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Abstract— This paper provides an overview of the main
accidents causes in the power grid complex of various countries
in recent years, which showed that one of the key causes of
failures is the climatic factors influence. The aim of the study is
to determine the most significant indicators and initial data to
take into account the level of climatic factors influence on the
reliability of overhead transmission lines. It was carried out a
review of requirements for the structural integrity of electric
grid facilities, as well as a comparative analysis of Russian and
foreign studies from the point of view of reliability from the
influence of climatic factors. The results of the study show the
need to update the existing requirements for the structural
integrity and strength of power grid facilities, taking into
account current and projected changes in climatic loads, as well
as the relevance of the preparation of standards governing the
calculation of reliability indicators.
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I. INTRODUCTION

The assessment of the meteorological factors influence in
various climatic zones on the power systems functioning is
analyzed by researchers around the world [1, 2]. The CIGRE
[3-5] and IEA [6] reports note that due to climate change, there
is an increase in the number of adverse meteorological
phenomena, and as a result, an increase in the accidents risk
[7-9] and a decrease in the reliability of power grid equipment
in general. The analysis of accidents in the power grid
complex shows that one of the key causes of failures are
climatic factors [10, 11].

Both abroad [12, 13] and in Russia [14-16], a lot of work
is being done on meteorological and climatological support for
the design and operation of power grids, however, estimates
of observed and even more expected changes in climatic
characteristics are not accompanied by the necessary technical
calculations. The IPCC: 6AR [17] indicates that a further
increase in the number of technological disruptions caused by
the impact of natural factors is expected in the future. The
trend towards an increase in the share of outages due to the
influence of climatic factors is observed, including in Russia.
Underestimating the impact of meteorological loads during the
design and/or reconstruction of power lines can lead to
emergency situations, and, as a result, to a break in the power
supply to consumers and economic losses due to under-supply
of electricity.

The electric grid complex is one of the critical
infrastructure facilities that must meet the high requirements
of stability, reliability and survivability. In the conditions of
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climate change, accompanied by an increase in the number of
unfavorable events for the power system, one of the main
threats to reliability is the influence of climatic factors.

In Russia, all the main recommended requirements for the
structural integrity and strength of electric grid facilities and
the criteria for their calculation are presented in the rules of
electrical installations. Thus, a comprehensive analysis of the
design requirements for power lines includes:

e analysis of the normative and calculated wind load on
wires and cables;

e analysis of normative and calculated icy load on
wires;

e analysis of additional loads at higher, average annual
and lower temperatures;

e checking the cross section of the selected lightning
rod for thermal resistance when assessing the impact
of thunderstorms.

It should be emphasized that various research
organizations, institutes and individual teams of scientists
identify wind speed as a significant factor affecting the
stability and operability of elements of the electric grid, and
the data of the IPCC reports [17] confirm the assumptions that
the intensity and frequency of this meteorological
phenomenon in the future may increase with an increase in
global temperatures, which subsequently, it will lead to an
increase in the number of technological violations on power
lines.

Climatic factors affecting the objects of the power grid
complex have a significant impact on the reliability of each
individual element of the power system, and the greatest
interest in this context is the assessment of reliability
indicators of system elements. These include quantitative
characteristics of one or more properties that determine the
reliability of an object.

They are divided into single, characterizing one property,
and complex, characterizing several properties of an object.
Individual indicators of the reliability of elements are divided
into indicators of reliability, recoverability and durability. The
complete classification of reliability indicators in accordance
with [18] is shown in Fig. 1. All existing reliability indicators
are calculated based on a statistical data set and information
about the network element itself. The main disadvantage of
this approach is the fact that this tool does not make it possible
to consider the impact of individual reasons on the decrease in
reliability and to identify priority areas of modernization.

Authorized licensed use limited to: b-on: Universidade de Coimbra. Downloaded on April 27,2025 at 06:53:52 UTC from IEEE Xplore. Restrictions apply.



detailed information about the element (element

fault statistics type, voltage class, power line length in km,

downtime period [information about the duration, date of repair,)

Initial

Tuo data

duration of trouble-free operation, etc.

number of connections to the tire section, etc.)
L

recovery intensity: p(t) = 1/T,

reliability indicators recovery indicators

§ 3

: H ! Reference or calculated unit
operatin . .
gme tog \LL failure flow parameter or failure E reliability indicators of the element

il 1 { ! rate w(t) ! 1 (equipment)

1
failure rate A(t) average el_e =it . average service life
recovery time T. !

1 Tece
1
1
1
1
1
1
1
1
1

durability indicators

Kg readiness
1 factor

Kor, operational readiness
coefficient

Calculated complex reliability
indicators of the element
(equipment)

Fig. 1. The relationship between the initial data and the calculated single and complex indicators of equipment reliability

To ensure the integrity and strength of structures of power
grid facilities, domestic and foreign power engineering uses a
number of documents in the field of construction climatology.
Each of them takes into account the wind impact as the most
significant factor [19].

In Russia, the impact of thunderstorm overvoltages, ice-
frost and extreme temperature loads are additionally taken into
account. Despite the extensive work carried out in the field of
meteorological and climatological support at the design and
operation stages of the network infrastructure, the estimates of
the observed and, moreover, expected changes in applied
climatic characteristics do not correspond to real conditions.
In turn, underestimating the influence of climatic factors on
the reliability of network equipment can lead to technological
disruptions, a decrease in the quality of electricity, a change in
the structure of the system, disconnections of consumers,
which will entail economic losses.

II. METHODS AND MATERIALS

As part of the research, it was carried out the analysis of
statistical data on emergency outages in power grid complexes
with different territorial location and climatic conditions,
namely: Russian (PJSC “Rosseti”) [20], U.S. (NERC) [21],
Nordic-Baltic Eight countries (ENTSO-E) [22] and Chinese
(China Southern Power Grid) [23]. To simplify the analysis,
all the reasons for the outages were brought to the reporting
form provided by ENTSO-E, in accordance with the order
presented in Table 1.

TABLE L CLASSIFICATION OF FAILURES AT POWER GRID FACILITIES
AS RESULT OF CLIMATIC FACTORS
ENTSO-E [18] NERC [17] CSP? (9
Lightning Lightning Lightning
Other environment | Weather, excluding Wind Damage
causes lightning Ice damage
Contamination Wild fire
External Fire Poluttion flashover
influences . External damage
Vegetation g -
Foreign object
Operation and queign In.terference .
X Misoperation Maloperation
maintenance
Human Error
Fallc?d AC Substation Line fault
. Equipment
Technical —
cquipment Power System Condition
quip Failed AC Circuit Equipment failure
Equipment
Other Other Unknown Fault

As initial data for a comparative analysis of standards for
the design of overhead power transmission lines., at least
during the service life of the equipment were used normative
documents of Russia [24], EC [25], Canada [26], USA [27,
28], Australia-New Zealand [29], Japan [30], which establish
quantitative values of climatic parameters with probabilities of
non-exceeding.

Therefore, foreign studies [31-36] were analyzed to assess
the impact of climatic factors on the reliability of power grid
infrastructure facilities, which allow solving two main tasks.
One of them is connected with the problem of forecasting
adverse weather conditions, and the other with the assessment
of the reliability of electric grid facilities based on
probabilistic models. Conceptually, the methods differ in the
nature of the causes of accidents under consideration, but most
of them focus on wind exposure, sometimes in combination
with rain or icy load.

III. RESULTS AND DISCUSSION

A. Distribution of accidents causes at power grid facilities
in various countries

The main results with the percentage distribution of
accidents in the power grid complexes in different countries
are shown in Fig. 1. It was found that as a result of climatic
factors impact, 43% of outages occur on average in the US
power system, 42% in the Nordic-Baltic Eight countries, 43%
in Russia, 63% in China. Also, the structure of accidents for
climatic reasons was estimated for the USA in the context of
8 large NERC Regional Reliability Councils (Fig.2), and for
individual Nordic-Baltic Eight countries — Denmark, Estonia,
Finland, Iceland, Latvia, Lithuania, Norway, Sweden (Fig. 3).

It was found that in the United States, the causes of
technological disruptions as a result of the climatic factors
impact vary from 22% for Florida (FRCC) to 61% for the
Southwest (SPP). In the context of the Nordic-Baltic Eight
countries, the distribution of a similar parameter ranges from
20% for Lithuania to 56% for Latvia.

The analysis results of the requirements for the structural
reliability of power grid facilities, which are presented in
Table II showed that most of the standards take into account
wind impact and icy-frost deposits. And only some of them
also allow taking into account the loads associated with
extreme temperature phenomena and thunderstorm activity. In
the context of developing climatic changes, it should be noted
that none of the standards takes into account changes in wind
and ice loads when calculating the strength of structures.
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Fig. 4. Detailed structure of the technological violations causes in Nordic-
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TABLE IL REQUIREMENTS FOR THE STRUCTURAL INTEGRITY OF
POWER GRID FACILITIES FROM THE CLIMATIC FACTORS IMPACT IN
RUSSIAN FEDERATION AND ABROAD

Win Extreme Light-
Document Ice ;
d temperatures ning
PUE [24] + + + +
IEC 60826 [25] + + + -
CAN/CSA-C22.3 [26] + + - B
ASCE Manual No.74 [27] + + - +
NESC [28] + - - R
AS/NZ 1170-2-2011 [29] + - - R
JEC -127 1979 [30] + + - -

As a consequence, when designing facilities under current
conditions, errors may occur, which will subsequently lead to

a reduction in the service life or unforeseen failures of system
elements and a decrease in the reliability of both the facilities
of the power grid complex and the system as a whole.

It should be noted that the single reliability indicators
recorded in domestic standards do not allow to identify the
influence of individual (in particular, climatic) factors on the
reliability of the infrastructure of the electric grid complex,
which complicates the assessment and, as a consequence,
decision-making in the field of reliability management. To
solve this problem abroad, a number of methods are used to
assess the reliability of electric grid facilities from the effects
of wind in various combinations with other climatic factors
(rain, thunderstorms, icy-frost deposits).

B. Methods for assessing the infrastructure reliability of the
power grid facilities from the climatic factors impact

The study [31] includes an analysis of the reliability of the
network stages of modeling the reaction of individual objects
to external disturbances. To assess the reliability of the
transmission line, it is divided into segments with a length of
1 km, and the wind load on each segment of the line is
estimated. In this case, the total power loss on the load is
selected as the reliability indicator. The calculation of the
fragility model of components is also provided by combining
information about calculated and actual wind loads.

Integral risk analysis and calculation of the quantitative
assessment of the impact of climatic factors on the probability
of failure of individual segments of the overhead lines and the
system as a whole [32] takes into account the influence of
structural flexibility, interconnection of segments, geometric
nonlinearities and uncertainty on the transmission line
capacity. The probability of failure of each line segment is
estimated as the ratio of the number of events for which
demand exceeds throughput to the total number of generated
simulations according to pre-designed scenarios.

The study of the sensitivity of overhead lines [33] provides
the information necessary to increase throughput and reduce
long-term risks associated with the effects of climate change.
Within the framework of this approach, the authors propose to
evaluate reliability indicators based on calculating the
variation of the mean value and standard deviation of climatic
variables, such as extreme wind speed and ice thickness.

The approach to assessing the combined impact of rain and
wind load on the reliability of electric grid facilities [34] is
based on the use of the Clayton bundle and the use of
probability distributions of wind speed and rain intensity. As
initial data, the intensity of precipitation with different time
resolution recorded at more than 1300 weather stations over a
60-year period of time and the marginal probability
distributions of the annual extreme wind speed are used.

The study [35] suggests using a system solution for
determining geometric defects of power transmission poles in
real time, which allows to estimate the throughput and the
probability of failures of supports. Based on the results of the
assessment of the probability of failure of each component of
the line, technical measures for wind protection are proposed,
taking into account wind load and aerodynamic parameters. In
the process of uncertainty analysis, only the probability of
failure of a single support is mainly taken into account, and
not the relationship between their number and the span length.
For a more detailed modeling of the reliability of power lines
under the influence of wind pressure, the methodology
proposes to comprehensively evaluate separately each
component of the line, the wind environment and its
aerodynamic parameters.
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TABLE III. ANALYSIS OF FOREIGN STUDIES ON ASSESSING THE RELIABILITY OF THE POWER GRID FACILITIES INFRASTRUCTURE FROM THE CLIMATIC
FACTORS INFLUENCE
Influencing natural Description of the quantitative
Ne Country, methodology fac t§rs Initial data assessment of the impact factor
consideration
Assessment of the power
grid reliability exposed to s 3 g
S System reliability expressed in binary
Germany, wind impacts: .
1 Wind loads Power loss on load .
Norway [31] methodology and representation p o = 1-Pr(Fg)
S N N
application to the northern
regions
Analysis of the climate Error in forecasting the selected model
change impact on the . R(@) =R, (@)/
reliability of overhead lines | Wind loads, The number and design of enp
2 | Canada [32] . . the supports of the
(methodology for assessing | icy loads . .
O considered overhead line In(n)
the reliability of =p-p In(p)+ )
transmission lines) 2n
Probability of failure of the overhead pole
Analysis of poles and The average and maximum
overhead l}nes reliability Wind loads, Va!ue of wind speed at a fsys (m)
3 | Canada [33] under spatiotemporal icy loads height of 10 m; the number
variations of wind and of overhead poles and the
= Prob[07~ — 871,075 .0 <0
seismic load distance between them robl e max( T "T2"T m)
The probability of overhead lines failure
under the combined effects of wind and
Analysis of overhead lines rain
failures taking into account Wind loads, Weather station data on wind

4 | China [34] the joint probability
distribution of wind speed

and rain intensity

rain (icy) loads

= 1515 V.R)B, p(V,R)dVi
speed and rain intensity Py fV,R ( ) V.R ( )

=010 fy g . R)B, o (V. R)AVAR

Evaluation of wind
fragility and sensitivity

Model of the fragility of overhead lines
under wind influence

Number of poles, span In Mpim ~ nm,

overhead lines pole based subsidence of the

3 | China [33] analysis for a system of Wind loads length, design of poles PIDz2C|IM]=2[ P P ]
overhead lines poles +
P ﬂD\[M ﬂC
Predicting the failure of Wind loads, Average absolute error

No initial meteorological

long-term measurement
data and orientation effect

6 | China [36] on a model for monitoring il seismic data is required; sensors and L n .
and predicting deformation Sor, seis software are required MAE =— X |y t =Y
. . phenomena =1
using a fiber Bragg grid n
The actual probability of overhead lines
Analysis of wind-induced Data on wind directions and failure, calculated taking into account the
id fai i i wind direction
7 | China [37] power grid failures using Wind loads speeds from meteorological

stations; limit of static

stability of overhead lines Tk = pr (EDP > LSy v, 7)) S (v, O)dv

The model for predicting the deformation of power lines
in the medium and short term from the work [36] is aimed at
providing early warning of the failure of the support. The
authors propose to introduce an online tower deformation
monitoring system based on the monitoring of fiber Bragg
lattice deformation based on sensors sensitive to the slightest
fluctuations caused by external climatic influences.

The study [37] proposed a comprehensive system for
assessing the reliability of the transmission line system both
from the point of view of design safety and from the point of
view of normal operation. The combined influence of wind
speed and direction is considered as an influencing factor. The
methodology makes it possible to estimate the probability of
failure (structural reliability) and takes into account the overall
fragility of the system together with taking into account
various wind loads on power lines.

Based on the results of the analysis, it should be noted that
in all the studies considered, the main emphasis is placed on
taking into account wind loads and the degree of their
influence on the occurrence of accidents at power lines. But it

should also be emphasized that the estimated estimates of
hurricane winds are based on annual synoptic reports,
according to which 50-year maps of wind speed and pressure
are compiled. Most of them do not take into account the lateral
wind direction, which is why they may not meet modern
climate changes. Many of the methods considered also use
information from annual weather reports as input data, which
is unrepresentative from the point of view of objectivity and
accuracy of information. Nevertheless, the forecasting models
proposed by the researchers are formed in such a flexible way
that, if necessary, they can be rebuilt to match the initial data
of the CMIP 6 global climate models, and in this case generate
really correct results at the output.

IV. CONCLUSION

The failures’ structure research of the world's largest
power systems has shown that from 40 to 63% of outages
occur due to the effects of natural and climatic phenomena.
Against the background of unprecedented climate changes
being recorded around the world and, especially, in Russia, an
increase in the proportion and severity of failures caused by
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the influence of climatic factors, and above all wind, is
expected. The main advantage of the reliability assessment
methods considered is flexibility in relation to the loaded
information as input data, which allows, if necessary, to
rebuild the model to the data of the CMIP6 global climate
models, and to obtain a result with a high degree of
actualization. However, most of them don’t take into account
the complex influence of climatic factors, as well as the lateral
direction of the wind, which may not meet modern conditions.
In addition, data from annual weather reports are used as input
data in most methods, as a result, the results obtained have a
low degree of representativeness. Thus, the results of the study
show the need to update the existing requirements for the
structural integrity and strength of electric grid facilities,
taking into account current and projected changes in climatic
loads, as well as the relevance of preparing standards
regulating the calculation of reliability indicators, allowing to
identify the influence of individual factors on the reliability of
the system and its elements.
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