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Abstract
In analytical and numerical calculations of the
underground cable ampacities in accordance with
the relevant IEC standards and the IEC technical
report, it is usually assumed that the native soil,
cable bedding, and other materials used in and
around cable trenches are homogeneous, although
this is not the case in reality. This paper,
however, assumes that the native soil consists
of two horizontal layers with different thermal
conductivities. The upper native soil layer includes
soilmaterial aswell as shrinkage cracks between the
ground surface and the horizontal plane where the
reference soil temperature is measured, whereas the
lower native soil layer includes only soil material
below the upper layer, without any porosity. The
concept of effective thermal conductivity is applied
to the upper layer of native soil. It is also assumed
that the effective thermal conductivity of the upper
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native soil layer in the summer and winter periods
corresponds to the most unfavorable summer and
most common winter conditions, respectively. In
this regard, the aim is to determine the seasonal
thermal behavior of three 110 kV power cables
installed in trefoil touching formation, directly in
two-layered native soil or in four different cable
trenches surrounded by the same two-layered native
soil. Ampacities are determined analytically in
MATLAB, using a standard IEC-based procedure
for cables in single-layered native soil, as well as
numerically in COMSOL Multiphysics 4.3, using
FEM-based steady-state thermal analysis for cables
in single- and two-layered native soils. The
IEC-based ampacities are used as base values. It is
determined that the summer and winter ampacities
of the 110 kV cables, compared to the corresponding
base ampacities, can be increased by up to 28.46%
under the most unfavorable summer conditions and
by up to 31.92% under the most common winter
conditions, respectively.

Keywords: finite element method (FEM), seasonal
ampacity, two-layered native soil, underground power
cable.
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1 Introduction
The analytical [1, 2] and finite element method
(FEM) [3] procedures adopted by the International
Electrotechnical Commission (IEC) for calculating
the ampacity of underground power cables still
exhibit distinct shortcomings [4, 5] regarding certain
fundamental formulas, assumptions, boundary
conditions, and the like. Also, they continue to
comply with the approximate equations developed
by Neher and McGrath [6], which are based on the
assumption that the native soil, cable bedding and
other materials used in and around cable trenches
are homogeneous and possess uniform thermal
conductivities. This assumption can be considered
appropriate for materials in cable trenches, native
soils that are covered by some protective layers [7–10],
and deeper (lower) native soil layers in which there
are no shrinkage cracks [11, 12]. The reason for
this can be found in the fact that the protected and
deeper native soil layers are compacted and denser,
which is why they are often less porous and retain
less moisture [13]. Specifically, droughts during the
summer periods lead to the natural shrinkage of native
soil surrounding a cable trench and the formation of
large shrinkage cracks in it, i.e., to the pronounced
effects of shrinkage and crack porosities. These cracks
can reach a depth of 1.5 m, and voids due to shrinkage
and crack porosities can occupy 27% of the total
volume of native soil at depths of up to 1 m [11, 12].
Consequently, the upper native soil layer that includes
air- and water-filled voids is non-homogeneous and
an effective thermal conductivity must be determined
for it [5]. Accordingly, the FEM-based calculations of
seasonal (summer or winter) ampacities should be
based on the concept of two-layered native soil [5].

The concept of two-layered native soil has been
widely used in power engineering for calculating
the equivalent resistivity of non-homogeneous
soils in the design of grounding grids [14], for
modeling underground power cables in two-layer soil
environments [15], for calculating the ampacity of
underground power cables [7–10], etc. In particular,
a significantly larger number of studies address
the cable ampacity problems using this or similar
concepts. Zones of dried-out soil around underground
power cables were first introduced into the cable
ampacity calculations in 1965 by Cox and Coates [16].
One and three power cables installed in a trench
filled with bedding, protective and backfill materials
and surrounded by single-layered native soil were
considered in 1979 by Saleeby et al. [17].

A computational domain of width 12.2 m and depth
6.1 m, consisting of an upper protective layer 1.22 m
thick, a lower layer of native soil 4.88 m thick, a trench
of width 0.61 m and depth 1.22 m, and one or two
power cables in the trench, was analyzed in 1992
by Hanna et al. [7]. To the best of our knowledge,
this was the first study in which a two-layered native
soil was used in the cable ampacity calculation. In
the same year, Slaninka and Morgan [18] provided
formulas for the external thermal resistance of a power
cable installed directly in various two-layered soils.
A detailed thermal analysis of one and two power
cables laid in a trench filled with two soil layers,
protected with one layer and surrounded by single-
or two-layered native soil, was carried out in 1993 and
1994 by Hanna et al. [8–10]. In this thermal analysis,
the upper layer of the two-layered native soil had
a protective role. The external thermal resistances
of power cables grouped together within or beneath
a horizontal upper layer of soil were calculated in
1994 by Morgan and Slaninka [19]. A system of
three underground power cables, situated within a
computational domain identical to the one used in [7],
was modeled in 1998 by Hanna et al. [20] using
the finite difference method. A sensitivity analysis
for the thermal performance of three power cables
installed in a trench filled with bedding and backfill
materials, covered by an asphalt layer, and surrounded
by single-layered native soil was conducted in 2007 by
Al-Saud et al. [21].

A power cable installed in a trench filled with one
bedding and two backfill materials and surrounded
by single-layered native soil was analyzed in 2011
by De Lieto Vollaro et al. [22] for the purpose of
determining the thermal resistance between the cable
and the ground surface. The operation of a 400 kV
three-phase cable line inside a conduit surrounded by
heterogeneous native soil was simulated in the same
year [23]. To investigate the effect of heterogeneous
native soil, Mahmoudi et al. [23] divided the native soil
into 27 sections with randomly generated numbers for
the thermal resistivities of these sections. Experimental
validation of the approximate model for determining
the thermal resistance between an underground cable
and the ground surface proposed earlier by De Lieto
Vollaro et al. [24] was performed in 2014 by the same
researchers. This experimental validation included
cases where the cable trench was filled with layers
of materials with different thermal properties and
surrounded by single-layered native soil.

An optimal ladder-type soil model for dynamic
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thermal rating of underground power cables based on
a physical discretization of the surrounding soil into
a few layers was introduced in 2014 by Diaz-Aguiló
et al. [25]. An underground cable line installed in a
trench filled with bedding and backfill materials and
surrounded by five-layered native soil was analyzed
in 2015 by Ocłoń et al. [26] using the FEM. In the same
year, the thermal field around an underground power
cable was analyzed experimentally and numerically
for the cases of different trenches surrounded by
single-layered native soil [27]. To investigate the
effect of heterogeneous native soil on the ampacity
of an underground cable line directly buried in it,
the native soil was divided into two sections with
different thermal resistivities in 2017 by Duraisamy et
al. [28]. However, this division was not made parallel
to the ground surface, but vertically with respect to
the route of the cable line. In 2020, Nguyen [29]
developed a FEM-based steady-state thermal model
for the ampacity calculation of a three-phase cable
system laid in a trench filled with bedding and backfill
materials and surrounded by single-layered native
soil. Another system of three single-core power cables
laid in flat formation in multi-layered native soil was
analyzed in 2021 by Balla et al. [30] using the FEM.

Based on this literature review, it is evident that
existing studies, except for the authors’ recent
study [5], which considered only the most unfavorable
summer conditions and cables installed directly in the
native soil, do not divide the native soil surrounding
a cable trench into two or more layers to account
for the effects of shrinkage and crack porosities on
the ampacity of underground power cables and heat
transferred from the cables to the reference soils. This
is identified as a research gap that needs to be filled.

This paper fills the identified research gap by solving
five examples involving three 110 kV cables of the type
AXLJ 1×1000/190 mm2 in trefoil touching formation,
installed directly in two-layered native soil, as well as
in a cable trench (surrounded by two-layered native
soil) in four different ways. In this regard, it is
assumed that the upper native soil layer contains
shrinkage cracks extending to a depth of 1.5 m, while
the lower native soil layer does not. Four seasonal
base ampacities will be calculated according to the IEC
60287 standards [1, 2], using a procedure implemented
in MATLAB. Two additional large-scale (40 m ×
21.5 m) and two additional small-scale (10 m × 5 m)
computational domains with single-layered native
soil will be used for FEM-based recalculations of the
same base ampacities (at the continuously permissible

conductor temperature of 90 ◦C of XLPE-insulated
cables) in COMSOL Multiphysics 4.3 [31]. The
first and second base ampacities correspond to the
case where the 110 kV cables are directly laid in
single-layered native soil, while the third and fourth
base ampacities correspond to the case where the
110 kV cables are laid in a 1.2 m wide and 0.65 m high
cable bedding surrounded by single-layered native
soil. Then, a series of FEM-based calculations will be
carried out using a small-scale computational domain
(10m× 5m), where the 110 kV cables are de-energized
and directly laid in two-layered native soil, assuming
that the thermal conductivity of the lower native soil
layer is known. These calculations will be performed
with the aim of determining the effective thermal
conductivity of the upper native soil layer under the
most unfavorable summer or most common winter
conditions in accordance with [5]. The condition
that the temperature of the reference soil at the
cable installation depth is equal to the corresponding
measured value is used to determine these thermal
conductivities [5]. For the most unfavorable summer
conditions, the measured reference soil temperature
is 20 ◦C at a depth of 1.5 m, whereas for the most
common winter conditions, this temperature is 5 ◦C
at the same depth [32, 33]. In this specific case, the
depth reached by shrinkage cracks and the depth at
which the reference soil temperaturewasmeasured are
identical to the depth of the horizontal plane where the
110 kV cables are installed. This coincidence simplifies
the calibration of the effective thermal conductivity.
In addition, it is assumed that the 110 kV cables
operate under balanced three-phase loads. The next
series of FEM-based calculations is conducted with
the aim of determining the cable ampacities using
different small-scale computational domains. The
original contributions of this study are as follows:
(i) determining the effective thermal conductivity for
the upper native soil layer under the most common
winter conditions of a temperate-continental climate;
(ii) thermal modeling of the upper and lower surfaces
of various small-scale computational domains (with a
coupled convection-radiation boundary condition and
a constant temperature, respectively) for the purpose
of calculating the summer andwinter cable ampacities;
and (iii) calculating the summer andwinter ampacities
of the considered 110 kV underground cable line for
five different installation types, taking into account
the effects of shrinkage and crack porosities. The
correctness of the FEM-based modeling was verified
by means of the results of finite element (FE) mesh
independence tests.
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Figure 1. Representation of the small-scale computational domains with the considered 110 kV underground cable line
installed (a) directly in two-layered native soil – Case 1; (b) in a trench filled with cable bedding and backfill materials
and surrounded by two-layered native soil – Case 2; (c) in a trench filled with cable bedding and backfill materials,
covered by an asphalt layer and surrounded by two-layered native soil – Case 3; and (d) in a trench completely filled
with cable bedding material or quartz sand, covered by an asphalt layer and surrounded by two-layered native soil –

Case 4 or Case 5, respectively.

2 Problem Formulation
To illustrate the coupled effects of shrinkage cracks and
different service conditions on the seasonal ampacities
of the considered 110 kV underground cable line, the
small-scale computational domains in Figures 1a, 1b,
1c and 1d will be considered. The parameter r10
appearing in Figure 1 represents the radius of a single
110 kV cable in m. The small-scale computational
domains in Figures 1a, 1b and 1c are marked with
Case 1, Case 2 and Case 3, respectively. When the
trench in Figure 1d is completely filled with cable
bedding material, it is Case 4, and when the trench
in Figure 1d is completely filled with quartz sand, it is
Case 5.

In addition to the small-scale computational domains
in Figure 1, four additional computational domains,
two large-scale and two small-scale, were also
created and used. These four domains consisted
of single-layered native soil (moderately dried-out
under the most unfavorable summer conditions and

in a normal state under the most common winter
conditions, see Table 1), adiabatic left, right and lower
boundaries, and an isothermal ground surface with
a temperature equal to the reference soil temperature
measured at the cable installation depth. In one
large-scale and one additional small-scale domain, the
110 kV cables are installed directly in single-layered
native soil, while in the remaining two additional
domains, they are installed in a cable bedding
(1.2 m × 0.65 m) surrounded by single-layered
native soil. Under the condition that the native
soil is single-layered, the first and second additional
small-scale domains correspond to the small-scale
domains in Figure 1a and 1b, respectively. This is
also applicable to the first and second additional
large-scale domains if their external dimensions
are excluded. The four additional domains and
accompanying FEM-based models are created to
comply with the appropriate IEC-based analytical
procedures [1, 2, 34] and to verify the accuracy of the
seasonal base ampacities calculated in accordancewith
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the IEC-based procedures.

The ground surface in the small-scale computational
domains in Figure 1 is modeled by the coupling of
radiated heat flux, received heat flux and convection
boundary conditions. For all the computational
domains, both small- and large-scale, the reference
soil temperatures measured at a depth of 1.5 m are
those given in Table 1 [32, 33]. The small-scale
computational domains are created in line with IEC
TR 62095 [3]. In the case of the most common winter
conditions, the small-scale computational domain in
Figure 1a is used for simulationswith: (i) de-energized
cables and a homogeneous lower native soil layer
with a thermal conductivity of 1 W/(K·m) – for
adjusting the effective thermal conductivity of the
upper native soil layer to winter conditions; and (ii)
energized cables and thermal conductivities of the
upper and lower native soil layers obtained in the
previous step – for determining the corresponding
winter FEM-based ampacity. For the most unfavorable
summer conditions, the corresponding summer
FEM-based ampacity was determined in [5] by
applying the small-scale computational domain from
Figure 1a and following the same principle.

Each AXLJ 1×1000/190 mm2 110 kV cable consists of
ten cylindrical elements. The radii of these cylindrical
elements are listed in Table 2. According to [1, 4, 5],
each AXLJ 1×1000/190 mm2 110 kV cable is modeled
by an equivalent design consisting of (i) an aluminum
conductorwith a radius of r1 = 0.0192mand a thermal
conductivity of k1 = 239W/(K·m); (ii) an equivalent
cross-linked polyethylene (XLPE) insulation layer
with an outer radius of r5 = 0.03565 m and a
thermal conductivity of k5 = 0.286 W/(K·m); (iii)
an equivalent copper screen with an outer radius of
r8 = 0.03835 m and a thermal conductivity of k8 =
385 W/(K·m); and (iv) an equivalent high-density
polyethylene (HDPE) sheath with an outer radius
of r10 = 0.04215 m and a thermal conductivity of
k10 = 0.245 W/(K·m).

For this equivalent design, the following assumptions
are introduced [1, 2, 34]: (i) phase ampacities
are mutually equal and balanced; (ii) there is
volumetric heat generation in the equivalent XLPE
insulation layers amounting to 127.936 W/m3; and
(iii) equivalent copper screens are cross-bonded and
there is no heat generation in them. Table 3 lists the
seasonal IEC-based values for the external thermal
resistance T4, the ampacity I and volumetric heat
generation in the conductors Qv,c. The accuracy of the

Table 1. The most unfavorable summer and most common
winter conditions for underground power cables installed

in the temperate-continental climate zone.
Parameter Most

unfavorable
summer

Most
common
winter

Air temperature (◦C) 40 5
Solar irradiance (W/m2) 1000 500
Reference soil
temperature at the cable
installation depth (◦C)

20 5

Reference soil
temperature below
underground power
cables (◦C)

8 8

Thermal conductivity of
native soil in a normal
state (W/(K·m))

1 1

Thermal conductivity of
native soil in a
moderately dried-out
state (W/(K·m))

0.4 0.4

Table 2. Dimensions of the construction elements of the
AXLJ 1×1000/190 mm2 110 kV cable.

Cable construction layer Outer radius (m)

Aluminum conductor
(1000 mm2) – r1

0.0192

Semi-conductive XLPE screen –
r2

0.02095

XLPE insulation – r3 0.03405
Semi-conductive XLPE screen –
r4

0.03505

Semi-conductive PE tapes – r5 0.03565
Copper screen (190 mm2) – r6 0.03755
Semi-conductive PE tapes – r7 0.03815
Radial water-sealing aluminum
layer – r8

0.03835

Conductive HDPE layer – r9 0.03855
Outer HDPE sheath – r10 0.04215

seasonal IEC-based ampacities is verified by means of
the additional large- and small-scale domains.

The most unfavorable summer and most common
winter conditions for underground power cables
installed in the temperate-continental zone are listed
in Table 1. In addition, for the ground surface in each
of the computational domains, radiation properties
and convection heat transfer coefficient are α = 0.6
– solar absorptivity, ε = 0.94 – thermal emissivity,
and hc = 12.654 W/(m2·K) – convection heat transfer
coefficient [4, 5].
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Table 3. Summer and winter IEC-based external thermal resistances, ampacities and volumetric heat generation in the
conductors of the AXLJ 1×1000/190 mm2 110 kV cables.

Conductor performance Cables installed directly in
native soil

Cables installed in cable
bedding

Most
unfavorable
summer

Most common
winter

Most
unfavorable
summer

Most common
winter

Base ampacity label First Second Third Fourth
External thermal resistance T4
(K·m/W)

4.285 1.714 2.770 1.498

Seasonal IEC-based ampacity I (A) 593.972 977.162 723.619 1030.799
Seasonal volumetric heat generation
Qv,c (W/m3)

12496.5 33821.3 18547.1 37636.1

3 Steady-State Thermal Modeling
The large- and small-scale two-dimensional non-linear
models are analyzed using the FEM, and associated
steady-state thermal analyses are governed by the
following partial differential equation [4, 5]:

∇ · (−k∇T ) = Qv (1)

where T is the unknown nodal temperature in K;∇T
is the temperature gradient in K/m; k is the thermal
conductivity in W/(K·m); and Qv is the power of
volumetric heat generation in W/m3. The powers
of volumetric heat generation in three aluminum
conductors and three equivalent XLPE insulation
layers are calculated in accordance with the relevant
IEC standards [1, 35] using appropriate formulas and
data from [5].
The four additional FEM-based steady-state thermal
models with single-layered native soil, two large-scale
and two small-scale, are created to comply with IEC
60287-1-1 [1], IEC 60287-2-1 [2], IEC 60287-3-1 [34]
and IEC TR 62095 [3]. To implement this, the
following boundary conditions are assigned to the
external boundaries of the four additional domains:
(i) an isothermal Dirichlet boundary condition on the
ground surface – an isothermal ground surface with
a temperature equal to the reference soil temperature
measured at the cable installation depth, i.e.,

T = Trs (2)

where T is the unknown temperature of the upper
boundary (that is, ground surface) in K, and Trs
is the reference soil temperature measured at the
cable installation depth, or temperature of the ground
surface in K; and (ii) an adiabatic Neumann boundary
condition on the left, right and lower external

boundaries – it is assumed that these boundaries are
thermally insulated, i.e.,

~n · (−k∇T ) = 0 (3)

where T is the unknown temperature of the left, right
or lower boundary (or domain boundary surface) in
K; and ~n is the outwards-oriented normal vector of the
adiabatic Neumann boundaries.
The boundaries in each of the five FEM-based
steady-state thermal models with two-layered native
soil, having external dimensions 10 m × 5 m, are
modeled in the following way [5]: (i) a coupling of

~n · (−k∇T ) = ε · σSB ·
(
T 4 − T 4

a

) (4)

– radiated heat flux,

~n · (−k∇T ) = −α ·QS,s (5)

– received heat flux and

~n · (−k∇T ) = hc (T − Ta) (6)

– convectionRobin boundary conditions are assigned to
the ground surface, where ~n is the outwards-oriented
normal vector of the radiation and Robin boundaries,
ε is the thermal emissivity, σSB = 5.67 ×
10−8 W/(m2·K4) is the Stefan–Boltzmann constant, Ta
is the ambient temperature or temperature of air above
the ground in K; α is the solar absorptivity, QS,s is
the solar irradiance in W/m2, hc is the heat transfer
coefficient by convection in W/(m2·K), while the other
parameters and variables were already defined; (ii) an
adiabatic Neumann boundary condition (3) is also
assigned to the left and right external boundaries;
and (iii) an isothermal Dirichlet boundary condition
is assigned to the lower external boundary – an
isothermal surface with a temperature equal to
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Table 4. Summer and winter ampacities of the AXLJ 1×1000/190 mm2 110 kV cables calculated using the relevant
IEC-based procedures and FEM-based steady-state thermal models in two different scales.

Conductor performance Cables installed directly in
native soil

Cables installed in cable
bedding

Unit Most
unfavorable
summer

Most common
winter

Most
unfavorable
summer

Most common
winter

Base ampacity label – First Second Third Fourth
Base ampacity, i.e., seasonal
IEC-based ampacity

(A) 593.972 977.162 723.619 1030.799

Seasonal FEM-based ampacity
obtained using the corresponding
additional large-scale domain

(A) 592.408 973.892 729.519 1027.018

Difference relative to the base
ampacity

(%) −0.263 −0.335 0.815 −0.367

Seasonal FEM-based ampacity
obtained using the corresponding
additional small-scale domain

(A) 582.586 959.843 714.369 1011.360

Difference relative to the base
ampacity

(%) −1.917 −1.772 −1.278 −1.886

the average temperature of drinking water from
groundwater sources in the temperate-continental
climate zone, i.e.,

T = T ′rs (7)
where T ′rs is the temperature of the reference soil below
the underground cable line in K.

4 Results and Discussion
4.1 Verification of FEM-Based Steady-State

Thermal Models at a Small Scale
The summer and winter FEM-based ampacities will
be compared with the corresponding base ampacities,
i.e., the corresponding summer and winter IEC-based
values. For the purposes of the comparisons at
a large scale, the seasonal FEM-based ampacities
were determined using two additional large-scale
domains for the case when the boundary conditions
at the external surfaces of these domains correspond
to the assumptions from the relevant IEC-based
procedures (which comply with the approximate
equations provided by Neher and McGrath [6]). In
addition, for the purposes of the comparisons at a
small scale, the seasonal FEM-based ampacities were
determined using two additional small-scale domains
under the same boundary and other service conditions.
In all the additional domains and accompanying
FEM-based steady-state thermal models, the native
soil is single-layered and has a thermal conductivity
of 0.4 W/(K·m) under the most unfavorable summer
conditions and 1 W/(K·m) under the most common

winter conditions. Also, the thermal conductivity
of the cable bedding in some of these models is
1.333 W/(K·m).
Table 4 outlines the summer and winter ampacities of
the AXLJ 1×1000/190 mm2 110 kV cables calculated
(at a continuously permissible temperature of
90 ◦C) using the relevant IEC-based procedures
and FEM-based steady-state thermal models in
two different scales, together with the percentage
differences between the seasonal FEM-based
ampacities and the corresponding base ampacities.
The percentage differences of the seasonal FEM-based
ampacities obtained using the two additional
large-scale domains relative to the corresponding base
ampacities range between −0.367% and 0.815%. In
the case of the two additional small-scale domains,
these absolute differences are below 2%, which
is acceptable in terms of the required accuracy.
Therefore, based on these comparisons, the accuracy
of the FEM-based steady-state thermal models at
a small scale can be considered verified, and the
procedure for determining the unknown effective
thermal conductivities can be initiated.

4.2 Effective Thermal Conductivity of the Upper
Native Soil Layer

The effective thermal conductivity of the upper
native soil layer under the most unfavorable summer
conditions is 0.211 W/(K·m), and was determined
in [5]. Further, the same procedure from [5] was
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(a)

(b)
Figure 2. Final results of simulations with the small-scale

computational domain in Figure 1a, generated for
de-energized 110 kV cables and the most common winter
conditions: (a) spatial temperature distribution; and (b)
temperature variation along the vertical axis of symmetry

of the computational domain.

repeated, but now for the case of the small-scale
computational domain from Figure 1a under the
most common winter conditions from Table 1. The
final temperature distributions over the domain in
Figure 1a and along its vertical axis of symmetry,
generated for de-energized 110 kV cables and the most
common winter conditions, are shown in Figures 2a
and 2b, respectively. The last simulation from this
series yielded an effective thermal conductivity of
1.2 W/(K·m) for the upper native soil layer under the
most common winter conditions.

Based on Figure 2, the reference soil temperature
simulated at the cable installation depth of 1.5 m is
equal to the corresponding measured value of 5 ◦C.
This result can be considered physically plausible
and realistic. In addition, according to Figure 2, it is
obvious that the air above the ground surface thermally
affects the native soil layers below the cable installation
depth. This agrees with the finding that the air
temperature strongly affects the native soil layers up
to a depth of 3.6 m [36].

4.3 Seasonal FEM-Based Ampacities of the 110 kV
Cable Line Installed Directly in Two-Layered
Native Soil

The temperature distributions over the small-scale
computational domain in Figure 1a for energized
110 kV cables and the most unfavorable summer
conditions from Table 1 were generated and reported
in [5] – Case 1 under the most unfavorable summer
conditions. Based on [5], the summer FEM-based
values for the power of volumetric heat generation
in the conductors and the ampacity are: Qv,c =
14231.4 W/m3 and I = 633.863 A. The summer
FEM-based ampacity is 39.891 A or 6.72% higher than
the corresponding summer IEC-based ampacity of
593.972 A from Table 3 [5].

(a)

(b)
Figure 3. Final results of simulations with the small-scale
computational domain in Figure 1a generated for energized
110 kV cables and the most common winter conditions, i.e.,
for Case 1 under the most common winter conditions: (a)
spatial temperature distribution and isotherms of 30, 40, 50,
60 and 70 ◦C; and (b) temperature variation along the
vertical axis of symmetry of the computational domain.

The temperature distributions over the domain in
Figure 1a and along its vertical axis of symmetry,
generated for energized 110 kV cables and the most
commonwinter conditions from Table 1, are presented
in Figures 3a and 3b, respectively. This heat transfer
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problem represents Case 1 under the most common
winter conditions. In Case 1 under the most common
winter conditions, the thermal conductivities of the
upper and lower native soil layers are 1.2 W/(K·m)
and 1 W/(K·m), respectively. Solving this problem
resulted in: Qv,c = 37703.5W/m3 and I = 1031.721 A.
According to Figure 3, the simulated reference soil
temperature at the installation depth of 1.5 m is
approximately equal to the corresponding measured
value. In addition, the winter FEM-based ampacity
is 54.559 A or 5.583% higher than the corresponding
winter IEC-based ampacity of 977.162 A (fromTable 3).
Both results are realistic and physically plausible.

4.4 Seasonal FEM-Based Ampacities of the 110 kV
Cable Line Installed in Various Trenches
Surrounded by Two-Layered Native Soil

The temperature distribution and isotherms of 30, 40,
50, 60 and 70 ◦C over the small-scale computational
domain in Figure 1b, generated for Case 2 under the
most unfavorable summer conditions from Table 1,
are shown in Figure 4. In Case 2, the thermal
conductivities of the upper native soil layer and the
backfill material are equal to 0.211 W/(K·m), while
the thermal conductivities of the lower native soil
layer and the cable bedding are 1 W/(K·m) and
1.333 W/(K·m), respectively. The final results of this
series of simulations are: Qv,c = 21326.5 W/m3 and
I = 775.946 A.

Figure 4. Temperature distribution and isotherms of 30, 40,
50, 60 and 70 ◦C over the small-scale computational

domain in Figure 1b generated for energized 110 kV cables
and the most unfavorable summer conditions, i.e., for
Case 2 under the most unfavorable summer conditions.

Based on Figure 4, the simulated reference soil
temperature at the installation depth of 1.5 m, on
the left and right boundaries of the computational
domain, is close to the corresponding measured
value. Furthermore, the obtained summer FEM-based
ampacity is 52.327 A or 7.231% higher than the
corresponding summer IEC-based ampacity of

723.619 A from Table 3. Accordingly, the obtained
results can be regarded as realistic and physically
plausible.
Figure 5 shows the temperature distribution and
isotherms of 20, 30, 40, 50, 60 and 70 ◦C simulated with
the small-scale computational domain in Figure 1b.
These results are generated for Case 2 under the most
common winter conditions from Table 1. In this
particular case, the thermal conductivities of the upper
native soil layer and the backfill material are equal
to 1.2 W/(K·m), while the thermal conductivities of
othermaterials are identical to those fromCase 2 under
the most unfavorable summer conditions. The final
results of these simulations are: Qv,c = 39941 W/m3

and I = 1061.894 A.

Figure 5. Temperature distribution and isotherms of 20, 30,
40, 50, 60 and 70 ◦C over the small-scale computational

domain in Figure 1b generated for energized 110 kV cables
and the most common winter conditions, i.e., for Case 2

under the most common winter conditions.

From Figure 5, it is evident that the simulated and
measured reference soil temperatures are close to each
other at the installation depth of 1.5 m on the left and
right boundaries of the computational domain. Also,
the winter FEM-based ampacity is 31.095 A or 3.017%
higher than the corresponding winter IEC-based value
of 1030.799 A from Table 3. Again, the obtained results
can be considered realistic and physically plausible.
The base and FEM-based ampacities for Cases 3–5
and the most unfavorable summer conditions are
calculated based on the temperature distributions
generated over the small-scale computational domains
in Figure 1c and 1d. These summer ampacities and the
base and FEM-based ampacities obtained for Cases 1
and 2 under the most unfavorable summer conditions
are shown together in Figure 6. For Cases 3–5 under
the most unfavorable summer conditions, the thermal
conductivities were as follows: 0.211 W/(K·m) – for
the upper native soil layer, 1 W/(K·m) – for the lower
native soil layer, 1.333W/(K·m)– for the cable bedding,
5 W/(K·m) – for the quartz sand, 1 W/(K·m) – for the
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backfill material, and 1.2 W/(K·m) – for the asphalt
layer.

Figure 6. Base and FEM-based ampacities obtained using
the computational domains in Figure 1 for Cases 1–5 and

the most unfavorable summer conditions.

Figure 7 shows the base and FEM-based ampacities
calculated for Cases 3–5 and the most common winter
conditions. The winter FEM-based ampacities are
calculated based on the temperature distributions
generated over the computational domains in Figure 1c
and 1d. Figure 7 also shows the base and FEM-based
ampacities obtained for Cases 1 and 2 under the most
common winter conditions. The thermal conductivity
values of the materials used in these simulations are
provided in the description of Figure 6, except that the
effective thermal conductivity of the upper native soil
layer is 1.2 W/(K·m) under the most common winter
conditions.

Based on Figures 6 and 7, it is evident that all
the base ampacities (i.e., all the seasonal IEC-based
ampacities) were calculated with a certain safety
margin and are independent of the shrinkage cracks
contained within the upper native soil layer. Various
types of underground cable installations increase
their ampacities relative to the corresponding base
values. The greatest increases in seasonal ampacity
are achieved when the cable trench is completely filled
with quartz sand. They amount to 28.459% for themost
unfavorable summer conditions and 31.917% for the
most common winter conditions. For Cases 1–4, the
increases in seasonal ampacity are more pronounced
under the most unfavorable summer conditions

Figure 7. Base and FEM-based ampacities obtained using
the computational domains in Figure 1 for Cases 1–5 and

the most common winter conditions.

(6.716–7.441% versus 0.738–5.583%), whereas for
Case 5 the increase is larger under the most common
winter conditions. Given that Case 5 yielded the
greatest increase in cable ampacity compared to
the corresponding IEC-based value, the question of
economic feasibility can be raised for the type of
installation with quartz sand. The economic viability
of this type of installation was previously examined,
and the results of that analysis can be found in [37].

4.5 Finite Element Mesh Independence Tests
The results of FE mesh independence tests conducted
using the FEM-based steady-state thermal models
whose geometries are shown in Figure 1 for the
most unfavorable summer conditions are presented
in Table 5. The results corresponding to Case 1
are identical to those reported in [5]. The FE
mesh independence tests included three different
densities of FE meshes, and the maximum conductor
temperatures were tracked. For each model
considered, the differences between every two
maximum conductor temperatures were less than
0.03 ◦C. Identical FE mesh independence tests were
conducted for Cases 1–5 and the most common winter
conditions. In this particular case, the temperature
differences were less than 0.007 ◦C. Therefore, it is
obvious that the maximum conductor temperatures
and associated seasonal FEM-based ampacities were
not affected by the different FE mesh densities.
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Table 5. Results of FE mesh independence tests conducted using the considered FEM-based thermal models for the most
unfavorable summer conditions.

Case / Domain FE mesh Number of
nodes

Number of
finite elements

Maximum
conductor

temperature (◦C)

Conductor
temperature

deviation (◦C)

Case 1 / Figure 1a
Default generation 2717 5375 90.000306 –
After the first refinement 10808 21500 90.002912 +0.002606
After the second
refinement

43115 86000 90.003027 +0.002721

Case 2 / Figure 1b
Default generation 2638 5222 90.000009 –
After the first refinement 10497 20888 90.013834 +0.013825
After the second
refinement

41881 83552 90.017735 +0.017726

Case 3 / Figure 1c
Default generation 2808 5537 89.999512 –
After the first refinement 11152 22148 90.013132 +0.013620
After the second
refinement

44451 88592 90.017210 +0.017698

Case 4 / Figure 1d
Default generation 2828 5577 90.000042 –
After the first refinement 11232 22308 90.014234 +0.014192
After the second
refinement

44771 89232 90.018497 +0.018455

Case 5 / Figure 1d
Default generation 2828 5577 89.999993 –
After the first refinement 11232 22308 90.021618 +0.021625
After the second
refinement

44771 89232 90.028603 +0.028610

5 Conclusion
The general conclusions that can be drawn based on
the results of this study are:

• It was shown that the seasonal thermal effects of
shrinkage cracks on the thermal conductivity of
the upper native soil layer can be modeled using
the concept of effective thermal conductivity. In
this regard, the effective thermal conductivity of
the upper native soil layer, affected by shrinkage
cracks up to the cable installation depth, can
be 0.211 W/(K·m) under the most unfavorable
summer conditions and 1.2 W/(K·m) under the
most common winter conditions.

• Thermal modeling of the ground surface with a
coupled convection-radiation boundary condition
and the reference soil below underground
power cables with a constant temperature
provided realistic and physically plausible
seasonal ampacities for all the considered types of
underground cable installations.

• It was found that there is a certain safety margin in
the IEC 60287-based calculations of underground
cable ampacities regarding the thermal effects of
shrinkage cracks.

• It was shown that the seasonal ampacities of a
110 kV underground cable line, compared to the
corresponding base ampacities, can be increased by
up to 28.46% under the most unfavorable summer
conditions and 31.92% under the most common
winter conditions when its trench is completely
filled with quartz sand. This is a consequence of
the reduced external thermal resistance between
the underground power cables and the ground
surface, owing to the high thermal conductivity
of the quartz sand that fills the whole trench,
combinedwith the heat dissipation from the ground
surface modeled by a coupled convection-radiation
boundary condition.

• The accuracy of the FEM-based steady-state thermal
models used was successfully verified using
additional FEM-basedmodels created in accordance
with IEC 60287 and IEC TR 62095, FE mesh
independence tests, and reference soil temperatures
measured at the cable installation depth.

Although the accuracy of the proposed FEM-based
models was verified against the relevant IEC-based
calculations and FE mesh independence tests, their
full experimental validation against field-measured
ampacities of underground cable lines remains open
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and should be addressed in future work. In
addition, future research should apply the proposed
approach to calculating the ampacities of low-voltage
underground cables laid in shallow trenches and at
various depths. Furthermore, the applicability of the
proposed approach should be considered for cases
where low-voltage underground cables are installed
beneath cool or photovoltaic pavements.
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