 70 60 

track conductance 10 S/km  40 25 20 

Induced voltage in 10m distance (V/(kA · km))  140 130 85 

earth resistivity 100 Ω·m    40 

Magnetic flux density (µT/kA)1  75 75 50 

AC 15kV 16,7Hz  A B c 

Distribution of return current (%)     

tracks  70 65 50 

earth  30 30 15 

buried strips  - 5 - 

return conductors  - - 35 

Rail potential at load (V /kA)     

track conductance 1 S/km  85 45 40 

track conductance 10 S /km  25 15 12 
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AC 25kV 50Hz  A B C 

Induced voltage in 10m distance (V/(kA·km))     

earth resistivity 100 Ω·m  50 47 30 

Magnetic flux density (µT/kA)1  75 75 50 

A: rails connected to earth; B: rails and buried return conductors; C: rails and 

return conductors parallel to contact line 

1) Measured under the contact line 1 m above rail head 

Table 11.1 - Electrical characteristics of AC lines (3) 

 Earth reference and earth electrode arrangements  
The conductive soil defines the earth from an electrical point of view, whose electric potential at any 

point is taken conventionally as equal to zero (EN 50122-1). This definition considers earth context 

outside the interferences of electrical installations; it is considered no voltage detected between 

different points of earth; there are no earth currents.  

The return circuit on AC railways, unlike that on DC lines, is connected to the earthing system. The 

earthing system includes large area earth electrodes such as building foundations, bridge and 

viaduct foundations, tunnel reinforcements and piling foundations for overhead contact line poles 

along the track.  

Earth is considering including all types of soil and rock that make up the Earth's external crust and 

contributes for conducting currents. The soil presents a conductivity and resistance to the circulation 

of currents, depending on its physical and chemical properties. The determination of earth resistivity 

with current conduction becomes very complex, because of the huge dimensions of the earth as 

compared to the metallic conductors and the large variation of its characteristics.  

With AC traction systems, the earth is part of the traction current return path due to the inductive 

and resistive coupling with the tracks. Parts of the track return current flow through the connected 

earthing system and through earth; extended area with non-railway installations may be affected by 

the railway system. Installations like pipes, cables and devices in the vicinity of the railway are 

affected by inductive and galvanic coupling.  

Earth electrodes are one or more conductive parts in an electrical type contact with soil. As earth 

electrodes could be considered using metallic or steel reinforced structures, even they are other 

primarily purposes, e.g. foundations for buildings and poles. This requires early project planning to 

ensure provision of adequate electrical cross bonding and terminals.  

Earth electrodes in a railway installation may include: Contact line support foundations; Earthing 

strips installed parallel to the track; Natural earth contacts, such as metal pipes, cable sheaths, parts 

of steel structures, foundations of buildings but also earthing systems for substation.  

Measures need to be taken to achieve the requirements for electrified lines with high currents loads 

because using the rails together with the earth as return path for the currents are not sufficient to 

achieve the limit of acceptable values for rail potential and interferences.  
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As example, could be used earthing strips made of galvanized steel with an adequate cross section, 

these are buried at least underground for each track; this solution improves the return current 

distribution.  

The electrical characteristics of earth electrodes depend on their design and the electrical 

conductivity of the soil, measured in Ω·m. This value represents the resistance of a cube of soil with 

edge lengths of 1 m between two opposing cube surfaces. (66) 

All devices with purpose to conduct the return current should be connected at low impedance 

(running rails, rail bonds, and other track circuits). Many operators upgrade existing systems using 

cables laid parallel to the running rails, to supplement the return circuit; interruptions to the return 

circuit not permitted.  

The return circuit must conduct the traction and regenerative braking currents, as well as the short-

circuit currents during faults, to the substation, with low impedance. The longitudinal rail voltages 

and the track-to-earth potential are limited by designing to comply the requirements concerning 

permissible touch voltage.  

 AC railways situation 
In AC railways situation, the inductive coupling between all conductors (between rails, earth, contact 

line, reinforcing feeder lines, return conductors, etc.), affects the distribution of return current 

paths. Related to resistive voltage from DC railways, AC situation will have supplementary inductive 

voltage drops. This will be for case of AC power supply system’s functioning at frequency of 16,7Hz 

(e.g. DB and OBB) and also more than double for frequency of 50/60 Hz. 

Together with the feeding sections much longer than DC systems, these conditions lead to 

significantly higher rail potentials, even with lower currents than DC case. To restrict the rail 

potentials to acceptable values, it is necessary to connect the return circuit to earth, that means the 

running rails and additional return conductors along the track and in the substation. Figure 11.1 

shows the connections between the return circuit and the earthed systems for AC railways. This is 

described as details in EN 50122-1.  

 

Figure 11.1 - Simplified circuit diagram of return circuit and earthing of AC traction systems (3)  

As an advantage, in AC situation, the rail-earth potential difference could be decreased by bonding 

other metallic, conducting elements to the rails, eliminating any possibility of affecting people and 

ensuring that the entire system can be switched off safely in case of faults. 
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The use of the running rails for the traction return circuit is sufficient for conventional lines with 

moderate traffic. The inductive interference is tolerable for AC 16.7Hz as well as for AC 50 Hz 

systems  

Additional return conductors on the poles are recommended for increased traffic and power 

demand. They reduce the rail potential and the induced voltage along the line by the half.  

Auto-transformer systems generally allow higher traffic loads and longer substation spacing with 

respect to interference and rail potentials. The complexity of the system, the high-power demand at 

the feeding connection to the high voltage network and operating effort have to be considered. 

Autotransformer systems are often used for high-speed lines in France, Japan and Russia.  

Booster-transformer systems reduce the return currents in the rails and earth by far more than 

return conductors. That is important for regions with high soil resistivity. The voltage drop along the 

line, however, and the insulating sections in the contact line allow only low-power traffic. Therefore, 

booster transformers systems are used only under specific conditions, e.g. in Norway and Sweden.  

 Track return circuits of AC railways  
In AC systems, the rails are also used to provide protection against indirect electrical contact. For this 

purpose, conductive parts are connected to the running rails. 

Depending on the configuration of the return circuit and the cross sections, the percent of the 

current returning via earth will be 5 % to 40 % of the traction current.  

The main configurations of AC systems as traction power supply, shown in Figure 11.2 and Figure 

11.3. For conventional lines, most commonly used is the rail return system (RR). Booster transformer 

(BT) and auto-transformer (AT) systems are used to reduce the return currents through rails and 

earth where high electric currents and difficult of earthing conditions could lead to unacceptable 

interference and rail potentials. In BT systems, the return conductors are connected to the running 

rails at the midpoint between the BT locations. They are almost at rail potential and carry the largest 

part of the return current. AC lines with AT adopt a double or multiple overhead system voltage 

using an energized return circuit known as a negative feeder.  

Considering a perfect situation, outside the autotransformer section currently under load, no current 

should flow through the running rails. However, in practice, studies have established that up to 10 % 

of the load current will flow there.  

 

Figure 11.2 - Track return circuit via running rails (RR) (3) 
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Figure 11.3 - Track return circuit via running rails and return conductor (RRR) (3) 

In simple track return systems Figure 11.2 using the running rails only as the return circuit 30 to 40 % 

of the return current flows through the earth. This proportion can be reduced to 15 to 20 % by 

installing return conductors at the poles as shown in Figure 11.3.  

 AC railways - Protective measures and recommendations 
related to stray current corrosion and return circuit 

Additional return conductors on the poles are recommended for situations with increased traffic and 

as consequences power demand. They reduce the rail potential and the induced voltage along the 

line by the half. 

The use of the running rails for the traction return circuit is sufficient for conventional lines with 

moderate traffic. The inductive interference is tolerable for AC 16,7Hz as well as for AC 50 Hz 

systems. 

For all types considered of electrified lines, the use of protective measures are needed. Using a 

special return circuit for the power supply is especially important for busy passenger lines and for 

freight dominated routes where traffic is expected to increase in the next period. For secondary/ 

rural lines, the return circuit will have a major importance in reducing maintenance costs and 

increasing the life of the power supply system. 

The rails, installed on sleepers, which in turn are placed on ballast, the sub-ballast, sometimes an 

insulating layer and finally, the earth. A concrete slab permanent way is an alternative to sleepers 

and ballast. A high track-to-earth resistance found in cases where new track is laid with well-

insulating ballast, ex. on dry sandy soils, or where the rails are specifically insulated from the 

sleepers. In most cases, however, the track-to-earth resistance is such that a part of the return 

current will flow through earth where the soil acts like an electrolyte. For this reason, currents 

leaving the running rails can cause stray current corrosion on metal pipes and other underground 

metallic installations near locations of railways lines. As example from experimenting, metal masses 

eroded by a current of 1 A within one year is 9.1 kg for iron, 33.4 kg for lead and 10.4 kg for copper.  

The objective of protective provisions against the effects of stray currents is to avoid the danger of 

corrosion on third party and railway-owned installations; it is necessary to identify and remove earth 

faults in the return circuit in time (EN 50122-2, VDV 500, VDV501, (67) and (11), to avoid a reduction 

of the installations' service life.  
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A low longitudinal voltage drop in the return circuit and good insulation of the running rails against 

earth are the most significant factors in limiting the stray currents. Since the longitudinal voltage 

drop depends upon the distance between substations and the resistance of the return circuit, stray 

current protection also influences the required number of substations and, as consequence project 

costs.  

The protective measures against stray currents are necessary to protect third party installations, 

railway-owned steel-reinforced tunnel and viaduct structures and steel reinforced track bed or 

similar rail fastening techniques.  

Passive protection involves coating the relevant metal installations with an insulating material or a 

corrosion-resistant metal.  

Active protective measures involve implementations in the systems for supply of railway traction 

energy: 

 Reducing the distance between substations.  

 Reducing the length of the track return system by moving the track return connection away 

from the substation.  

 Reducing the conductance per unit length between running rails and earth. 

 Reducing the resistance per unit length of the current return system. 

 Installing parallel reinforcing return lines, i.e. conductors running parallel to the track and 

connected with the rails at short intervals.  

In some cases, active cathodic protection adopted. The cathodic protection principle means 

preventing anodic reactions on the metal protected: direct diversion of stray currents from earth-

buried metallic installations to the tracks, recommended when currents would also flow to the 

tracks without bonding and directional stray current diversion with a rectifier or a diode, also called 

polarized drainage. 

The criterion of 100 mV in EN 50 122-2, which is also applied for the assessment of cathodic 

protection, has proved to be an effective method for the assessment of the stray current impact 

which can also be checked in a simple way. This criterion indicates that is no danger of corrosion for 

steel-reinforced structures or other metallic conductors, laid in contact with earth, if the average 

value of the changing potential per hour, during periods of highest traffic, does not exceed 100 mV. 

Stray current monitoring is a strategy of detecting earth connections in due time thus avoiding 

corrosion by locating the fault and eliminating it. (68)  

The maximum longitudinal voltage occurring between any two points in the infrastructure depends 

upon the following parameters (see EN 50122-2, VDV 500, VDV 501 Part 1-3): length of a supply 

section; resistance of the tracks; resistance of the tunnel structure. (69)  

 Optimum number of sub-station and feed points 

11.6.1 High-speed and heavy-duty railway lines 
High-speed and heavy-duty railway lines, e.g. underground and metropolitan railway lines with short 

headways between trains, have different characteristics of power loading for traction than of 

general railway traffic. Loading power like impulse on contact line installations characterizes these 

types of railway. From experiments, the specific energy demand of high-speed railway lines can be 

as high as 1 to 1.3 MW /km but for heavy-duty railway lines as high as 1.7 to 2.5 MW /km; values for 



D3.4. Modular packages of component grades 
and design specifications for new installations of 
power infrastructure tailored to traffic and 
operational needs. 

 
 

NeTIRail-INFRA 
H2020-MG-2015-2015 GA-636237 

2016/11/30 

 

NeTIRail-INFRA PUBLIC Page 104 
 

double-track lines. The load current per unit length can be used as an acceptable basis for estimating 

the required substation capacity. (62) 

11.6.2 Maximum train currents 
In order to achieve compatibility between traction power supply and rolling stock for interoperable 

lines in the European railway networks the standard EN 50 388 specifies maximum allowable train 

currents including auxiliaries consumers. The levels apply both in tractive and regenerative modes. 

The trains need automatic devices that adapt the level of power consumption depending on the 

overhead line voltage in steady-state operation. 

11.6.3 Short circuit loads 
Short circuits in contact line installations are caused by damage or faults in the insulating 

components installed between conductive components having different electric potentials. The main 

reasons for faults are ageing material and physical damage to insulating components as well as over 

voltages and pollution deposits leading to insulation breakdown or arcing. Sustained short circuits 

are most frequently the result of operational errors, e.g. not removing earthing and short-circuiting 

equipment before switching on the power supply, or electric traction vehicles entering earthed 

contact line sections. 

Short circuits lead to high mechanical and thermal stresses in the affected electric installations. 

Energy supply cuts and dangerous situations may result. To select the components, especially circuit 

breakers and set up protective equipment correctly, knowledge is required on the magnitude of the 

expected short-circuit currents. Short circuits in railway installations can also induce dangerous 

voltages in cables and metal structures parallel to the railway line. 

In an AC contact line system, any earth connection will constitute a short circuit. In Table 11.2 taken 

from EN 50 388 typical data for short circuit currents are listed. The data depend on the type of 

power supply and are considerably higher in DC and AC 15kV 16.7Hz systems than in AC 25kV 50Hz. 

Power supply system Substations connected in 
parallel (Y/N) 

Short - circuit current 

AC 25kV 50Hz N 15 

AC 15V 16,7Hz Y 40 

DC 3,0kV Y 50* 

DC 1,5kV Y 100* 

DC 0,750kV Y 100* 

* EN 50 123-1 

Table 11.2 - Maximum contact line - short circuit currents according to EN 50 388  

 Neutral sections 
Neutral sections usually represent an earthed section of wire which is separated from the current 

feeding wires, on either side, by insulating material, for example using ceramic beads. This is 

designed for the pantograph to run smoothly between the two electrified sections. 

In order to subdivide the contact line installation into different electrical sections or circuits must be 

used electric isolations. In stations and at speeds up to 160 km/h, sectioning devices or section 

insulators are used for this purpose. For speeds, above 160 km/h, special insulated overlaps are 

provided in the overhead contact line. 
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Neutral sections are designed to fulfil the following:  

 Help maintenance process, allowing inspection and repairing when is needed, for sections of 

the overhead line without to turn off the entire system – this is the case of section break; 

 Isolates power supply sections from different power supply stations, avoiding mixing power 

supply characteristics; prevent the risk of phase supplies mixing – this is the case of phase 

break. 

11.7.1 Section insulator 
For transition through break section, the locomotive's pantograph should be in continuous contact 

with the wire. This is accomplished by two contact wires running in parallel to each other over a 

specified length: a new one dropping down and the old one rising up until the pantograph smoothly 

transfers from one to the next section. The two wires are not in electrical contact even if the 

pantograph is briefly in contact with both wires. In normal service, the two sections are electrically 

connected to different substations with different electrical parameters. 

The pantograph may have problems to run through a section break when one side is de-energized. 

The locomotive would then become trapped, but most dangerously, if it passes the section break, 

the pantograph will make short circuit with the two catenary lines together. If the opposite line is 

de-energized, this voltage transient may supply this line. If the line is under maintenance, personnel 

injury may occur as the contact line and catenary are suddenly energized. Other negative effect is 

the arc generated across the pantograph which will cause damage to the pantograph and/or the 

catenary insulator. 

In the Figure 11.4 is showed an example of short neutral section with insulation.    

 

Figure 11.4 – Neutral section insulator  

11.7.2 Phase separation 
On a larger electrified railway it is necessary to power different section of track from different power 

grids, the synchronisation of the phases cannot be guaranteed, even if they are designed for the 

same phase.  
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Another situation is when the sections are powered with different voltages or frequencies. It is 

recommended not to connect two grids supplied from different sources. For this situation, a phase 

separation break technique is used.  The locomotive will pass from one grid to another not 

disturbing any one section; this separation will ensure that the two grids cannot be connected to 

each other.  

Neutral sections as phase separation are necessary in the following situations: 

 Areas with different energy supply systems, e.g. between DC 3 kV and AC 25 kVac/ 50 Hz or 

AC 15 kVac/ 16.7 Hz; 

 Feeder sections with different phases, e.g. feeder sections in AC 25 kV networks, which are 

supplied from different phases of the national public power grid. From this situation, this 

neutral section design is known as phase separation; 

 Feeder sections that can have different phases, e.g. to isolate overhead contact line sections 

that are fed from de centralized converter stations; 

 Continuously earthed overhead contact line sections e.g. under structures against energized 

overhead contact line sections.  

The neutral earthed section has to prevent any arc being drawn from one live section to the other. 

As preventive measures against the risk of an arc being drawn when passing the phase separation 

neutral section, the train must be coasting and the circuit breakers must be open. In many cases, this 

is done manually by the driver and warning boards have to be installed before the neutral section. 

Attention board have to be provided, after the neutral section, to indicate the driver to close the 

circuit breaker.  

The neutral sections will become very important for busy passenger lines where the designs should 

deal with many substations used for feeding the power traction of the trains. 

 Overhead Line Disconnectors  
Overhead line disconnectors isolate or connect overhead line sections, circuit groups or sections of 

traction power lines. Overhead line disconnectors consist of a fixed and a moving contact as shown 

in Figure 11.5, which could be operated electrically or manually. They are mounted on pole cross-

arms              
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Figure 11.5 - Overhead contact line disconnectors for AC 15 and 25 kV with composite insulators for 

load currents up to 2 500 A (Siemens 8WL6127-0F)  

The disconnector devices should comply with the requirements for AC systems stipulated in EN 

50152-2. They need function for the rated current and rated voltage of the system. Disconnectors 

are not designed as load interrupters, but in overhead contact lines, they should be suited to 

interrupt rated operational currents for a number of switching cycles. After reaching this number of 

cycles, the arcing horns checked and replaced in case of severe burn off. (70) (71) 

 Overhead line insulators and insulating materials 
Insulators devices need to separate energized components of the contact wire and traction power 

lines from each other and from earth. They support mechanical and electrical loading resulting from 

the energized system and, therefore, have to satisfy both electrical and mechanical requirements. 

Insulators have to support to tensile stress in suspended and dead-end positions; need to withstand 

compression and bending loads in cantilevers.  

Using insulating materials - Porcelain, glass, cast resin and glass-fibre reinforced plastic with or 

without polymeric sheath are employed as insulating materials for insulators in overhead contact 

line systems.  

The insulators made by porcelain consist mainly of hard porcelain of group C 120 in accordance with 

EN 60 672-1, which is composed of china clay, feldspar and aluminium, formerly used quartz 

porcelain is no longer employed for high-performance insulators. The quality of the porcelain is 

largely dependent upon the uniformity of the mineral composition within the insulator and depends 

by the manufacturing process, especially by heating process. Porcelain is employed for long-rod 

insulators, for line post and for cap-and-pin insulators.  

Porcelain insulators are widely used due to their high mechanical strength, chemical and heat 

resistance and their favourable electrical properties. The aluminium oxide porcelain used today 

avoids the disadvantages of quartz-porcelain used earlier and achieves high strength.  (72)  

Plastic insulators of various designs manufactured from cyclo-aliphatic epoxy resin and polyurethane 

cast resin (CEP and PUR), from PTFE (Teflon) and silicone rubber are also employed. UV resistance 

and stability against climatic impacts are required for outdoor applications.  



D3.4. Modular packages of component grades 
and design specifications for new installations of 
power infrastructure tailored to traffic and 
operational needs. 

 
 

NeTIRail-INFRA 
H2020-MG-2015-2015 GA-636237 

2016/11/30 

 

NeTIRail-INFRA PUBLIC Page 108 
 

Plastics allow a higher degree of shaping flexibility in comparison to glass and porcelain, which 

permits a high level of dimensional stability and the inserting of fastening elements but leakage 

currents represent a disadvantage.  

While porcelain and glass insulators are brittle materials that are impact-sensitive, plastic insulators 

are tough. They are vandal resistant and facilitate transport and installation due to their low weight.  

Composite insulators with glass fibre reinforced cores manufactured in accordance with EN 50 151 

from cast resin and sheds made from various materials, e.g. PTFE or silicone rubber, are suitable for 

higher voltages and high mechanical loads.  

The use of glass fibre reinforced plastic cantilevers in urban mass transit installations over the last 30 

years has been a positive experience (8). 

As an important characteristic, insulators have to be suitable for regions with high pollution. IEC 60 

433 standard deals with bodies of insulators which are manufactured from porcelain and consist of 

glazed porcelain material, and are provided with cast connection fittings at either end.  

Erosion effects and early ageing can occur on moist and polluted plastic insulators due to 

electrostatic partial discharges. The degree of pollution on contact line systems is more severe due 

to mixed traffic with diesel traction, which left corrosive substances that react aggressively in the 

atmosphere. The resulting lead to increased conductivity of the electrolyte process increase the 

creation flashovers discharges. 

The service life of modern porcelain insulators without flashovers is estimated to be 50 to 60 years. 

Failures of glass insulators are determined by their greater sensitivity to arcing and temperature 

changes compared to porcelain. (66) (73) (74) 

In local-area lines, the contact lines are mainly fed at both ends via rectifier substations, ensuring 

adequate distribution of the peak currents when trains are accelerating and braking.  

The contact line disconnectors and section insulators should be located in the immediate vicinity of 

the substation to keep the feed cables to the contact line sections as short as possible. The double-

end feed method has proven to be reliable, is no necessary to install contact line section insulators 

with disconnectors at the middle of each feed section; section insulators can be installed where it is 

desirable to maintain services on one track in case of a fault as contact line damage. Section isolation 

installations of this kind should be equipped with remote-controlled for contact line disconnectors 

for faster response in the event of a fault. Occasional overcurrent relay tripping cannot be avoided 

when trains are run at sight. For this reason, all contact line circuit breakers should be equipped with 

devices capable of distinguishing between operating overcurrent and short-circuit currents. With the 

increasing development of traction vehicles able to feed braking energy back into the network, 

voltages exceeding the nominal traction voltage will occur frequently, meaning that the insulation of 

the contact line installations must be designed to cope with these increased voltages. 
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12 Restrictions from environmental influencing 
factors 

Considering lifetime operation, contact line systems are subjected to electrical and mechanical loads 

resulting from electric voltage and currents and climatic environment, all elements of this system 

should withstand these effects electrically and mechanically with sufficiently high reliability. 

Environmental and external factors such as ambient temperature, wind velocity and wind loads, 

lightning strokes etc. have a major influence on every overhead line system. 

 External influencing factors 

12.1.1 Climatic temperature requirements for designing new lines  
In the design of contact line systems, the climatic conditions applicable for the respective areas have 

to be observed. The standard EN 50 125-2 gives guidelines for limits to be considered.  

From the point of view of the ambient temperature in most European countries, the contact line 

systems must be designed to operate in a range of from -30°C to 40°C for. Temperature 

requirements are not difficult to respect because, for all the components functioning in outdoor 

environment are applicable industrial levels of temperature: -400C – 850C, even from designing 

stage.  

Equipment of outdoor systems in the housings (e.g. local control facilities) should not suffer 

irreversible functional damage between -350C and +700C according to EN 60 529. These statements 

apply to altitudes up to 1200 m above sea level.  

Temperature effects are considered also variable action on foundations and supporting structures. 

12.1.2 Wind velocities and wind loads 
The design of contact lines with respect to wind loads involves to two main aspects: verification of 

serviceability, avoidance of pantograph de-wiring caused by wind deflected contact wire; reliable 

design of structural elements to withstand the wind loads which possible during the life time of the 

installation.  

The lateral deflection of contact lines is generally caused by wind pressure, which could lead to the 

pantograph de-wiring under extreme conditions; contact lines must be designed for particular wind 

velocities. The magnitude of the wind velocities, for new designs, could be taken from EN 50 125-2 

or from statistics from national authorities and railway companies.  

In the EN 50125-2:2002 standard are defined next four wind classes, with wind velocities of 24.0m/s, 

27.5m/s, 32.0m/s and 36.0m/s.  

In planning the sag, tension and clearance to ground of a given span, a maximum stress is selected. 

Later, it is aimed to have this stress developed at the worst probable weather conditions: minimum 

expected temperature, maximum ice loading and maximum wind. 

Wind speed and wind loads on contact lines could be separated on two aspects:  

 Structural elements, which have to be reliable. Designing of these components, need to consider 

withstanding the extreme wind loads, which will occur, even with low probability, during the 

lifetime of the power supply system.  
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 Maintenance and serviceability operations with objective to avoiding faults and excessive 

wearing, as example avoidance of pantograph de-wiring caused by wind. 

Wind loads for lifetime of structural elements are determined from wind velocities, which vary in 

time and location. In accordance with EN 50125-2002 the value of Vref;0.02 represents 10-min-

averages having a yearly probability of occurrence of 0.02 corresponding to a 50 year return period 

and apply to open fiat terrain with low obstacles and at 10 m height above ground. The wind velocity 

increases with the height above ground according to Equation 12.1; for viaducts or bridges need 

consider the relevant height above ground. 

𝑉𝑧 = 𝑉𝑟𝑒𝑓(𝑧
10⁄ ) Equation 12.1 

 

The Vref is the wind speed at 10 m above height, Vz the wind velocity at height z (m) and α is the 

roughness parameter depending on the terrain category.  

If the site concerned is located on high viaducts or bridges, the wind velocities to be used should 

consider the relevant height above ground. 

Meteorological measurements of wind velocities may be evaluated in accordance with IEC 60 826 

which applies to transmission lines. This standard and EN 50125-2 distinguish between four terrain 

categories:  

Category A: extended water surfaces in wind direction, fiat coastal areas and deserts (α = 0.12).  

Category B: open terrain with very few obstacles, e.g. farmland with few trees and buildings (α = 

0.16).  

Category C: terrain with numerous small obstacles like hedges, trees and buildings (α = 0.20).  

Category D: suburban areas with more or less densely arranged buildings and/or many trees (α = 

0.28).  

Taking in consideration the four terrain categories for needed calculation on the new power supply 

designs, it is indicated to use following correlations. For the crowded passenger lines, will be used 

coefficients from D category as mainly but could be used also and C category. For the freight 

dominated lines, considering the specificity of this type of lines as moving goods on long distances, 

should be taken in consideration all the terrain categories. In this regard need to be calculated wind 

loads for every different section travelled by the lines.  

As in practice, an average height of z = 6.0 m is normally considered for the overhead contact line, 

resulting a coefficient as value (6/10)0·16 = 0.92 for open terrain.  

Germany, according to DIN 1055 - 4:2005, contains wind zones: W1 (22.5 m/s); W2 (25 m/s); W3 

(27.5 m/s); W4 (30 m/s). 

France, according to NF EN 1991-1-4:2005, contains wind zones: W1 (22 m/s); W2 (24 m/s); W3 (26 

m/s); W4 (27.5 m/s). 

Spain contains wind zones: W1 (24 m/s); W2 (28 m/s). 

In many cases, railway entities specify design data for wind velocities based on their experience but 

differing from current standards.  
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According to EN 50 119, for maintenance and serviceability could be considered a return period of 3 

to 10 years is applicable; the contact line lateral deflection is considered part of serviceability 

operations. According EN 50125-2, the reference wind velocity Vref; 0.02 may be multiplied by 0.80 or 

0.89 to obtain the Vref; 0.33 (three years) and Vref; 0.1 (ten years) data. (7) 

Another element, very important, when considering designing of the power supply systems, 

especially for overhead contact line system (OCS), is the dynamic wind pressure qz measured in 

N/m2, acting on the elements of overhead contact lines at the height z; it is determined by:  

𝑞𝑧 =
𝜚

2⁄ ∙ 𝐺𝑞 ∙ 𝐺𝑡 ∙ 𝑉𝑧
2 

 

 Equation 12.2 

 

In this equation, represents air density and has value of 1.225 kg/m3 at 15 0C and at 0 m altitude. 

Gq is the gust response factor as defined in EN 50 119. For overhead contact lines with heights 

around 10 m, the Gq is 2.05. In many countries, requesting for the dynamic wind pressures qz exist 

and include the gust response factor.  

Gt is the terrain factor taking into account the protection of lines, e. g. in cuts, cities or forests. In 

open terrain Gt should be taken as 1.0 (EN 50119) and for protected sites Gt can be selected 

between 0.75 and 0.89.  

Vz is the reference wind velocity in m/s, at z height in meters above ground, averaged over 10 

minutes, having a return period of 50 years for structural elements analysis and 3 to 10 years for 

verifying the serviceability and maintenance planning (Equation 12.1).  

For other values of temperature and altitude, the relevant air densities could be calculated from  

𝜚 = 1,225 ∙ (288
𝑇⁄ ) ∙ 𝑒𝑥𝑝(−1,2∙10−4∙𝐻) 

 

Equation 12.3 

In this equation, T is the absolute temperature in K and H is the altitude in m.  

In many countries stipulations for the dynamic wind pressures qz exist which take into consideration 

the gust response factor and the given wind conditions. This data can also be used for the design of 

overhead contact lines.  

The wind load per unit length acting perpendicularly on a conductor or wire can be obtained from  

𝐹𝑤
′ = 𝑞𝑧 ∙ 𝐺𝑐 ∙ 𝐶𝑐 ∙ 𝑑 

 

Equation 12.4 

In this equation qz is the characteristic dynamic wind pressure in N/m2 according to  Equation 12.2,  

Gc is the structural response factor for conductors taking into account the response of movable 

conductors to wind load. The factor Gc can be determined according to experience. A widely 

accepted value is Gc = 0.75;  

d is the diameter of the conductor in m;  

Cc is the drag factor of the conductor; Cc is 1.0 according to EN 50119.  

The wind force on an insulator and line fittings acts at the attachment point to the support in wind 

direction and is equal to  
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𝑄𝑖𝑛𝑠 = 𝑞𝑧 ∙ 𝐺𝑖𝑛𝑠 ∙ 𝐶𝑖𝑛𝑠𝑐 ∙ 𝐴𝑖𝑛𝑠 Equation 12.5 

In this equation, qz is the characteristic wind pressure in accordance with Equation 12.2,  

Gins is the structural resonance factor for insulator sets; it can be taken as 1.05;  

Cins is the drag factor for insulators, be taken as 1.2;  

Ains is the area of the insulator projected horizontally on a plane vertically to the axis of wind action.  

Wind condition as EN 50125-2 W1 low W2 

normal 

W3 heavy W4 

special 

Wind velocity Vref;0,02 - V10;0,02 10 m above ground  m/s  24,0  27,5  32,0  36,0-  

Reference wind velocity V6;0,02 6,0 m above ground  m/s  22,1  25,3  29,5  33,2  

Wind velocity V6;0,1  m/s  19,7  22,5  26,2  29,5  

Wind pressure qz  N/m2  487  636  862  1095  

Wind pressure GC · qz  N/m2  364  477  647  821  

Table 12.1 - Wind velocities and wind pressures according to EN 50 125 -2  

In Table 12.1 wind loads acting on components of contact lines are listed for low, normal, heavy and 

special wind conditions according to EN 50125-2 and a return period of 10 years as recommended 

for serviceability studies. For open terrain Gt = 1.0, Gq = 2.05, Vref;0.1 = 0.89 (Figure 5.10), Cc = 1.0 and 

 = 1.225kg/m3. The wind pressure qz is obtained from Equation 12.2 and Equation 12.3.  

Component Application 

 

Cross 

Section 

Diame

ter 

Drag 

factor 

Wind load  

Velocity V6; 0.1;  6 m above ground  

A d CC 4) 19,7 22,5 26,2 29,5 

mm2 mm - N/m N/m N/m N/m 

AC-80  Contact wire  80  10,6  1,0  3,87  5,05  6,85  8,69  

AC-100  Contact wire  100  12,0  1,0  4,39  5,72  7,76  9,83  

AC-107  Contact wire  107  12,3  1,0  4,50  5,86  7,95  10,08  

AC-120  Contact wire  120  13,2  1,0  4,82  6,29  8,53  10,82  

AC-150  Contact wire  150  14,8  1,0  5,41  7,06  9,57  12,13  

2 x AC-80  Contact wire  80  10,6  1,8  6,97  9,10  12,33  15,64  

2 x AC-100  Contact wire  100  12,0  1,8  7,89  10,30  13,96  17,70  

2 x AC-107  Contact wire  107  12,3  1,8  8,09  10,56  14,31  18,14  

2 x AC-120  Contact wire  120  13,2  1,8  8,68  11,33  15,36  19,47  

2 x AC-150  Contact wire  150  14,8  1,8  9,74  12,70  17,22  21,83  
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Component Application 

 

Cross 

Section 

Diame

ter 

Drag 

factor 

Wind load  

Velocity V6; 0.1;  6 m above ground  

A d CC 4) 19,7 22,5 26,2 29,5 

mm2 mm - N/m N/m N/m N/m 

Wire 10 x 491)  Dropper  10  4,1  1,0  1,50  1,95  2,65  3,36  

Wire 16 x 841)  Dropper  16  5,1  1,0  1,86  2,43  3,30  4,18  

Wire 251)  Stich wire  25  6,3  1,0  2,30  3,00  4,07  5,16  

Wire 351)  Stich wire  35  7,5  1,0  2,74  3,58  4,85  6,15  

Wire 501)  Catenary wire  50  9,0  1,0.  3,29  4,29  5,82  7,38  

Wire 701)  Catenary wire  70  10,5  1,0  3,84  5,01  6,79  8,61  

Wire 951)  Catenary wire  95  12,5  1,0  4,57  5,96  8,08  10,24  

Wire 1201)  Catenary wire  120  14,0  1,0  5,12  6,67  9,05  11,47  

ACSR2) 185/30  Feeder lines  183,8/29,8  19,0  1,0  6,94  9,06  12;28  15,57  

ACSR2) 240/40  Feeder lines  243,0/39,5  21,8  1,0  7,97  10,39  14,09  17,87  

ACSR2) 300/50  Feeder lines  304,3/49,5  24,5  1,0  8,95  11,68  15,84  20,08  

AAC3) 240  Feeder lines  240  20,3  1,0  7,42  9,68  13,12  16,64  

AAC3) 625  Feeder lines  625  32,7  1,0  11,95  15,59  21,14  26,80  

AC- 80+CA 50  Contact line  80/50  -  -  8,24  10,75  14,57  18,47  

AC-100+CA 50  Contact line  100/50  -  -  8,83  11,51  15,61  19,79  

AC-107+CA 50  Contact line  107/50  - -  8,95  11,68  15,83  20,07 

AC-120+CA 70  Contact line  120/70  -  -  9,96  12,99  17,62  22,34  

AC-120+CA 120  Contact line  120/120  -  -  11,43  14,91  20,~2  25,63  

AC-150+CA 95  Contact line  150/95  -  -  11,47  14,97  20,29  25,73  

AC-150+CA 120  Contact line  150/120  -  -  12,10  15,79  21,41  27,14  

1) Made of bronze or copper; 2) ACSR aluminium conductor steel reinforced; 3) AAC all aluminium conductors  
4) According to EN 50119, clause 6.2.4.3  

Table 12.2 - Wind loads per unit length of components of overhead contact lines for wind velocity 

V6; 0.1 that means 6 m above ground. Wind conditions according to EN 50125 -2 for open terrain 

The wind load on contact line systems in Table 12.1 was obtained by adding the wind loads on the 

main components and multiplying the result by 1.15 to take into account the effects of clamps, 

droppers, stitch wires, warning balls etc. 
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12.1.3 Corrosive substances 
Aggressive dust, vapours, gases and extreme levels of humidity can cause rapid contamination of 

insulators and increased wear of components in contact line installations, particularly when several 

substances are combined. These active airborne substances may occur in the vicinity of production 

facilities which emit such substances and near the sea. These factors must be accommodated in the 

design of contact line systems.  

12.1.4 Lightning voltage surges 
Lightning striking the contact line and the overhead line installations can cause flashovers at the 

insulation leading to damage. From measurements, it is approximately that one lightning stroke per 

100 km of contact line in a year can be assumed in Central Europe. The probability of lightning is 

highly variable and also differs according to location.  

A direct lightning stroke on an overhead contact line will cause lighting voltage surges.  

Indirect lightning voltage surges occur as lightning discharges when an overhead contact line lies in 

the electric field. When a thunderstorm approaches, electromagnetic field are induced in the 

overhead contact line. The negative charges are flowed to earth through the discharge resistance of 

the numerous parallel contact line insulators and the positive charges are kept by the field emitted 

by the cloud. If a cloud then discharges in the vicinity of an overhead contact line, the charges are 

released in this line and are propagated as a travelling wave along the overhead contact line. The 

indirect lighting overvoltage impulse is lower in magnitude and rise more slowly than a direct 

lightning stroke.  

In overhead contact line installations, impulse voltage limiting can be achieved by over-voltage 

protection devices. The most important over voltage protection device is the valve-type arrestor. 

Since only limited protection is possible with over voltage protection devices, they are not used for 

economic reasons unless an extreme frequency of lightning exists. 

Protection measures against the effects of lighting strokes are very important for any category of 

railway line, and also for the categories identified in project. Unlike the selection of components and 

elements that will be introduced in design and used for the entire length of the line, for protection 

devices analyzed, their presence in the electrical installation component is not uniform and not 

necessary anywhere. Further studies are needed to indicate places and situations where they are to 

be installed. This is because only certain areas and equipment must be protected. These zones are 

defined by their high altitude routes traveled by railroad, no buildings or trees in the immediate 

vicinity which will be able to protect railway electrical component with their height. 

12.1.5 Icing, anti-icing and de-icing of railway contact wires 
In addition for previous climatic influences, the contact line installations can take an additional load 

from ice accretion. Therefore, these ice loads must be taken into account in the new design of 

overhead contact line system. 

Studies of thermo- physics of the environment give a great importance to researching of the 

mechanisms of icing and anti-icing. These researches are basics for design of the transmission line 

for power supply systems.  

The icing of overhead wires is mainly influenced by micro-climate and micro-terrain. The size, rigidity 

and shape of the wires may also affect the icing thickness and density.  
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Micro-climate includes the next factors: temperature, wind speed, wind direction, and liquid water 

content in the air (LWC). These parameters are useful in the prediction model of icing. They can be 

acquisitioned through specialized sensors and their values can control the flow and heat transfer in 

icing and de-icing processes. 

Micro-terrain includes next elements:  altitude of the wire, topography of the local area, water 

presence in the region and water distribution, etc. Their major functions are to affect in heterogenic 

way and will cause different icing phenomenon; results can be used in modelling as historical and 

statistics range values. 

Temperature is the main influencing factor of icing. Generally, the temperature of icing is always 

below 00 C. However, if it is too cold (below -100 C), icing won’t occur.  

Ice layers with a thickness up to 10mm may form on the conductors of overhead traction lines same 

manner as public power supply overhead transmission line conductors. Ice accretion affects the 

operation only where the headway between trains with pantographs in contact is more than 15 min 

(e.g. lines without traffic during the night can accumulate ice of magnitude that would result in 

disturbing effects). (66) (75) 

 

Figure 12.1 - Icing of overhead contact wire (4) 

Negative effects of contact lines when icing are presented in following with details in D3.2 and D3.3 

deliverables: 

 Quality and performance of the contact wire are decreased because the ice weight added to 

the contact will increase the tension of the wires. 

 Divergences of the contact wire which are caused by the changed shape of cross-section 

after icing. 

 Icing will cause electric arches when ice covers the contact wire and will reduce the 

conductivity at contact point between the contact wire and the collect strip. 

 Icing could cause the insulators to flashover because of thickness of icing which will be 

melted on pantograph. 

 Icing leads to large balance of the contact wire; the balancing amplitude could have from 

few centimeters to tens of centimeters and could cause large amounts of damage to 

equipment. 
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Due to the added burden of ice or reducing contact between the pantograph and contact line 

because the intermediate layer of ice, power cables were damaged or destroyed in numerous 

occasions. 

Studies of thermo-physics of the environment give a great importance to researching of the 

mechanisms of icing and anti-icing. These researches are basics for design of the transmission line 

for power supply systems.  

The icing loads follow statistical conditions that are presented IEC 60 826 and EN 50 341-1. In 

contact line design, ice load references are often made to the requirements for overhead 

transmission lines, such as EN 50 341-3-4. Related to these, ice load can be obtained from:  

𝐺𝑖𝑐𝑒
′ = (𝐺0 𝑖𝑐𝑒

′ + 𝑘𝑑𝑑) (𝑁
𝑚⁄ ) 
 

Equation 12.6 

In this equation, d is the conductor diameter in millimetres,  is 5 to 20 N /m and  = 0.1 or 0.2 

or 0.4N / (m · mm), depending on the ice load zone.  

 Influences of wind and ice combination  
Speed of wind is an important factor of icing because of it characteristics to decrease atmospheric 

temperature. It will create ice when the cooled water droplets touch the wire surface. The wind 

sends the cooled water drops to the wire surface; the wind speed also affects the heat transfer in 

the process of icing.  

Therefore, the higher the speed of wind is, the more cooled water drops can touch the wire surface; 

the more easily the latent heat released in the process of icing to be lost, and the more icing on the 

wire surface. 

Direction of wind also has certain influence on icing. The wind direction mainly affects the 

effectiveness of super cooled water drop delivery. If the wind direction is perpendicular to the wires, 

the delivery is the most effective; if the wind direction is parallel to the wires, the delivery is the 

least effective, hence less icing. 

According to Standard EN 50 341-1, wind action on ice-covered conductors increase mechanical 

loads. For this reasons mechanical loading on conductors and supports should be re-considered 

when ice formation is reinforced by wind action. 

When combined actions of wind and ice load need to be considered for new designs it may be 

assumed that 50 % of the wind load acts on structures and equipment. The unit weight force of the 

ice may be taken as 7 500 N /m3, when the aerodynamic drag factor as 1.0. The equivalent diameter 

D1 in meter of the ice accretion may be calculated from:  

𝐷1 = √𝑑2 +
4𝐺𝑖𝑐𝑒

′

(𝜋 ∙ 𝜚1)⁄  

 

 

Equation 12.7 

In this equation, d is the conductor diameter without ice measured in meter and  is the charac-

teristic ice load measured in N /m.  

Conclusions related to ice accretion: 
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 The wind speed has important influence on icing; when the wind speed is higher, the ice will 

become high density. 

 Temperature air increasing leads to increasing ice density but decreasing ice thickness. 

 Ice type begins to change around -4 0C. When the temperature is higher than -4 0C, large 

mixed glaze ice or glaze ice will form; when the temperature is below -4 0C, rime ice will 

form. 

 The type of the ice is influenced and affected by air temperature but not influenced by wind 

speed; the wind speed will lead to the increasing of adhesion of the ice to contact wires; 

 Solutions for minimizing negative impact 
Methods used for de-icing and/or anti-icing are: manual ice removal, thermal de-icing of contact 

line, chemical ice removal, electrical resistive de-icing technology. These methods are presented 

more detailed on deliverables D3.2 and D3.3. 

Manual de-icing - The result is ice removal from a limited span length, near the strokes. Removing 

snow and ice using human force or machines, as help is still the simplest but primitive method 

because it is a time-consuming, inefficient and unsafe operation (Figure 12.2 and Figure 12.3).  

 

Figure 12.2 - Manual de-icing from a mobile platform (1) 

Another solution followed today by few railway operators is using vibrating pantographs as a 

technique to remove ice accretion. The collector strips of special pantographs cause the contact wire 

to vibrate. The locomotives used for this purpose run with a speed of 40 to 80 km/h and are 

effective for few millimetres thin surface of ice. (76) (77) 
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Figure 12.3 - Manual de-icing from ground (78) 

Chemical techniques – chemical solution applied means applying the de-icing agents to contact 

wires, creates some environmental pollution with chemicals, and should be taken in consideration. 

In addition, coating the contact wires by chemical substances has proven to be uneconomic due to 

the high labour effort and the short period of efficiency. 

Electrical techniques - Electrically circuits are modelled depending by the regional climatic 

conditions. In regions with frequent and thickness ice formation, e.g. northern regions of Europe and 

Russia, the spacing between substations are designed to optimise additional heating power of the 

de-icing circuits. 

 

Figure 12.4 - Minimum required current for ice melting on contact wire AC -120 CuMg0.5  

There are two electrical techniques used for controlling ice accretion:  

 Overhead contact line is pre-heated; the current is increased to a value corresponding for a 

contact wire temperature at least 2 °C, avoiding ice adhesion; considered this, is necessary a 
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current of 1 to 3.5 A/mm2 as section contact line, depending on the weather conditions. The 

process starts when the weather conditions promote the formation of ice accretion. This 

method not influences the schedule of trains as their services could continue. Figure 12.4 

shows pre-heating currents flow for contact wire AC-120 and CuMg0.5. (79) (80) 

 De-icing method through melting of ice accretion; this is carried out applying current 

densities from 3.5 up to 8 A/mm2. This permits a return of the normal train operations 

within one hour. Current selection values time for melting are influenced by ice thickness 

and density, ambient temperature and wind speed. The melting starts, as efficiently, with an 

ice thickness of three to five millimetres defined by ice parameters. After removal of the ice 

accretion, an additional period is required to dry out the contact wire surface.  

For good efficiency, it is necessary monitoring equipment which could provide the real-time 

information about temperature of contact lines in many points. The systems created in the NeTIRail-

INFRA project have these capabilities for secondary lines because of low cost. In this way, the 

consumed current could be optimised at maximum. 

It is also necessary to consider the current carrying capacity of all the other supplying equipment, 

e.g. disconnectors, current transformers, cables and electrical connections.  

The procedures of de-icing through the electric connections are mainly used in the northern parts of 

Russia, in Scandinavia, in France and in the Netherlands. German railway DB heats and pre-heats the 

contact line of the high-speed line Cologne - Frankfurt when weather conditions are favourable to 

ice accretion; these are done during the operational break at night by supplying several supply 

sections connected in series.  

Resistive wire heating de-icing – There are specialized some companies:  Alston from France and 

Hitachi from Japan, developed de-icing system for overhead contact wire using built-in wire with 

insulation resistance characteristics, and applied it to railway and tram systems, for example  in 

Japan, France, South Korea and the UK. The system for removing icing is similar as process with 

composite conductors used in de-icing of high-voltage transmission lines. This is a good example of 

taking a technology from a different domain and adapting to the railway applications. 

 Combining Solutions  
Any of the de-icing techniques presented, has advantages and disadvantages. The vibration drums 

remove the ice accretion only locally with low yield. This procedure could damage the contact wire. 

On the other hand, chemical procedures are short term and not so efficient. When melting existing 

ice accretions there is a danger of affecting the conductor’s properties. With pre-heating strategy, 

there is no danger of affecting conductor’s properties but the energy consumption is high.  

A new method is more attractive and efficient: the impulse resonance method combines both 

electrical and mechanical impacts. It is suited only for twin contact wires, on DC supplied railways. 

High currents flows in parallel conductors in the same direction they will be mutually attracted due 

to electromagnetic effects. The current impulse with a resonance frequency of 1.2 to 1.4Hz, 

generated by an impulse generator, causes the contact wires to vibrate with 50 to 75mm 

amplitudes. They clash against each other in the span and vibrate in the support range 

approximately vertically causing the ice accretion to shed. The mean current density is 2 A/mm2 at 

maximum. The advantages of this method include the low energy consumption leading to saving of 

approximately 20MWh for one de-icing procedure on a 100km long double-track line. The system 
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also avoids the risk of thermal overloading of the contact line and the de-icing is accomplished in less 

than 10 min. (81) (82) (83) 

The type of de-icing technique used eventually depends on economic considerations including the 

frequency of the ice accretion, the operational night-day conditions. Where there is a low probability 

of ice accretion, it is likely to be economic, during icing periods, to run trains more frequently to 

prevent icing and de-icing low thickness ice accretion 

13 Lightning mechanism and protection measures 
Railway systems must be protected against damage in case of lightning strokes. Thus, the return 

circuit together with the poles, the pole foundations with contact to the ground and the concrete 

reinforcement, perform the function of lightning protection on at-grade track sections. 

For lighting surge protection, outdoor-suited arrestors should be installed at each feeding point, at 

the ends of the feeding sections and at the end of the lines, at line couplings and at the connections 

of electric loads. Additional arrestors should be installed on long sections and on bridges.  

The arrestor devices should be installed close to the contact line. In case of ballast superstructure 

with insulated rails, the arrestors should be connected to earth having an earthing resistance not 

more than 10 Ω according to EN 61024-1. The terminals of the arrestors should be as close as 

possible to the equipment to be protected, e.g. the arrestor should be directly connected to the 

cable termination at a feeding point. (84)   

To protect the substation, VDV 525 recommends the installation of arrestor devices in the substation 

at each feeding cable and additionally a varistor between the return conductor and the structure 

earth. In order to maintain the impulse resistance and inductance in the arrester path to a minimum, 

the earth connections should be as short as possible. Vis-à-vis the external lightning protection, 

suitable overvoltage protection circuits are adopted to protect sensitive equipment assets. 

In accordance with EN 62 305-2, the frequency of lightning current assessments showed that 95% of 

all lightning currents are less than 40 kA and 99% lower than 60 kA. 

We should not expect to back flashovers if the impulse earthing resistance Rdis satisfies the 

relationship: 

𝑅𝑑𝑖𝑠 ≤
𝑈𝑖𝑛

𝐼𝑝
⁄  

Equation 13.1 

Rdis = impulse earthing resistance; Uin = impulse withstand voltage of the insulation; Ip = peak value of 

the lightning current at pole or steel structure;  

When small size earth electrodes (e.g. pole foundations) the surge earthing resistance have to be 

approximated to the earth electrode resistance at nominal frequency. 

The allowed values for the impulse earthing resistance increase due to higher withstand impulse 

voltage insulation used for AC 25 kV railways. Therefore, this allows requirements for impulse 

earthing resistance must be satisfied easier than 15 kV railways. 

Surge lighting voltage are two types: direct lighting voltage and indirect lighting voltage surges. Such 

a direct lightning stroke on an overhead contact line will cause lightning voltage peak. 
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When overhead contact line is in electric field between cloud and earth, the indirect lightning 

voltage discharges surges occur as lightning discharges. Moreover, when a thunderstorm is 

approaching, a field of this kind induces charge in overhead contact lines. 

The negative charges are discharged into the earth through the discharge resistance of the 

numerous parallel contact line insulators, while positive charges are retained by the field emitted by 

the cloud. If the cloud is discharged in close proximity to of overhead contact lines, the charges is 

transmitted in this line and propagated as a wave along the overhead contact line. Thus, indirect 

lightning impulse overvoltage is smaller in magnitude than direct lightning stroke. 

Limitation of impulse voltage in overhead contact line installations can be achieved through over-

voltage protection devices. Thus, the most important overvoltage protection device is the valve-type 

arrestor. In addition, because only limited protection is possible with overvoltage protection devices, 

they are not used for economic reasons unless an extreme frequency of lightning exists.  

14 Inspection and maintenance of overhead lines  
Investments for new lines should continue with adequate maintenance to keep low the life cost of 

the system. 

Inspection activities are the first step in establishing the needed maintenance. If these checks are 

accurate, it can intervene only at times when needed. Thus, substantial savings can be made with 

both the materials and components that need replacing but also reducing downtime for passenger 

traffic congested segments. 

Overhead line is a long linear structure and is subject to wear caused by slipping pantograph at the 

contact point. Another wear source is the environment that influences baseline characteristics by 

rain, wind, snow, ice and other natural phenomena. Because of these sources acting entire 

operational life, the overhead line could be considered a potential source of accidents involving 

broken wires due to corrosion and wear. Such accidents require several hours to repair, so 

maintenance is essential. 

Maintenance and especially inspection activities are becoming increasingly importance with 

increasing travel speed on railway networks. Large volume of data will be collected for decision of 

maintenance. In the near future, it is anticipated that the frequency of inspections will be higher 

because the request railway infrastructure will be higher. 

Maintenance activities begin with an accurate diagnosis on the current state of the airline, often 

made out of a moving car with specialized equipment. For example, Japanese railroads authorities 

use inspection units which measure parameters as: contact wire height above rails, the longitudinal 

deviation; wire wear, pantograph vibrations at the contact point, frequency of losing contact. For 

Shinkansen line, measured data are processed by a central computer and the results are sent to 

specialized maintenance crews. 

Although the use of increasingly more automated technologies are elements that cannot be checked 

automatically from a moving train. These factors include the degree of corrosion of power wires and 

screws where they are weak or opened. They must be manually inspected during maintenance 

activities. 
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When needed replacing lines or fastening elements, work is carried out using special machines. 

Automatic diagnosis and repairs are subject to continuous improvement in railway engineering; 

efforts are made to achieve fully robots to replace human inspection and intervention. 

 Technologies for overhead contact line inspection  
As we know, overhead wires show a horizontal zigzag pattern to provide a uniform contact with the 

pantograph. A modern control system for power supply lines must be able to perform fast and 

accurate measurements of wear of wire, longitudinal and vertical deviation of the contact line; also 

must be able to display the results in real time. 

Parameters to inspect for overhead contact line:  

 Wear grade of contact line; 

 Longitudinal deviation of contact line; 

 Transversal height deviation of contact line; 

 Other characteristics inspected; 

 Contact line wear inspection 
Electric overhead contact lines ensure electricity supply for railway rolling stock through pantograph 

that transfers energy to the locomotive. Wear of the overhead line due to contact with the 
pantograph can be divided into mechanical wear caused by friction and wear caused by electrical 

arcing when the pantograph and overhead line are separated from each other, even for a short 

period of time. Because of these adverse events there is a risk that the contact line to break, if the 

wear exceeds a certain limit.  

To prevent this event that is extremely costly and dangerous for the entire railway network that 

includes that segment, it is essential that the inspection and maintenance of the electric supply 

system to be done before reaching this destructive limit. 

 Contact line deviation inspection  
The overhead line is in direct contact with the pantograph device; if this contact is limited to a small 

area relative to the pantograph, this part of the pantograph will be worn in accentuated grade. To 

prevent concentrated wear in a certain area and thus reduce the life of the pantograph, by fixing 

overhead line from the supporting pillars will create a horizontal zigzag pattern; in this way will 

ensure even wear on contact with the pantograph.  

This technique produces a supplementary risk, if overhead line exceeds the pantograph length and 

passes beyond the edge, then the line will be caught and blocked on the pantograph edge and it will 

break. This risk can be greatly reduced if will be set a safe limit for the horizontal zigzag line of the 

contact, bellow the smallest length of a pantograph that cross that section. Obviously, this measure 

must be accompanied by a scheduling program of inspections and maintenance that should confirm 

that this limitation is not exceeded in operational time.  

 Height inspection 
In case of overhead power supply lines there are events as length changes: stretching or contracting; 

these situations are associated with temperature changes as seasons changing but also from day to 

night. Besides the rapid wearing contact lines these phenomena cause changes in longitudinal 

profile lines and changes in their height.  
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The risk that arises is to cause jumps and frequently disconnection between overhead contact line 

and pantograph due contact voltage changes in the distance between the two supporting pillars. 

This is why inspections for electrical infrastructure, along the railway, have to include in the protocol 

also checking the real height of the contact line. Because of the interaction characteristics between 

pantograph and overhead line, these measures needed to be carried out under real working 

conditions. 

 Future development 
Maintenance and inspection activities are becoming increasingly importance with increasing travel 

speed on railway networks. The current trend of increasing safety of passenger transportation 

makes these activities to gain an even greater importance. Inspection activities are the first step in 

establishing the needed maintenance. 

In the near future, it is anticipated that the frequency of inspections will be higher because the 

request railway infrastructure will be higher. 

At present, special vehicles are used for regular inspections; these vehicles contain special 

equipment that makes the evaluation of the functionality and wear of the railways. 

For example, Hitachi High-Technologies Corporation has developed various track inspection and 

overhead contact line inspection systems that use the technologies described above. For example, a 

top technology for inspections is “Doctor Yellow”- car inspection for Shinkansen line. The inspection 

cars for use on the Tokaido and Sanyo Shinkansen consist of a 7-car configuration. Each car is 

completed with a line of inspection equipment. With these cars a total of 25 different railway track 

inspection measurements are performed, including noise and axle-box accelerations. The overhead 

contact line inspection system, meanwhile, performs a total of 13 measurements at 5 cm intervals. 

Inspection can be performed at speeds similar to those used by regular high speed train services 

(270 km/h). 

  

Figure 14.1 – Railway Inspection Train Class 923, for Shinkansen Lines  

Modern strategies fit the inspection functions to the trains used for commercial service; 

measurements can be performed during normal operation. In this kind of solution, Hitachi High-

Technologies Corporation has already developed systems for railway track inspection, and can be 

mounted on the commercial vehicles and is working, even on high speed travel. 
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The NeTIRail-INFRA project provide few systems in this category, three of them are dedicated for 

power supply quality and performance monitoring: on-board monitoring of voltage, power spikes, 

other electrical properties that inform about state of substations and overhead line; accelerometer 

system to measure accelerations of overhead line, high speed video data system to collect data from 

pantograph and overhead line contact. Data collected will be used as inputs for finite element 

models to explore the relationship between controllable factors (line tension, materials, and upload 

force) and power system damage. The monitoring systems provided could be used for long time 

collecting data and upgrading these models.   

Creating of the premises to reduce maintenance costs, still in the design phase of new railway lines, 

will reduce overall life costs for these lines. This is an important factor for any of the three categories 

of lines selected in the project but especially for low traffic density and secondary/rural lines. In this 

situation, reducing maintenance costs may be the only way to make them economically viable as 

major investments cannot be achieved because of the difficulty of recovery. 
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15 Conclusions 
 

WP3 is dedicated technical work package addressing overhead line power supply infrastructure. 

 WP 3 tasks identify links between the grade and quality of overhead line components and 

the life of the system. 

 Develop technology for monitoring and minimising the life cycle costs of overhead line 

power infrastructure. 

 Specify tailored solutions for improving the quality and performances of overhead line 

power infrastructure. 

As logical influencing, the objectives are presented below. 

 

 

 

New solutions provided by NeTIRail-INFRA project will represent a step away than theory and 

documentation. This consideration are because physical systems, algorithms and mathematical 

models are created in time of the project; all these will be verified in laboratories and real field 

conditions.  

Major gain of the project is the identifying and bringing in the NeTIRail-INFRA Project of the seven 

railway lines, with defined characteristics of the case studies lines. From the testing lines, five are 

electrified and will be the most important link chain of the development process. The tests will be 

realised in how many iterations are needed for increasing the functionalities, precision and reliability 

of the physical systems, algorithms and models. 

There are five lines electrified: 

 Turkey – TCDD and INTADER partners: 

o Kayaş – Sincan - busy passenger line; 

o Malatya – İskenderun - freight dominated route; 

o Divriği – Malatya - low density rural / secondary. 

 Slovenia – SZ partner: 

o Divača - Koper - freight dominated route; 

o Pivka - Ilirska Bistrica - low density rural / secondary line. 
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Modern technologies represent necessity but also possibility for implementing on new lines 

designs, in this regards, observations tailored for the case study lines are presented. 

Busy passenger line situation 

 The modern and performance infrastructure is necessary to serve in good conditions the 

social demands.  

 Expenses incurred are economic feasible and will be recovered from increasing of the 

passenger traffic. 

 For existing radical changes lines, the cost needs to include potential modifications to 

structures and tunnels to allow electrical clearances between the structures and the high 

voltage overhead line.  

 The main target of modernization is to increase the speed of trains in this category of line 

but also to increase the capacity of current provided, to supply more locomotives in the 

same power feeding section. 

 

Freight category dominated route 

 This type of case study line has the advantage that the investments will be recovered on the 

basis of covering the transport needs.  

 Most important improvement for better utilisation of freight category dominated route is to 

increase the axle loads on the routes, with immediate result to increase railway capacity; the 

objectives from this category could be summarised as: to have axle loads of 30 tonnes for 

new lines because that could be designed according to highest technical requirements; for 

the existing lines, to increase loading capacity up to 25 tonnes per axle, obvious with 

improvements even for tracks and wagons. 

 Besides the increasing axle loads, for new freight dominated lines and for those which 

accept radical changes, the designs should provide traction power supply capacity for heavy 

loaded trains. 

 

Low density rural/ secondary line  

 Represents a different situation because investments into new lines or modernisation of line 

may not be recovered.   

 Increasing traffic density is mainly dependent by external factors like industrialisation of 

some areas and the route become a link between them. Other case is development and 

modernization of a near harbour and the merchandises will need a route for transportation. 

 Increasing efficiency could be possible through decreasing the maintenance cost; with this 

strategy, the line section will become more economic.  

 Another improvement technologies, avoid expensive alterations to structures, may provide 

effective returns and storage of energy from breaking recovery systems in combination with 

electrification infrastructures. The investments will be split between infrastructure managers 

and rolling stock owners. On train energy storage, could be used in combination with 

electrification so that less infrastructure investment is required and the on board energy 

storage is used for carrying the train along lesser used and less current supply sections. 

 Any improvement proposed is welcomed but any investment would only be realised if an 

economic assessment proved the scheme worthwhile.  

 



D3.4. Modular packages of component grades 
and design specifications for new installations of 
power infrastructure tailored to traffic and 
operational needs. 

 
 

NeTIRail-INFRA 
H2020-MG-2015-2015 GA-636237 

2016/11/30 

 

NeTIRail-INFRA PUBLIC Page 127 
 

NeTIRail-INFRA applies the strategy of tailored solutions in several directions: 

1. Tailored solutions for designing new electric installations or for radical changes for conventional 

lines where is possible, with specificity for case study lines. 

2. Tailored maintenance for decreasing life cost of power supply usability.  This concept could be 

expressed as “maintenance on request”. 

Grades and quality of the components have strong influence on the rate of failures and also against 

the life of the Power Supply System and are taken in consideration for tailoring to concrete 

situations. Some components should be only performant to take place in the power supply system. 

Other components provide contradictions for tailoring decisions, Ex.:  

 Droppers are subject to mechanical loads from friction and bending during the passage of 

pantographs;  

 The degree of wear increases with increasing stiffness of the dropper, which correspond 

with thicker wire cross sections. 

 Solution means to provide thin cross section of wire, with more elasticity but, 

 The second function of dropper is good current conducting, which requests thicker wire 

cross sections and reduction of dropper lengths. 

Especially for these situations are needed physically and mathematically models to get optimisation.     

Contact lines are represented by electrical conductors used in conjunction with a sliding current 

collector, part of pantograph device, to supply electrical energy to vehicles. WP 3 makes analyse of 

most performant pantograph models; it is analysed and modelled the pantograph collector strip and 

the contact wire material as unitary mechanism.  

First pantograph component affected by this interaction is the collector strip which has essentially 

duty of current collecting from traction power supply contact line system. For these reasons, should 

be analysed and modelled the pantograph collector strip and the contact wire material as unitary 

mechanism. 

This deliverable will be continued with next WP3 tasks through modelling process which will 

optimise the service life of contact wires and collector strips using controllable factors, from this 

category, follows are most important:  

 Contact force exerted by the pantograph on the contact wire. 

 Materials of which the collector strips and contact wires are made. 

 Number and the dimensions of the collector strips. 

 Current flowing through the contact point. 

Solutions for minimizing the life cycle costs: 

 Identifying and choosing of the controllable factors that can improve life of the overhead 

system for different traffic densities.  

 Data acquisition about these factors will be done using monitoring systems designed in the 

project. 

 Creating finite element models for optimization the controllable factors.  

NeTIRail-INFRA provides data collecting systems, for the case study lines; at the entire project level, 

are provided many systems covering many aspects of railway infrastructures but also the rolling 

stocks. Three systems are dedicated to power supply infrastructure: 
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 System for on-board monitoring of voltage, power spikes, other electrical properties. 

 System to measure accelerations of overhead line. 

 High speed video gathering data from contact point. Are measuring two aspects of 

controllable factors: 

o Displacement of the contact line, under contact force. 

o Registering of the intensity and density of the electrical arcs; they reflect the quality 

of the contact current collector. 

 

NeTIRail-INFRA in WP3 will provide finite element models; in this regard, are explored relationship 

between the power supply system and valuable controllable factors which have capability of 

increasing quality of the system. After identification of the high impact controllable factors, data 

achieved by the collecting systems become inputs for the modelling process. Finally, the optimized 

models will be used to tailor components and equipment specifications not only for the each of the 

three line types considered in the project, but also for each nominal line designed; optimized 

controllable factors could make differences between railways lines inside of the same category. 
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17 ANNEX 1: Power supply systems related to 
power supply voltage and type of current  

 Overhead contact lines for 15 kVac/ 16.7Hz  

17.1.1 German Railway (DB) Power Supply System  
Electrical power generating for railway power supply - Power supply system for Deutsche Bahn (DB) 

has characteristic by single-phase current AC 15kV and 16.7 Hz frequency. The necessary energy is 

generated in 12 hydroelectric and 12 thermal power plants and used 10 converter stations.  

Electric current at 16.7 Hz is generated and then transmitted into the central network of the DB via 

the 110 kV overhead power lines. Furthermore, the power of 110 kV voltages is sent to at least 150 

substations; now, the 110 kV overhead line network of the DB means a line length of at least 7000 

km. At Haltingen and Singen, three coupling transformers are used to connect the 110 kV systems to 

the 132 kV traction power networks of the SBB (Swiss National Railways).  

In Steindorf and Zirl the 110 kV from DB network is connected directly to 110 kV network of the OBB 

(Austrian National Railways) which prove the possibility of using the power supply energy from large 

distance.  

A part of the 110 kV overhead line runs beside the main lines of the DB to supply the individual 

substations, which are designed as node-type substations or as simple block-type substations. (85) 

There are standard substation types: 

 Substations (SS) with equipment for 110 kV and 15 kV.  

 Switching stations with only equipment for 110 kV.  

 Switching Posts (SP) with a several 15 kV supply branches.  

 Coupling Posts (CP) with one 15 kV circuit breaker only.  

The network command centre (NCC) at Frankfurt occupies the highest place in the hierarchy of the 

power system control of the DB. It controls the use of power from railway owned and external 

country producers of 16.7 Hz energy by optimised energy import, the distribution of energy through 

substations and the exchange of energy with the interconnected grid partners: Austrian and Swiss 

Federal Railway.  

17.1.2 Overhead contact line model Siemens Sicat S1.0 AC 
In Germany, Siemens designed the contact line system Sicat S1.0 AC for speeds up to 230 km/h (see 

Figure 17.1). It consists of a catenary wire Bz 50 and a contact wire CuAgAC-100, tensioned with 10 

kN and 12 kN respectively.  Stitch wires are used with lengths of 14 m for push-off support and 18 m 

for pull off support. The system height at single support is 1.6 m. The lines Stendal-Uelzen, Itzehoe-

Elmshorn and airport link Cologne-Bonn have been equipped with this design. (86) 
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Figure 17.1 - Layout of Siemens overhead contact line design Sicat S1.0.  

17.1.3 Overhead contact line model Siemens Sicat H1.0  

 

Figure 17.2 - Layout of Siemens overhead contact line design Sicat H1.0.  

The Siemens overhead contact line design Sicat H1.0 developed for running speeds up to 350 km/h 

was first employed for the new high-speed line Cologne to Frankfurt (see Figure 17.2). Compared 

with the DB AG overhead contact line systems there are some modifications resulting in reduced 

investment and operating costs, without impairing the running characteristics. (40) (87) 

17.1.4 Standard overhead contact line at OBB 6 
When the Austrian Federal Railway (OBB) renewed the Otztal - Haiming section on the Innsbruck - 

Bludenz line, a low maintenance design was achieved using rectangular concrete poles and 

aluminium cantilevers.  

The contact line consists of a 70 mm2 copper catenary wire and a Cu AC-120 contact wire. OBB 

implemented the contact line mainly as single-ended tensioning sections with a maximum length of 

750 m and equipped with fixed terminations on one end and automatic flexible tensioning devices 

on the other. The layout of the standard contact line system is illustrated in Figure 17.3.  

                                                           
6 OBB - Austrian Federal Railway 
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Figure 17.3 - Layout of OBB standard overhead contact line for new lines, Austria.   

The parallel feeder line, consisting of ACSR 260/23, is supported on line post insulators at the pole 

top (see Figure 17.4). OBB uses a flexible head-span design for supporting the contact line in 

stations. Energised upper cross-span wires and catenary wire supports with droppers are mainly 

used. The cross-span wires are attached to the rectangular concrete poles using springs. 

 

 

Figure 17.4 - Pole with OBB cantilevers on the Otzal – Haiming section, Austria 

17.1.5 Overhead contact line designs S20 and S25 at JBV  
Norwegian Jernbaneverket (JBV) operates a 15kVac / 16.7Hz network with overhead contact line 

designs S20 for speeds up to 200 km/h and S25 up to 250 km/h. The S25 system was employed for 

the high-speed line Oslo-Gardermoen with line speeds up to 250 km/h (see Figure 17.5). This contact 

line system is equipped with stitch wires. 
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Figure 17.5 - Layout of JBV, S25 overhead contact line design, Norway   

Low maintenance cantilevers permit adjustments of the stagger to adapt to track position changes 

by means of a moveable catenary wire clamp on the top tube. Single poles are most commonly used 

on the interstation track. Wheel tensioners with a gear ratio of 3:1 separately tension the contact 

wire and catenary wire. Five-span overlaps are the standard design. Portal structures with solid-wall 

steel poles in station areas form a modular system that permits adaptation to various cross section 

widths. (88) 

17.1.6 Overhead contact line of Lotschberg base tunnel, Switzerland    
The tunnel, with a length of 35 km, forms an essential section of the New Railway Link through the 

Alps (NRLA) and is part of the European high-speed rail system. It will be traversed by high-speed 

trains running up to 250 km/h and freight trains hauling trailer loads up to 4 000 t running at 80 to 

160 km/h on line gradients between 3.0 % and 1.3 %. This new connection on rails was conceived to 

relieve road traffic and provide a more ecologically friendly transport route through Switzerland.  

The characteristics of the adopted contact line design Re250 LBT- T II (Figure 17.6) correspond to 

those of the type Re250. The contact line enables the use and operation of Swiss standard 

pantographs being 1 320 mm and 1450 mm wide as well as that of the 1600 mm wide EURO-pan 

head. The simulation of the interaction between contact line and pantograph verified that the 

contact line can be traversed by trains with satisfactory performance operating:  

 Two pantographs spaced by 185 m at 275 km/h;  

 Two pantographs spaced by 18.5 m at 200 km/h;  

 Three pairs of two pantographs spaced by 18.5 m and by 185 m between the clusters; 
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Figure 17.6 - Overhead contact line Re250 LBL-T II at Lotschberg Base Tunnel  

 

 

Figure 17.7 - Pole pair in overlaps of Lotschberg-Bahn, Switzerland  

The planned traffic, with car and lorry shuttle trains required provisions to adapt the contact wire 

height to the enlarged vehicle gauge. After conversion, contact wire height and system height will be 

5.75 m and 0.75 m, respectively. The span length will be halved such that the length of the droppers 

will not fall below 0.5 m. The arrangements to parallel and tension contact wires and catenary wires 

separately are installed 700 m apart and stretch over three spans. The clearance between the 

contact lines of insulated overlaps is 0.30 m. The current-carrying capacity of the contact line Re250 

LBT-T II is 756A with a new unworn contact wire. The cantilevers, having a single arm design, are 

made from corrosion-resistant material and are equipped with water and pollution repellent 

composite insulators as security rupture and vandalism (see Figure 17.7). Additional connections 

bridge the joints in the cantilevers maintaining the mobility of the cantilever also after short circuits. 

(89) (90) (3) 

17.1.7  Overhead contact line design BN 160 for the BLS AG in Switzerland  
The Lotschberg - Bahn (ELS-Group) improved the infrastructure and power supply on the Bern-

Neuenburg line. This included the development of the new overhead contact line design BN 160 

shown in Figure 17.8 and its layout in Figure 17.9. 
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Figure 17.8 - Overhead lines on contact line design BN 160 7 

 

Figure 17.9 - Layout of overhead contact lines BN 160, Switzerland  

The overhead contact line consists of a 50 mm2 copper-clad steel catenary wire tensioned to 6.75 kN 

and a Cu AC-107 contact wire tensioned to 13.5 kN. The cantilevers can be attached to drop posts on 

portal structures in multiple-track sections. The cantilever tubes are manufactured from stainless 

steel, aluminium alloy or galvanised steel, and the fittings from aluminium alloy. The catenary wire 

support clamp and steady arms are mounted on horizontal tubes to simplify adjustment work. On 

the interstation track, single poles predominate, allowing electrical and mechanical separation of the 

contact lines. In stations, the cantilevers are connected to the poles using brackets. This insulation 

arrangement permits maintenance work to be carried out on poles, parallel lines and the track area 

lighting without the need to disconnect the overhead contact line. (91) 

 Overhead contact lines for 25 kVac/ 50Hz 

17.2.1 High-speed contact line on the Madrid-Seville line  
The high-speed line Madrid-Seville Spanish State Railways (RENFE), starting at Atocha railway station 

(Madrid) and ends at Station St. Justa (Sevilla) has a length of about 470 km. For this speed line, the 

                                                           
7 https://www.flickr.com/photos/chelseagirlphotos/251664372/  
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power supply sections configuration are: 8.5 km section, from Atocha, electrified with 3 kVdc, and 

12.5 km section electrified from St. Justa. The remaining 450 km of line between the two systems 

separating sections were electrified with single phase 25 kVac/ 50 Hz and can be travelled at 300 

km/h. In 2002, all DC sections were converted to 25 kVac/ 50 Hz power supply.  

Two traction power units of 8.8 MW and substations interval less than 50 km are used. This includes 

the power requirement of the auxiliary loads such as railway stations, point heating and technical 

buildings of the signal service. The traction power supply of the line is provided by twelve 25 kVac / 

50 Hz substations which are powered by 220 kVac and 132 kVac three phase installations from the 

Spanish public grid. The primary connection of the 25 kVac/ 50 Hz substations to the three-phase 

network was made to take advantage of the highest possible symmetry of the load for AC circuits.  

The overhead contact line design with a catenary wire Bz 70 and a contact wire Cu AC-120 is similar 

to the DB design Re250. Return current conductors are mounted on the poles to improve the current 

return. The turnouts and crossovers are wired with intersecting overhead contact lines. Neutral 

sections separate the sections supplied by individual substations in the case of AC 25 kV/ 50 Hz 

traction power supplies. Neutral sections were also installed to separate sections supplied by 3 kVdc 

and 25kVac/ 50Hz from 1992 to 2002 (Figure 17.10).  

 

Figure 17.10 - Madrid-Seville high-speed line, neutral section between DC and AC power  supply, 

Spain 

Substations of the Madrid-Seville railway have uniform design. Their general circuit design has 

similarity with DB's block-type substation. (92) (1) (93) (3) 

17.2.2 Overhead contact line on the La Sagra-Toledo branch   
The overhead contact line system Sicat H1.0 is used for La Sagra branch of the new Madrid-Toledo 

high-speed line. The span length is 65 m. On the new line 5300 mm constant contact wire height and 

1600 mm system height were used. The overlapping section for the tensioning of individual sections 

extends over three spans.  

The insulators within the cantilevers consist of a composite design with glass fibre reinforced cores 

and silicone rubber sheds. The fittings of the cantilevers are made of aluminium alloy and connected 

by stainless steel bolts (Figure 17.11). 
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Figure 17.11 - Cantilever of the La Sagra-Toledo line 

The contact lines are installed on welded lattice steel poles. These are mounted on auger-bored 

foundations made of reinforced concrete. The connection between the foundations and the poles is 

carried out by anchor bolts using threaded reinforcing steel bars. (94) 

17.2.3 High-speed contact line on TGV lines at SNCF, France  
The French State Railway SNCF operates about 1840 km of high-speed lines designed for speeds of 

300 km/h and above, which are supplied by 1 or 2 at 25 kVac / 50 Hz traction power;  Table 17.1 - 

Major TGV lines and contact line designlists these lines. The main components like clamps, steady 

arms, etc. are common to these designs for maintenance efficiency and stock management.  

Table 17.1 - Major TGV lines and contact line design 

Features  Unit  Paris - Lyon  
Paris – Le 

Mans/Tours  

Paris – Lille 

/ Calais  

Valence – 

Marseille  

Paris – 

Strasbourg  

Length of 

tracks  
km  820  560  660  600  600  

Design speed  km/h  260  300  300  300/320  320/350  

Contact wire 

- type            

- tensile force  

-  

 

kN  

Cu AC-120 

 

 15  

Cu AC-150 

 

 20  

CuAC-150 

 

 20  

CuMg AC-150 

 

 25  

CuMg AC-150 

 

 26  

Catenary wire  

- type  

- tensile force  

-  

 

kN  

Bzll 65  

 

14  

BzII 65  

 

14  

BzII 65  

 

14  

BzII 116  

 

20  

Bzll 116  

 

20  

Stitch wire  -  yes  no  no  no  no  

Pre-sag  % 0.1 0.1 0.05 0.05 0.05 
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Figure 17.13 illustrates a single pole with cantilever and support for the AC 25 kV negative feeder. 

The design of the contact wire registration permits a contact wire lift of up to 400 mm. H-beam steel 

poles are widely employed in France. The wheel tensioner with a gear ratio 5:1 provides 

compensation for the contact wire and catenary wire length variations due to thermal effects and 

loadings. 

On May 5, 1990, a TGV train travelled at a world record speed of 515 km/h on the Paris-Tours line. 

The overhead contact line design of that line is shown in Figure 17.12 and Figure 17.13.  

 

Figure 17.12 - Design of overhead contact line on the SNCF Paris -Tours line, France 

 

 

Figure 17.13 - Pole with push-off contact wire support on the Paris -Le Mans/Tours line, France 
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Figure 17.14 - Pole with pull-off contact wire support as adopted on the Paris -Strasbourg line 

Figure 17.14 shows a support of the Paris-Strasbourg line, where a contact wire CuMg AC-150 was 

installed with 26kN tensile force.  

On April 3, 2007 SNCF, the Infrastructure Manager Reseau Ferre de France (RFF) and Alstom 

Transport set a new high-speed world record for railways by achieving 574.8 km/h on the line Paris-

Strasbourg. The contact wire was tensioned at 40 kN for the record runs. The modified EMU train V 

150, built by Alstom, ran this record under a contact line supplied by 31 kVac/ 50 Hz. (2) (95) 

17.2.4 High-speed contact line on Tokaido Lines, Japan  
The Japanese Railway (JR) moved from the Cape gauge of 1 067 mm used for railways in Japan and 

adopted the standard gauge for the construction of the Shinkansen. The Tokaido high-speed line, 

which is operated with a 25 kVac/ 60 Hz traction power supply system, permitted a speed of 210 

km/h when it was commissioned in 1964. 

 

Figure 17.15 - Design of the overhead contact line on the Tokaido high-speed line, Japan. 
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The compound overhead contact line with an auxiliary catenary wire ensures uniform elasticity 

(Figure 17.15). The steel catenary wire with a cross section of 180mm2 is tensioned to 25 kN, the 

copper cadmium auxiliary catenary wire with a cross section of 150 mm2 and the hard copper 

contact wire with a cross section of 70 mm2 are each tensioned to 15 kN.  

One steady arm fixes the contact wire stagger at 150 mm and another fixes the auxiliary catenary 

wire. Both steady arms are attached to the registration arm. The contact wire height is 5 m. The 

catenary wire can be moved along the top tube to suit the track geometry. In the case of push-off 

supports the catenary wire can be moved between the pole and the cantilever end. The pull-off 

support permits the movement of the catenary wire along a projecting section of support tube. An 

adjuster plate with drilled holes is located on the top tube to retain the catenary wire clamp and for 

connection between cantilever tube and top tube.  

Damping elements inserted between the contact wire and the auxiliary catenary wire are designed 

to limit vibrations in the contact line system. The contact wire is attached to the auxiliary catenary 

wire through the rigid droppers. 

While single poles are predominant on the interstation tracks, portals support the con-tact lines in 

stations. The tensioning section lengths are 1 500 m. There are five span overlaps which provide 

transitions between the individual tension lengths. (96) (39) 

17.2.5 High-speed contact line Sicat HA C on the Beijing-Tianjin line, China 
The Beijing-Tianjin high-speed line of the Chinese Ministry of Railways (MOR) with an operational 

speed of 350 km/h was completed in July 2008. The catenary system in use is Sicat HA C with 

aluminium cantilever; it is powered by two sub-stations at 25kVac/ 50 Hz; the overhead contact line 

is equipped with a catenary wire Bz 120. The maximum span length is only 50 m.  

 

Figure 17.16 - Overhead contact line Sicat HA C for the Beijing-Tianjin line, China. 

There are no Y-stitch wires at the supports. The contact wire height is 5300 mm and the contact wire 

pre-sag is 0.05 % of span length or 30mm (Figure 17.16). The design without stitch wires but with a 

pre-sag does not provide optimum conditions for high-speed operation. The system height is 1600 

mm.  

The insulators within the cantilevers consist of ceramic material. The fittings for the cantilevers are 

made of aluminium alloy and connected by stainless steel bolts. The overlapping section at the ends 

of individual sections extends over five spans. Wheel tensioning devices with a gear ratio of 3:1 

compensates for the contact wire and catenary wire length variations due to thermal effects and 

https://en.wikipedia.org/w/index.php?title=Sicat&action=edit&redlink=1
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loading. The overhead contact line on crossovers uses crossings between traversed contact wires. 

Portals carry the contact line supports in this case. The cantilevers are installed on H-beam steel 

poles which are mounted with anchor bolts cast in the reinforced concrete of the 115 km long 

railway viaduct. The turnouts and crossovers are wired with intersecting overhead contact lines. 

Neutral sections separate the sections supplied by two individual substations used for traction 

power supply.  

17.2.6 Contact line type Re 200C for the Harbin-Dalian line, China 
This important railway line connects the cities of Harbin, Changchung, Shengyang and Dalian all 

having more than one million inhabitants. The line is especially suited for electric operation due to 

transport of seven million tons of freight and 25 trains per day and direction having headways of 8 to 

10 minutes. The design of the adopted overhead contact line type Re 200 C is based on DB's 

overhead contact line Re200 and is suitable for the local climatic conditions. This is especially true of 

the temperature range between -40°C and +80°C being more than that of DB's Re200. The main 

tracks are equipped with a contact wire CuAg AC-100, the secondary tracks with contact wire Cu AC-

100 both combined with a catenary wire Bz II50, the tensile force being 10 kN in both cases. The 

14m long stitch wire is tensioned to 2.3 kN. Cantilevers and fittings made of aluminium alloy 

guarantee a long service life. On interstation lines directly embedded steel-reinforced concrete poles 

are used and in stations steel poles or concrete poles set on concrete foundations, cast in-situ. 

Reinforcing feeder 243-AL1 and a return conductor 243-AL1 are strung in parallel to the overhead 

contact line. The return conductor is arranged close to the reinforcing feeder to achieve a close 

inductive coupling such that a high portion of the return current flows through the return conductor. 

This reduces the reactance considerably. The magnetic field strength within the contact line area is 

low due to the return conductor. This reduces the magnetic field strength in the range of 

neighbouring cable installations and, therefore, the interference.  (70) 

The permissible current carrying capacity of 1270 A for this type of contact line secures a high power 

transmission for the transportation of a high number of trains and high loads in the future as well.  

17.2.7 High-speed contact line type Sicat H1.0 for the HSL Zuid line  
The Dutch high-speed line HSL Zuid connects Amsterdam to the high-speed rail system in Belgium. 

The line has been supplied with 25 kVac/ 50 Hz and will be used at 300 km/h. The line has been 

equipped with the contact line Sicat H1.0 together with negative feeders and return conductors. The 

design of the poles had to be adjusted to the design of other structural components (97) 
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Figure 17.17 Contact Line arrangement on an interstation section of the HSL Zuid line; (negative 

feeder; return conductor; catenary wire; contact wire ) 

 Highest performance for overhead contact lines and 
pantographs  

In recent years, the railways systems with power supply traction, major progress has been made in 

terms of modernizing the usual commercial lines but in cases of newly built high-speed trains.  

In 1988, the DB's experimental train ICE/V achieved a speed of 407 km/h. The pantograph and the 

overhead contact line were tensioned to 21 kN and had good results.  

In May 1991, SNCF used a train as an enhanced TGV - Atlantique type, achieved a speed of 515 km/h 

on the Paris-Tours line, near Tours, and set a world speed record for railway vehicles.  

During testing, the contact wires tensioned by a force of 28 kN, but first attempt had to be aborted 

at a speed of approximately 480 km/h due to current interruptions caused by contact wire uplift 

values of more than 300 mm and also the current transmission had reached its limits. In the next 

attempt was reached the final speed of 515 km/h by increasing the tensile force on the contact wire 

to 33 kN.  Were used a line with special and favourable characteristics for high speed:  has no 

tunnels, curve radii larger than 15 000 m and a relatively steep downhill gradient at the end of the 

line section where the maximum speed was attained.  

The experience gained leads to the conclusion that the limits to achievable running speeds are 

governed essentially by the wave propagation speed along the contact wire, which, in turn, is a 

function of the tensile stress in the wire. This wave speed can be increased if the maximum 

permissible tensile stress is also increased; this requires contact wires with a greater tensile 

strength. 
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Other important parameter, dynamic contact wire lifts, could be around of 300 mm and more, in 

similar performances, affecting the quality of energy transmission. This great uplift requests 

cantilever special designs, which have to permit large vertical motions.  

At 3 April, 2007 French railways SNCF, the Infrastructure Manager RFF (Reseau Ferre de France) and 

Alstom Transport set a new world record for railways by achieving 574.8 km/h on the Paris-

Strasbourg line using the test train TGV150. A single-arm pantograph was used on a test section 85 

km long and with radii of more than 12 000 m. On a 35 km, long section the speed was above 500 

km/h.  

 

Figure 17.18 - TGV 150: the world record on Paris -Strasbourg line, France 

(http://www.bbc.com/news) 

The line section where the high speeds were achieved was equipped with a contact line composed 

of a 150 mm2 with Cu contact wire and a Bz 116 catenary wire with a tensile force of 20 kN. For 70 

km long section, the tensile force of contact wire was progressively increased from 26 kN to 40 kN 

depending on the speed. The wave propagation speed of the contact wire reached 622 km/h 

resulting in a Doppler factor of 0.039. The pre-sag was 22 mm at mid span.  

The maximum-recorded dynamic contact wire uplift was 180mm at 574.5km/h. In total, 28 runs with 

speeds above 500 km/h were made achieving a cumulated length of 720 km as well as runs above 

400 km/h on a cumulated length of 2 200 km. (44) (45) (46) 



D3.4. Modular packages of component grades 
and design specifications for new installations of 
power infrastructure tailored to traffic and 
operational needs. 

 
 

NeTIRail-INFRA 
H2020-MG-2015-2015 GA-636237 

2016/11/30 

 

NeTIRail-INFRA PUBLIC Page 149 
 

18 ANNEX 2: Energy comparative data for different types of traction energy  

 Energy consumption of diesel locomotives compared with electric locomotives for TCDD situation  

 

Regarding the last 4 years, energy expenditures constitute the biggest part of the total. 

Year % from total expenditures 

2010 17,05% 

2011 16,34% 

2012 18,83% 

2013   16% 

2014   16.9% 
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Table 18.1 - TCDD energy costs from total operational cost  

The cost coverage ratio of TCDD is 34% in 2014, 31% in 2013, 33% in 2012, 34%in 2011, and 34% in 2010. For freight, the cost coverage ratio in 2014 is 29%, 

for mainline passenger 18% and the suburban passenger cover ratio is 55% in 2014. 

The electric energy cost is 7,2TRY (~2,4€) for 1000 GTKM whereas the fuel cost is 25,6TRY (~8,53€) for 1000 GTKM. It shows that operation of diesel trains 

instead of electric trains at catenary line cost 4 times more. 

As example, from İskenderun to Divriği (İskenderun- Malatya& Malatya- Divriği), GTKM and Energy cost in the years 2010 and 2011 are like below,  

 

Table 18.2 - Nominal costs for diesel and electric powered trains  

If freights transportation could be done by only electric locos instead of diesel locos on this route, the energy cost would be 61% less in 2010, and 64% less in 

2011.  

 

 

 

2010 2011 2010 2011

Diesel T. 723.333,33€      1.108.666,67€  18.517.333,33€  28.381.866,67€  

Electric T. 449.333,33€      353.333,33€      3.235.200,00€     2.544.000,00€     

Total 1.172.666,67€  1.462.000,00€  21.752.533,33€  30.925.866,67€  

ONLY 

ELECTRIC 

LOCOS

1.172.666,67€  1.462.000,00€  8.443.200,00€     10.526.400,00€  

TOTAL ENERGY 

COST

2,40€                          

GTKM 

(*1000)

8,53€                          

2,40€                          

ENERGY COST

FOR 1000 GTKM
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 Energy consumption of diesel locomotives compared with electric locomotives for SZ situation  

 

  

Specific consumption Shift/move Scope of work Shift/move Specific consumption Maintenance

kg/kilo gross tonne km Kg/km gross tonne km in Km KWh/1000 gross tonne km €/Lubricating km

642 1,779,915.36 4,778,450.07 2,281,366 4,737,775 10.58 1.96 115,669 1,789,720 2.87

643 3,364,871.08 5,483,510.32 2,472,613 4,702,286 8.42 1.72 278,432 1,366,632 3.58

732 90,900.00 315,767.38 182,461 260,787 18.3 1.45 1,202 164,669 2.23

total 5,235,686.44 10,577,727.77 4,936,440 9,700,848 9.08 1.84 395,303 3,321,021 3.20

index 0.19 0.23 0.08 0.28 1.61 0.98 0.01 0.99 1.44

Diesel lok 10,487,157.87 17,185,063.65 12,466,498 35,057,896 5.63 1.88 5,108,399 3,347,520 2.22

Electro lok 17,489,027.36 28,558,493.74 46,310,983 32,167,179 19.33 0.99

Dlok+Elok 27,976,185.23 45,743,557.39 58,777,481 37,275,578 1.25

DMV 18,834,992.15 18,425,336.67 20,704,976 17,061,968 10.60 1,608,861 1.80

EMV 1,781,841.63 15,398,223.60 26,831,107 3,166,514 34.76 0.64

January 2011 - December 2015

Locomotives
Investment 

maintenance in €

Current 

maintenance in €
Lubricating km Fuel in Kg
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year 642 643 732 total 644 661 664 total 342 363 541 total 310 311 312 total 711 713 813 total

2011 499,404.75 470,707.26 62,118.04 1,032,230.05 306,921.23 0.00 1,471,267.50 1,778,188.73 0.00 3,360,641.92 556,451.89 3,917,093.81 0.00 447,692.98 42,899.93 490,592.91 201,785.38 1,048,280.04 1,988,124.64 3,238,190.06

2012 538,310.58 294,362.65 28,781.96 861,455.19 140,431.44 0.00 915,730.11 1,056,161.55 126,171.45 1,765,683.16 919,799.73 2,811,654.34 0.00 345,100.83 0.00 345,100.83 391,870.70 714,252.40 3,835,295.53 4,941,418.63

2013 62,966.35 901,442.12 0.00 964,408.47 425,991.60 0.00 601,009.29 1,027,000.89 531,350.28 1,890,538.90 1,037,731.38 3,459,620.56 0.00 0.00 0.00 0.00 97,845.22 1,245,272.05 1,979,024.57 3,322,141.84

2014 439,291.68 530,723.71 0.00 970,015.39 0.00 148,173.78 450,493.32 598,667.10 182,216.72 2,344,797.97 1,239,843.82 3,766,858.51 124,950.00 167,693.40 0.00 292,643.40 246.64 1,215,458.65 2,975,161.62 4,190,866.91

2015 239,942.00 1,167,635.34 0.00 1,407,577.34 0.00 14,220.56 777,232.60 791,453.16 125,613.43 2,203,900.38 1,204,286.33 3,533,800.14 424,145.38 229,359.11 0.00 653,504.49 450,763.16 194,479.61 2,497,131.94 3,142,374.71

total: 1,779,915.36 3,364,871.08 90,900.00 5,235,686.44 873,344.27 162,394.34 4,215,732.82 5,251,471.43 965,351.88 11,565,562.33 4,958,113.15 17,489,027.36 549,095.38 1,189,846.32 42,899.93 1,781,841.63 1,142,511.10 4,417,742.75 13,274,738.30 18,834,992.15

year 642 643 732 total 644 661 664 total 342 363 541 total 310 311 312 total 711 713 813 total

2011 850,375.42 1,301,659.83 39,725.90 2,191,761.15 350,156.93 122,724.59 777,752.43 1,250,633.95 455,237.34 2,923,657.11 1,807,539.68 5,186,434.13 521,747.75 285,346.06 1,448,334.13 2,255,427.94 369,805.04 1,475,673.95 1,816,373.80 3,661,852.79

2012 844,120.30 1,143,489.32 98,407.04 2,086,016.66 219,696.21 68,723.85 698,588.33 987,008.39 457,199.87 3,987,485.40 2,121,544.09 6,566,229.36 651,368.06 339,837.62 2,024,029.08 3,015,234.76 344,261.96 1,555,831.45 1,754,621.77 3,654,715.18

2013 1,113,260.75 1,059,423.17 62,692.88 2,235,376.80 231,785.73 13,580.56 826,646.67 1,072,012.96 332,070.04 3,572,569.89 2,318,590.05 6,223,229.98 803,284.07 355,906.06 2,524,011.27 3,683,201.40 510,599.80 1,338,607.20 2,108,251.16 3,957,458.16

2014 1,042,290.28 1,001,677.56 55,550.48 2,099,518.32 280,469.58 12,632.46 1,547,279.34 1,840,381.38 317,516.36 2,672,136.32 1,836,556.29 4,826,208.97 421,667.42 219,354.58 2,451,903.98 3,092,925.98 310,149.81 1,171,343.13 1,988,350.16 3,469,843.10

2015 928,403.32 977,260.44 59,391.08 1,965,054.84 281,418.93 53,230.63 1,122,649.64 1,457,299.20 349,217.61 3,022,671.05 2,384,502.64 5,756,391.30 280,026.24 302,759.26 2,768,648.02 3,351,433.52 334,916.84 1,439,672.00 1,906,878.60 3,681,467.44

total: 4,778,450.07 5,483,510.32 315,767.38 10,577,727.77 1,363,527.38 270,892.09 4,972,916.41 6,607,335.88 1,911,241.22 16,178,519.77 10,468,732.75 28,558,493.74 2,678,093.54 1,503,203.58 11,216,926.48 15,398,223.60 1,869,733.45 6,981,127.73 9,574,475.49 18,425,336.67

year 642 643 732 total 644 661 664 total 342 363 541 total 310 311 312 total 711 713 813 total

2011 449,218 606,032 31,083 1,086,333 316,108 42,180 1,083,506 1,441,794 1,200,942 4,460,809 4,131,184 9,792,935 656,580 259,633 4,694,075 5,610,288 289,628 1,635,421 2,272,473 4,197,522

2012 428,706 539,855 33,982 1,002,543 228,407 72,092 924,693 1,225,192 896,904 4,479,866 4,007,717 9,384,487 643,770 279,129 4,714,574 5,637,473 333,930 1,608,920 2,260,257 4,203,107

2013 438,120 469,842 45,967 953,929 275,003 20,380 898,597 1,193,980 787,060 4,294,727 4,076,402 9,158,189 643,092 295,226 4,739,267 5,677,585 273,179 1,610,433 2,281,442 4,165,054

2014 463,300 466,016 42,400 971,716 346,703 21,873 1,646,548 2,015,124 772,388 4,104,717 3,824,820 8,701,925 521,381 244,244 4,086,712 4,852,337 299,010 1,725,087 2,021,013 4,045,110

2015 502,022 390,868 29,029 921,919 196,759 51,653 1,405,556 1,653,968 820,664 4,085,779 4,367,004 9,273,447 375,031 204,989 4,473,404 5,053,424 235,093 1,864,836 1,994,254 4,094,183

total: 2,281,366 2,472,613 182,461 4,936,440 1,362,980 208,178 5,958,900 7,530,058 4,477,958 21,425,898 20,407,127 46,310,983 2,839,854 1,283,221 22,708,032 26,831,107 1,430,840 8,444,697 10,829,439 20,704,976

year 642 643 732 total 644 661 664 total 342 363 541 total 310 311 312 total 711 713 813 total

2011 882,282 1,066,661 46,697 1,995,640 739,793 133,841 3,637,733 4,511,367 10,719,477 69,499,727 54,108,312 134,327,516 3,487,576 2,023,979 15,887,786 21,399,341 305,827 1,304,934 1,715,262 3,326,023

2012 896,222 941,102 51,074 1,888,398 541,090 229,212 3,271,529 4,041,831 10,733,553 66,110,012 49,009,830 125,853,395 3,569,039 2,363,779 17,869,562 23,802,380 358,161 1,291,842 1,666,894 3,316,897

2013 912,820 923,475 55,524 1,891,819 689,437 60,818 3,487,274 4,237,529 7,005,972 62,570,527 51,460,761 121,037,260 3,591,727 2,188,699 17,751,224 23,531,650 396,459 1,322,439 1,816,159 3,535,057

2014 1,001,119 964,786 57,807 2,023,712 1,001,033 59,192 5,646,935 6,707,160 7,234,389 60,699,658 43,031,798 110,965,845 2,969,717 1,835,398 15,275,140 20,080,255 454,863 1,381,216 1,542,662 3,378,741

2015 1,045,332 806,262 49,685 1,901,279 501,031 22,861 1,122,175 1,646,067 6,867,524 63,174,701 53,818,584 123,860,809 2,279,087 1,568,679 17,417,275 21,265,041 381,539 1,517,857 1,605,854 3,505,250

total: 4,737,775 4,702,286 260,787 9,700,848 3,472,384 505,924 17,165,646 21,143,954 42,560,915 322,054,625 251,429,285 616,044,825 15,897,146 9,980,534 84,200,987 110,078,667 1,896,849 6,818,288 8,346,831 17,061,968

year 642 643 732 total 644 661 664 total 342 363 541 total 310 311 312 total 711 713 813 total

2011 11.41 7.45 14.81 8.43 8.05 11.31 6.06 6.41 25.37 19.24 19.70 19.81 32.40 32.23 32.44 32.41 11.10 11.21 10.40 10.64

2012 13.59 8.49 35.62 9.84 7.25 10.58 6.72 6.94 24.74 19.70 21.03 20.56 33.85 34.58 36.27 35.71 11.49 11.20 10.27 10.74

2013 9.25 8.38 20.04 8.69 8.03 7.64 5.82 6.11 26.18 18.30 19.54 19.15 34.06 34.74 35.02 34.85 9.59 12.28 10.39 10.92

2014 10.44 9.18 13.66 9.58 7.38 4.64 4.05 4.34 24.10 17.16 17.59 17.69 34.70 35.19 34.63 34.69 10.27 11.99 7.53 9.28

2015 9.47 8.84 25.29 9.09 6.96 6.59 4.64 4.81 29.79 18.61 19.52 19.41 37.00 36.85 36.18 36.31 10.30 12.30 11.55 11.70

total: 10.58 8.42 18.13 9.08 7.55 8.21 5.05 5.34 25.91 18.60 19.47 19.33 34.14 34.55 34.91 34.76 10.46 11.79 9.83 10.60

year 642 643 732 total 644 661 664 total

2011 1.79 1.58 1.67 1.69 2.70 2.98 2.06 2.25

2012 1.97 1.65 1.51 1.80 2.74 3.30 37.63 18.97

2013 1.94 1.80 1.19 1.84 2.66 3.56 3.37 3.14

2014 2.02 1.82 1.36 1.90 6.75 0.00 3.51 6.71

2015 2.08 1.89 1.70 2.00 0.81 0.00 3.60 2.44

total: 1.96 1.72 1.45 1.84 4.57 3.24 9.69 6.90

year 642 643 732 total 644 661 664 total 342 363 541 total 310 311 312 total 711 713 813 total

2011 21,878 68,859 263 91,000 91,271 11,786 598,311 701,368 422,502 3,611,997 2,746,527 6,781,026 107,643 62,791 489,757 660,191 27,551 116,458 168,479 312,488

2012 15,672 44,787 76 60,535 73,775 21,460 472,893 568,128 433,920 3,355,205 2,330,796 6,119,921 105,423 68,360 492,742 666,525 31,182 115,293 162,309 308,784

2013 25,044 54,497 268 79,809 85,364 7,941 597,719 691,024 267,584 3,419,156 2,633,685 6,320,425 105,455 62,994 506,861 675,310 41,349 107,713 174,751 323,813

2014 27,182 62,033 450 89,665 129,535 12,767 1,393,323 1,535,625 288,260 3,537,082 2,446,101 6,271,443 85,591 52,155 441,116 578,862 44,273 115,189 204,821 364,283

2015 25,893 48,256 145 74,294 71,915 22,861 1,122,175 1,216,951 230,542 3,394,351 2,757,782 6,382,675 61,592 42,567 481,467 585,626 37,043 123,434 139,016 299,493

total: 115,669 278,432 1,202 395,303 451,860 76,815 4,184,421 4,713,096 1,642,808 17,317,791 12,914,891 31,875,490 465,704 288,867 2,411,943 3,166,514 181,398 578,087 849,376 1,608,861

year 642 643 732 total 644 661 664 total

2011 352,623 350,024 25,657 728,304 2,029 201 5,321 7,551

2012 346,507 339,063 31,952 717,522 2,183 669 2,460 5,312

2013 350,834 258,706 41,992 651,532 1,450 48 3,000 4,498

2014 355,796 217,649 38,034 611,479 6,619 0 68 6,687

2015 383,960 201,190 27,034 612,184 1,020 0 1,431 2,451

total: 1,789,720 1,366,632 164,669 3,321,021 13,301 918 12,280 26,499

EMV KWh DMV  Fuel in Kg

EMV in KWh/1000 gross tonne km DMV  Fuel in Kg/kilo gross tonne km

EMV DMV 

EMV DMV

EMV DMV

EMV DMV

Shift/move in Km Dlok

Shift/move specific consumption in Kg/Km Dlok

Scope of work in gross tonne km in 000 Dlok Elok

Fuel in kg Dlok Elok KWh

Specific consumption in Kg/kilo gross tonne km Dlok in Kg/kilo gross tonne km Elok in KWh/1000 gross tonne km

Dlok ElokInvestment maintenance

Current maintenance

Lubricating km

Dlok Elok

Dlok Elok


