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1. Context and objectives

1.1. Context of load-flow increases in OHL

The forecast for increased growt h in de mand for electricity overt he next fe w years urgently re quires
Transmission System Operators (TSO) to take opportune action. Moreover, it is alrea dy difficult to build new
overhead lines (OHL), because of e nvironmental constraints and public opinion. In this con text, increasing the
load-flow in existing transmission lines is seen as a valid alternative.

Nevertheless, t he cur rent i ncrease t hrough O HL co uld not be real ized wi thout ri sk m anagement (safet vy,
components | ifespan a nd e xploitation, ec onomical and envi ronmental const raints), especi ally be cause t he
original design didn’t take this aspect into account

However, even if the risks are likely to be increased with the load-flow, this increase needs to balance against a
risk of non supply should the line not be uprated. Indeed, the environmental and the financial consequences as
well as the effects on health on non supply is often far in excess of the small effect of OHL rating increase.

1.2. Objectives of the Task Force

The objectives of the Task Force are to launch a reflexive approach regarding risks due to load-flow increases in
transmission OHL, to discuss a risk management method and to give necessary tools for well-founded decision
making [1],[2],[3].

We want to de termine all of the risks (for equipment, safety, environment...), to assess risks due to uprating in
transmission equipment and to identify potential benefits in relation to acceptable risks.

In this way, we defined three questions :
. Which risks do we have if we increase average load on existing lines ?

This question corresponds to the following situation :

Idesign

I+AI with the risks R+AR

Increase of load-flow

I with the risks R

Figure 1 : risks due to average load increase on existing lines

It means that currently we have an inherent risk R and if we increase the current I (with I<Ijcggn), we will
have a new risk R+AR.

. Which risks do we have if we run existing lines short time at 100%, 120 %, ... ?

This question corresponds to the following situation :

\ / \ Laesion

I with the risks R
Figure 2 : risks due to short time increase at 100%, 120% on existing lines

It means that currently we have an inherent risk R and if we increase the current I (with [>Iggg, during a
short time), we will have a new risk R+AR.



. Which risks will occur by uprating lines to higher currents ?

This question corresponds to the following situation :

'y I+AI with the risks R+AR

Idesi‘:n

I with the risks R
Figure 3 : risks due to uprating lines to higher currents

It means that currently we have an inherent risk R and if we increase the current I (with I>Igesien), we will
have a new risk R+AR.

We proposed for each situation to give a list of recommendations in order to determine the new value of risks.
We can describe it with the following scheme :

I Increase of load-flow I+ Al
R R+ AR

Risk acceptable

Risk unacceptable
Treatment solutions (conductor re-tensioning, better joint diagnosis...)

R+ AR’

Risk acceptable

Risk unacceptable without
line re-design

Figure 4 : scheme to define recommendations

In this way, the purpose is to esti mate the evolution of risks with the increase of I and to determine all the data
and information that could help engineers and managers in decision making to increase or not the load-flow in
their existing lines.



2. Risk assessment of load-flow increases in OHL

2.1. Risk assessment method

Globally speaking, risk assessment is an efficient method to represent all dimensions of risks and to build a risk
management process. More precisely, it is a process including survey, assessment, classification of risks related
to an organization with the support of tools like risks maps, risks diagrams. These tools are powerful for analysis
and communication. The typical product of risk mapping is a ri sk map. On t his kind of map, major risks are
represented as dots on a two axis dia gram, each axis representing a risk attribute or risk dimension. The ris k
mapping method can also produce risk files and diagnosis tools useful for many purposes. Performing a risk map
implies questioning, self assessment, knowledge management, internal communication activities, fruitful for the

whole TSO organization.

In general, it is useful for managers, internal controllers as well as experts for technological risks assessment.

Risk assessment is an iterative process, organized on the basis of 5 main steps.

Step 1 Step 2 Step 3 Step 4
Establish the Identify Model risks Assess an
context scenari prioritize r

Definitionioi Identificationioi® Building of risk Bhliiion of
objectivesiand! risk: SCCHAOSE networks used CONSCAUCHCES
limits ofisks calse/ciees as support for afid
managemerii Step 4 classiiicaniof

Step 5
Risk Treatment

Evaluationois
solution RPACH
to treat theHshs

(Te-tenSIonig;

PLOCESS (descapile (Bayesian i the conduchorss
Hiligragiions network) » )
CONSEUCTIEES)) SCTIOUSHCSSIANE
to STmUIATIoNE
CXPEHCHEE
igelalozigle expert
JudSCIeHi);

Table 1 : risk assessment method

The details of this methodology are given as follows :

Establish the context : the purpose of this step is to set up the strategy and limits of risk mapping process.
The main tasks concern the definition of : the physical boundaries, the “load-flow capacity increase”, the
stakeholders and the types of risk taken into account,

Identify risk scenarios : the objective is to list and identify as most as possible risks scenarios, with their
descriptions and interactions. Bibliography , working groups, interview, experience feedback and surveys
are use d e xtensively. Then, each event of risk sce narios is described as an elem ent of a ca use/effect
diagram,

Assess risks : the goal is to describe, to analyze and to quantify the risks scenarios. This step facilitates
the assessment as t o the likelihood and the conse quences of ri sk scenarios based on t he simulation o f
physical phenomena, experience feedback, expert judgment and risk networks (Bayesian networks),

Classify and prioritize risks : the aim is to prioritize risks and to establish which risks have to be treated as
a priority. Risk map is the tool used as a support for decision making. Risks scenarios are represented in a
two axis diagram, each axis representing one the dimension of risks (at least gravity, and probability),



2.2. ldentification of risk scenarios

In our approach dealing with the management o frisks due to 1oad-flow increases, the components taken into
account are :

. Conductors : homogenous (AAAC) and bi-metallic (ACSR or AACSR),
. Joints : compressed and tension conductor joints for homogenous and bi-metallic conductors,

. Earth wires : a priori only bi-metallic conductors. M oreover, for this type of e quipment, we t ake both
conductors and joints into account,

. Accessories such as clamps, jumpers, dampers, conductors spacers.

Towers and foundations are not take n into account beca use, a priori, uprating has no direct effect on them .
However, a tower or a foundation can intervene in a risk scenario and especially regarding the consequences. For
instance, a conductor breakage can lead under certain circumstances to one or several tower drops.

Firstly, we proposed to build a global cause/effect diagram (as defined in step 2 of the risk assessment method)
for each equipment of OHL, it means we link the initiator “increase of I with the different risks for OHL.

However, after discussions with experts, joints are considered as the weakest point of the system in case of load-
flow increases (more generally equipment with contacts as connections).

We focus on the example of Cause/effect diagram for bi-metallic conductor joints. The objective is to list and
identify as m ost as possible risks scenarios due to the load-flow increase in joints, with their descriptions and
interactions. Th e risk scen arios are defined wi th ca use/effect di agrams, in which the various events and the
logical links between them are represented.

By convention, the initiating event of all risk scenarios is the increase of load-flow and is on the left-hand side of
the diagram.

The six following risks are studied :

. risks to life and property,

. risks to the environment,

. risks of breaking regulations,

. risks to transmission infrastructures (all the OHL equipment),

° financial risks,

. risks to transmission network management (maintenance, refurbishment, availability...).

We don’t take the power system aspect into account in our approach.

These six risks are the final events and are on the right side of the diagram.

In the continuation, we distinguish the cause/effect diagram for :

. bi-metallic conductor joints,
. bi-metallic conductors,
. earth wires whose the be havior is close to the com bination of the bi-metallic conductors and bi-metallic

joints behavior,
. accessories and other phenomena.

Obviously, interactions can occur between the different parts.



2.2.1. Causeleffect diagram for bi-metallic conductor joints

Risks to “life
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“regulation”

Figure 5 : cause effect diagram for bi-metallic conductor joints



The function of a cond uctor joint is to ensu re the electrical an d mechanical con tinuity o f the condu ctor. The
joints most often used for transmission OHL are of two types :

. expanded 1 ine j oint c omposed of an an nealed r ound m etal t ube of a luminium or aluminium al loy,
expanded over the conductor through a joint former. This technology is rarely used anymore but many
expanded joints are still in operation,

. compressed line jo int obtained from a j oint compress onto the conductor by a hydraulic press, in small
successive pressure applications, or by explosion (not in France because of safety problems). This is the
technique most widely used at present.

When not stipulated otherwise, the following description concerns every type of conductor joint. Furthermore, as
seen previously, the load-flow increase is seen as the inc rease of th e current transmission with the immediate
consequence of heating in the conductor joints. This temperature increase results in increasing the joint electrical
resistance, in turn causing an increase in temperature. The phenom enon is therefore cy clic. The e lectrical
resistance increase represents the ageing of the joint, as evidenced by its temperature increase.

So, the i ncreased joint tem perature caused by the load-flow inc rease, can cause a n acceleration of ageing.
Naturally, this event has consequences in terms of assets (Risks to “Transmission Infrastructure”) even if it does
not go as far as breakage. The two underlying and correlated physical phenomena are :

. oxidation and corrosion : th e electric co ntacts in the joints consist of aluminium o r alu minium al loy
elements co ntaining silicium an d magnesium. Th e co rrosion rate of th e electric co ntact d epends
essentially o n th e tem perature, on th e co mposition of th e al uminium al loy an d the surrounding
environment in terms of pH, pollution, high current density...

. the relax ation of stresses : the d ecreasing force on the contact can trigger fretting corrosion asso ciated
with minor movements in the contact, making it more vulnerable to the effects of dynamic stress.

When n ew, the resistan ce per unit of leng th of a jo intin operation is app roximately o ne th ird t hat of the
associated conductor, meaning that the joint temperature is well below than the one of the conductor.

In the course of time, contacts bec ome oxidized, the joint resistance increases and the t emperature may exceed
that of the conductor. This overheating encourages the increasing degradation rate of the contacts, resulting in a
thermal breakdown process, finally causing the joint breakage. We refer the breakage of the joint but this is not
totally accurate because the conductor breakage is often in the imm ediate surroundings of th e conductor joint.
This damage process is almost systematically observed during failure analysis and very few cases are related to
the direct degradation of the mechanical function of the joint. This type of degradation is valid for every type of
conductor jo ints b ut con cerns essen tially ¢ onductor jo ints for b imetallic co nductors. Finally, th e influ encing
parameters, in ad dition to the cu rrent in crease, are th e d efective in stallation o f th e con ductor jo int (in correct
cleaning of conductor, problem of jointing, etc) and the operating environment (weather, pollution, etc.).

Subsequently, the joint breakage logically leads to the conductor drop, or at least of a sub-conductor drop for the
multiple bundle line. In addition, starting from the conductor breakage, a number of different events may appear

. The tower stress modification located near the breakage : the tension towers come under greater twisting
stress and the suspension towers have to act as tension towers, although they are not designed for the task.
Inan y case, theresu ltis thetowers degradation. This scenario the refore ha sa nim pactont he
Transmission Syste m Opera tor as sets (Ri skst o “T ransmission In frastructure”) th at v aries in its
seriousness. I n ext reme cases, de pending on t he co ndition and t ype of t owers, the result can be the
breakage ofone or several towers, which represent a ri sk to property and people (Risks to “Life and
Property”), a risk of the transmission loss of the line and a financial risk because it would be necessary to
repair the line to operational condition ("Financial" Risks).

. The initiation of a fire because of th e conductor falling into an inflammable en vironment. At v arying
levels of severity, depending on the scale of the resultant fire, an event like this can have environmental
risks, financial risks, risks to Transmission System Operator assets, affecting property and people (Risks
to the “Environment”, "Financial" Risks, Risks to ““ Transmission Infrastructure” and Risks to “Life and
Property”) and also operation, because of the possible loss of transmission.

. The loss of transmission and availability associated with the breakage and the repair time needed for re-
establishing the lin e op eration, as well as  the po ssibility o f tran smission in terruption on ano ther 1ine
following a sho rt circuit resulting from contact with the conductor of ano ther line (for a double circuit
OHL or HV line located under the transmission OHL). Under these conditions, the system operation is



affected to a varying degree depending on the strategic importance of the line (Risks to “Transmission
Network Operation”) and has economic consequences because of the costs resulting from the loss of load-
flow capacity, in particular for the interconnection lines ("Financial" Risks).

Furthermore, the c onductor breakage has a direct impact on the T ransmission Sy stem Operator assets and a
conductor d rop ca n caus ¢ d amage t o t he surrounding e quipment (R isks t o “ Transmission I nfrastructure”).
Similarly, a con ductor that falls (onto the ground or onto an obstacle) endangers property and people, without
forgetting the case of a fall which is not followed by a definitive tripping. In a case like th is, the live conductor
will hang down at a m ore or less larg e distance from the ground, representing risks of electrocution (Risks to
“Life and Property”). Finally, the breakage can also induce financial risks because it will require repairing (the
costs will essentially come from manpower and supplies) (“Financial” Risks).

Although it may not go as far as to cause the breakage of a c onductor joint, accele rated ageing can cause the
degradation of the conductor joint which, as we have seen, will appear as an abnormal temperature rise. Under
these circumstances, following a thermographic inspection to detect the “hot points™ liable to cause an eventual
failure, the conductor joint is usually shunted or replaced, depending on its condition, causing the line to become
unavailable (unless the work is carried out live) with consequences in financial terms (“Financial” Risks) and in
terms of sy stem operation (Risks to “Transmission Network Op eration”). The lines in question are g enerally
strategic for the system and this type of operation is performed as quickly as possible. However, for lines under
great stress, it is acceptable to let the conductor joint age before replacing it. In this case, corrections must be set
up almost immediately and associated with thermographic inspection on an almost monthly basis. Limiting the
Permanent M aximum Permissible Loading of a1 ine, even temporarily, following the discovery of ¢ onductor
joints in a thermal acceleration phase, is not used in practice.



2.2.2. Cause/effect diagram for bi-metallic conductors
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Figure 6 : cause effect diagram for bi-metallic conductors
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In the same way as for the joints, the direct consequence of increasing the current through the conductors is their
heating w hich causes t wo d ifferent t ypes of el ongation : el astic el ongation cal led dilatation and permanent
elongation called creep. We differentiate these two phenomena in order to take the consequences of the creep on
the TSO's in frastructure i nto accoun t which m ay req uire are-t ension operation (Risks t o “t ransmission
infrastructure”). However at a given moment, the consequences of the dilatation are superimposed on those of
creep.

We should bear in mind, reading the subsequent analysis, that the OHL is initially designed and built in order to
satisfy its fu nction and co mply with th e regulation all along its life. For e xample, the sag due to creep is
estimated and taken int o account to de fine the initial augmented clearance of the lin e. Moreover, the line is
designed to work properly with a maximum operation temperature of the conductors. The operation of the line
inside its “design operating range”, even with increased current is a standard and common situation which does
not create a risky situation. The risk analysis is obviously more relevant for old and very loaded lines in order to
define the needed maintenance works and finally to decide to stop the operation of the line.

The po ints in co mmon b etween dilatation and cree p are the increas ed sa g, transi ent in the one case and
permanent in the other. Consequently :

3 In both cases, the ground cl earance (or the distance with respect to obstacles) decreases. Under t hese
conditions :

4 it is ab solutely essential to respect, at least, th e template defined by the law (Risks of breaking
“regulation”),

v this induces an increased probability o f arcing which may h ave an impact on life and prop erty
(Risks to “life and property”), initiate a fire and cause transmission losses,

v there is an increased electromagnetic fields at ground level because of the fact that the conductors
are nearer. This possibly having an influence :

= as far as the regulations are concerned if the limits defined by the law are exceeded (Risks
of breaking “regulation”),

= on the acceptation of the line by nearby people (Risks to “life and property”) even if all the
epidemiological st udies carr ied out d o n ot show a ny k ind o fdi rect link bet ween the
pathology and the presence of fields close to the thresholds defined by the law,

. on the environment in the broade st sense of the word (Risks to “environment”) even if, in
theory at present, there is no scientifically identified significant phenomenon.

However, even if the consequences of these phenomena are almost insignificant, or improbable to
say the least, they can have a potential degrading effect on the TSO’s image.

. The increased sagging of conductors caused by creep and dilatation also leads to an increased probability
of phase to phase arcing in the s ame circuit, if the i ncreased sag differs acc ording to the phase (for
instance: differing cable technologies), or of a nearby circuit (for instanc e, a HV circuit near a 400 kV
OHL). This type of arcing results in a loss of transmission availability in the line, or in a nearby line, with
the consequences explained previously (see joints paragraph), as well as the possibl e breakage of the
external wires (wires of aluminium alloy).

. Finally, the permanent decrease (due to creep) of the ground clearance beyond a given level, can cause a
modification in the op eration o fthe line (Risk s to “transmissio n n etwork op eration”) resu Iting in the
limiting of the Permanently Permissible Maximal Loading and economic losses caused by using the line
below its load capacity (Financial risks).

The heat ing of t he co nductors following i ncreased cu rrent al so ca uses deg radation am ong t he con ductor
themselves. Indeed, for bimetallic conductors, increased te mperature causes the migration of the grease in the
conductor encouraging the loss of steel galvanization and therefore the corrosion of the steel and aluminium (or
Almelec) wires in the internal layers (in con tact with the strands of steel), e ven leading to their breakage in the
extreme cases. Indeed, when the corrosion of the layer of aluminium (or Almelec) in contact with the galvanised
steel is co nsiderable, th e resistivity o f th e alu minium in creases. Sub sequently, th e cu rrent p asses partially
through the steel, cau sing the temperature increase of the conductor until the aluminium (or Almelec) melting
temperature, and in t he worst cases, can lead to the breakage of the conductor in a full span. In parallel to this
gradual corrosion of the aluminium, the steel strands degrade as soon as the layer of zinc disappears. In this case,
the loss of the mechanical strength of the steel can also cause premature breakage of the conductor. As a general
rule, the first phenomenon is the faster of the two. In the same way as for the breakage of a joint, the breakage of
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a conductor because of the breakage of steel wires (or of aluminium/Almelec wires) in the internal layers, can
cause a ch ange in the forces working on the to wers, a fire starting, the loss of transmission availability on the
line as well as direct consequences on life and property (Risks to "life and property"), on the TSO's assets (Risks
to "transmission infrastructure") and on the financial level (Financial risks).

To inspect this type of degradation, it is p ossible to measure the residual galvanisation of the steel wires in the
core of the conductor on the basis of Foucault currents principle. Various criteria are generated to justify the
starting of investigations: conductors that have suffered from degradation and/or repair, age of the conductor and
situation of the line in a corrosive area. In the event of severe galvanisation losses being detected, investigation
continues with destructive testing on a cable sample to confirm and quantify the residual life duration accurately.
If aluminium losses are detected over more than 10% of a span, it becomes im perative to replace a part of the
span or to reinforce it. Accordingly, the detection of severe degradation is a way of forestalling latent breakage
but does mean changing entire conductors or just portions of conductors that generate transmission losses for the
line in question but also the momentary li miting of th e Perm anently Perm issible Maximal Lo ading in so me
cases, with the consequences already discussed (Risks to “transmission network operation” and Financial risks).
Of course, intervention after detection also generates substantial costs (Financial risks).

For every type of conductor, heating can cause the corrosion of the outer wires in contact with the environment.
The consequences of t his type of phenomenon are the degradation of the wires and their increased resistivity,
causing increased electrical losses a nd therefore financial losses (Financial risks). In the more extreme cases, it
can res ult in the breaka ge of the wires, having a direct im pact on the TSO assets (Risks to “tran smission
infrastructure”). This typ e of degrad ation then generates hot po ints that can be detected by i nfrared cam era
operations, i ncluding for t he i nner wi res, but toal esser ext ent. T hermography ca mpaigns area way o f
preventing conductors from falling by working on the hot points through the use of "twisted armour rods" for
instance. However, all these detection and repair processes generate costs that cannot be discounted (Financial
risks) ass ociated with a los s of t ransmission in the event of actio n, o r ev en limit ing of t he Perm anently
Permissible Maximal Loading in the more serious cases.

Finally, increased transmission causes an increase in ele ctrical losses event ually generating an economic cost
(Financial risks).
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2.2.3. Causeleffect diagram relative to earth wires
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Figure 7 : cause effect diagram for earth wires
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The eart h wires in a trans mission network a re alm ost ex clusively of th e bimetallic typ e. Th is means th at
scenarios concerning earth wires cover most of the scenarios explained for bimetallic conductors and bimetallic
conductor joints, bearing in mind that the only difference is the fact that the permanent transmission is unknown
because degradation is caused by induced currents and generally not measured by TSOs.

The earth wires are not designed to tr ansmit permanent current and accordi ngly, even if the induced current is
less than the transmission current on the line, the consequences will not necessarily be lower.

Therefore, we have the same ev ent with the possibility of earth wire breakage fo llowing th e jo int b reakage,
resulting from their heating. Conversely, for the earth wire, there is a specific risk becau se the breakage of the
conductor can cause the breakage of the telecom link (more and more optical fibres into earth wires) associated
with arisk in ter ms o f th e assets (Risk s to "tran smission infrast ructure"). Telecom links are used for the
operation of t he transmission net work (R isks to “transmission net work operation’) but can al so generally be
used by the local communities in the case of optical fibres (the high-voltage electricity transmission network is
used as an optical fibre infrastructural support). In the event of the optical fibres becoming unavailable because
of the breakage of the earth wire, TSO have to pay penalties on a c ontractual basis which is combined with the
cost of repair work and represent financial risks (Financial risks).

Moreover, full span earth wire breakages result from the degradation of steel wires as soon as the layer of zinc
disappears, unlike the conductor breaks which result from the wires melting of aluminium caused by an increase
in the conductor temperature.

Earth wire falls may be part icularly dan gerous to third parties if the protection devices do n ot trip. Indeed, in
such a case, t he earth wire could com e into contact with a phase a nd cause a n arcing (Risks to “life and
property”).

Lastly, if an earth wire fell onto a conductor phase, it could cause the breakage of the outer wires of the phase

(link with the cause/effect diagram for c onductors). Under these conditions, after an e arth wire breakage, the
conductors located underneath are generally compromised.
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2.2.4. Causeleffect diagram relative to conductor accessories :

Increased pitch voltage (if tower contact),

falling or overhanging equipment

1
1
|
Depends on tower |
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Figure 8 : cause effect diagram for conductor accessories
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The increase of tra nsmission current ca uses, of course, overheating in contacts. Hot points may then appear at
the interfaces between equipment and cause breakage in the more extreme cases. The concerned equipment are
essentially :

. dampers,
3 jumpers.

This type of break represents degradation of the TSO assets (Risks to “transmission infrastructure”) but can also
cause damages in the event of a jum per or a damper falling onto nearby conductors, or generating a phase to
phase fault with a risk of the ou ter wire breakages (link with t he cause/effect diagram for conduct ors). The
consequence of this type of event also concerns property and people (Risks to “life and property”) because after
the breakage of a jumper or a damper, it may hang down in empty space (without contact with the phases) with a
risk of arcing, touching the tower and increasing the "tension step" on the ground or be accompanied by falling
equipment.

In addition, the break age of a jumper or a damper causes a loss of transmission for a ti me depending on the
repair time needed. The possibility o f in terrupting transmission on ano ther line (after a short-circuit resulting
from cont act bet ween a jumper or a da mper and t he conductor of another line) should not be left out of
consideration. This event can concern more particularly double circuit OHL and HV or MV lines located under
the VHV lines. Under these conditions, the operation of the system is affected to a varying degree depending on
the strategic importance of the line (Risks “to transmission network operation”) and has economic consequences
because of the cost of work to re -establish the transm ission ca pacity, in particular for interc onnection OHL

(Financial risks).

The eq uipment sen sitive to high tem peratures, lik e con ductors spacers th at m ay co mprise to some ex tent
elastomers, in theory are not im  pacted by the load-fl ow capacity increase beca use the te mperature ra nges
corresponding to operation are in theory below the temperatures liable to cause their degradation, even for heavy
overloads (to be investigated in greater detail). But this type of scenario should not be left totally out of account
because it has a potential impact on third parties in the event of equipment falling, for instance if an aircraft daily
warning d evice falls (Risk s to “life an d p roperty”), as well as o nthe TSO assets (Risk sto “tran smission
infrastructure”). Moreover, in the event of a aircraft daily warning device catching fire (temperature from 300 to
400°C), Almelec loses its mechanical properties, meaning that a cond uctor could fall, having consequences on
assets and on third parties. On this point, following falls (with catching fire), plastic daily warning devices are no
longer used on the conductors and are now replaced (or are i n the process o f being replaced) by aluminium
devices. Plastic devices are only tolerated on the earth wires.

In addition, contact parts are closely monitored by infrared camera. Therefore, in case of detection, the identified
equipment is replaced, ge nerating costs related to the work (Financial risks) with transmission unavailability if
live work is not possible (Risks to “transmission network operation”).

Other phenomena can be | isted, even if their occurrence and/or consequences are ne gligible in relation to the
scenarios ide ntified above . Thus, increase d current tr ansmission can cause a n inc rease in electrom agnetic
coupling (for instance, with motorway barrier is lo cated near the lines) or an in creased probability of overload
protections being tripped.

2.3. Model of risks

The evaluation of ris ks scenarios consequences is th e most critical p art and the most difficult. First of all, it is
necessary to have a good idea of physical phenomena. After that, this step permits to assess th e likelihood and
gravities of each risk.

In this part, the methodology pro poses to use phy sical ph enomena model (con ductor creep m odel, el ectrical
resistance evolution, corrosion model...). For instance, an assessment of all the surveys of joints for the two last
decades indicates that they c onstitute a weak point in OHL. Internal corrosion or a defective realization is the
original cause, which leads, later on, to the increase of the contact resistance and therefore of the temperature of
the joints. Then, two approaches are considered:

. Analytic approach: then the first step is to examine how the joints are made and what phenomena occur in
their ageing. This analysis lead s us to retain the most influential factors and propose a modeling of t he
joint and of the evolution of its degradation in the past. The objective of t he model is to predict joint
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ageing in several selected situations close to situations in o peration. These si mulations have to make it
possible to extract the strong tendencies and from them draw conclusions about the service life of joints.
They have impacts on initial quality and in situ inspection of th e joints and maintenance of OHL. The
goal is to tried to build this sort of model but there are some problems : too many factors are difficult to
assess, the creep breaka ge phenomenon doesn’ttake into account with an an  alytic approach, the
validation of the model is difficult because of the lot of parameters, ...

. Finite elements approach : it mak es it possible to study for instance m echanical constraints and breakage
risks of steel strands for bi-metallic joints with numerical modeling :

v analysis of electromagnetic phenomena,

v analysis of mechanical and thermal phenomena.

2.4. Risk mapping

2.4.1. What is arisk mapping?

We propose to build a risk map. The goal is to describe, to analyze and to quantify the risks scenarios. This step
permits to assess especially the likelihood and the consequences of risk scenarios. Moreover, we decide to use a
qualitative approach in order to assess all the risks. Indeed, this TF B2.20 is not the place to develop and deal
with models and physical phenomena simulations.

On this kind of risk map, major risks are represented as dots on a two axis diagram, each axis representing a risk
attribute or risk dimension.

The following picture gives an example a risk map with control limit and acceptability limit :

Control Limit

Consequences

R10 R12

Probability
Figure 9 : example of risk map

In the cause/effect diagrams of conductors and joints, we have defined six risks (risks to life and property, risks
to environment...) and events which lead to those risks.

The events identified (or event combinations) are to be combined into the risk map similar to the example of a
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risk m ap al ready pr oduced. Once t his was do ne t he m itigating fact ors wo uld be a nalyzed. Th us work on
treatment of risk would occur after the risk map is completed.

It makes it possible to classify and prioritize risks and to establish which risks have to be treated as a priority.
Risk map is the tool used as a sup port for decision making. One stake is to precisely define the different limits
between unacceptable risks, risks to survey (acceptable but more efficient control) and risks under control.

2.4.2. Evaluation of consequences and classification

Based on cause/effect diagram for joints and conductors, we define the following events or event combinations
which lead to final risks (knowing that the initiator event is the increase of I) :

. acceleration of ageing of the joint,

. conductor drop due to joint breakage,

3 fire due to conductor drop after joint breakage,

3 tower degradation due to conductor drop after joint breakage,
. acceleration of ageing of the conductor,

. conductor drop due to strand breakage,

. fire due to conductor drop after strand breakage,

. tower degradation due to conductor drop after strand breakage,
. decrease of ground clearance (increase of sag),

. flashover with vegetation and ground (increase of sag),

. increase of electromagnetic field from the ground (increase of sag).

Regarding th e earth wires, t he lo ad-flow increase leads to hi gher induced current (even ifitis difficult to
evaluate the value) and consequently we note in the same way the acceleration of ageing and a higher probability
of breakage. We don't detail this case in this document.

Dealing wit h accessories (cl amps, jumpers, dam pers, ¢ onductor space rs, ...), the load-fl ow inc rease will
certainly accelerate ageing and consequently failures.

The methodology makes it possible to define the type of risks and to evaluate their consequences. The following
table gives an example of it.

Scale of consequences
Type of risks Comments
1 (low) to 4 (high)

1 Low impact

2 Dam age pr operty and/ orm edium
impact towards people

Risks to life and property 3 Damage pr operty an d/or hi gh i mpact
towards people

4 Fi re,ex plosion... a nd/or dramatic
impact towards people (death ...)

1 Low impact

2M ediumim pact(el ectromagnetic
field...)

3 High impact (fire...)

Risks to environment

4 Catastrophic impact (large fire...)

1 Low impact
Risks to transmission infrastructure

2 Medium acceleration of ageing
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3 High reduction of lifespan

4 Component damages at short time

1 No impact (no unavailability) We don’t detail th e risks to

Financial risks

2 Medium impact
3 High impact

4 catastrophic impact

2 Low impact transmission net work
Risks to transmission network P operation
operation 3 Medium impact (N-1)

4 High impact (N-2)

1 Low impact Wedon ’td etailth e

financial ri sks but al 1 ri sks
are conv erted into financial
risks.

Risks of breaking regulations

1 No impact
2 Low impact

3 Medium impact

4 High impact

We don’t detail the risks o f
breaking regulations

Table 2 : type of risks and evaluation of their consequences

The m ethodology m akes it possible to find out all th ¢ events (or ev ent co mbinations) and to ev aluate th eir
likelihood and their consequences. The following table gives an example of it.

Events or event
combinations

Probability
Scale 1 to 4

Consequences

Scale 1 to 4

Comments

Acceleration of ageing of the
joint

1 Low impact
2 Medium acceleration of ageing
3 High reduction of lifespan

4 Component damages at short time

Risks to transmission
infrastructure

Acceleration of ageing of the
conductor

1 Low impact
2 Medium acceleration of ageing
3 High reduction of lifespan

4 Component damages at short time

Risks to transmission
infrastructure

Acceleration of ageing of the
accessories

1 Low impact
2 Medium acceleration of ageing
3 High reduction of lifespan

4 Component damages at short time

Risks to transmission
infrastructure

Conductor drop due to :
joint breakage

strand breakage

2 Low impact
3 Medium impact
4 High impact

5 Unacceptable impact

Risks to transmission
infrastructure

Risks to life and
property

Risks to environment

Fire due to conductor drop :

2 Low impact

Risks to transmission
infrastructure
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after joint breakage

after strand breakage

3 Medium impact
4 High impact
5 Unacceptable impact

Risks to life and
property

Risks to environment

Tower degradation due to
conductor drop :

after joint breakage

after strand breakage

2 Low impact
3 Medium impact
4 High impact

5 Unacceptable impact

Risks to transmission
infrastructure

Risks to life and
property

Risks to environment

Flashover with vegetation and
ground (increase of sag)

1 No impact
2 Low impact
3 Medium impact

4 High impact

Risks to life and
property

Risks to environment

Increase of electromagnetic

1 No impact

2 Low impact

Risks to life and
property

field from the ground
(increase of sag)

. Risks to environment
3 Medium impact

4 High impact

Table 3 : events and evaluation of their likelihood and consequences

One way to build risk map is to translate cause/effect diagrams into Bayesian networks in order to quantify risks.
Use of Bayesian belief network is especially efficient:

. to analyze global risk and domino effects,
. to find optimal decisions and create probabilistic expert systems.

The main advantages are to use all the skills necessary for risk analysis and to make it possible to merge physical
phenomena quantification (conductor creep model, increase of sag...), experience feedback and expert judgment.
It is suitable for applications in the areas of diagnosis, prediction, decision analysis, sensor fusion, expert system
building, reliability analysis and probabilistic modelling.

A Bayesian network (or belief n etwork) cap tures believed r elations (which m ay b e un certain, stoch astic, or
imprecise) between a set of variables which are relevant to some problems. In this type of network, one node is
used for each scalar variable, which may be discrete, continuous, or propositional (true/false).

The nodes are then connected up with directed links. If there is a link from node A t o node B, then node A is
sometimes called the pare nt, and node B the child. Pr obabilistic relatio ns are prov ided for each node, which
express the probabilities of that node taking on each of its values, conditioned on the values of its p arent nodes.
Some nodes may have a deterministic rel ation, which means that the value o fthe node is given as a di rect
function of the parent node values.

The following picture (figure 10) gives an exam ple of Bay esian net work for c onductor joints, in which itis
possible to merge :

. physical phenomena quantification (joint ageing acceleration),
. experience feedback (scheduled unavailability, fortuitous unavailability, ...),
. expert judgment (impact on towers, fire initiator...).
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Once the Bayesian network is done, it will calcu late the likelihood and th e gravity of the six fo llowing risks
(risks to life and property, risk sto t he environment, risk s of breaking regu lations, risks to tran smission
infrastructures, financial risks, risks to transmission net work ex ploitation), sorted with scal e of con sequences
from level 1 (low) to level 4 (high).

For i nstance, the considered s ituation leads to a “fina  ncial i
risks” with the following features : I‘,,-f‘”f
. level 1 (low impact) : probability of 64.7 %, Fimancial rizks ﬁ
. level 3 (high impact) : probability of 33.8 %, lewvell  B4.7 :
. level 4 (catastrophic impact) : probability of 1.5 %. :E:E:g 33.['3 :

leveld 156 i

Taking into acco unt all t he situ ations, it is po ssible to build risk map in order to help in decision m aking
regarding load-flow increases in transmission OHL equipment.
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3. Practical case of joints: risk due to load-flow increases

3.1. Impact of joint life expectancy [1] to [8]

An assessment of all the surveys of joints for fifteen years indicates that they constitute a weak point in overhead
lines. Internal corrosion or a defective installation is the original cause, which leads, later on, to the increase of
the contact resistance and therefore of the temperature of the joint.

The factors that affect a geing of the joints are numerous and varied. To make the pres entation clear, those that
are connected to corrosion can be differentiated from those that belong more to the mechanical domain.

. the spee d of corrosion o f e lectric cont acts de pends m ainly on t emperature, t he c omposition of t he
aluminium alloy and the surrounding environment: pH and pollution by chlorine, sulphate, copper ions,
etc.

. the relaxation of stresses in t he contact units has an effect on the durability of the contact. Reduction of

the force on the contact by relaxation of th e stresses can result in manifestations of frettin g co rrosion
associated with small movements in the contact and m ake it more vulnerable to the effects of dy namic
pulls.

The relative importance of each factor in contact degradation inevitably depends on the environment and on the
stress to eac h joint. In a ddition, the different causes of the de gradations in teract with each ot her. It is thus
unrealistic to want to deduce the behaviour ofa jo int in th e p ast from theories -still v ery disputable- ofthe
evolution of the el ementary phenomena that are i n play. The ap proach taken for simulation of t he ageing of
joints is global: the evolution of joint degradation is characterised by an increase in its electric resistance.

The evolution of joint electrical resistance in function of time is as follows :

Electrical
resistance
in pOhms

Final period of unstable resistance
and i mminent fai lure (wel d/
break / weld.. )

= Permissible resistance

Figure 11 : evolution of joint electrical resistance in function of time

The agei ng m odel ofthist ype of e quipmentisnot reliable, because of the large num  ber of parameters
(environmental constraints, defective installation,...). In this way, a lot of Transmission System Operators in the
world use di agnosis m ethod, base d o n t emperature m easures or elec trical resistance measures, rather tha n
parametric model.

For i nstance, we conside r a ove rhead line with about fifty j oints on each phase with th e similar o peration
constraints (load, environmental constraints,...). This case leads to homogenous ageing of the joint population.

23



The ageing, without 1oad-flow increases, is desc ribed as follows with a translating movement of probabilistic
density. The red line shows the joint breakage.
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Figure 12 : distributions of remaining life expectancy

A simple graphical analysis highlights density features :

. the dispersal : a n arrow density must be anticipated. Indeed, all th e joints will reach the life exp ectancy
during a short period (case n°2),

. the maximal value : it defines the maximal number of replacements without preventive maintenance. In
the case n°1, t his maximal value is I ow and t he distribution is wide : t his case of agein g is th e most
favorable,

. the increase sl ope : the case n°3 with a st iff slope represents th e situ ation for which th e number of

breakage increase highly.

So, the stake is d etermine correctly the distribution of the joint state and its ev olution in function of time. The
ideais to tryto anticipate the mostas p ossible th e consequ ences of large degradation (large un availability,
corrective maintenance costs...).

The previous graphs (with electrical resistances translated in remaining life expectancy) are interesting in order
to forecast maintenance.

However, load-flow increases will in fluence the evolution of distribution. Ind eed, the th eoretical study shows
that the more the contact will be degraded the larger will be the ageing acceleration due to load-flow increases.
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We consider the following t heoretical evolution of joi nt electrical resist ance when we apply severa 1 different
load-flow increases after 25 years (from 0,4 up to 0,8 maximal permanent current).

145

L R T T e B R [

105

Riistanon julhmes)

14 vears

45 years

x5 T T T T v T T T T T T T
Ane

Figure 13 : theoretical evolution of joint electrical resistance with several different load-flow increases

In this example, the increase from 0,4 up to 0,8 maximal permanent current would reduce the remaining life
expectancy from 45 to only 14 years. The results must only be considered as global behaviour of the joints and
can’t be applied for a real study.

For eac h previous di stributions (normal and Weibull 1 aws), we a pply t his method an d we obtain ne w
distribution, with lower life expectancy.
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Figure 14 : distributions of remaining life expectancy - Case n°1 : normal law A = 40,0 =9
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The green columns represent the initial distribution. The purple distribution is th e one which will describe the
some joint population at the same time but with different operation constraints (it is not o nly the ageing impact,
showed by a translation).

The consequencies of load-flow increases are :

. a narrowed standard deviation,
. an increase of maximum values,
. a stiff slope (more joints to replace in a shorter time).

Consequently, those models clearly show that load-flow increases will reduce joint life expectancy and the stake
is to determine very accuratly when we have to replace the joints. In this way, we have to consider the reliability
of the diagnosis method.

3.2. Diagnosis method to identify defective joints

Two methods are presently being used for diagnostic testing of conductor joints of ov erhead lines. These are
infrared ( IR) imaging sy stems (“t hermography”) a nd resistance m easurements. T he | atter method req uires
measuring cables to be connected directly to the conductor, and the associated practical difficulties have severely
limited its use. Infrared imaging surveys, on the other hand, can be ca rried out quickly and easi ly by using a
helicopter, and are widely applied.

3.2.1. Thermographic inspection

Infrared p hotography detects heat ra diated in the i nfrared s pectrum. Det ected te mperatures at t he joint are
compared with detected temperatures at the conductor. It can be performed from the ground or from a helicopter.

However, the shortcomings of the infrared imaging technique have gradually become more evident. The results
are dependent of load and weather conditions, reflections can give erroneous readings, the emissivity factor must
be correctly set, the sensitivity for discovering even substantial increases in electrical resistance is poor, certain
contact flaws that lead to a fl uctuating resistance can easily be ove rseen, etc...[9], [ 11] Cases whe re conductor
joints have failed completely just weeks or months after infrared imaging inspections have found them to be in
good condition, have caused an increasing number of utilities to question the suitability and reliability of infrared
imaging as a method for detecting developing electrical failures on conductor joints. Some have ev en stopped
doing thermography on overhead lines.
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The joint’s electrical condition is ev aluated by its overheating in relation to the conductor (infrared camera).
According to the extrapolated value of joint’s temperature as well as the stake associated with the line, 3 possible
replacement decisions :

. Joint replacement as soon as possible
. Joint replacement within a few months (3 max)
. Joint replacement within the year

But the infrared camera inspection’s results are not completely satisfactory :

. the detection of a « hot point » occurs at a late st age in the de gradation process (when the m echanical
properties of the joints have already decreased),

. the necessary conditions for efficient detection by infrared camera are rarely present : sufficient load-flow
(I'>0,4.IMAP) and sufficient low wind speed (Veasured < 10 m/s).

Infrared imaging surveys are widely applied by TSOs because it can be carried out quickly and easily. Regarding
joint ageing, the drawbacks are from load-flow increase point of view :

. thermographic inspections don’t m ake it possible to fore cast replacement at long date : indeed, we can
only detect very bad joints with hot points (high temperature due to degraded contacts),

. the method is not reliable due environmental constraints (wind, emissivity...),

. we are not able to determine the evolution of joint ageing between two inspections, so it is impossible to
define a trend for a given joint population.

Dealing with IR inspection, it makes it possible to detect hot points, but in some specific cases it can lead to false
diagnosis.

3.2.2. Conventionnal joint electrical resistance DC measurements

Within the scientific community it has for long been a consensus that the parameter best describing the electrical
performance of an electric contact su  ch as a co nductor jo int, is its el ectrical resistance. Interpre tation of
resistance measurements for making decisions about whether and/or when to replace a joint can be somewhat
difficult and a matter of different views, although the assessments in general are much more trustworthy than
those based on in frared im aging. Typ ically th e in terpretation is d one with b asis on Kk-values, i.e., th e ratio
between the measure d resistance across the joint and the resistance of an equal length ofthe conductor. The
criterion for recommending immediate replacement differs; in a survey among different experts it was found to
vary as much as from k> 1 to k>3 [10].

Recommendations based on estimates of what conductor joint temperature the resistance causes have also been
given [12]. It is important to realize that these interpretations of resistance measurements are based on some kind
of practical experience, and only to a very little extent on an understanding of the physical conditions at the
interfaces between the joint and the ¢ onductor. As is well known from the theory for electrical ¢ ontacts [13],
[14], the current crosses the contact interface through a number of minute contacts spots (sometimes referred to
as “a-spots”) and aging and resistance inc rease of a connector or a joint are directly related to processes and
phenomena occurring in these very small areas.

To derive a reliable value of the voltage drop, at least four different DC currents should be applied in sequence.
The current-feeding contacts should be installed on the conductor at the distance of least half a meter from the
end of the joint in order to have the current distribution equalized in all strands.

From load-flow increase point of view, it is impossible with this method to compare resistance values measured
at two d ifferent periods : we can’t determine the evolution of joint resistance between two inspections, so it is
impossible to define a trend for a given joint population.
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3.2.3. Pulse current measurements for condition assessment of conductor
joints of overhead lines [15]

The contact spot te mperature is a good indicator for how severely a connecting device such as a conductor joint
is electrically stressed. Nearly all c onceivable processes that may contribute to the degradation of t he contacts
spots, such as oxidation, corrosion, diffusion, mechanical creep etc. proceed at a m uch higher rate at elevated
temperatures. Moreover, mechanical stresses induced by thermal expansion and contraction of the contact spot
region under thermal cycling may also have an impact [16] [17] [17].

The proposed diagnostic method relies on this correlation between contact spot temperature and the condition of
the joint. The test procedure is to pass currents of increasing magnitudes up t o and above the maximum rated
load current of the co nductor joint and accurately deter mine the resistance each time. The condition of the joint
is then assessed with basis in to what extent different current magnitudes I cause the contact spots to heat up and
thereby change the contact resistance R. Three regions exist :

. R(I) = c onstant. The c urrent is sufficiently low a nd/or the joint is suf ficiently good so that no notable
contact spot heating occurs.

. R(I) increases with increasing current in a reversible manner. The contact spots are sub stantially heated
and the joint is deteriorated / carries more current than it can do in a safe way.

. R(I) changes significantly and in a i rreversible manner between subsequent measurements. The contact
spots are so heated that local melting occurs. The joint is severely deteriorated / overstressed.

From the above it follows that that the current rating of the line must be taken into account when interpreting the
measurements. For example, reversible contact spot heating starting at 1000 A does not indicate deterioration in
the conductor joint of a 70 mm?2 earth wire, but does so in a 1200 mm?2 phase conductor joint.

This following graph shows R(I) for side A (left) and side B (right) of one joint. This joint conductor typically
has a current carrying capacity of 700 - 800 A.

140 1200
_ O
— 130 - —_—
= | o = 1000 - °© &
o 120 — " N
] (]
c — = 800
5 110 =
_ 3 |
600 — o Q
® 100+ o o o
| -~ 00
90 T T T T T 1 400 T T T T T T T 1
0 1000 2000 3000 4000 0 200 400 600 800 1000

Current [A]

Current [A]

Figure 16 : R(I) for side A (left) and side B (right) of one joint

Besides from the ability to detect degra ding joints at a very early stage, a major advantage with this method is
that no reference values are required. The interpretation is solely based on comparing resistances obtained with

low and high currents, not on earlier measurements, manufacturer specifications or other data that may not be at
hand.
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4. Conclusion

The current increase through OHL could not be realized without risk management (safety, components lifespan
and e xploitation, ec onomical an d e nvironmental const raints)., es pecially whe n the design o peration rangeis
exceeded.

Risk assessment is organized on the basis of 5 main steps :
. Establish the context,

. Identify risk scenarios (with expert judgment),

° Model risks,

. Assess and prioritize risks,

o Treat risk.

So this document highlights the risk scenarios through the cause-effect diagrams, in order to list all the physical
phenomena. Then, it gi ves examples of s everal t ables t hat hel p t o ¢l assify t he ri sks desc ribed previously.
However, once this information is treated, it appears that the stake is to determine the life expectancy of contacts.

In the studied case, joints are considered as the weakest point of OHL in the case of load-flow increases but the
ageing model of this type of equipment is not reliable, because of the large number of parameters (environmental
constraints, de fective installation,...). So the solution appears to be a ma nagement process base d on accurate
diagnosis method to define the maintenance policy to minimize risks.
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