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Abstract: With the increase in the electrical load and the progressive introduction of power generation
from intermittent renewable energy sources, the power line operating conditions are approaching the
thermal limits. The definition of thermal limits variable in time has been addressed under the concept
of dynamic thermal rating (DTR), with which it is possible to provide a more detailed assessment
of the line rating and exploit the electrical system more flexibly. Most of the literature on DTR has
addressed overhead lines exposed to different weather conditions. The interest in the dynamic
thermal rating of power cables is increasing, considering the evolution of computational methods
and advanced systems for cable monitoring. This paper contains an overview of the concepts and
methods referring to dynamic cable rating (DCR). Starting from the analytical formulations developed
many years ago for determining the power cable rating in steady-state conditions, also reported
in International Standards, this paper considers the improvements of these formulations proposed
during the years. These improvements are leading to include more specific details in the models
used for DCR analysis and the computational methods used to assess the power cable’s thermal
conditions buried in soil. This paper is focused on highlighting the path from the initial theories and
models to the latest literature contributions. Attention is paid to thermal modelling with different
levels of detail, applications of 2D and 3D solvers and simplified models, and their validation based
on experimental measurements. A salient point of the overview is considering the DCR impact on
reliability aspects, risk estimation, real-time calculations, forecasting, and planning with different
time horizons.

Keywords: thermal model; electric cable; cable rating; dynamic line rating; monitoring; reliability;
review

1. Introduction

The electrical infrastructure is undergoing a modernisation process, with which the
automation of the electrical lines and substations is making new information available on
the operation of the electrical system. The electrification of the energy system is progres-
sively increasing. However, the replacement of the electrical infrastructure cannot be as
fast as the increase in the electricity demand. The stress on the electrical lines is increasing,
leading to higher temperature peaks that could become close to the line thermal limits
in various time periods of the electrical system operation. Before replacing the electrical
lines, today;, it is possible to study better exploitation of the existing lines closer to their
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thermal limits. In these cases, the classical limits considered in steady-state conditions
for determining the thermal rating of the lines could become insufficient to develop an
efficient assessment of the line limits. In fact, the thermal rating in steady-state conditions
could become too conservative, in case high temperatures are reached only in a few cases
and with relatively short duration. If this happens, the over-temperatures (higher than the
limits at steady-state) that could occur in the cable insulation for short time intervals would
have a very limited impact on the cable lifetime. Conversely, when excessive temperatures
are reached in abnormal conditions, there could be hot spots at some locations along the
cables. By enhancing the monitoring of power lines (overhead lines and underground
cables) to obtain more information through advanced communication systems, it is possible
to change the power line thermal limit during time depending on the weather conditions.
The thermal limit is important because the line protection system rating could depend
on when and for how long the thermal limit is exceeded. This possibility also enables
better exploitation of the fluctuating renewable generation by studying the operation of
the power cables that connect this type of generation to the grid.

The above concepts have been considered under the general terms dynamic line rating
(DLR) or dynamic thermal rating (DTR), which emphasise the role of considering the
thermal transients in the operation of the electrical systems. According to the IRENA
report [1], in most cases, even relatively low increases of the thermal rating (e.g., from 5%
to 20%) with respect to the steady-state thermal rating could solve many operational issues.
On the transmission network side, DTR can also be used for estimating the actual thermal
state of the conductors by determining the electrical parameters of the power lines [2] or
the mechanical characteristics of steel-reinforced aluminium overhead lines [3]. On the
distribution network side, DTR may have an impact on optimal resource scheduling in
reconfigurable microgrids [4]. DTR may be used to keep the conductor temperature in
a line inside the thermal limit in the presence of high renewable distributed generation,
deciding how much distributed generation has to be curtailed in real-time [5]. The study
reported in [6] attempts to perform a quantitative evaluation of the potential benefits
of DTR and a quantitative assessment of the impacts of DTR on the performance of a
distribution network. A distribution network similar to the ones present in Finland has
been considered where overhead and cable lines are considered. The performance of the
distribution network has been assessed with respect to a number of reliability indices
accounting for the expected energy not served and the expected curtailment of generation
from distributed generators.

The literature on DLR addresses, to a large extent, the studies on overhead lines [7].
Nevertheless, the interest in dealing with underground cables and their operation has
recently increased. For this purpose, the relevant terminology dynamic cable rating (DCR)
has been introduced. More generally, considering the electrical infrastructure, similar
aspects involve the power transformers, leading to the dynamic transformer rating (often
indicated as well as DTR—not used below to avoid confusion). The exploitation of dynamic
cable and transformer thermal rating may lead to the reduction of the electricity price by
enabling increased exploitation of renewable resources [8]. Dynamic transformer rating
has been analysed under different climates in [9] or using risk-based procedures [10].

The study of the thermal behaviour of underground cables is significant for the
design and manufacturing of the power cables to identify the possibility that abnormal
conditions could occur and determine hot spots, leading to cable failures. In the studies of
electrical system reliability, the effects of power cable failures are studied in particular by
considering the role of the joints constructed when the cable is repaired. The sensitivity of
the cable current limits to the variation of the thermal conditions in time is also considered,
taking into account the parameters used in the thermal model of the soil and the power
cable parameters. Moreover, appropriate formulations of power cable rating are used in
applications such as DCR forecasting and risk estimation [11].

Thermal assessment of an underground power cable is useful to obtain its ampacity,
i.e., its current rating. This parameter represents the maximum electrical current flowing
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through an operated power cable conductor without exceeding the maximum limits of
its operating temperature [12]. To calculate the power cable ampacity, it is necessary to
evaluate some aspects that can affect the operational buried power cable characteristics.
These aspects are linked to the materials and structure of the power cables, the methods
concerning the installation of the power cables, and surrounding conditions (e.g., soil layers
configuration, soil parameters, backfill properties, buried depth, and the trench profile) [13].
Furthermore, the ampacity depends on the operating temperature of the power cable.

Thermal resistivity of soil is the most important technical parameter that affects the
power cable rating. Higher values of soil thermal resistivity result in lower ampacity [14].
In fact, with high soil thermal resistivity, the heat flows from the power cable to the external
environment with more difficulty, and the cable temperature remains higher. For reducing
the thermal resistivity, backfill material is positioned in the surrounding space around the
cable. The goal is to keep the thermal resistivity low and constant as much as possible, thus
enabling the operators to set up their analyses with a constant parameter. In this way, the
results become less dependent on the variability of the soil properties. For having constant
thermal resistivity, one of the key points is to maintain a constant moisture level in soil, that
is, to ensure thermal stability. In fact, the thermal gradients due to the heat dissipated by
underground power cables move moisture out of the space near the power cable, drying
the soil around the cable [15]. Consequently, the thermal resistivity increases, and the heat
flows away from the cable with more difficulty. Again, this causes the cable temperature
to remain higher and increases the possibility of damaging the cable. If the moisture
content is the same, hot soil has lower thermal resistivity than cool soil [16]. Backfills with
sand of low thermal resistivity and high capacity to retain moisture are preferable [17].
However, when using sand, the surrounding soil or appropriate barriers must maintain
high moisture content; otherwise, the thermal resistivity of a dry backfill would increase
considerably [18].

An accurate assessment of the heat dissipation in the buried power cable and its
surroundings is useful to obtain better power cable utilisation [19]. The thermal behaviour
of the buried power cable depends on the thermal parameters of the power cable materials,
cable loading conditions, heat-transfer properties of the environment, soil surrounding,
and boundary conditions [20]. The current rating determination requires a thermal analysis
of the power cable, where thermal properties of the power cable materials and soil, the
heat sources in the soil and the cable, and the heat dissipation mechanisms are modelled
and estimated [21].

The cable heating also depends on various exogenous aspects. Among them there are
the variable soil thermal resistivity, the mutual thermal effects in the presence of multiple
cables, and the faults that could occur in the power cables, including their junctions and
terminals. The cable structure is not uniform, and depending on the external conditions,
it is possible to form hot spots, with consequent failures that lead to premature ageing.
Furthermore, the location of the hot spots could change in time, also because of the effect
of changes in the power cable loading and soil resistivity.

This paper is the extended version of the article presented at the 55th Universities
Power Engineering Conference [22]. The main additions include a more detailed view of
the main parameters that affect the power cable ampacity, the indication of advantages, and
drawbacks of the methods used to compute the temperature field for buried power cables
and their surroundings. Further details are provided on reliability aspects and power cable
monitoring in real time and on their effects on power cable rating.

In the current version of the paper, the main contributions are:

e an overview of the thermal aspects relevant to the soil modelling for the assessment
of cable heating;
the illustration of power cable modelling for DCR assessment;
the categorisation of the solution methods for assessing the thermal characteristics of
power cables;

e  considerations on the DCR impact on distribution system reliability;



Energies 2021, 14, 2591

40f23

e indications on the techniques used for power cable monitoring to support DCR
calculations;

e theimpact of DCR on real-time, short-term, and long-term operation of the distribution
systems.

This paper offers a complementary view with respect to other reviews focused on
overhead lines, such as [7,23]. Section 2 summarises the thermal phenomena relevant to the
DCR studies. Section 3 addresses power cable modelling and DCR computation methods.
Section 4 deals with the DCR impact on power and distribution system operation and
planning. The final remarks and the indications for future work are summarised in the
last section.

2. Thermal Phenomena in Soil for Buried Power Cables

The heat-transfer phenomena in the soil and the power cables are conduction, con-
vection, and radiation. In addition, vapour diffusion caused by a vapour density gradient
occurs. In the soil conduction, the heat is transferred from one region of high temperature
to another with a low temperature in a medium, without apparent motion of the molecules
in the medium. Convection is a heat-transfer phenomenon in a fluid due to the relative
motion of the fluid molecules. It is considered that the solid structure of soil is static,
and the convection effects refer only to liquid and vapour transport. Radiation occurs
in a transparent medium (or through air space) by which the heat energy is propagated
as electromagnetic waves. Convection and radiation are essential in fluids (liquids and
gases), while in solids, convection is absent and radiation is negligible [24]. At normal
air temperature, the effect of radiation in the sand is lower than 1% of the overall heat
transfer [25]. In the case of buried power cables, the energy transfer in the insulation
and metallic layers of the cable occurs only through conduction. In the hot regions of the
porous medium, the water evaporates, moves through the pores filled with gas due to
thermal diffusion, and finally arrives in the cold regions where it condenses by releasing
its vaporisation latent heat. Furthermore, water flows under the pressure gradient and
the gravity phenomenon [26]. The basic heat-transfer concepts used to assess power cable
rating have been summarised in [21].

The soil thermal conductivity (i.e., the inverse of the thermal resistivity) and the
arrangement of the soil layers are the two main factors that affect the power cable ampacity.

2.1. Soil Thermal Conductivity

The soil thermal conductivity represents the ability of a medium to transfer heat.
According to the standard procedure, soil is considered a homogeneous and uniform
medium with constant thermal conductivity. In this case, the cable ampacity, the tempera-
ture distribution and the soil thermal resistance between the buried power cable and its
surroundings are determined by the International Electrotechnical Commission (IEC) with
the standard IEC 60287-1-1 [27] based on Neher and McGrath’s approximate formulas [28].
In reality, soil is a non-homogeneous medium, being of granular nature and being com-
posed of different organic or mineral materials with different shapes. In the spaces between
the grains, there is a fluid (water or air). The soil composition depends on temperature
(variable in time) and soil moisture content [29]. The soil thermal conductivity depends
on the moisture content influenced by cable heat dissipation, weather, and season [30].
The soil thermal conductivity rises with the increase in the soil moisture content [25,31].
The soil thermal conductivity range is from 0.4 to 4 W/(m-K) when the water content
modifies [32]. The influence of soil moisture content changes is not considered when soil
has low permeability [25,33]. In addition, soil has many layers (e.g., organic matter, quartz,
and other materials), and each layer has its own thermal properties that are different from
other layers. De Vries [34] showed that the composition of the soil structure influences the
thermal conductivity of soil. Farouki et al. [35] specified that the thermal conductivity of
soil depends on the temperature, water content, natural porosity, mineral composition, and
dry density. Campbell et al. [36] demonstrated that the soil thermal conductivity rises with
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the temperature in moist soil. In this case, the soil thermal conductivity is not assumed to
be constant. Consequently, knowing the soil water content is very useful for obtaining an
accurate estimation of the soil thermal conductivity [37].

Soil is a porous medium, and soil pores are filled with water in a liquid state. When
the porosity increases, the pores are saturated with water. Thermal conductivity of a
porous medium at partially and/or totally saturated conditions is a combination of the
thermal conductivity and connectivity of each phase (e.g., water, air, and solid particles),
the geometry of the medium, and the relative volumes [38,39].

The soil layer thermal conductivity reduces at the same time as the temperature
increases [40]. The thermal conductivity of each soil layer is influenced by temperature,
porosity, and liquid—vapour transport [37]. Soil dries out when the water from the soil
pores evaporates. In this case, soil loses its ability to transfer heat [39].

Due to continuous heating of the operated power cables, the moisture migration away
from the cable is obtained in partially saturated conditions [41]. In this case, there is a
moisture loss in the backfill material, leading to the formation of a dry zone with a low
thermal conductivity around the power cable. The dry-zone formation is influenced by
surrounding conditions, soil permeability, soil type, moisture content, static head, and
retention factor [35]. Soil does not continuously dry out and gets at a stability limit where
the moisture content is reduced (within a particular isotherm of a critical temperature).
Over this limit, the moisture content is kept at the ambient level [42].

The power cable is buried directly in the soil or by replacing the mother soil around
the power cable with the thermal backfill materials (e.g., sand or concrete), as in Figure 1.
Alternatively, the power cables are installed in pipes [43]. Thermal backfill materials have
significantly higher thermal conductivity than the mother soil and can enhance the heat
transfer from the buried power cables. In this case, the power cable temperature does not
exceed a certain limit of the temperature [12,44,45]. In addition, an advantage of proper
backfill material is the stability in time of its thermal conductivity [45]. Compared with the
mother soil, the newly backfill cable structures developed today assure the better condition
of the heat dissipation, leading to an improvement of the power cable ampacity by about
10-15%. In this case, a decrease in the cross-sectional area of the power cable conductor
could be obtained, leading to the reduction of investment costs [46].

surface

| . burial depth _!

insulation
conductor

power cable
sheath

jacket

-
Ll
|

trench width

Figure 1. Single cable in backfill material and trench cross-section.

Some mathematical models have been proposed in studying the dry-zone phenomena
around the buried power cables [43,44]. Garrido et al. [43] developed a mathematical
model applicable in steady-state and transient state to solve the ampacity and heat diffusion
equation inside the buried cables and surrounding soil. De Leon and Anders [44] developed
a parametrical model to compute the external thermal resistance and an analysis of how
the cable ampacity is affected by different backfills. They concluded that the backfilling is
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useful for raising the power cable ampacity. In addition, the backfill quantity considerably
affects the power cable ampacity.

Therefore, the dry zone results in a growing temperature in the power cable sheath,
which could cause further damage to the insulation of the cable, leading to possible hot
spots [22]. The reduction of hot-spot zones around the buried power cable can be obtained
by using some solutions such as the following:

the heat sources insulation around the power cable;

mounting a forced cooling system in the hot-spot zone;

corrective backfill incorporation having high thermal conductivity;

the utilisation of the insulating fluid that flows inside the power cable, useful for the
power cable cooling;

e the forced convection for the fluid flows around the power cable [21,47].

Water cooling is considered the most adopted solution to avoid the soil drying around
the cable [48]. In this situation, the pipes in which the cooling water flows are mounted
parallel with the underground power cables. The heat-transfer analysis must consider the
pipes layout, the soil parameters, the depth where the underground power cable is installed,
and other parameters that are not constant along the power cable. Brakelmann et al. [47]
described the utilisation of gravitational water as a cooling solution. This solution is
adopted when the water cooling cannot reduce the hot-spot zone around the power cable.

A solution used for the first time to solve the problem of the hot-spot zone of the
buried power cables was proposed by [49]. They proposed a hydronic asphalt pavement
(HAP) system. The role of the asphalt pavement was to collect the heat from the sun by
using solar absorption. In addition, part of the heat was dissipated due to the conduction,
convection, and thermal emission phenomena. Hence, if the asphalt pavement located
above the power cables is cooled by using the HAP system, the temperature at the hottest
point of the cable can mitigate the hot-spot effect. As a consequence, cable ampacity can be
increased. The presence of fillers with high thermal conductivity in the cable trench is a
further useful means to collect waste heat from the power cables in the HAP system and
increase cable ampacity [50].

The standard IEC 60287-1-1 [27,51] describes the thermal evaluation of the buried
power cables in the presence of the dry-out zone. The standard presents a model where
soil is composed of two zones: a dry zone and a moist soil zone. Each zone has its thermal
conductivity (both considered constant). The boundary between the two zones is found to
be a special isotherm within the medium, which reaches a certain critical water content [52].
The effect of the temperature on the critical water content was presented in [53], where a
theory of moisture movement in porous materials was developed. In addition, the effect
of the temperature on the critical water content was experimentally demonstrated in [54].
Furthermore, Groeneveld et al. [54] specified that a bigger temperature reduces the soil
ability to retain the water.

Experiments have been reported in the literature to show the effects of the presence of
dry zones around the cable [13,55,56]. Bustamante et al. [55] performed an experimental
and numerical analysis of the medium-voltage underground cable analysing the cable
ampacity in the function of the soil conductivity for different soils (wet, dry, very dry soil)
and cable depth. The values obtained were compared with the values from the standard IEC
60287-1-1 [51]. Oclon et al. [56] showed that when completely dry, the thermal conductivity
of thermal soil or backfill can decrease by five times.

2.2. Arrangement of the Soil Layers

Salata et al. [29] analysed how different materials surrounding a buried power cable
affect the thermal conductivity during the heat dissipation generated by the power cable in
the surrounding area. In this case, a dimensionless factor affected by different materials
surrounding the cable was estimated to correct the equation specified in the Standard IEC
60287-3-1/2 [57]. This correction helps obtain an accurate estimation of the soil thermal
conductivity surrounding the buried power cables. This issue is specific for the dry soils



Energies 2021, 14, 2591

7 0of 23

and when the thermal conductivities of different materials of the layers are low. Octoni
et al. [39] presented an analytical formula to obtain the thermal conductivity of each
layer for the multilayered soil. In this case, the multilayered soil thermal conductivity
depends on the temperature. The utilisation of the fluidized thermal backfill (FTB) is
good when significant changes of thermal conductivity are obtained in the proximity of
the cable. Diaz-Aguil6 et al. [58] proposed a model for the soil discretisation using an
RC ladder-type circuit. This circuit is adequate for dynamic soil representation. Soil was
uniformly discretised into layers, and the model parameters are computed by using the
standard equation provided in the IEC standard. In addition, the model based on the soil
discretisation can provide the soil temperature at any point.

The thermal model takes into account the Joule losses and insulation losses. The
influence of cable power losses is presented in [59]. Due to the Joule losses, the buried
power cables are heated and operate at high temperature. Many publications on the buried
power cable deal with steady-state analysis (Joule losses and the power cable temperature
do not depend on time). In real cases, the Joule losses vary with time. The insulation
losses are important because the heat that is generated in the cable (given by the dielectric,
Joule and ferromagnetic losses) and is not flowing outside the cable causes the temperature
increase in the insulator and results in insulation damage [60].

3. Power Cable Modelling and Computational Methods
3.1. Power Cable Modelling

The structure of an electrical cable depends on the rated voltage and the type of
installation. A single-core cable generic schema is reported in Figure 2, where the main
layers are visible. The conductor is generally composed of several copper or aluminium
wires to reduce the skin effect. The insulation is typically made of crosslinked polyethylene
(XLPE), ethylene propylene rubber (EPR), hard ethylene propylene rubber (HEPR), or
polyvinyl chloride (PVC). The insulation is preceded and followed by two semiconducting
layers (i.e., the conductor shield and the insulation shield, or internal/external semi-
conducting layers), making the electrical field radial inside the insulation, thus improving
the power cable performance. The metallic sheath is installed for safety purposes and
is usually made of copper or steel tape and fibres. The armour protects the cable from
mechanical shock and is usually installed in submarine cables. The jacket protects the cable
from mechanical and chemical aggressions.

Jacket
Armour
Armour bedding

Metallic Sheath
Insulation Shield

Insulation
Conductor shield

Conductor:i

, S
e
51
i
.
:
.
n
Al
;
-
b<

—

Figure 2. Equivalent electrical model from electrothermal analogy for a single-core cable, considering the representation of

the parameters with the “T” model.

A very popular approach to implement the thermal cable model is the “thermo-electric
equivalent” (also known as “lumped parameters model”), based on the electrothermal
analogy summarised in Table 1 [61,62]. All materials are characterised by thermal resistivity
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and capacity interconnected in series and parallel, considering the cable layout. The
current generators represent the equivalent heat sources due to different types of losses
(e.g., dielectric losses and Joule losses inside the conductor), which are usually computed
according to the Standard IEC 60287-1-1 [51]. To improve the model accuracy, skin-effect,
proximity effect, and temperature dependency should be represented since they affect the
electrical resistance values, which have an impact on losses [63].

Table 1. Electrothermal analogy.

Thermal Quantity Units Electrical Quantity Units
Temperature T K Electric potential V A%
Absolute zero 0K Ground potential ov

Heat flow rate Q \ Electric current I A
Thermal conductivity k W/(m-K) Electric conductivity y 1/(Q-m)

Thermal capacity C; J/K Capacitance Ce F

Thermal resistance Ry K/W Electrical resistance Re Q

Another way to estimate the electrical resistance of MV cables requires the availability
of synchrophasor data given by phasor measurement units (PMUs) [64]. By modelling heat
flow with a current in the electric analogy, the different node voltages inherently model
the temperatures. Then, the dynamics of the thermal circuit can be represented by using
ordinary differential equations [65,66]. The electrothermal approach can be easily extended
to model several single-core cables or multicore cables, taking into account the mutual
location of the different cores, the presence of further jacketing, and the position of all the
cables inside the ducts.

Detailed representations are possible for the equivalent circuit that models the cable in
its operational conditions. These representations are formulated for the internal part of the
cable and for the outer part that includes the soil and the external ambient. Figure 2 [22]
represents the single core of the cable, which has cylindrical symmetry and includes
isothermal coaxial layers. The equivalent circuit contains a number of interconnected
elements (capacitors, resistors, and generators).

In particular, according to the electrothermal analogy of Table 1, the resistors represent
the thermal resistances, the capacitors represent the thermal capacities and are essential to
model the thermal transients in real operating conditions. The generators represent the
heat sources that originated from different types of losses [67,68]. Between two adjacent
layers, the capacitors and resistors can be connected to form “T” or “I1” double-bipole
circuit models with lumped parameters. In Figure 2, all components are represented the “T”
circuit model. In some cases, considering the component size and material, it is possible to
neglect some resistances (for example, for the shield and the sheath). Looking at the series
or parallel connection of resistors and capacitors, it is also possible to reduce the number of
corresponding elements that appear in the circuit by summing up any series resistances
and any parallel capacitances.

3.2. Computational Methods

Several methods allow the computation of the temperature of the underground cable
and of the surrounding soil. Below, the main ones are briefly reported, pointing out
their strengths and weaknesses. A general categorisation of the methods is carried out
by considering analytic models, finite difference methods, finite element methods, or
simplified models and equations.

In analytic models, the analytic solution of the diffusion equation, usually provided in
an exponential integral form, allows the computation of the temperature distribution at
any point of the soil in homogeneous systems [69,70]. It requires as input the thermal and
the electrical resistivity of soil, the distance among the cables and their depth of burial, and,
finally, the electrical losses associated with a current flowing through the cables. Scenarios
with a single cable or with several conductors laid in a nonsymmetric schema can be
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easily studied. The main strengths of this method are the ease of implementation, the low
computational time, and the absence of convergence criteria. The weakness is that only
homogeneous scenarios can be studied [58,70]: this means, for example, that the effect of
the presence of different materials in the area surrounding the cables cannot be taken into
account. This aspect is a clear simplification considering that the soil in the area under
investigation is the result of excavation activity. It can thus have a significant impact on the
thermal resistivity of the ground.

The multilayer soil model is another analytical approach, where the underlying idea
is to subdivide the area surrounding the cables into several layers that are modelled
as an equivalent electrothermal lumped circuit [58,61,71]. The temperature distribution
can be easily calculated by solving the circuit. This approach is in line with that of the
IEC 60287-1-1 [51] standard and allows a more faithful representation of the temperature
distribution [58].

A further analytical model to assess the power cable rating takes into account the non-
uniform temperature distribution in the underground space. This temperature distribution
is calculated by using the heat-transfer equations with boundary conditions [72]. The
classical approach requires concentric layers to model the soil, which, of course, is a hard
constraint. A more recent approach overcomes this limitation providing a non-concentric
ladder soil model [71].

The finite difference method (FDM) is a numerical method that solves the heat diffusion
equation approximating the partial derivatives using finite differences. Since the length of
the installation is much greater than the lateral dimensions, the heat diffusion equations
are often considered independent of the length coordinate. Within this simplified approach,
the solution refers to a plane that is perpendicular to the cable length. The FDM requires
a discretisation of the cable and of the surrounding soil, considering cylindrical and
rectangular coordinates for the mesh grid [43,73]. One of the inconveniences that may arise
is the need to consider a quite large simulation domain around the cables to guarantee that
the furthermost points in soil keep their original temperature (i.e., constant temperature
isotherms at points far enough from the cables). A variable step discretisation in the mesh
building process can be considered so that only the relevant areas can be modelled with a
fine mesh, while for the remaining parts, a coarse mesh can be adopted [43].

The finite element method (FEM) is another important numerical method particularly
popular in the field [74]. In addition, in this case, the domain of the model (2D or 3D) is
meshed. Since the shape of the mesh elements is chosen considering the geometry of the
objects, FEM can be considered more flexible than FDM. The mesh generation is often a
thorny step in the simulation process, especially when objects characterised by different
dimensions coexist. Thereby, simulating a cable with a small cross-section buried in a large
piece of land could be complicated.

When the system is represented by using a large number of connected nodes, a crucial
issue appears for the creation of a nonregular mesh aimed at reducing the computational
burden and improving the effectiveness of the result representation. However, only FEM
allows the simulation of complex scenarios, such as those characterised by the presence
of multiple circuits [75], ground surface heat [76], cable trench profile [77], concrete and
asphalt cover [78-80], and mixtures for bedding in a multilayered soil represented in
2D [39]. In steady-state, the FEM minimises a given functional, subject to a set of boundary
constraints [81]. Some tools used for two-dimensional (2D) analysis are FEMM [82],
FLUX [75], COMSOL with 2D model [83], and ANSYS [55,84]. The numerical model
used in the FEM tool developed in [39] contains some nonlinear functions of temperature
and is solved by using an approach based on the Newton-Raphson method.

Some FEM software (e.g., COMSOL multiphysics and ANSYS) allows multiphysics
simulations for determining the dynamic thermal rating of electrical cables [85,86]. For
example, the thermal and the electrical equations of the model are solved together in the
simulation process, benefiting the simulation accuracy. In this case, the current distribution
in the three-phase current system on the screen and the soil can be calculated considering
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mutual coupling and skin effects. For submarine cables or overhead lines, the fluid dy-
namics equations can also be added to model the effects of water and air. Unfortunately,
multiphysics analysis usually increases simulation complexity. In fact, considering mul-
tiphysics domains often implies multiscaling, which means that the combined physical
models have significant differences in space or time scales [87]. For example, in cable
current evaluation, an increase in complexity could be due to the different mesh density
requirements of the combined physical models: calculation of eddy currents in the thin
solid screen requires several layers of finite elements through the thickness of the screen,
while a single layer is sufficient for heat-transfer calculation. A multiphysics approach
should be carried out, especially when a high simulation accuracy justifies the increment
of the simulation complexity. Otherwise, simplifying assumptions can be made without
impacting the results [87-89].

Recently, three-dimensional (3D) analysis has been used, obtaining results such as the
ones reported from the tool FLUX 3D [77], in which the computation time has been quite
long even when short cables are considered. Long computation time has also been indicated
for the 3D model used in [90] for low-voltage power cables. A high computational burden is
needed for obtaining detailed results in 3D FEM analysis, and this is the main limiting factor
of FEM. Moreover, FEM cannot provide information to determine the relation between
the temperature of the power cable and the various parameters that appear in the thermal
circuit model [60].

Simplified models and the corresponding equations have been used for representing
various phenomena that determine temperature variations. The use of simplified models
has the objective of avoiding the use of FEM and provides reasonable results that can
be compared with the FEM solutions. Even though today’s computational power makes
it possible to solve highly meshed structures by using FEM, the research on simplified
models gives interesting contributions with relatively accurate results in specific cases.
In the example reported in [58], soil is represented with multiple layers by using an
equivalent circuit that adopts non-uniform discretisation to calculate the results of the
thermal transients. By using this model, the results show that the use of five layers can be
suitable for providing very close results with respect to the application of FEM. Similarly,
in [71], the soil layers are represented by using non-concentric models. In [84], starting from
the soil thermal resistance found on the basis of the Standard IEC 60287, the application
of some corrective coefficients has been validated with respect to the results found by
using 2D FEM. Significant reduction of the computational time with respect to 3D FEM has
also been reported in [91] with the use of 3D multiconductor cell analysis, considering a
three-core armoured cable with helically wound wires, where, however, no thermal model
has been included. The 3D power cable and joint model presented in [92] has provided
satisfactory results in comparison with measured values.

4. DCR Impact on Power and Distribution System Operation and Planning

The next subsections describe the integration of DCR in the solution of various op-
eration and planning problems formulated to analyse power and distribution systems.
Calculation of the current rating, reliability aspects, and the effects of power cable moni-
toring are first considered. Then, proposals regarding DCR are categorised according to
different time frames. While the real-time methods have been mostly studied with the aim
to optimise the asset utilisation, it is possible to apply the concept of dynamic rating, also
considering a short-term and long-term operation. In the latter time horizon, planning or
design problems are usually addressed. It is worth noting that these methods enable better
operation and the upgrading of the sizing procedures for new scenarios.

4.1. Calculation of the Current Rating

Starting from known values of the soil thermal resistivity, the power cables are usually
sized by considering the static cable rating (SCR), as recommended by the IEC technical
Standard IEC 60287-1-1 [51]. In the SCR, the current-carrying capacity (or ampacity) of the
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cable is calculated as the continuous current carried by the cable, such as the continuous
conductor temperature being equal to the maximum allowable conductor temperature
which depends on the insulating material (for example, this temperature is 90 °C for most
cables). The SCR is a conservative value since steady-state conditions are assumed to
be maintained for the useful life of the cable. Starting from the cable and surrounding
thermal model, the Standard IEC 60287-1-1 provides the equations for the current rating
with constant load, considering all losses arising in the power cable (Joule losses, dielectric
losses, armour and screen losses, etc ... ). For a buried cable (without soil drying out) or
for cables placed in air, the static cable rating I, is:

B AT — W4[0.5Ry + n(Re2 + Ris + Ruy)]
F=rg @
e

Ry +n(14+A)Rep +n(1+ A1 4+ A2) (R + Ry)]

being;:

AT: difference between the maximum allowable conductor temperature and the
ambient temperature;

Wy: dielectric losses for the insulation surrounding the conductor;

Ri1: thermal resistance between one conductor and the sheath;

Rp: thermal resistance between the sheath and the armour;

Ri3: thermal resistance of the external serving of the cable;

Ryiy: thermal resistance between the cable surface and the surrounding medium;

Aq: ratio of losses in the metal sheath to total losses in all conductors;

Aj: ratio of losses in the armouring to total losses in all conductors;

Re: electric resistance of the conductor evaluated at the maximum allowable conductor
temperature;

n: number of cable conductors.

The Standard IEC 60287-1-1 determines the current rating without exceeding the max-
imum allowable temperature by applying the Neher-McGrath method [28]. Generalised
techniques are introduced in [93] to take into account the soil thermal instability in the
calculations based on [28].

The particular problem of deriving the power cable rating equations when the tem-
perature limits are imposed at points different from the power cable conductor external
surface is addressed in [70]. The imposition of these limitations is mainly motivated by
environmental reasons. The point at which the temperature limit is imposed can be located
on the external surface of the power cable, or at a specified location in the surrounding envi-
ronment. The presence of this additional limit corresponds to impose further constraints to
the power cable sizing. This limit has to be also imposed for calculating the solutions under
dynamic conditions. The sizing of power cables used to export power from offshore wind
farms is addressed in [70] to go beyond the static rating as in the Standard IEC 60287-1-1
and the rating based on the daily cycle as in [51,94].

Another crucial aspect to consider for determining the current rating is the possible
uncertainty with which the parameters are known. Different uncertainties could appear,
e.g., in the thermophysical soil properties, as well as in the electrical load evolution during
time. In the latter case, the uncertainty affects the Joule losses in the power cable [95].
Transient tolerance analysis of cable rating is presented in [96], where interval mathematics
is used for the calculations. An online DCR developed for understanding the real-time
limits of power-transfer capability, relevant for the user participation in energy and ancillary
services markets, is described in [97]. A review on possible ways for increasing the power
cable rating is presented in [67].

4.2. Reliability Aspects

For the purpose of reliability analysis, power cables are treated as repairable compo-
nents. The underground cables are repaired with the construction of joints, in a period of
some hours. However, for reliability analysis, the time horizon is based on years, meaning
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the repair time is relatively short in this respect. In addition, the number of cable failures
in one year is generally low; hence, the mean time between failures is much higher than
the repair time. This supports the hypothesis that failures are rare events in the lifetime of
power cables [98].

With respect to the physical determination of power cable reliability, a supplementary
cause for faults is the corrosion stage of the metallic screen shield. This aspect may lead to
further degradation of cable reliability. High local electrical fields may cause deterioration
of the power cable, especially in the joints when imperfections are introduced during the
joint construction [99]. In this case, partial discharges could occur, and the defect could be
exacerbated, in particular at high temperatures [100].

A central point in assessing the overall cable reliability is the ability to fast pinpointing
the failures on cables. The fast location of cable faults is paramount for ensuring the
least possible interruption time for downstream consumers, directly impacting electricity
distribution costs. The current practice addresses the fault location with a four-step ap-
proach, structured as a gradual development of diagnosis, preconditioning, pre-location,
and pinpointing [101].

The position of the hot spots and of the joints are the main information needed for
setting up the determination of the cable ageing with the use of proper models. After their
construction, the joints are weak points for the power cable structure, because they intro-
duce local electrical and thermal resistances. Moreover, the joints worsen the mechanical
performance of the cable, especially when the cables are subject to the repair process after
the occurrence of the next failures. For these reasons, the use of a constant value for the
failure rate in reliability calculations is insufficient. The outcomes of the service restoration
process can be taken into account by using probability distributions of the failure rate that
depend on the number of cable joints [102]. Variable representations of the failure rate after
the occurrence of repair events, which consider higher failure rates and ageing in reliability
analysis, are discussed in [103].

The concerns regarding cable reliability were recognised at the European level and
subsequently addressed through interdisciplinary funded research activities. In [104], the
ARTEMIS BRITE-EURAM program has been presented, which achieved its main objectives
of developing a diagnostic methodology. This methodology has been used to assess both
the susceptibility of polymeric cable insulation to electrical ageing and the insulation state
at any chosen time to evaluate the remaining lifetime of operating power cables.

The data-driven forecasting approach shown in [105] addresses the remaining life of
power cables. The objective is to predict when the cumulative effect of the relevant features
that have been chosen to represent the issues under analysis exceeds a specified threshold.
In another data-driven method [102], a special emphasis was put on evaluating the relia-
bility of cables with a supplementary aspect of performing a secondary categorisation of
cables by considering them repairable or nonrepairable components. The nested algorithm
considers the Weibull parametric proportional hazard model (PHM) for analysing and
modelling the failure rate of individual cables. The advantage of the PHM method is its
independence of additional measurements on the cables, being concentrated on the histori-
cal cable parameters and failure data. It has been proved that previous conclusions about
the reliability of repairable cables were incorrect due to the inaccurate methods approach.
In [106], the reliability methodology that considers the age of cables was expressed in three
categories: planning techniques, end-of-life modelling, and replacement planning. Cable
ageing indicators are used in [107] by considering different situations, one for normal
conditions, and another one in emergency conditions in which there is a higher risk of
failures. In short emergency periods, higher cable rating may be considered for the power
cables, calculating the cable rating increase through the assessment of the risk of damaging
the cable because of worsening its thermal conditions [108].

The existing reporting on ageing influence on cables reliability is scarce, and the scope
of reliability modelling is to increase the level of confidence for future failure behaviour.
By considering the existence of two failure states, namely repairable and non-repairable
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failures, the current literature concentrates on repairable failures to the disadvantage of
end-of-life failures. The reliability evaluation of power system components takes into
consideration the bathtub curve. This curve is composed of three phases, which are char-
acteristic to the early-life (high but decreasing failure rate), useful-life (low and constant
failure rate), and end-of-life phase (highly increasing failure rate) [109]. When the useful-
life period is considered, the exponential distribution function is used for modelling time
to failure and time to repair. Therefore, the time-homogenous Markov process is applied
for reliability assessment. By applying the parametric approach, different probabilistic
distribution models are tested, and goodness-of-fit tests are used for calculating the param-
eters from the ‘best fit’ model. The modelling of historical failure data is performed using
parametric methods, such log-normal or Weibull, to represent the end-of-life failure over
the exponential function because of the lack-of-memory property [110].

4.3. Cable Monitoring

The concerns regarding power cable reliability were recognised at the European
level and subsequently addressed through interdisciplinary funded research activities. In
the ARTEMIS BRITE-EURAM program, the main innovation is the combined approach
of using advanced modelling, theoretical evaluation, and practical testing on real-file
cables used in electrical power systems [104]. This approach was a first and led to a fully
integrated diagnosis system. For AC electrical power cables, a new model was elaborated
for power cable ageing, using advanced (sub) microscopic techniques to monitor and
identify relevant ageing markers. This new approach led to new ideas for the future
redefinition of installation systems and technologies.

The temperature is the most significant variable for DCR. Temperatures are measured
by using thermocouples installed at different locations along the power cable. One can
apply several practices to monitor real-time temperature, all of them having advantages
and disadvantages. These practices include the placement of optical fibre sensors within
the structure of the cable, the location of optical fibres at the external side of the cable, or
taking a reference temperature when no current flows in the cable. In all these cases, there
is no certainty that the positions where the thermocouples are installed are close to the
actual location of the hot spots. Thereby, it is difficult to identify the occurrence of critical
conditions at specific points of the cable.

The approach used to obtain the real-time temperature profile for different points
along the cable is denoted as distributed temperature sensing (DTS) [111]. DTS consists of
placing a number of optical fibre-based sensors in the structure of the power cable [112].
The analysis of the Raman backscatter light in the optical fibre provides the information
to draw the temperature profiles. The temperature data are used by supervisory control
and data acquisition (SCADA) systems, in which the power cable operation is monitored
to provide useful information to identify possible critical points of the power cable or to
assist the determination of the effects of the current flowing in the cable.

DTS applications include various challenges [62]. Among them, the cost of the cable
increases when the optical fibre is introduced in the cable jacket. Furthermore, the time and
cost of making a cable joint increase when jointing the cable has to include the presence of
the optical fibre. When the optical fibre is located inside the cable, its structure is helical,
meaning the length of the fibre is higher than the length of the cable. An alternative
solution is to position the optical fibre in the external part of the cable. In this case, the
determination of the soil temperature becomes easier, and the cable repair can be simplified.
However, this case has the drawback that the monitored points are far from the points of
the conductor or joints, leading to less accurate temperature measurements.

DTS is also applied to extremely high-voltage (EHV) power cables. In this case, the
retrofitting of optical fibres for DTS, together with the related monitoring along the overall
length of the cable, is not a practical solution [113]. The solution identified is to install
optical fibres in a predefined hot-spot area with known characteristics or to locate dedicated
probes for the thermal analysis of temperature and properties of the soil in preselected
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points. This allows confirming the outcomes of specific calculations and verifying that the
cable operation does not exceed the design limits. The example shown in [114] presents the
results of monitoring an AC submarine cable operated at 52 kV. More indications on how to
establish a system for real-time distributed temperature sensing associated with a SCADA
system are included in [115]. Further details on DTS requirements, implementations, and
applications are presented in [112].

An increase in temperature monitoring effectiveness may be obtained by carrying
out a dedicated temperature monitoring to be considered a reference in the conditions in
which there is no current flowing in the cable. Starting from this reference, the temperature
variations along the power cable when the current flows can be detected and used for
assessing the temperature data when the cable is under operation.

The advances in electrical power cable manufacturing are providing cables with
optical fibre embedded, which is a significant advance in temperature monitoring by
means of optical fibre sensors. This is the best-suited technology for long-range monitoring,
with high accuracy (2-3 °C at 30 km with 0.5-1 m resolution), and it relies on Brillouin time
domain analysis, as well as Raman distributed temperature sensing [116]. The underlying
principle through which these two mechanisms are operating is the extraction of physical
parameters from backscattered light, making them extremely accurate at identifying weak
points in cables at long distances.

However, the downsize of these measurement techniques is the fact that they are
relying upon static frequency scanning, which is not suitable to follow the dynamic nature
of cable operation [117]. There is an array of solutions for this issue, among which are
the use of multimode fibre used for simultaneous measurements [118], sweep-free and
slope-assisted configurations [119], and optical unipolar pulse coding schemes [120].

The evolution in cable monitoring is an inherent request of both utilities and customers
to improve the energy supply service, enhancing it for the needs of the smart grid. These
needs range from constant variability of energy flows following market signals [121] to
increase power capacity of cables for solving feeding adequacy-related issues [122].

In the smart grid, the system operator must use hardware- and software-monitoring
means that ensure the ability to accurately identify the weak points subject to failure for
predictive reliability. This reduces operating costs, with consequent reduction of energy
bills at end-customers.

The integration of underground cables into the smart grid generates a large database,
resulting from continuous and comprehensive monitoring [123]. The resulting database is
embedded in a multipurpose-built computing environment, used for automatic control
of energy assets [124]. The database is analysed by means of machine-learning tech-
niques [125], in order to continuously feed a human (or automated) grid operator with
deep knowledge and situational awareness regarding cable operation, condition, and
ability to respond to a sudden increase in power flows.

4.4. Real Time DCR

Real-time monitoring of the cable loading current and the ambient conditions allows
determining the cable real-time ratings by imposing the maximum permissible conductor
temperature according to the insulating material covering the conductor. The calculations
of the real-time ratings aim at improving the utilisation of cables, also lowering security
margins. Cable loading currents and ambient conditions are available when monitored
(this is the case when the lines are equipped with DTS) or can be accurately estimated
when not monitored. Proper estimation techniques have to be established [126].

Real-time cable rating systems have been proposed to perform calculations of steady-
state and emergency cable ratings in real-time in [127]. While the objective is to maximise
the utilisation of existing cables maintaining the same level of reliability, the calculation
of ratings is based on the IEC technical standards [51]. The moisture content of the cable
surroundings is considered in [61], where the thermal resistivity and specific heat of the
cable surroundings are calculated in function of the actual moisture content and the cooling
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effect during rainy weather is taken into account. The focus of the contents in [128] is the
estimation of the soil thermal parameters considering the measurements of DTS (cable
loading current and temperature of the cable surface) over several days; an optimisation
problem is combined with the application of FEM.

To improve the real-time thermal rating of power cables, more accurate and some-
times approximate models for the transient temperature calculation are needed. Significant
are the models proposed in [58] and [129], aimed at accurately calculating the transient
temperature to enrich a DTS system used for real-time DCR. In particular, a representa-
tion of the soil is proposed [58], and the presence of other cables in proximity has been
considered and modelled [129]. An improved thermal model proposed for the transient
temperature calculation in [66] is based on the approximate solution for the Van Wormer
coefficient, treated as a time-varying variable. To better represent the soil thermal response,
a non-concentric soil layer model is proposed in [71]. Borbuev et al. [126] address the
unbalanced loading of the cables and propose an adequate thermal model of cable and soil
to handle unbalances. The models are implemented to evaluate the real-time cable ratings
and exploit a thermal map of a distribution network.

4.5. Short-Term DCR

Reference [130] addresses the forecasting of the DCR on intraday and day-ahead
time-scales with rigorous modelling of the cable-soil thermal-hydraulic dynamics; this is
an important point because the thermal transfer between the cable and the soil (and, as
a consequence, the conductor temperature) is influenced by the dynamic characteristics
of the cable surrounding (i.e., temperature of the soil where the cable is buried, thermal
resistivity, and thermal diffusivity of the soil) is affected by the dynamic soil characteristics.
In [130], there is the proposal of two methods applied to DCR for intraday and day-ahead
forecasting. The first method is a physical-statistical method, while the second method is
data-driven. In particular, with respect to the first method, forecasts of the soil temperature
at the upper layer, precipitation, and cable current are obtained by applying a support
vector regression-based method. First, the environmental conditions are forecast, and
then, the dynamic characteristics of the soil are assessed through the thermal-hydraulic
model of the soil. Finally, the thermal model of a buried cable proposed by IEC standards
for transients provides the forecasting of the DCR at the target hour, in such a way the
conductor temperature results less than the allowable value. With respect to the second
method, the environmental conditions are forecast based on available measurements of
the environmental conditions and on available weather forecasts of precipitation and soil
temperature at the upper layer, and the dynamic characteristics of soil are determined by
applying the thermal-hydraulic model. Then, the historical DCR is determined by applying
the thermal model of a buried cable for transient conditions. Finally, the regression model
on historical DCR values allows forecasting the DCR at the target hour.

The references [131,132] consider the export cables for offshore wind farms, and
temperature risk assessment is carried out with a probabilistic approach. When a cable
exporting the generation of offshore wind farms is considered, the uncertainty of cable
current is linked to the uncertainty in the wind power generation. If the cable loading is
greater than the cable rating and the temperature is less than the maximum admissible
value, power curtailments are not necessary. If the thermal risk hours are estimated in
advance, power curtailments can be limited with the obvious advantage of maximising
wind energy transportation.

The study reported in [131] proposes the estimation of the difference between the
maximum allowable temperature and the cable temperature 6, 12, and 24 h ahead; in
this way, it is possible to maximize the power flowing from the offshore wind farm to
the landfall. In particular, power curtailments are decided based on a risk index. In
the probabilistic procedure outlined in [131], at the first step, the export cable current is
estimated in the hours ahead (6, 12, or 24 h) by considering the historical data of wind
speed and the power curve. The temperature of the conductor is, then, determined by
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applying a finite difference analysis of the cable, and the risk of exceeding the maximum
allowable temperature is calculated. In [132], the estimation of cable temperatures 6 h
ahead allows the evaluation of the probability of the overheating of the cable.

4.6. Long-Term DCR

Planning or designing of cable systems can be addressed considering the concepts of
dynamic cable rating. For these problems, cable loading currents and ambient conditions
have to be assigned over a long period of time.

As described in Section 4.1, the static cable rating is determined by assuming a con-
stant load and considering the losses such as ohmic losses, dielectric losses, armour, screen
and sheath losses, etc. To select the cable section, the static cable rating is compared with the
cable operating current. In particular conditions, however, if this sizing method is applied,
under-utilised components can be included in the system when the currents are character-
ized by a high variability. As a consequence, when the worst case is assumed, the static
current rating is a conservative value, and the capacity of the cable can be underestimated.
An example is the export cable connecting wind farms (already considered in Section 4.5)
characterised by “low capacity factors and high-power production variability” [133].

Reduced nominal values in assigned conditions may result when diverse sizing
methods are considered. In fact, with respect to traditional thermal sizing, it is likely to
obtain an increase in the current rating and a decrease in the cable cross-section [134].

Let us consider the sizing of the offshore export cables. The variability of cable loading
can be taken into account, and the procedure for the cyclic ratings for cables, suggested by
IEC standards [95,135], can be applied. In particular, the mentioned IEC standards propose
a cyclic rating factor, and the formulas are provided for a single cable and for groups of
equally loaded identical cables; the cyclic rating factor is, then, multiplied by the maximum
allowable current during the daily cycle. The sizing is aimed, also in this case, at meeting
the constraint on the maximum allowable temperature. The typical feature of the daily
cycle affects the value of the cyclic rating factor; on the contrary, the magnitudes of the
currents do not influence the factor [95,135]. In [136], the export cable of offshore wind
farms are sized by applying a procedure based on IEC 60853-2 [95], and the equivalent
cyclic load profile is obtained from historical wind speed measurements. The approach
presented in [137], instead, is based on a dynamic cyclic load profile, consisting, in the
worst case, of equivalent stepwise load profiles. When the daily load variations cannot
be used, the dynamic rating equation is based on a yearly load cycle that includes long
durations of the peak load, followed by long durations of no load.

The export cable of offshore wind farms is taken into consideration also in [138] that
proposes an iterative dynamic cable rating method applied to three-core XLPE submarine
cables. In the iterative method, an important point is the thermal cable analysis that
follows the indications of IEC 60853-2 [95] and includes a thermal ladder network to
determine the transient temperature response. The dynamic cable rating is carried out
with an iterative procedure: at first, the section of the cable is selected, and the cable
current and the parameters of the thermal ladder network are assigned; then, the conductor
temperature is determined. The iterative procedure ends when the chosen cable has a
conductor temperature less than the maximum allowable temperature.

Reference [133] provides an extensive review of the sizing methods for export cables
to connect offshore wind farms to the landfall, including the methods based on DCR.

5. Final Remarks

In this paper, the conceptual aspects and developments concerning the dynamic cable
rating have been addressed by reviewing various literature contributions. These contribu-
tions have recalled the historical evolution of methods and formulations, also indicating the
developments in progress. The classical conceptualisation based on the representation of
heat-transfer phenomena has evolved to incorporate more detailed aspects for non-uniform
soil, moisture migration, and dry zones. More refined mathematical models have been
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progressively defined to study hot spots and the ways to mitigate the related issues. The
power cable modelling has been developed mainly for enabling implementations in FEM
solvers. For these solvers, the computation time is one of the limiting factors that makes
the transition from 2D to 3D models particularly challenging.

Moreover, computation time limits the creation of time-dependent models. It is
possible to simulate the power cable behaviour considering the variation in operating
and external conditions. Even though the thermal phenomena have a relatively slow
evolution in time with respect to the electrical phenomena, the time horizon considered for
simulations has to be sufficiently long to track the thermal evolution of the power cable
operation. One of the main objectives of tracking the thermal and electrical phenomena is
to predict the occurrence of failures in the power cable in such a way as to enable preventive
maintenance. An interesting line of research is the development of analytical ladder soil
models, which seem to be able to provide results comparable with FEM in a shorter time.
Currently, the implemented models are mainly 2D and consider only constant currents. A
comprehensive framework platform to simulate more complex scenarios is one of the next
goals in the field. Extended cable monitoring is required to provide more data for model
validation. However, being impossible to monitor all the points in the cable, the choice of
the points to be monitored is crucial, together with establishing a sound simulation model
to represent the overall cable structure with the surrounding environment. Other tools
based on risk analysis, used to estimate the maximum allowable temperature, assist the
decision maker in setting up strategies to reduce the curtailment of intermittent generation
from renewable energy sources. Data analysis tools with the integration of physical and
statistical models are available and have to be improved to enhance the accuracy of DCR
forecasting at different time scales. The aspects reported above indicate the vast interest
and timeliness of the DCR research in progress.

Further research in the field of DCR can be addressed in several directions. A common
theme deserving further deepening is the accurate modelling of single cables as well
multiple cable systems; the inclusion of the rigorous representation of the surrounding
(including moisture migration phenomena) improves the temperature estimation.

Since multiple sources of uncertainty are recognised among the data, more studies
and new methodologies to calculate the DCR accounting for uncertainty will represent a
step forward to improve the process of decision making and/or the real-time applications.

Reliability may have a decisive influence on the future development of smart grids,
which are foreseen to have far lower interruption time for the users and at a similar energy
price with traditional power systems. In this context, the underground cables must be
adequately monitored and included in a far-reaching smart grid forecasting environment.
This environment must take into account a dynamic database of characteristics, such as
wind speed, solar irradiance, air and ground temperature, load variation, battery state of
charge, load-shedding algorithms agreed with the customer, and elasticity economically in-
centivised by the system operator or a local energy market. More accurate DCR forecasting
methodologies, if developed, will allow the prediction of the thermal rating in advance
reliably; in this research area, probabilistic forecasting of DCR can be elaborated.

An important aspect for future cable rating is the introduction of more electric vehicle
charging stations, which will be built, for the sake of saving costs, over the existent power
systems infrastructure. This situation may lead to a further strain of existing cables for
increased power flows. This will have a significant influence on the deployment of DCR
methodologies aimed at reducing risks, maintaining high degrees of service reliability.

New perspectives are also opened by extreme weather phenomena (like heat waves
and cold waves), whose probability of occurrence has increased in recent years. As known,
these events could affect power systems operation, and proper methodologies for DCR can
be applied to minimise their impact and reduce the system vulnerability.

Finally, the application of dynamic rating concepts to further power system equipment
should be considered, and it will open new prospects in the planning and operation of
electric power systems. In particular, the application of these methodologies, in the frame
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of modern power systems, will facilitate the integration of renewable sources such as wind
or solar generations and avoid or reduce inefficient curtailment actions.
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Nomenclature

DLR Dynamic Line Rating

DTR Dynamic Thermal Rating

DTS Distributed Temperature Sensing
EPR Ethylene Propylene Rubber

FDM Finite Difference Method

FEM Finite Element Method

EHV Extremely High Voltage

EV Electric Vehicles

HEPR Hard Ethylene Propylene Rubber
IEC International Electrotechnical Commission
MV Medium Voltage

PHM Proportional Hazard Model
PMU Phasor Measurement Unit

PVC Polyvinyl Chloride

RMS Root Mean Square

SCADA  Supervisory Control And Data Acquisition
SCR Static Cable Rating

XLPE Crosslinked Polyethylene
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