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Abstract: In this paper, a flexible numerical framework to provide thermal performance assessment 
for the underground buried cables, considering different geological and meteorological conditions, 
has been presented. Underground cables tend to retain the heat produced in the conductor, so com-
plex coupled thermo-hydraulic response of the porous medium surrounding the cables needs to be 
assessed to prevent cable overheating and the associated reduction in cable capacity for carrying 
current. Applying a coupled thermo-hydraulic model within the developed numerical framework 
to conduct a health assessment on a subset of National Grid Electricity Transmission’s underground 
cables, this study provides novel insights into the thermal behaviour of buried circuits. The results 
indicate that backfill and surrounding native soil have the dominant effect on the thermal behaviour 
of cables, while the amount of precipitation and ambient temperature were found to have less im-
pact on cable’s thermal behaviour. The findings strongly infer that the nature of the overloading 
which is undertaken in practice would have no ongoing negative impact, suggesting that more fre-
quent or longer duration overloading regimes could be tolerated. Overall, this study demonstrates 
how the developed numerical framework could be harnessed to allow safe rating adjustments of 
buried transmission circuits. 

Keywords: flexible numerical framework; underground buried cables; porous medium; coupled 
thermo-hydraulic model; thermal behaviour 
 

1. Introduction 
In the context of climate change, the future decarbonisation and decentralisation of 

energy production are set to impose unprecedented demands upon the electricity trans-
mission network. The increasing reliance on wind and solar-generated power and uptake 
in the use of electric vehicles, battery storage and heat pumps will drive power flows that 
are considerably different from those today. 

The World Energy Outlook 2020 [1] has targeted the net-zero emissions by 2050 
(NZE2050), aiming for a reduction of CO2 emissions from the power sector by around 60% 
between 2019 and 2030. This requires a threefold investment in power from $760 billion 
in 2019 to $2200 billion in 2030. Typically, more than half of the vehicles to be sold in 2030 
will be electric, an increase from 2.5% of vehicles in 2019; and a quarter of the industrial-
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use heat will be based on electricity and low-carbon fuels by 2030 in the NZE2050. There-
fore, it can be foreseen that electrification will play a central part in emission reduction. 

To achieve the goal of net-zero emissions, the National Grid Electricity Transmission 
(NGET), who owns and operates the high voltage (HV) buried circuits in England and 
Wales, makes significant investment to transform the grid. This requires a good under-
standing of the health status of the current circuit asset and an appropriate planning for 
new cables, for example the proportion of cables that are expected to reach their end-of-
life concurrently. Therefore, when designing a cable system, effective heat dissipation to 
avoid overheating and the associated potential reduction in its capacity for carrying cur-
rent (i.e., cable rating) needs to be considered to help optimise the electrical performance 
of the cable system [2,3]. 

Two factors that exert a dominating influence on the degradation of a cable are tem-
perature and electrical stress, where temperature is the most significant unknown. To pri-
oritise the circuits that are in need of upgrading or replacement, it is important to consider 
the history of previous loading, accounting appropriately for the relevant geotechnical 
and meteorological conditions. The buried cables are usually mounted within the backfill 
material with a high thermal conductivity to dissipate heat, surrounded by the native soil. 
The potential moisture migration in the backfill material and native soil due to the heat 
imposed by the cable loadings would affect the heat transfer conditions [4–6]. Addition-
ally, the meteorological factors at the ground surface, for example the precipitation and 
surface temperature, may also influence the migration process. Therefore, it is important 
to understand how these properties and factors affect the heat transfer through backfill 
materials and native soils, facilitating the prediction of thermal performance of the HV 
cables buried underground [7]. 

In previous research, the thermal behaviour of land cables have been studied using 
analytical approaches, experimental investigations, and various numerical simulations. 
The early study of Anders and Radhakrishna [8] adopted the Philip and DeVries model 
for the analysis of coupled thermo-hydraulic flow adjacent to buried power cables; the 
validation study showed comparable results between predicted and measured results. 
Hwang and Jiang [9] adopted a magnetothermal approach to investigate the thermal be-
haviour of underground cables buried in the banks, and showed that the outer cable of 
the parallel mounted cables had a lower temperature profile than the middle one as a 
result of the mutual heating effect. Gouda et al. [10] carried out an experimental study on 
the influence of dry-zone formation on the ampacity of underground power cables, which 
decreased the capacity of the cables depending on the backfill soil types. de Lieto Vollaro 
et al. [11] conducted a numerical analysis via finite-difference method to investigate the 
thermal behaviour of a buried cable under various scenarios with different layered-soil 
thermal properties and different trench dimensions; a semi-empirical correlating equation 
was obtained from the multiple regression analysis and proved to be a useful tool for 
thermal analysis of cables. A theoretical analysis was conducted by Papagiannopoulos et 
al. [12] to assess the thermal behaviour of a buried cable with respect to various buried 
depths with the same temperature result obtained. Chatziathanasiou et al. [13] conducted 
a small-scale experiment to assess thermal behaviour of buried power cables, with the 
results of the dynamic thermal properties obtained with the support of an analytical solu-
tion. Experiments were also designed by de Lieto Vollaro et al. [14] to investigate the heat 
transfer of a buried single cable, embedded with different geometrical configurations and 
soil thermal properties, and the results showed good agreement with numerical valida-
tion. The numerical analysis from Kroener et al. [15] showed the necessity to consider the 
coupled liquid water, vapour and heat flow into the assessment of heat dissipation from 
the underground cables, and indicated that the comparison between different weather 
conditions from various sites and years would be helpful. A harmonic analysis of the ther-
mal behaviour of buried cables was conducted by Wiecek et al. [16], who indicated that 
both the input power and the calculated temperature show a periodic behaviour for the 
day-night periodicity. Ocłoń et al. [17] conducted thermal analysis on the underground 
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buried circuits in Poland using a finite element method, with the results showing good 
agreement with the other models on which the multi-layered soil was assumed as homo-
geneous that possesses constant heat conductivity. Hughes et al. [18] used finite element 
method to assess the thermal performance of the high-voltage submarine cables and the 
influence of sediment condition; the results indicated the pivotal role of the permeability 
in the thermal behaviours of the cables and also the importance of heat convection in such 
scenarios. Still, despite extensive research has been conducted over the past couple of 
years, a flexible framework which allows an easy and quick derivation of cable’s health 
status is required. 

This study aims to develop a flexible numerical framework to provide thermal per-
formance assessment for the NGET’s underground buried cables from various locations, 
considering different geological and meteorological conditions. The COde for Modelling 
PArtially Saturated Soils (COMPASS) code has been employed for this purpose [19–21]. 
The database of circuit loading histories is used to determine temperature time-histories, 
with the emphasis on: (i) establishing the material datasets that exert a controlling influ-
ence on underground asset condition; (ii) analysing the various external factors that could 
affect the underground asset condition; (iii) determining the bounds on the expected 
range of temperature time-histories at the cable surface, based on appropriate assump-
tions; and (iv) assessing the health status of the circuits under normal and overloading 
conditions. 

2. Methodology and Theoretical Formulations 
The methodology developed and adopted in this work is shown in Figure 1. The first 

step involved defining the assessment context, which included establishing the variables 
that need to be investigated, the thresholds and the performance metrics. This was fol-
lowed by data collation for the selected cables of interest and scenario development. The 
latter involved consideration of a range of variables, such as soil TH properties, saturation 
state, meteorological conditions, surface cover type, and loading profiles. Based on the 
scenarios, a numerical TH model was developed within the existing framework of the 
COMPASS, which has been also verified against an analytical solution. The model was 
then run using a bespoke algorithm created in MATLAB, which enabled running a batch 
of scenarios through automated input file creation and simulation. 

The COMPASS code is a coupled thermo-hydraulic-chemical-mechanical (THCM) 
model, which has been developed in an incremental manner by Thomas and co-workers 
[22–26] at the Geoenvironmental Research Centre (GRC), Cardiff University. Due to the 
highly coupled nature of the COMPASS framework, an iterative approach is used for sim-
ultaneous solving for governing equations and the non-linear problems to achieve a con-
verged solution. For this purpose, the finite element method (FEM) via the Galerkin 
weighted residual method is used for spatial discretisation. The finite difference method 
(FDM) via an implicit mid-interval backward difference algorithm is used for temporal 
discretisation. For mesh generation, definition of material parameters as well as specifying 
initial and boundary conditions, GiD software packed is used. 
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Figure 1. Schematic of methodology. 

2.1. Heat Transfer 
Heat transfer is the energy transport between two bodies of materials under a tem-

perature difference. Conduction and convection are the primary mechanisms of heat 
transfer, and can be expressed through Equation (1) [19,27]: �Ω�� = −∇ � (1)

where Ω is the heat content, � is the heat flux, and t is the time. 
The heat content for a partially saturated soil is the summation of the heat storage 

capacity multiplied with the temperature difference and the contribution of enthalpy 
characterised by the latent heat of vaporisation [27]. This gives Equation (2): � = ��(� − ��) + ������ (2)

where �� is the heat capacity of soil, � is the actual temperature, �� is the reference tem-
perature, � is the latent heat of vaporisation, � is the porosity, �� is the degree of saturation 
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of pore air (fraction of void space occupied by air), �� is the density of water vapour. The 
heat capacity can be written as Equation (3) [27]: �� = (1 − �)����� + ��������� + ������� + ���������� (3)

where �� is the degree of saturation of liquid saturation (fraction of void space occupied 
by liquid), ���, ���, ��� and ���� are the specific heat capacities of the solid, liquid, vapour 
and dry air, respectively and �� is the density of the solid. 

The heat flux (Q) can be defined by considering three components of heat transpor-
tation, that is, thermal conduction in accordance with Fourier’s law, latent heat flow asso-
ciated with vapour movement, and heat convection in the light of the liquid-phase flows, 
the vapour phase with a vapour pressure gradient, the vapour phase with bulk air flow 
and the air phase, Equation (4) [20]: � = −���� + �(���� + ����) + �������� + ������� + ������� + ����������(� − ��) (4)

where �� is the coefficient of thermal conductivity, ��, ��, and �� are the vapour, air and 
liquid velocities, respectively. 

2.2. Moisture and Air Transfers 
Moisture transfer through an unsaturated soil can be considered as a two-phase pro-

cess, which includes the combined flow of liquid and vapour. Based on the principle of 
the local thermodynamic equilibrium, it can be assumed that at a given point, the volu-
metric liquid water and water vapour are in equilibrium. Accordingly, the general expres-
sion for the moisture flow can be described as Equation (5) [19]: �� �(��)�� + �(����)�� = −����� − ����� − ����� (5)

where �� and �� are the volumetric liquid and air (including dry air and vapour) contents, 
respectively. 

Liquid water flow occurs due to pressure and elevation heads and Darcy’s law is 
used to present this potential for unsaturated soils, Equation (6) [19]: �� = − ���� �� ���� + ��� = −�� �� ���� + ��� (6)

where �� is the intrinsic permeability, �� is the absolute viscosity, �� is the pore water pres-
sure, �� is the unit weight of the liquid, � is the elevation head and �� is the unsaturated 
hydraulic conductivity affected by a number of factors, namely, the fabric of the soil and 
degree of saturation. 

Vapour transfer occurs, through diffusive and vapour flows. The bulk air is usually 
considered as a binary mixture of dry air and water vapour, addressed using a generalised 
form of Darcy’s law, Equation (7) [19]: �� = − ���� ��� = −����� (7)

where �� is the effective permeability of pore air, �� is the absolute viscosity of pore air, �� 
is the pore air pressure and �� is the unsaturated conductivity of pore air which is a func-
tion of the pore air properties and volume/mass of a soil. 

The velocity of vapours (v�) is described by Equation (8), referring to [28]: �� = − ������������� ��� (8)

where ����� is the diffusivity of vapour through air, υv is the mass flow factor, �� is the 
tortuosity coefficient and ∇�� is the spatial vapour density gradient. 

  



Energies 2022, 15, 8897 6 of 28 
 

 

2.3. Heat and Moisture Flow Coupling 
The presentation of the fully coupled heat and moisture formulation, while not com-

plex, is lengthy. Therefore, for brevity, attention is restricted to an explanation of the con-
stitutive models that are used in the coupled analysis. 

2.3.1. Thermal Conductivity 
The coefficient of thermal conductivity (λ) for an unsaturated soil can be expressed 

through the volume fractions of the soil constituents (i.e., solid, liquid and air), and their 
respective thermal conductivities [25], as Equation (9): � = �� ���� ���� �� (9)

where ��, �� and ��  are expressed as  Equations (10)–(12). �� = 1 − � (10)�� = � �� (11)�� = � (1 − ��) (12)

2.3.2. Water Retention Characteristics 
The water retention law is critical in all unsaturated soil mechanics problems, espe-

cially those involving drying. This law describes the relationship between the suction (the 
negative of water potential, which is equal to the excess of pore air pressure, ��, over pore 
water pressure, �l) and the water content, ��. A soil’s ability to retain water depends 
strongly on the particle size; water is held more tightly in a fine-grained soil such as a clay, 
and is less strongly bound in a coarse grained material. For instance, a widely used rela-
tion [29] can be used to describe such phenomenon, as Equation (13): � = ���� + ���� − ����(1 + (���)�)���/� (13)

where ���� is the saturated (or max.) water content, which is commonly taken to be equal 
to the porosity, ���� is the residual (or min.) water content. Pc is capillary pressure (Pc = ��−�l). The remaining constitutive parameters are the fitting terms, � and �. 

2.3.3. Unsaturated Phase Conductivities 
The unsaturated conductivity of soil is influenced predominantly by the fabric of the 

soil and degree of saturation. To account for that, the relative conductivity (��,�) of either 
phase (liquid or air) can be expressed as Equation (14): ��,� = ��,�(��) (14)

where subscript i is the phase identifier. 
Hence, the relative conductivity of liquid (��,�) can be expressed by the widely used 

Van Genuchten [29] model, as Equation (15): ��,� = ���.� �1 − �1 − ���/����� ��,��� (15)

where ��,��� is the hydraulic conductivity of the liquid phase for the case of that pores are 
fully saturated with liquid. 

The relative conductivity of air (��,�) can be either taken to be a constant (where air 
changes in the degree of air saturation are negligible) or described by an extended model 
(Equation (16)) such as [30]: ��,� = (1 − ��)�.��1 − ���/������,��� (16)
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where ��,���  is the hydraulic conductivity of air phase for the case of that pores are fully 
saturated with air. 

Here, the effective saturation (Se) is introduced as Equation (17): �� = � − �������� − ���� (17)

3. Data Preparation 
3.1. Cable and Location Information 

The NGET’s buried cables (Table 1) from three different locations were assessed, each 
consisting of three parallel phases as shown in Figure 2. The trench cross-section domain 
also included two sets of water-cooling pipes (although not in use), the reinforced concrete 
slab, and the backfill. 

Table 1. Cable information. 

Circuit Name (Loca-
tion) 

Cable Type 
Cable Section 

Length 
(km) 

Single Core 
(mm2) 

(OD, mm) 

Loading Condition 
(kV) 

Beddington–Rowdown 
(BRU) 

XLPE 10.068 2000 (135) 400 

Lackenby–Thornton 
(LT) 

Oil-filled 11.568 2000 (135) 400 

Dinorwig–Pentir (DP) Oil-filled 10.757 2000 (135) 400 
Note: OD stands for the outer diameter; XLPE stands for cross-linked polyethylene insulated alu-
minium conductor armoured cable. 

 
Figure 2. Cable working domain, adopted from Central Electricity Generating Board [31]. 

3.2. Loading Data and Heat Flux 
Loading data are presented graphically in Figure 3. The BRU loading profile covered 

5-year timescale from 27 June 2012 to 18 June 2017; LT loading profile covered 5-year time-
scale from 27 June 2012 to 18 June 2017; and DP loading profile covered 5-year timescale 
from 06 January 2012 to 30 May 2014 and 01 January 2015 to 29 December 2016. As there 
was a 6-month gap (1 June 2014–31 December 2014) in the original loading data for DP 
cables, the data for the 1~1.5-year period (01 June 2013–31 December 2013) forming the 
first portion of the loading data has been used to fill the gap between the remaining data 
portions in order to obtain a continuous dataset covering the 4.5-year loading period. The 
provided loading data in terms of the power (MVA) corresponding to the cables was 
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converted into a heat flux (W/m2) for the thermal analysis. This followed the protocol as 
demonstrated in International Electrotechnical Commission [32]. 

 
Figure 3. Loading data for (a) BRU cables (b) LT cables (c) DP cables. 

Following the approach in IEC 60287 [33], the parameter values used in the calcula-
tion of heat losses are presented in Table 2. The distance (D) between either of the three 
cables was 0.3 m for BRU location, 0.45 m for LT location, and 0.32 m for DP location, 
respectively, which was considered when converting load into heat flux (Figure 4). 

Table 2. List of parameters used in the calculation of conductor and dielectric heat losses. 

Parameter Unit  Equation/Reference Value 
Conductor resistivity (Cu), �  Ωm [34] 1.84 
Proximity effect coefficient, �� - [34] 1.07  
Angular frequency, � 1/s [35] 439.82 
Relative magnetic permeability, � H/m [36] 1.26 × 10−6 
Skin effect coefficient, �� - [34] 1 
Proximity effect coefficient, �� - [34] 1 
Phase to Earth Voltage kV 400/√3 [37]  2.31 × 105 
Loss angle (power dissipation factor), ���� - [34] 0.003 
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Figure 4. Heat flux for (a) BRU cables (b) LT cables (c) DP cables. 

To also consider the effect of overloading on the cables of interest, the time-history 
loading (in MVA) was augmented for a subset of simulations. For time spans of 24 h du-
ration, the loading was tripled throughout the third year, with each 24 h period of over-
loading followed by a subsequent 24 h period over which the loading was at the normal 
magnitude. Such overloading simulations were carried out to assess the possibility of 
reaching the emergency loading scenario under certain extreme condition, that is, 90 °C 
which was the current maximum acceptable operating temperature of a fluid-filled con-
ductor [38]. 

3.3. Ground Condition Data 
According to the geodatabase under license by the British Geological Survey (BGS), 

ground conditions of native soils corresponding to each location are summarised in Table 3. 
As there was no information available on the exact backfill types used in different locations, a 
range of backfill materials were investigated. Three types, that is, sand-bentonite B1 (B1) [39], 
liquid soil sand (LSS) [40], and fine sandy loam (FSL) [41] were considered in this study. 

Table 3. Native materials at areas of interest. 

Dataset 
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potential 
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to the runoff factors of 2% (min), 31% (mean) and 60% (max) were taken from the range (2–
60%) reported in the literature to account for variability in ground surface types and their 
influence on water infiltration. The temperature and precipitation profiles obtained are 
presented as Figure 5 and Figure 6, respectively. 

 
Figure 5. Examples of the mean temperature: (a) BRU location (b) LT location (c) DP location. 

 
Figure 6. Examples of the mean precipitation: (a) BRU location (b) LT location (c) DP location. 
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4. Model Development and Verification 
4.1. Scenarios and Soil Parameters 

A batch of scenarios (Table 4) were developed for each location, to assess the effect 
of various influence factors, based on different combinations of soil thermal and hydraulic 
parameters, precipitation, and initial saturation condition. Additionally, three backfill ma-
terials with different properties were considered in each location. Additionally, overload-
ing was applied for the best (lowest temperature) and the worst (highest temperature) 
scenarios from each batch. 

The min, mean, and max values of soil parameters, e.g., �� , ��, ��,���, ��,��� and van 
Genuchten parameters of α and �, ranged from min to max by their corresponding standard 
deviation. Such variation considered the natural variability in grain type and size, and pore 
size within a particular soil, which would affect the thermo-hydraulic parameters. 

Precipitation functions with different infiltration factors, were prescribed to reflect 
the surface type and its ability to transport water through pores. The initial saturations of 
the native soil were 20% (min), 40% (mean) and 60% (max). Such values were assumed to 
represent a variability in the soil moisture. It should be noted that based on the soil water 
retention curve (SWRC), the saturation value corresponded to a particular water pressure 
in the soil pores (assuming the air pressure being atmospheric). As different materials, 
that is, native soils and backfills, had different abilities to retain water, possessing the 
same pore water pressure in those materials would result in different saturation states. In 
this work, an approach was taken where an initial saturation with different values for the 
native soil was assumed, to account for the variability of the soil moisture which could be 
a function of the season (i.e., near-surface soils in winter/rainy seasons were expected to 
have a higher degree of saturation, while soils in summer/dry seasons were expected to 
have a lower degree of saturation). Then, the same pore water pressure calculated for the 
native soil was prescribed for the backfill material. Consequently, the saturation state in 
the backfill might have differed to the saturation of the native soil due to differences in 
soil water retention characteristics. This approach was undertaken to avoid any effect that 
the water flow induced by pore water pressure differences between the backfill and native 
soil regions might have on the heat flow in the ground. This can be justified by the fact 
that the cables have been in operation for a long duration before the period that was cov-
ered by the simulations presented in this study. Hence, it was not possible to know the 
exact pore water pressure or the saturation state in the backfill material, but it was reason-
able to assume that at the start of the simulation, the pore water pressure in both materials 
has reached equilibrium, that is, the pore water pressure in both materials was equal. Pa-
rameter values adopted for the analysis and corresponding references are provided in the 
following sections. 
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Table 4. Scenarios for batch simulation. 

Scenario Parameters Precipitation Saturation 
1 Min Min Min 
2 Mean Min Min 
3 Max Min Min 
4 Min Min Mean 
5 Mean Min Mean 
6 Max Min Mean 
7 Min Min Max 
8 Mean Min Max 
9 Max Min Max 
10 Min Mean Min 
11 Mean Mean Min 
12 Max Mean Min 
13 Min Mean Mean 
14 Mean Mean Mean 
15 Max Mean Mean 
16 Min Mean Max 
17 Mean Mean Max 
18 Max Mean Max 
19 Min Max Min 
20 Mean Max Min 
21 Max Max Min 
22 Min Max Mean 
23 Mean Max Mean 
24 Max Max Mean 
25 Min Max Max 
26 Mean Max Max 
27 Max Max Max 

4.1.1. Native Soil Parameters 
As the invariant parameters in the batch-scenario study, thermal properties of native 

soils taken from Busby [47] are presented in Table 5. Hydraulic soil parameters of different 
soil textures were taken from ROSETTA Class Average Hydraulic Parameters [48]. 

Assumptions were made for certain parameters as a consideration of rationality and 
numerical perspective, particularly on the fitting parameter (� and 1 − 1/�) and residual 
water content (��) in the min parameter scenarios. The min value of � was chosen to be 
slightly higher than the one calculated using lower standard deviation value to ensure com-
putational convergence. The min �� was taken as 0.01, to represent the most conservative 
scenario where the soil can potentially dry out completely; this value (�� = 0.01) was also 
used for the case where an error appears on the calculated effective moisture content (e.g., 
numerically negative). The hydraulic conductivity was assumed to be equal to the hydraulic 
conductivity at saturated conditions and kept constant throughout the simulations, which 
represented the most conservative scenario, as the hydraulic conductivity of soil to water 
decreased with a reduction in soil water saturation. The batch data are given in Table 6 for 
BRU location, Table 7 for LT location, and Table 8 for DP location. The SWRCs for each 
native soil under the corresponding location are presented in Figure 7. 
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Table 5. Density and solid thermal properties of native soils (adopted from [47]). 

Location Native Soil �� (kg/m3) ��� (J/(kg K)) �� (W/(mK)) 
BRU Sandy loam 2620 793.69 3.81 
DP Loam 2660 788.91 3.82 
LT  Clay 2600 796.72 1.96 

Table 6. Initial input for batch simulation of BRU location (adopted from [48]). 

  Parameter (min) Parameter (mean) Parameter (max) 

Native soil 
(sandy loam) 

�� (Pa) at �� = ��% −78,209 39,399 −65,206�� (Pa) at �� = ��% 84,249 96,104 100,068�� (Pa) at �� = ��% 97,271 99,803 100,814� (cm−1) 0.12 0.21 0.36� 1.3 1.45 1.87� − �/� 0.23 0.31 0.47���� 0.01 0.04 0.09���� 0.30 0.39 0.47��,��� (m/s) 6.99 × 10−6 1.35 × 10−5 2.62 × 10−5��,��� (m/s) 5.14 × 10−7 9.95 × 10−7 1.93 × 10−7�� (Pa) 101,325 101,325 101,325� (K) 288.15 288.15 288.15

Backfill 
�� (Pa) at �� = ��% −78,209 39,399 −65,206�� (Pa) at �� = ��% 84,249 96,104 100,068�� (Pa) at �� = ��% 97,271 99,803 100,814

Table 7. Initial input for batch simulation of LT location (adopted from [48]). 

  Parameter (min) Parameter (mean) Parameter (max) 

Native soil 
(clay) 

�� (Pa) at �� = ��% −6,150,000 −386,553 90,589�� (Pa) at �� = ��% −34,454 76,522 99,173�� (Pa) at �� = ��% 85,934 96,945 100,539� (cm−1) 0.08 0.16 0.32� 1.20 1.25 1.47� − �/� 0.17 0.20 0.32���� 0.01 0.01 0.01���� 0.38 0.46 0.54��,��� (m/s) 3.56 × 10−6 8.94 × 10−6 2.24 × 10−5��,��� (m/s) 2.62 × 10−7 6.58 × 10−7 1.65 × 10−6�� (Pa) 101,325 101,325 101,325� (K) 288.15 288.15 288.15

Backfill 
�� (Pa) at �� = ��% −6,150,000 −386,553 90,589�� (Pa) at �� = ��% −34,454 76,522 99,173�� (Pa) at �� = ��% 85,934 96,945 100,539
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Table 8. Initial input for batch simulation of DP location (adopted from [48]). 

  Parameter (min) Parameter (mean) Parameter (max) 

Native soil 
(loam) 

�� (Pa) at �� = ��% −878,9679 75,734 99,515�� (Pa) at �� = ��% −71,989 96,394 100,530�� (Pa) at �� = ��% 82,286 99,545 100,874� (cm−1) 0.07 0.14 0.29� 1.20 1.47 1.99� − �/� 0.17 0.32 0.50���� 0.01 0.01 0.01���� 0.30 0.40 0.50��,��� (m/s) 3.26 × 10−6 8.19 × 10−6 2.06 × 10−5��,��� (m/s) 2.40 × 10−7 6.02 × 10−7 1.51 × 10−6�� (Pa) 101,325 101,325 101,325� (K) 288.15 288.15 288.15

Backfill 
�� (Pa) at �� = ��% −8,789,679 75,734 99,515�� (Pa) at �� = ��% −71,989 96,394 100,530�� (Pa) at �� = ��% 82,286 99,545 100,874

 

 
Figure 7. SWRCs for native soils of (a) BRU (b) LT (c) DP and (d) backfill materials. 

4.1.2. Backfill Parameters 
Backfill parameters are provided in Table 9 as invariant. Several properties (��, ���, ��) were assumed to be equal for all backfill materials [38], due to the lack of site-specific 

information. The SWRCs of the backfills are presented in Figure 7d. 
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Table 9. Thermal and hydraulic properties of backfill materials (adopted from [39–41]). 

Backfill � (cm−1) � � − �/� ��,��� (m/s) ��,��� (m/s) 
Liquid Soil Sand (LSS) 4.33 × 10−4 1.58 0.37 2.30 × 10−10 1.69 × 10−11 
sand-bentonite (B1) 4.84 × 10−3 1.78 0.44 2.60 × 10−10 1.91 × 10−11 
fine sandy loam (FSL) 2.77 × 10−2 1.38 0.28 3.96 × 10−6 2.91 × 10−7 

Backfill �� (kg/m3) ��� (J/(kg K)) �� (W/(mK)) ���� ���� 
Liquid Soil Sand (LSS) 2896.9 1779.1 9.09 0.01 0.35 
sand-bentonite (B1) 2896.9 1779.1 9.09 0.04 0.44 
fine sandy loam (FSL) 2896.9 1779.1 9.09 0.01 0.45 

4.2. Spatial Representation and Meshing 
Triangular meshing was used for the working domain (Figure 8), whereas the denser 

mesh was implemented on the location around cables and boundaries. The temperature 
and saturation results were assessed on the middle cable surface (red dot). Here, the con-
crete slab was assumed to be the backfill material as well, for simplicity. 

 
Figure 8. Meshing and assessment location. 

4.3. Initial and Boundary Conditions 
Initial and boundary conditions were prescribed by three variables, that is, the pore 

water pressure (��), the pore air pressure (��) and the temperature (�). As presented in the 
input tables, the initial �� was prescribed as the constant atmospheric pressure and �� was 
determined by the prescribed degree of saturation (��) based on the SWRC. The initial T was 
assumed to be the ambient temperature for the corresponding season (i.e., 15 °C). 

Zero flux for all the three variables was prescribed on the left and right boundaries 
to impose boundaries impermeable to fluid and heat flux. A fixed bottom bound was pre-
scribed, where ��, �� and � were all fixed as their initial conditions. 

At the top surface boundary, �� was assumed as the atmospheric pressure. Surface 
temperature and precipitation were prescribed as time-dependent functions, as presented 
in Figure 5 and Figure 6, respectively. Heat flux data (Figure 4) were prescribed at the 
cable surface, while it was impermeable to water and air. 
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4.4. TH-Model Verification 
A verification test was designed to assess the reliability of the model for coupled TH 

analysis of partially saturated soils. Initial and boundary conditions are shown in Table 
10, while Figure 9a shows model domain and mesh condition. Sandy loam was considered 
in the test, using the mean parameter values and max saturation (see Table 6). 

The verification test considered the moisture evolution (in terms of saturation). The 
benchmark for the simulation was via comparing the predicted changes in the degree of 
saturation with the condition with reference to SWRC (see Figure 9b). 

Table 10. Initial and boundary conditions for verification test. 

Upstream Boundary Conditions 
(Left Side) Initial Conditions 

Downstream Boundary Conditions 
(Right Side) 

PAP flux: 0 (kg/m2/s) 
(0 ≤ t ≤ 10 days) 

PAP flux: linear increase from 0 to 1 × 10−4 (kg/m2/s) 
(10 ≤ t ≤ 20 days) 

�� = −1421 Pa �� = 100 Pa � = 288.15 K 

�� = 100 Pa �� = 100 Pa 

 

 
Figure 9. Verification scenario (a) working domain (b) predicted saturation evolution at middle po-
sition. 

The saturation (����) profile at the middle position (0.5 m, 0.05 m) of the domain is 
presented in Figure 9b. The first reference point was at the initial condition, which gave 
the saturation of 60% by the flat portion until water started to infiltrate from the down-
stream under the gradient of pore water pressure. Considering the initial suction of 1521 
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Pa, the corresponding saturation value determined from the numerical simulation agreed 
with the expected value from the SWRC. Then, ����  raised toward the fully saturated 
condition as the water flow reached the middle position, which prevailed until the onset 
of gas infiltration after 10 days (8.64 × 105 s). Consequently, the gas influx from the up-
stream caused a drop in ���� . This could be explained by the increased capillary pressure 
(��) induced by the increased pore air pressure (PAP). 

Therefore, the results of the verification test proved the capability of the developed 
model to simulate two-phase flow under the prescribed conditions, that is, re-saturation 
of a partially saturated soil and then the desaturation process via gas injection. 

5. Results and Discussion 
5.1. Cable Thermal Behaviour 

The temperature profiles for all scenarios are presented in Figure 10. For each loca-
tion, a consistent trend can be observed that regardless of the type of backfill materials, a 
rapid temperature increase in the very early stage occurs before cable reaching a stable 
thermal condition. For the results from BRU location, the B1 (Figure 10a) and FSL (Figure 
10c) backfills have a similar temperature response, reaching up to 60 °C. The LSS backfill 
(Figure 10b) produced the best thermal performance, with the temperature at the cable 
surface approaching 55 °C. The DP location (Figure 10g–i) has a similar temperature re-
sponse. In contrast, the thermal performance of cables at LT location (Figure 10d,f) is 
worse than at the other two locations, as temperatures up to 65 °C can be observed. 

For each group under the same precipitation level (i.e., No. 1–9, No. 10–18, No. 19–
27), the scenario with the max soil parameters (hydraulic properties) and the min initial 
saturation condition was the worst scenario (highest temperature increase), and the sce-
nario with the min soil parameters (hydraulic properties) and the max initial saturation 
condition was the best scenario (i.e., the lowest temperature increase). Taking the group 
of No.1 to No.9 as an example, No.3 was the worst scenario, and No.7 was the best sce-
nario. This can be explained from the thermal conductivity perspective that a soil with a 
higher water saturation would have a greater thermal conductivity, thus better heat dis-
sipation than that from the same soil with less moisture. 

The comparison between the cases differed only in precipitation (e.g., No. 1 vs. No. 
10 vs. No. 19), shows that the temperature profile was less dependent on the precipitation 
at the ground surface, compared with the influence of soil parameters and soil initial sat-
uration. As mentioned earlier, the temperature profiles showed that at the same location 
(with the same native soil), the scenarios with the LSS backfill performed the best com-
pared with the scenarios with the other two backfills; this can be attributed to the better 
water retention characteristics (see Figure 7d) of the LSS material which meaned a higher 
degree of saturation thus a greater thermal dissipation can be expected under the same 
circumstance. Besides, the finding that temperature profiles from LT location were gener-
ally higher than those from BRU location and DP location with the same backfill material, 
could be a result of the combined effect of various circuit ratings and different thermal/hy-
draulic properties of the native soils from different locations. 

The overloading scenarios, as implemented between 2–3 years, showed the expected 
further increase in temperature (Figure 11) compared to normal loading scenarios. The 
incremental level depends on loading characteristics in the overloading duration. The re-
sults indicated a much higher rise (30–35 °C) in temperature for BRU location compared 
to those for the other two locations, around 10–15 °C, inferring a higher circuit rating for 
BRU location during overloading. Additionally, none of the overloading scenarios in-
duced the emergency risk, that is temperatures above 90 °C, on the circuit. 
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Figure 10. Temperature evolution: backfill of BRU location (a) B1 (b) LSS (c) FSL; LT location (d) B1 (e) LSS (f) FSL; DP location (g) B1 (h) LSS (i) FSL. 
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Figure 11. Temperature comparisons: backfill of BRU location (a) B1 (b) LSS (c) FSL; LT location (d) B1 (e) LSS (f) FSL; DP location (g) B1 (h) LSS (i) FSL. 
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5.2. Hydraulic Behaviour of Backfill 
The results of soil saturation changes adjacent to the cable surface (Figure 12) indi-

cated that the drying out in backfills was generally small (the maximum change in satu-
ration being around 0.3), which could be a result of the soil saturation condition in re-
spond to SWRC. The heat flux imposed from the cable was not strong enough to cause 
excessive drying out. 

 
Figure 12. Saturation changes at middle cable: BRU location (a) normal loading (b) overloading; LT 
location (c) normal loading (d) overloading; DP location (e) normal loading (f) overloading. 
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Most saturation changes happened during the first half-year period, associated with 
the transient thermal behaviour of cables in response to loading development. A stable 
condition was then obtained with small fluctuations under the loading and surface 
boundary conditions. 

The various saturation levels for each case were related to the SWRC of different 
backfill materials, determined by the prescribed pore water pressure following the initial 
saturation of native soil. Overall, the LSS backfill had the best performance in retaining 
moisture (i.e., negligible saturation drop), owing to its good water retention characteristics 
and low hydraulic conductivity. In contrast, the FSL backfill had the worst performance 
(the decrease in saturation being up to 0.3), due to its relatively poorer water retention 
characteristics and the several orders of magnitude higher hydraulic conductivity, in com-
parison to LSS and B1 backfills. 

The further saturation change induced by the prescribed overloading was not signif-
icant (maximum change being approximately 0.1), which indicated the good water reten-
tion ability of backfill materials. Besides, the results corresponding to B1 backfill had more 
noticeable differences compared to the normal loading results, which may be explained 
by the corresponding soil retention characteristic (e.g., the slope of the curve portion) at 
the prescribed saturation level. 

5.3. Discussion 
The results inferred a close relationship between the thermal dissipation ability (i.e., 

thermal conductivity) and soil water retention characteristics. Regarding the backfill ma-
terial, the LSS had a good water retention ability and tended to retain a high amount of 
moisture in pore space, thereby delivering a better thermal dissipation ability compared 
to the other two backfills under the same condition. As the � parameter from the SWRC 
model is correlated to the inverse of the air entry suction, a lower � value and a higher 
soil suction would be needed for the backfill to dry out. This means, with the atmospheric 
air pressure in backfill pores, the pore water pressure would need to be very low for mois-
ture to drain. For this circumstance, the heat flux from the cables would need to be higher 
than the present loading condition. 

Additionally, the solid constituents of the backfill material had a very high thermal 
conductivity, and this would lead to a high bulk conductivity, thus producing a good 
transport of heat away from the cable even under the relatively unsaturated conditions. 
Nonetheless, there was no actual information available on backfill type and properties at 
the interested locations, the behaviour of the backfill may differ in real practice. 

In terms of the native soils, the LT circuit was embedded in clay and had a higher 
temperature profile compared to the BRU circuit (in sandy loam) and DP circuit (in loam). 
This can be explained by the relatively low thermal conductivity for the clay-featured na-
tive soil. The thermal conductivity of solid grains in the LT location was nearly 50% lower 
than the conductivity of solid grains in BRU and DP locations. Although the clayey soil 
had a better water retention characteristic than sandy loam and loam, this could not com-
pensate for the lower solid thermal conductivity which governed the bulk soil conductiv-
ity, as the volume of solids in the overall soil volume was around 70% for the clayey soil 
in LT location. 

From the soil hydraulic perspective, the max parameter setting produced the worst 
(highest) temperature profile. This was predominantly related to the fact that the native 
soils, where the max hydraulic characteristics were assumed, had the weakest water re-
tention characteristics. Thus, even a low suction can drive water away from pores. Addi-
tionally, the native soils with the max hydraulic characteristics had the highest hydraulic 
conductivity which means that under an established hydraulic gradient, the velocity of 
water flowing away from the heat source would be higher compared to the soils with mean 
and min hydraulic characteristics. In other words, such soil was relatively easy to drain, 
hence a more rapid decrease in bulk thermal conductivity and the establishment of a 
higher temperature zone around the heat source could be expected. The effect of 
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saturation level was also noticed, as the initial lower saturated condition resulted in a 
worse temperature profile compared to that from a higher saturated condition. This was 
attributed to the different bulk thermal conductivities induced by different saturation con-
ditions. 

The relative importance of the two major factors (min initial saturation and max soil 
parameter settings) were investigated further. A series of histograms were produced for 
BRU location (Figure 13), LT location (Figure 14) and DP location (Figure 15). For each 
case (one location with one native soil), an annual temperature distribution (in blue) was 
developed based on the temperature profiles of the whole 27 scenarios. Similarly, the 
probabilistic data (in red) on temperature corresponding to the interested factor was cre-
ated on the same histogram. The results confirmed the findings that the LT location had 
the worse temperature profile compared to the other two locations, and the native soil of 
LSS had the best heat dissipation ability. More importantly, the relative significance of the 
two factors can be obtained, that is, the max soil parameter setting was more significant 
than the min initial saturation in terms of the contribution to the relatively high tempera-
ture profile on the cables. 

The small influence of the precipitation prescribed at the ground surface can be in-
ferred from the results. This was related to the fact that the water that penetrated through 
the native soil surface was being mostly drained through the bottom boundary, on which 
a fixed value of pore water that equalled to the initial pore water pressure in the domain 
was prescribed. As the hydraulic conductivity of the native soil was several orders of 
magnitude higher than the hydraulic conductivity of the backfill (especially LSS and B1), 
water migrated faster in the native soil and its transport within the backfill was limited. 
Consequently, the saturation changes in the backfill were small and any temperature 
changes because of that were negligible. 

The overloading triggered an extra temperature increase and saturation decrease, as 
expected. This was because a higher loading resulted in a higher heat flux generated at 
the cable surface, producing a higher thermal gradient in the domain. Accordingly, this 
caused an enhanced migration of moisture away from the cable, compared to the normal 
loading scenario. As a result, the bulk thermal conductivities of the backfill and the native 
soil around the cables reduced and correspondingly temperature increased. 

The emergency temperature (i.e., cable temperatures above 90 °C) was not reached 
in any scenario, under the assumptions considered. The max temperature of around 85 °C 
was estimated at the BRU location. However, such results should not be taken as conclu-
sive, as several assumptions were considered while estimating the temperature evolution. 
For instance, no actual information on the overloading pattern or its magnitude was avail-
able. Additionally, the backfill properties, for example at the BRU location were not 
known, although literature data were used to compensate. Nevertheless, this study 
showed that overloading under such condition was feasible and was not supposed to 
cause excessive drying out. However, more site-specific information would be desired to 
obtain more reliable results. 
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Figure 13. Correlation of influence factors at BRU location; (a) min saturation under B1, (b) max parameter setting under B1, (c) min saturation under FSL, (d) max 
parameter setting under FSL, (e) min saturation under LSS, (f) max parameter setting under LSS. 



Energies 2022, 15, 8897 24 of 28 
 

 

 
Figure 14. Correlation of influence factors at LT location: (a) min saturation under B1, (b) max parameter setting under B1, (c) min saturation under FSL, (d) max 
parameter setting under FSL, (e) min saturation under LSS, (f) max parameter setting under LSS. 
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Figure 15. Correlation of influence factors at DP location: (a) min saturation under B1, (b) max parameter setting under B1, (c) min saturation under FSL, (d) max 
parameter setting under FSL, (e) min saturation under LSS, (f) max parameter setting under LSS. 
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6. Conclusions 
This paper presented a flexible numerical modelling framework which allows for 

thermal performance assessment of underground high voltage electricity transmission 
lines. A comprehensive numerical investigation into the temperature time-histories of 
several buried cable circuits operated by the National Grid Electricity Transmission was 
carried out using a bespoke thermo-hydraulic model of the COMPASS code. Numerical 
results in terms of temperature evolution at the cable surface, with a focus on assessing 
the relevant parameters exerting a controlling influence on the ability of a cable to dissi-
pate heat, were presented and discussed. Considering the site-specific information for the 
cables of interest and the assumptions based on literature data, it can be concluded that 
backfills have the dominant effect on the thermal behaviour of cables, due to their ability 
to retain water and not completely dry out, even during the overloading episodes. The 
initial saturation state and the thermal properties of native soil surrounding the backfill 
also play an important role in dissipating the heat transferred through the backfill. Hence, 
if it can be ensured that a backfill material has good hydraulic properties (i.e., high water 
retention characteristics and low hydraulic conductivity), and good thermal properties 
(main solid constituents should be sand-based materials), then a good performance of the 
cable can be expected. 

Overall, this study provided novel insights into the thermal performance of buried 
circuits and demonstrated that nature of the overloading that is undertaken in practice 
would have no negative ongoing impact (at least in relation to thermal overloading), and 
thus more frequent or longer duration overloading regimes could probably be tolerated. 
The developed numerical framework, with further development and validation against 
site data, could be harnessed to allow safe rating adjustments of buried transmission cir-
cuits. 
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