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Abstract
The circular economy is a closed cycle that allows one to reuse the industrial waste, as well as minimize the energy and 
resources losses during the production process. This paper presents an innovative idea of the application of a geopolymer 
cable backfill for underground power cable system installation. The closed cycle, in this case, is formulated as follows: the 
primary resource is the waste from the combustion of fossil fuels, i.e., fly ash that is utilized to form the geopolymer matrix. 
The geopolymer then is used as thermal backfill in underground power cable systems. Utilization of combustion by-products 
in the form of a geopolymer is a highly profitable solution since landfill waste disposal, in this case, generates considerable 
costs for the electrical energy producers. In typical applications, geopolymers are used as insulators. By adding individual 
components, the thermal conductivity of 2.0 W/(m K), higher than of typical thermal backfills (Fluidized Thermal Backfill), 
which value is close to 1.5 W/(m K), is reached. What is very important, geopolymers can absorb water better than typical 
sand–cement mixtures. As a result, a high thermal conductivity with the temperature increase is maintained. The applica-
tion of geopolymers as thermal backfills has the potential to improve the flexibility of underground power cable systems, as 
well as to minimize the material costs of installation. The case study is presented to show the economic benefits of using the 
combustion by-products as a geopolymer thermal backfill. The finite element method model of an underground power cable 
system is developed, and optimization of backfill dimensions is provided to minimize the material costs using the geopoly-
mer thermal backfill and to maximize the underground power cable system performance. The main result of this paper is 
that the application of geopolymers leads to a decrease in underground power cable system costs, compared to traditional 
backfill (sand–cement mixture). The reason is the higher value of thermal conductivity, which allows selecting a cable with 
a smaller cross-sectional area. Also, the environmental benefits of geopolymer application for cable bedding are discussed.
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Introduction

For high voltage (HV) and extra high voltage (EHV) 
underground transmission lines, the main challenge, apart 
from the relatively high installation costs, is its limitation 
in energy transmission. The overall performance depends 
mainly on the thermal properties of the ground in which 
it is situated. The burial technique for the power cable 
installation, as well as the HV power cable cross section, 
is shown in Fig. 1.

The ampacity of the electricity transmission line is the 
maximum electrical current safely transferred through the 
cable conductor without exceeding its maximum operating 
temperature.

The decrease in the cable conductor area reduces the 
allowable current transmitted (Shabani and Vahidi 2019). 
For a high cross-sectional area, larger currents are trans-
ferred. The heat generated increases the operating tem-
perature of the cable itself, especially in summer, which 
can result in cable temperature exceeding 90 °C. This limit 
value is, in fact, the melting temperature of the XLPE 
cable insulation. A prolonged increase in the cable oper-
ating temperature leads to the melting of the polyethylene 
insulation and the transmission line failure. The repair 
time for HV underground transmission lines is about ten 
times longer than for overhead lines. During the cable 
line outage time, each hour of electricity supply disrup-
tion entails substantial financial losses to the electricity 
provider. From the reasons mentioned above, the failure 

rate of HV and EHV underground transmission lines must 
be reduced to a minimum (Nemati et al. 2019).

The arrangement of the Underground Power Cable Sys-
tem (UPCS) in the ground is associated with a considerable 
and unpredictable variability of environmental parameters, 
determined by the thermal conductivity of the surrounding 
soil. When designing HV and EHV UPCS, it is practically 
abandoned to lay the cable lines directly in the ground. 
To enhance heat dissipation from the cable core, ensuring 
moisture retention in a region close to the cable line, a spe-
cially designed thermal backfill is used. The thermal backfill 
needs to provide stable thermal conditions for the cable line 
operation regardless of the type of surrounding soil. Ther-
mal backfill application during UPCS design and installa-
tion brings extensive benefits to the energy system. First 
of all, cable systems ampacity is raised around 10–15% by 
ensuring favorable heat transfer conditions. Also, the cable 
conductor cross-sectional area is reduced during the design 
process since expected ampacity will be reached when using 
a smaller cable. In both cases, significant reductions in con-
struction and operating costs can be achieved.

In Europe, a mixture of sand and Portland cement, in 
a 12:1 ratio, has been used for years as thermal backfill. 
Despite its advantages, i.e., low unit price, availability on 
the market, and adequate mechanical properties, it does not 
ensure the thermal stability of the cable line operation in 
the long-term period. After a few months of the thermal 
load caused by the line operation, its thermal conductivity 
drops significantly (Ahmad et al. 2019). What is more, the 
manufacturing of Portland cement caused a considerable 

Fig. 1   Cable line burial techniques a direct burial; b 400 kV power cable cross section, according to (Nexans 2011)
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environmental burden and energy efficiency issues (Habert 
2013).

The Portland cement is produced at a temperature of 
1400–1500  °C (Huntzinger and Eatmon 2009). During 
its production, large amounts of CO2 and NOx are emitted 
into the atmosphere, as reported by (Li et al. 2016). One of 
the main factors stimulating the development of inorganic 
polymer technology is the possibility of a real alternative to 
Portland cement. It is estimated that the synthesis of Port-
land cement is twice as energy-intensive as the production 
of geopolymers and causes 4 to 8 times more carbon diox-
ide emission (Provis and van Deventer 2009). According to 
several authors (Bajpai et al. 2020; Zhao et al. 2020), using 
geopolymers as a substitute for Portland cement reduces the 
environmental load significantly.

In general, geopolymer is a product of alkali activation of 
any aluminosilicate materials. It consists of long chains—
copolymers of silicon and aluminum oxides (fly ash compo-
nents), as well as stabilizing metal cations, usually sodium, 
potassium, lithium, or calcium. The alkali activation is per-
formed by mixing NaOH, KOH, Na2SiO3, or K2SiO3 with 
fly ash. The geopolymerization occurs at low temperature, 
usually under 100 °C and requires no special preparation of 
the raw material (fly ash) before the process (Zhuang et al. 
2016).

The use of geopolymers is a viable alternative to the 
waste disposal from the energy, mining, and metallurgi-
cal sectors. It is possible to reuse considerable amounts of 
industrial by-products through geopolymerization, therefore 
minimizing the environmental impact of such waste (Bajpai 
et al. 2020). That is because geopolymerization is an effec-
tive and economically justified method of immobilization 
of heavy metals, such as Pb, Cd, Cr, and Zn, contained in 
postprocessing waste, in the form of fly ash matrix (Łach 
et al. 2018). Also, fly ash is considered a hazardous mate-
rial since the concentrations of the toxic trace elements in 
fly ash could be 4–10 times higher than in coal (Boca Santa 
et al. 2016). Therefore, geopolymerization may be used for 
stabilizing and solidifying those hazardous substances that 
would be otherwise disposed into landfills and pollute the 
environment (Mohajerani et al. 2019). What may confirm 
the immobilizing nature of geopolymers and its environ-
mental benefits, it is a fact that geopolymerization may be 
successfully used as well in disposing of medical waste ash 
(Tzanakos et al. 2014). The authors were able to reduce the 
leachate of heavy metals concentrations below the permitted 
limits significantly.

This paper presents the utilization possibility of fluid-
ized bed fly ash and blast furnace slag as raw material for 
a geopolymer thermal backfill composition. Fluidized bed 
combustion (FBC) technology is gaining its popularity 
nowadays since it is a very attractive, efficient, and environ-
mentally friendly coal-combustion technology. FBC enables 

the utilization of low-grade solid fuels, as hard coal, lignite, 
municipal, and industrial waste, or biomass when emitting 
less NOx and SO2 compared to traditional coal-combustion 
technology (Ohenoja et al. 2020). The chemical composition 
and characteristics of coal ash generated from FBC boilers 
significantly differ from those of pulverized boilers, as the 
coal is fired at a relatively lower temperature, and a large 
amount of limestone is used for desulfurization. Because 
of a high variation in the produced fly ash quality caused 
by changes in the fuel composition, FBC fly ash may not 
be treated as a substitute to the pulverized boiler fly ash. 
Therefore, FBC fly ash is not used for a Portland cement 
composition (Zhang et al. 2012). As having low popularity 
as raw material, fluidized bed fly ash and blast furnace slag 
are mainly disposed.

The main objective of this paper is to prove that the appli-
cation of a geopolymer as thermal backfill instead of tradi-
tional used sand–cement backfills for cable systems is eco-
nomically feasible. This study presents an economic analysis 
of a possible implementation of geopolymer materials for 
the thermal backfill of UPCS. This idea is presented for the 
first time. The major part of a geopolymer is a matrix that 
can be composed of the combustion by-products. The com-
bustion by-product that is assumed to be utilized by using 
the geopolymer is fluidized bed fly-ash. Therefore, there is 
no need to pay the costs of those by-products utilization. 
The analysis is performed for three different prices of 1m3 of 
thermal backfill, to show the potential benefits of using geo-
polymers in this kind of application. In the study, the finite 
element method (FEM) model of UPCS is used, described in 
detail in the previous paper (Ocłoń et al. 2016). In the article 
(Ocłoń et al. 2015a), the application FEM for modeling of 
cable systems situated in a multilayered soil is presented. 
The optimization procedure, based on PSO (Ocłoń et al. 
2015b) and Jaya (Ocłoń et al. 2018) algorithms, is also used 
to determine the cable backfill area and optimize the UPCS 
system costs.

A circular economy concept in the design 
of thermal backfills of underground power 
cable systems

Figure 2 shows the concept of utilizing combustion by-prod-
ucts in producing the thermal backfills for the HV and EHV 
transmission line design and installation.

Fuel combustion produces combustion by-products such 
as fluidized bed fly ash and blast furnace slag (Hirschi and 
Chugh 2019). Those materials can be used to form a geo-
polymer matrix. The use of fly-ash or slag for the production 
of geopolymers is a pro-ecological approach, as it allows for 
practical utilization of industrial and energy sector by-prod-
ucts, as fluidized bed fly ash and blast furnace slag. The mass 
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content of combustion by-products can reach up to 50% of the 
thermal backfill weight. The thermal backfill material could 
contain, for example, silica-aluminate inorganic binders, sand, 
and additives that enhance the overall thermal conductivity. 
The obtained composite can be used to develop a thermal 
backfill material for the UPCS. The primary benefit of such 
an approach is the use of combustion by-products directly in 
power cable systems, which causes a limited need to utilize 
such a waste. Various engineering groups need to be involved 
in such products, for example, energy engineering, environ-
mental engineering, material engineering, thermal engineer-
ing, and electrical engineering. The following aspects should 
be considered when developing thermal backfill materials, 
according to (Radhakrishna 1982):

(a)	 sufficiently high thermal conductivity to allow effective 
heat transfer between the power cable and the ground

(b)	 resisting moisture migration and thermal drying under 
extreme conditions of weather and cable overloading;

(c)	 mechanical strength to support other services in the 
area (sewers, water mains, roadways, and railway 
tracks, etc.);

(d)	 the capability of placing in confined areas in both 
trench and tunnel configurations;

(e)	 easy installation without empty spaces inside the 
ground

(f)	 environmentally acceptable in terms of leachates from 
the backfill and corrosively to the buried cable;

(g)	 erosion resistance and self-supporting for undermining,
(h)	 acceptable costs of materials and installation,
(i)	 backfill composition by using the materials available at 

the installation site

Figure 3 shows the various aspects that should be consid-
ered when designing the thermal backfills for the UPCS.

UPCS physical model

Cable manufacturers provide values of power cable ampac-
ity when assuming specific environmental conditions. It 
gives the possibility to compare similar cable performance 
and to select a particular model of cable for a given invest-
ment case-study. It is a common practice to determine the 
current ratings based on IEC 60287 using the CYMCAP 
software (CYME 2020). The current ratings are for the 
following UPCS working conditions:

•	 cable line burial depth equal to 2.0 m;
•	 thermal conductivity of the surrounding soil is equal to 

1.0 W/(m K);
•	 ambient air temperature is equal to 30 °C.

The value of soil thermal conductivity is critical for 
the cable core temperature and the cable ampacity. When 
assuming a constant value of the soil thermal conduc-
tivity, at the level of 1.0 W/(m K), according to the IEC 
60287, 2014, standard, the cable line designers are forced 
to use a high safety margin for the calculation results. As 
a result, a broader cross section of the cable conductor is 

Fig. 2   A general concept 
for utilizing the combustion 
by-products in the design of 
thermal backfills for UPCS

Fig. 3   A set of multidisciplinary aspects that should be considered 
during the backfill design
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selected than obtained from calculations. The purpose is 
to ensure reliable operation of the transmission line even 
when the thermal conductivity of the ground drops below 
the assumed value. As a result, a significant increase in 
investment costs of the underground cable line construc-
tion is expected to avoid cable overheating.

This study presents an economic analysis of the geopoly-
mer application in the underground transmission line design. 
The UPCS model is based on the test case considered in 
practice by the cable line designers. The following assump-
tions are made:

(1)	 Constant thermal conductivity of soil equal to 
ks = 1.0 W/(m K)

(2)	 Constant thermal conductivity of thermal backfill kb 
equal to:

(a)	 kb = 0.8 W/(m K) for the SCM,
(b)	 kb = 1.4 W/(m K) for the geopolymer backfill,

(3)	 Maximum current load equal to I = 1,200 A
(4)	 Cable burial depth is H = 2.0 m

It is assumed that the backfill layer dimensions are: 
l = 0.4 m, s, p, and b = 0.2 m, as it is shown in Fig. 4.

Heat transfer model in UPCS

The heat conduction in the UPCS is considered as a two-
dimensional problem (Eq. (1)). Based on Eq. (1), the highest 
temperature in the system Tmax is calculated. For the pre-
sent calculation, the 400 kV power cable is composed of a 
conductor, insulation, and an outer layer. The heat source 
term is only used for cable core and insulation domains. The 
adopted model is described in detail in the author’s previous 
work (Ocłoń et al. 2018) and is used for the analysis of geo-
polymer-based thermal backfill materials of power cables.

where,
x, y: x and y coordinates at a specific location,
qv: heat flux, W/m2.

(1)

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

kc
�2T

�x2
+ kc

�2T

�y2
= −qv,c, cable core domain

kins
�2T

�x2
+ kins

�2T

�y2
= −qins, cable insulation domain

kext
�2T

�x2
+ kext

�2T

�y2
= 0, cable outer layer domain

ks
�2T

�x2
+ ks

�2T

�y2
= 0, ground domain

kb
�2T

�x2
+ kb

�2T

�y2
= 0, cable backfill domain

k: thermal conductivity of specific layers:

•	 kc = 400 W/(m K)—the domain of cable core,
•	 kins = 0.285 W/(m K)—the domain of insulation,
•	 kext = 0.57 W/(m K)—the domain of cable external 

layer,
•	 ks = 1.0 W/(m K)—the domain of ground,
•	 kb = 0.8 W/(m K)—the domain of sand–cement mix 

(SCM),
•	 kb = 1.4 W/(m K)—the domain of geopolymer

The system of governing differential equations, given in 
Eq. (1), is subjected to boundary conditions, shown in 
Fig. 4. The ambient temperature Tamb is considered to be 
equal to 30 °C (conditions in the summertime when the 
air temperature is high). The air heat transfer coefficient 
hamb is assumed as 5.0 W/(m2 K). The right and bottom 
sides of the heat transfer domain are insulated, while the 
symmetry boundary condition is applied at the symmetry 
plane of the UPCS domain. The last assumption allows 
one to reduce the number of finite elements and decrease 
the computational time.

Fig. 4   Scheme of the UPCS being considered during the computa-
tions
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After discretization, the resulting nonlinear system of dif-
ferential equations is solved, and the nodal temperatures are 
determined. The procedures described in IEC 60287, 2014, 
standard are used to calculate the cable core and insulation 
heat losses.

Determination of cable core and insulation heat loss

Equation (3) provides the formula for heat losses in cable 
core (Anders 1997; Thue 2011):

where

and.
ρ20 = 1.7241 × 10–8 Λ m—copper electrical resistance,
C = 1.02 m—sample length,
Tref = 20 °C—reference temperature,
Tc—the average cable conductor temperature °C,
αref = 0.00393—copper conductor temperature coefficient,
∆Qc—cable conductor heat loss, W/m,
dc—power cable core equivalent diameter for 400 kV 

power cables, m,
ys and yp—skin and proximity effect factors.
XLPE HV power cable equivalent cross-sectional area 

Ac,cal is given by:

with p0,i to p3,i coefficients equal to p0,i = 0.0007955, 
p1,i = 0.3697, p2,i = -−6.04, p3,i = 1.673 × 105.

The skin and proximity factors, ys and yp, are obtained 
based on IEC 60287, 2014, standard.

When defining xs, the following formula is used:

where

(2)

ks
�T

�x

||||x=5m = 0,

ks
�T

�x

||||x=0 = 0,

ks
�T

�y

||||y=10m = 0,

ks
�T

�y

||||y=0 = hamb(T − Tamb),

(3)qv,c(T(x, y)) =
ΔQc

Ac,cal

(4)ΔQc =
I2�20C

Ac,cal

[
1 + �ref (Tc(x, y) − Tref )

]
(1 + ys + yp)

(5)Ac,cal =

(
3∑
i=0

pi,cA
i
c

)

(6)xs =
8�f

R�
⋅ 10−7Ks,

skin effect factor ys is calculated as follows:

and

For a given value of xp:

the proximity effect factor yp is calculated as:

In Eqs. (6)–(12), l is a distance between cables, and f 
is an alternating current frequency, equal to 50 Hz. The 
value of Ks and Kp, is equal to 0.37 and 0.8, according to 
ICE 60287, 2014. The Round Milliken bare bi-directional 
wires are considered.

The value of qv,ins, referred to the insulation cross-sec-
tional area Ains, cal, is determined by:

where

when the given parameters are:
Cins—capacitance calculated according to Nexans 

(2011), F/m,
tanδ—insulation loss factor equal to tanδ = 0.005,
U—the maximum AC voltage, V.
The value of Ains,cal is determined as:

with p0,ins to p3,ins coefficients equal to: p0,ins = 0.002695, 
p1,ins = 4.725, p2,ins =−1590, p3,ins = 2.72 × 105.

(7)R� =
I2�20C
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]

(8)ys =
x4
s

192 + 0.8x4
s

, for 0 < xs ≤ 2.8,

(9)
ys = −0.136 − 0.0177xs + 0.0563x2

s
, for 2.8 < xs ≤ 3.8,

(10)ys = 0.354xs − 0.733, for xs > 3.8.

(11)xp =
8�f

R�
⋅ 10−7Kp� ,
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Calculation of UPCS costs (thermal backfill 
and cables costs)

The material costs of the UPCS can be calculated as:

where Ccable is the cost of cables in the UPCS in $/km, Cback 
is a unit cost of cable backfill material with 1 m2 cross-
sectional area and 1 km length, wcbp is a fraction of combus-
tion by-products in geopolymer thermal backfill (assumed 
as equal to 0.5), and Cut is the cost of the utilization of 1 t 
of combustion-by-products (assumed to be equal 100 $/t).

Results and discussion

The calculations were performed using the own FEM code 
written in MATLAB. Figure 5 shows the temperature fields 
obtained for sand–cement mix thermal backfill and geo-
polymer thermal backfill. It is possible to observe that the 

(16)Csys = Ccable + Cback ⋅ Ab − wcbpCutAb

application of geopolymer thermal backfill reduces the tem-
perature in the region close to cable core, due to the higher 
thermal conductivity than of the sand–cement mixture.

The economic benefits of the application of a geo-
polymer are observed for different prices of the 1 m3 of 
thermal backfill (Fig. 6). The overall costs of the cable 
system are calculated for the considered price of ther-
mal backfill equal to 100 $, 150 $, and 200 $. The SCM 
thermal backfill costs are assumed to be equal to 30 $/
m3. Figure 6c shows the variation of a single power cable 
cost concerning the cable cross section. Figure 6a shows 
the scenario when the prices of a geopolymer thermal 
backfill are equal to 100 $. Due to the significant sav-
ings of the company on utilizing of the combustion by-
products, the overall costs of the cable system Csys are 
only slightly higher for the same cable conductor cross 
section Ac, than the costs when the sand–cement mix-
ture is applied. What is essential is a fact that when the 
geopolymer thermal backfill with thermal conductivity 
of kb = 1.4 W/(m K) is used, then the temperature of the 
cable core is less than 90 °C, the maximum temperature 

Fig. 5   Temperature (in °C) dis-
tribution in the system for sand–
cement mix and geopolymer
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of cable operation, if one applied cables with Ac = 1400 
mm2. When the sand–cement mixture is used as thermal 
backfill, the cable core temperature is significantly higher 
than 90 °C (Fig. 6d). The cables with a larger cross-sec-
tional area of 1600 mm2 shall be used. The potential sav-
ing arising from the application of a geopolymer thermal 
backfill can reach over 60,000 $/km of cable line for this 
case study.

In case, when the geopolymer thermal backfill price 
is set as 150 $/ m3 (Fig. 6b), the potential savings are 
smaller, but still remunerative with over 30,000 $/km of 
the cable line. In a case when the geopolymer thermal 
backfill costs are 200 $/m3 (Fig. 6c), then the potential 
economic benefits of replacement of the sand–cement 
mixture with geopolymer are limited to 10,000 $/km of 
the cable line. Based on the performed calculations, it 
is evident that applying the dedicated backfill materials 
like geopolymers reduces the overall costs of the UPCS 
compared to the traditional sand–cement mixture.

Eco‑environmental analysis

Application of the geopolymer thermal backfill for HV and 
EHV underground transmission line installation can be con-
sidered in technical, economical, and environmental aspects.

As presented in Fig. 6, 0.448 m2 cross-sectional area of the 
geopolymer backfill may be applied for the case-study since 
the Ab value is calculated for half of the system considered 
(Fig. 4). Therefore, around 448 m3/km of backfill needs to be 
applied for each km of the designed cable line length. On the 
contrary, in engineering calculations and during the UPSC 
design, the rectangular shape of SCM backfill with 1.4 m 
width and 0.4 m height is commonly applied. Thus, approxi-
mately 522 m3/km of the SCM is needed. Consequently, the 
presented approach and detailed thermal analysis of UPCS 
operation result in decreasing in backfill use for about 74 m3/
km (more than 14%). That significant reduction in backfill area 
may be reached by replacing SCM (kb = 0.8 W/(m K)), with 
the geopolymer backfill (kb = 1.4 W/(m K)). When considering 

Fig. 6   Material costs of the UPCS installation, when the geopolymer price is set as a 100 $/km; b 150$/km; c 200 $/km; d cable conductor 
maximum temperature; e cost of the single power cable in 103 $/km; f area of thermal backfill applied
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backfill prices, SCM for the transmission line installation costs 
15,660 $/km and 44,800 $/km for the geopolymer backfill.

As mentioned earlier in the text, the mass content of com-
bustion by-products in a geopolymer matrix can reach up to 
50% of the backfill weight. When assuming the dry density 
of thermal backfill approximately 1.850 t/m3 (Radhakrishna 
1982), it gives around 414.4 t/km of combustion by-products 
utilized per each km of HV and EHV transmission line built. 
As reported by (American Coal Ash Association 2018), dis-
posal costs of coal by-products depend on multiple factors, 
as the specific type of combustion waste, location, transpor-
tation methods, climate and terrain, regulatory requirements, 
and potential for its future use. For the most unfavorable 
conditions, the price may reach 20 to 40$/t of coal combus-
tion waste disposed. When a disposal site is located near 
the power plant and the material being disposed can be eas-
ily handled, the price may decrease to 3–5 $/t. When tak-
ing into account the costs of the combustion waste disposal 
around 10 $/t, benefits from its utilization in the form of 
the geopolymer backfill may give about 4144 $/km savings 
for the transmission line length. On the contrary, Portland 
cement prices have reached a level of 123.5 $/t, according 
to (Statista 2020), which gives approximately 9.51 $/t of 
the SCM.

The detailed carbon footprint analysis for geopolymer 
and Portland cement concrete is performed by (Turner and 
Collins 2013). According to (Turner and Collins 2013), 
equivalent CO2 emission during the Portland cement manu-
facturing reaches 820 kg CO2-e/t. The fly ash and other coal 
by-products are considered zero or minimal CO2-e contribu-
tion. For the fly ash, it is 27 kg CO2-e/t. What is important, 
geopolymer backfill composition also requires the alkali 
activator (sodium hydroxide) as well as sodium silicate, 
which along with fly ash and NaOH, creates the geopolymer 
binder. According to (Turner and Collins 2013), the total 
equivalent CO2 emission reaches 108.56 kg CO2-e/t for a 
mixture of fly ash, sodium hydroxide, and sodium silicate 
for the geopolymer concrete composition. As the investiga-
tion of the proper geopolymer backfill composition is still 
in progress, it is impossible to evaluate its environmental 
footprint properly. After rough estimation environmental 
costs for the SCM application may reach around 60,974 kg 
CO2-e/km, and for the geopolymer backfill should be lower 
than 90,048 kg CO2-e/km. What should be stressed, the final 
composition of the geopolymer backfill is not known yet. 
Therefore, it is impossible to assess its total carbon footprint.

Conclusions

The HV and EHV underground transmission lines are widely 
used nowadays. To allow the proper operation of the system, 
not to exceed the maximum allowable conductor temperature 

equal to 90 °C is needed. Thermal backfill materials are 
used to improve the heat transfer from power cables. The 
commonly used sand–cement mixture has low thermal con-
ductivity, which in the dry state is equal to 0.8 W/(m K). 
There is a need to develop a novel and not expensive ther-
mal backfill materials with higher thermal conductivity. The 
option here could be geopolymers with a matrix based on 
fluidized boilers fly-ash, which is challenging to utilize. This 
study shows the potential economic benefits of the applica-
tion of this kind of fuel combustion by-products as thermal 
backfill. For a flat-formation of the UPCS, with the maxi-
mum current of 1,200 A, the computations were carried out. 
It was assumed that the costs of fluidized bed combustion 
by-products utilization are of 100 $/t. A reasonable value 
of geopolymer thermal conductivity equal to 1.4 W/(m K), 
and three cost levels of 100 $/m3, 150 $/m3, and 200 $/m3 
of thermal backfill were assumed.

The computations showed that in a case when the costs 
of geopolymer thermal backfill are of 100 $/m3 of thermal 
backfill, the potential saving in cable system design can 
lead up to 60,000 $/km savings of cable system material 
cost. The reason is the possible use of a cable with a smaller 
cross-sectional area, i.e., 1400 mm2 (when geopolymer 
thermal backfill is used), compared to the one applied for 
sand–cement mix thermal backfill, i.e., 1600 mm2. There-
fore, the utilization of fluidized-bed combustion by-products 
can create potential economic benefits for the energy distri-
bution industry.

Summing up, geopolymers application in backfilling 
technology for the HV and EHV underground transmission 
seems to be promising. By using industrial waste and turning 
it into a full-value product may surely bring many benefits. 
Nevertheless, extensive and multidisciplinary studies must 
be performed to investigate the preferable composition of 
the backfill. Also, the material test should be conducted to 
check if the backfill does not interfere with the power cable 
sheath, causing its corrosion, among others.
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