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Abstract: Geothermal energy, derived from the Earth’s internal heat, can be harnessed due to the
geothermal gradient between the Earth’s interior and its surface. This heat, sustained by radiogenic
decay, varies across regions, and is highest near volcanic areas. In 2020, 108 countries utilised
geothermal energy, with an installed capacity of 15,950 MWe for electricity and 107,727 MWt for
direct use in 2019. Low-enthalpy sources require binary systems for power production. Open-loop
systems face issues like scaling, difficult water treatment, and potential seismicity, while closed-loop
systems, using abandoned petroleum or gas wells, reduce costs and environmental impacts greatly.
The novel geothermal gravity heat pipe (GGHP) design eliminates parasitic power consumption by
using hydrostatic pressure for fluid circulation. Implemented in an abandoned well in north-east
(NE) Slovenia, the GGHP uses a numerical finite difference method to model heat flow. The system
vaporises the working fluid in the borehole, condenses it at the surface, and uses gravitational flow
for circulation, maintaining efficient heat extraction. The model predicts that continuous maximum
capacity extraction depletes usable heat rapidly. Future work will explore sustainable heat extraction
and potential discontinuous operation for improved efficiency.

Keywords: geothermal energy; geothermal gravity heat pipe; numerical modelling; single-well
closed-loop heat exchanger

1. Introduction

Geothermal energy is the heat energy of the Earth that can be harnessed due to the
temperature difference or geothermal gradient between the Earth’s interior and its surface [1].
The temperature difference is due to the heat stored in the planet’s core since the time of
formation. This thermal battery is recharged further by the radioactive decay of elements
in the crust and mantle. The heat released, called radiogenic heat, contributes a significant
fraction, up to 88%, of the heat flux at the surface [2]. The geothermal gradient is not
constant over the entire surface of the Earth but depends on the geological and geophysical
parameters of individual areas. The highest gradient is generally found near or at volcanically
active areas [3]. Otherwise, the average surface heat flux measures 70.9 mW/m2 [4]. This
heat was used by 108 countries worldwide in 2020, as reported by the World Geothermal
Congress, with a total installed electrical capacity of 15,950 MWe [5]. For the direct use
of this heat, the approximation for 2019 is valid, where a total installed power of 107,727
MWt was assumed [6]. Most of the currently unused geothermal potential is represented
by low-enthalpy sources or sources with geothermal fluid temperatures lower than 150
◦C [3,7]. A binary system is utilised for power production from these sources. The extracted
geothermal fluid is usually not suitable to be discharged to the environment and is treated
before being reinjected into the ground, which replenishes the underground reservoir and
keeps the extraction sustainable. This incurs some technical risks, such as continuous
scaling on the insides of pipes, difficult water treatment, and possible induced seismicity,
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if the porosity of the geothermal field needs to be improved, as is conducted in enhanced
geothermal systems [8]. If the geothermal fluid contains a significant amount of dissolved
gases, those usually need to be separated from the fluid before reinjection and are released to
the environment, making geothermal energy less environmentally benign than advertised [9].

Alternatively, a closed-loop system could be designed that does not use geothermal
fluid as the energy carrier, evading all the disadvantages of the open-loop systems. Addi-
tionally, abandoned petroleum wells could be used instead of new drilling projects. The
availability of existing thermophysical data that are logged for the petroleum industry
and the now unnecessary drilling would reduce the high investment costs that are associ-
ated with low-enthalpy geothermal systems greatly [10], which would, in turn, lower its
levelised cost of electricity (LCOE) value.

Alimonti et al. [11] did an extensive analysis on the existing literature describing
either technology, implementation, or modelling approaches to closed-loop wellbore heat
exchangers (WBHX), either with existing or newly drilled wells. The heat is extracted using
a coaxial heat exchanger, where a working fluid is pumped in the annulus, gathering heat
during its travel towards the bottom and returning to the surface in the central insulated
pipe. The main parameters defining the effectiveness of heat extraction using WBHX are the
thermal conductivity of the inner pipe, the fluid flow dynamics, and the geothermal heat
flux in the surrounding formation [12]. As the heat is exchanged only through conduction
over a relatively small surface area, the extracted heat is insufficient for power production
in hydrothermal systems compared to traditional open-loop geothermal power plants [10].
Alternatively, the WBHX has a lower environmental impact, avoids many risks, and has a
lower barrier for investment compared to open-loop systems. These traits might outweigh
the disadvantages and could be a promising future alternative to classical systems, as there
is an enormous amount of abandoned petroleum wells, with their number increasing over
the course of society‘s decarbonisation [13].

Alternatively, a U-heat exchanger could be used, where one pipe is used to inject the
working fluid into the system, while another is used for extraction. This technology is
less researched and used mostly with two separate boreholes that are connected at the
bottom [14]. High heat flows between the inlet and outlet of the heat exchanger prevent the
design from being used in a single well case [15]. The working fluid then either exchanges
heat with a secondary working fluid at the top or is involved directly in an organic Rankine
cycle (ORC) on the surface [16].

All the above-mentioned designs use a pump for generating the required pressures
and flows to induce a flow in the working fluid, which incurs parasitic power consumption,
making the system less efficient. This and many other techno-economic factors plague the
field, making the International Energy Agency recommend research into alternative and
more sustainable solutions for geothermal energy extraction [17]. A novel and patented
design, named GGHP, could be a solution, as it removes the parasitic power that is needed
to circulate the working fluid and, instead, uses a hydrostatic pressure generated by the
returning condensate to induce flow [18].

The GGHP concept and its implementation in an abandoned well in NE Slovenia will
be described in this work, which is a part of a pilot geothermal power plant project [19].
A numerical finite difference method approximation of a two-dimensional nonstationary
heat flow in an infinite medium with negligible surface resistance is employed to estimate
the heat flow after 10 years of operation.

2. Materials and Methods
2.1. Geothermal Gravity Heat Pipe

The GGHP works by vaporising the working fluid in a section of the borehole and later
condensing it at the top and returning it to the well as a liquid. The circulation is conducted
by gravitational flow and a hydrostatic pressure created by the liquid column in the inlet
tubing. Additionally, a condenser at the surface now becomes an indispensable part of the
design, as it creates a pressure difference from the bottom of the borehole to the top, and
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creates the liquid column that replenishes the borehole heat exchange zone. The pressure
in the borehole–heat exchanger system is controlled by the amount of the working fluid in
the system, the mass flow is regulated by the heat flow at the condenser, and the maximum
temperature is set by the design specifics of the well installation and geothermal gradient
in the surroundings. The working fluid needs to be selected according to its phase diagram,
the density of its vapour fraction and consequential pressure drop from the heat exchange
zone to the surface, and the thermal characteristics of the geothermal well in question.

The studied concept and its horizontal and vertical cross-section can be seen in Figure 1.
An existing and cased borehole is fitted with two packers, packers 9 and 7, and a wellhead
18, which divide the borehole into two distinct zones: a heat exchange zone 14 and a
vacuum-insulated zone 5. The location of packer 9 is determined by the designed liquid–
vapour transition temperature of the working fluid and the local temperature gradient in
the surrounding formation. It needs to be deep enough for the working fluid to be able
to create a high enough liquid column and a consecutive hydrostatic pressure to create an
effective vapour barrier. The packer is pierced by pipe 16 and pipe 17, which are the inlet
and outlet pipe, respectively. At the end of the inlet pipe, a diffusor 6 is installed, which,
together with the flow and hydrostatic pressure of the liquid working fluid, prevents the
vapour fraction of the working fluid from exiting the borehole through the inlet tubing. This
is the most defect-prone part of the system and needs to be designed with every possible
failure point in mind. The two packers are inserted in a leak-tight manner, according to
relevant standards and manufacturer instructions. The liquid fluid is introduced into zone
14 through the inlet tubing 16. In zone 14, the fluid vaporises, causing it to rise to the top of
the zone and, consequently, to the surface through a wider diameter outlet pipe 17. The
pressure drops because of irreversible vapour flow and makes the working fluid at the
surface always a saturated steam phase. The fluid then produces usable work through an
expansion step in a turbine and is later condensed fully, either by dry condensation or by
exchanging heat with a secondary fluid through a full condensation step at the condenser.
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Figure 1. Vertical and horizontal cross-section of the analysed patented GGHP concept [18], repro-
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17: vapour outlet pipe. 
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working fluid. 1: outer casing. 2: inner casing. 5: vacuum-insulated zone. 6: vapour barrier. 7, 9, and
18: packers dividing the borehole in distinct zones. 14: heat exchange zone. 16: liquid inlet pipe. 17:
vapour outlet pipe.
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With careful balancing, considering the site specifics, choosing the right working fluid
and good implementation, the design can work without any parasitic power consumption
and without irreversibility losses on unnecessary valves. Because of the long reaction times
of any changes to the main operating parameters during operation and a design that needs
to consider site specifics for optimal production, an adequate model of the geothermal field
and subsequent heat extraction needs to be made for the implementation to deliver the
expected results.

2.2. Model Description

The temperature of the surrounding formation of the wellbore is described by an equa-
tion for nonstationary heat flow in an infinite medium with negligible surface resistance [20].
It was assumed that the thermal conductivity of the steel casing and the convection heat
transfer coefficient from the casing to the working fluid is considerably higher than the
thermal conductivity of the surrounding earth and can thus be neglected. Because the
analysed well is a single well, two of the dimensions are symmetrical and the system can
be reduced to two spatial dimensions, depth and distance from the borehole. The following
is an equation of nonstationary heat flow in an infinite medium with negligible surface
resistance in two dimensions:

∂T
∂t

= α

(
∂2T
∂r2 +

∂2T
∂z2

)
(1)

α =
k

ρcp
(2)

where T is the temperature dependent on time t and position/distance from the surface z
and from the centre of the borehole r. α is the thermal diffusivity of the ground, with k, ρ,
and cp being its thermal conductivity, density, and specific heat capacity, respectively. The
working fluid physical and thermal flow inside of the well was not modelled, as most of the
heat is consumed for the working fluid phase transition, instead of its heating to transition
temperature. The vapourisation temperature of the working fluid inside the heat exchange
zone is not constant and increases with increasing depth, as the hydrostatic pressure of
the gas column above increases the pressure below and the vapourisation temperature as
a result.

A finite difference method was used for the numerical approximation of Equation (1),
resulting in the following equation:

Tn+1
i, j = Tn

i, j + α∆t

(
Tn

i+1, j + Tn
i−1, j − 2Tn

i, j

∆r2 +
Tn

i, j+1 + Tn
i, j−1 − 2Tn

i, j

∆z2

)
(3)

where n, i, and j denote a single time, depth, or radial distance step ∆t, ∆z, and ∆r,
respectively. The equation compares the temperature of a point and the temperatures of
its immediate surrounding points at a time step and calculates the resulting temperature,
which is reused at the next time step. The stability of the equation and convergence of
results is dependent on the three finitely approximated differences, where smaller distance
steps and larger time steps make the equation unstable, resulting in positive and negative
infinities [21]. The relationship between different step values and equation stability is
outside of the scope of this paper. To shorten the calculation time as much as possible
without making the equation unstable, the time steps were determined empirically and
extended progressively from the starting 103 s up to 3.5 × 103 s.

The temperature in the undisturbed ground, before heat extraction has taken place, is
described by a uniform heat gradient Γ:

Tj = T0 + Γzj (4)
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where Tj denotes the temperature at depth j. The temperature surrounding the borehole
during extraction is assumed to remain constant a sufficient distance away from the bore-
hole. This limit is described as the distant field radius, or r∞, and is described by the
following equation [22]:

r∞ = 4
√

αtn (5)

where tn is equal to the timeframe of the analysed extraction period.
In the case of GGHP technology, the heat extracted from the geothermal well is

regulated by the working fluid mass flow rate, as the vapourisation temperature is fixed
by the mass of the working fluid in the system. To calculate the extracted heat flow, the
inside of the borehole is assumed to be thermally and physically equal to the surrounding
formation, just at a temperature equal to the phase transition temperature of the working
fluid. The inside of the well is permitted to heat up at each time step, and heat flow is
calculated by comparing between the set temperature and the calculated temperature from
Equation (3) with the following equation:

ϕ =
ρcp∆zr2

Bπ

4∆t

(
Tn+1

B − Tn
B

)
(6)

where ϕ is the heat flow extracted from the borehole, rB is the well casing outer radius, and
TB is the temperature in the borehole from the n and n + 1 time step. After the heat flow
calculation, the borehole temperature is set back to the vapourisation temperature for the
next time step, simulating minimal heat resistance of the iron casing and solid–gas interface
compared to the surrounding formation.

2.3. Location Description and Parameters

An existing and abandoned research well in NE Slovenia named Pg-8 was chosen
for the GGHP installation. The borehole data were provided by Petrol Geo d.o.o. The
data for the surrounding rock formation are available from GeoZS, Slovenia’s national
geological survey organisation [23], and also articles that analysed earth samples and
simulated the underground rock formation of the area [24,25]. The properties of the well
and the surrounding rock are presented in Tables 1 and 2.

Table 1. Rock formation parameters surrounding the well, gathered from [24,25].

Parameter Value

Thermal conductivity of the surrounding formation k (W m−1 K−1) 3

Density of the formation ρ (kg m−3) 2600

Formation heat capacity cp (J kg−1 K−1) 800

Temperature gradient Γ (K m−1) 0.04

Formation temperature at 1st packer (◦C) 60

Table 2. Well and installation parameters, supplied by the land and borehole owner Petrol Geo d.o.o.

Parameter Value

Well casing outer diameter (m) 0.2445, 0.1778

Well casing diameter change depth (m) 1781

Average well casing outer diameter dB (m) 0.21

Depth of the 1st packer (m) 1000

Depth of the 2nd packer (m) 2763

Ammonia was selected as the working fluid, as the density of the steam phase is low
enough that it can reach the surface without substantial pressure losses. In the analysed
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case, where the temperature of the saturated steam in the heat exchange zone is 50 ◦C and
neglecting any local losses due to pipe roughness, the pressure drops by about 1.9 bar and
the temperature by about 3.5 ◦C, while the fluid flows to the surface. The vapourisation
temperature changes depending on the depth, as the hydrostatic pressure rises along the
depth of the well. For the temperatures and pressures of the analysed case, the vapourisa-
tion temperature increases from 50 to 55.26 ◦C from the top to the bottom of the borehole.
The thermophysical properties of ammonia were gathered from the REFPROP database [26].
Because the model did not include fluid behaviour inside the well, the ammonia properties
were used only for determining the increase in the vapourisation temperature and the
decrease in temperature from the heat exchange zone to the turbine at the surface.

The calculation parameters used in the model are presented in Table 3 and Figure 2.
The numerical model was implemented using Python 3.8. Figure 2 shows the modelled
area with exaggerated borehole dimensions.

Table 3. Mathematical model parameters used in the calculations. The vapourisation temperature
was calculated, while other parameters were determined empirically or are related to the dimensions
of the analysed borehole.

Parameter Value

Vapourisation temperature (◦C) 50–55.26

Time horizon (a) 10

Time steps ∆t (s) 1, 2, 3, 3.5 × 103

Time step change parameter At every 100 time steps, extend the next time step.
Last time step until the end.

Depth step ∆z (m) 1

Radial distance step ∆r (m) 0.105

Modelled area, depth (m) 2263

Modelled area, width 300
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Ten years were chosen for the time horizon. The radial and depth distance steps were
dependent on the borehole dimensions, where ∆r should be, at most, half the diameter of
the borehole so as to represent the volumes of the heat sinks inside the borehole and heat
sources right outside the borehole casing’s outside diameter accurately. ∆z was chosen to
be 1 m for the results to have a reasonable resolution. The greater the chosen distance steps,
the faster the calculation will finish and the more stable it will be.

The analysed area was chosen based on the distant field radius described previously
and the length of the previously described heat exchange area of the borehole.

3. Results and Discussion

The results of the model are presented and discussed in this section. Figure 3a,b
present the undisturbed temperatures and the resulting temperatures in the surrounding
formation after 10 years of operation at the maximum possible heat flow to the working
fluid, respectively. The readily visible influence extends to about 50 m, with almost no
change to the temperature at distances greater than 100 m. The analysed area has a super
expressed depth dimension, making the plot of the whole area distorted. Figure 4 shows
a closeup of the top (a) and the bottom (b) sections of the heat transfer area inside the
borehole. The effect on the temperatures of the surroundings is uniform and symmetrical
around the r axis, while the depth-dependent effect is not. This is a result of a positive
heat flow possible from two extra adjacent temperature points at the top and bottom of the
borehole, while, in the radial direction, the adjacent temperatures are appreciably higher
only in the outward direction.
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Figure 3. Temperatures in the borehole surroundings: (a) undisturbed and (b) after 10 years of
operation at maximum heat flow. The purple line represents the borehole, while the black squares in
(b) show the closeup locations in Figure 4a,b.

It is expected that, because of the higher temperature gradient at the bottom of the heat
exchange area, a greater amount of heat is going to be extracted from the surrounding rock
formation than at the top. Consequently, the temperature difference should be greater at
the bottom than at the top, with the same temperature drop occurring closer to the borehole
than at the top.
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Figure 4. Temperatures in the borehole surroundings after 10 years of operation at maximum heat
flow: (a) closeup of the bottom end of the heat exchange area and (b) closeup of the top end of the
heat exchange area. The purple line shows the borehole location.

The effect is seen more prominently in Figure 5, where the temperature differences over
the operating time are displayed instead of absolute values. The colour change corresponds
to an order of magnitude change instead of a linear change. The formation temperature at
a radial distance of 100 m or more changed by less than 0.1 ◦C over the operating time. The
temperature change of the same magnitude extended farther with increasing the depth.
There is a greater temperature difference in the radial direction than in the vertical direction,
with the temperature change in the same order of magnitude occurring at about half the
distance from the heat transfer area inside the borehole.
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Figure 6. Relative temperature change in the surrounding formation after 10 years of operating at
maximum heat flow: (a) closeup of the bottom end of the heat exchange area; (b) closeup of the top
end of the heat exchange area.

This is more apparent in Figure 6, which displays a closeup of the top (a) and bottom (b)
part of the heat exchange area. The top of the borehole had an initial temperature difference
of 10 ◦C, which was reduced more rapidly than the higher temperature gradient at the
bottom of the analysed area. The difference in radial heat flow and consequent temperature
change between the top and the bottom of the borehole started to diminish farther from the
borehole and became independent from the temperature of the working fluid.

Figure 7 displays the temperature profiles at three different depths of the analysed
volume. The first graph presents the temperature profile at a depth of 1000 m or the exact
top of the heat exchange area, the second graph is the temperature profile at a depth of 1881
m or the middle of the heat exchange area, and the last graph displays the temperature
profile right after the heat exchange area or at 2763 m, respectively. The profile at 1881 m
and 10 years hints at linearities in the temperature change, which is expected to develop at
equilibrium conditions over a long enough period and within a limited volume. With the
volume being unlimited, the profile will, after a long enough time, resemble a logarithmic
curve with an asymptote at the initial conditions. After one month of operation, there was
no change in temperature at a radial distance of 15 m at all of the depths shown, with a
difference of 1 ◦C at 4 m, 4.5 m, and 5.985 m at the top, middle, and bottom temperature
profiles, respectively. After one year, the radius of the affected temperature increased to
50 m for all depths, with the middle and bottom depths having the same radius of effect,
while, at the top, the effect extended to 46.9 m.

A temperature difference of 1 ◦C occurred at almost the same distance of 21.6 m from
the borehole for the bottom and middle profiles at 1 year of operation. The same difference
at the top profile occurred 8.4 m closer to the well. The initial differences in depth-dependent
surrounding and vapourisation temperatures equalised gradually through the vertical heat
flow, while the majority of the heat still flowed towards the borehole in the horizontal
direction. At 10 years of operation, the unaffected horizon moved to 150 m, with the top
profile being only 3.15 m closer to the borehole. The 1 ◦C temperature change horizon was
the same for the middle and bottom profiles at 68.1 m and the top profile at 43 m from the
borehole. These trends suggest that the affected volume around the heat exchange area will,
after an appreciable time, be symmetrical around the horizontal axis as well as the vertical
one. The temperature gradient towards the borehole will differ depthwise, as the modelled
surrounding formation has a directionless heat transfer coefficient. If there is a difference in
the heat transfer coefficient in the z direction compared to the radial direction, for example,
because of a vertical water flow, the thermal profile would be affected greatly [27].
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Figure 7. Temperature profiles at depths of 1000 m, 1881 m, and 2763 m before heat extraction and
after 1 month, 1 year, and 10 years of maximum heat extraction. The temperature profile at 2763 m is
just under the lowest point of the heat extracting chamber inside the borehole.

Figure 8 presents the maximum possible heat flow achievable with the analysed
configuration for each time step. The heat flow was calculated for each point inside
the borehole and then averaged over the entire volume of the heat exchange area. The
maximum heat flow fell to 1/2 its starting value after 2.8 h and to 1/5 after a day of
operation. The maximum heat flow trended towards 4 kW, with the last value equal to
4.01786 kW and only falling below 5 kW after 2337.2 days of operation, or 2.02 × 108 s.
The sharp drop in the presented values is a consequence of the thermal conductivity of the
surrounding formation. The slope of the curve would decrease slightly if the conductivity
of the pipe inserted in the borehole was considered. The difference would be negligible
and only visible at the start of operation, as the main resistance to heat flow originates from
the bulk of the surrounding rock formation. The absolute heat flow values are directly
proportional to the area over which the heat is conducted. The assumed asymptote and
the starting value would increase but the shape of the curve would stay the same in the
absence of any interactions between the areas of heat transfer.
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This type of heat extraction is inherently unsustainable. The heat flow decreases
too rapidly to design an efficient system to transform or use the energy in the long term.
With Carnot efficiencies at the temperatures used being around 10%, the energy generated
would diminish quickly to unusable levels. The design of the system allows for operation
at lower heat flows, as the vapourisation temperature is dependent only on the amount
of the working fluid in the system, which would possibly extend the lifetime of stable
continuous operation. A discontinuous type of operation could be employed, where the
system could operate in 12 h cycles, to give the earth time to regenerate the spent heat.
An asymmetrical cycle could be preferred, as only 86% of the temperature is regenerated
after the same time period as the extraction time [28]. The heat available regenerates even
slower, where 60% of the extracted heat is regenerated after an 8 times longer rest period
than the extraction time [29].

4. Conclusions

This work describes a possible alternative use of abandoned oil and gas wells using a
novel and patented heat exchanger, which can transport heat from deep underground to the
surface without parasitic power consumption and at a constant temperature. A numerical
model of the abandoned well surroundings is made using the equation for nonstationary
heat flow in an infinite medium with negligible surface resistance. Point temperatures for
the field and heat flow into the well were calculated and presented in graphical form. The
results show that the rate of cooling in the surrounding formation is depth-dependent,
while the radial extent of the effect on surrounding temperatures after the analysed time
is not. The heat flow decreases rapidly to unusable levels if the extraction is conducted
at maximum capacity and continuously. In future work, a sustainable heat flow could
be calculated that can be extracted continuously over the operating time. If applicable,
a discontinuous operation could be implemented, where the rated power will be higher
than in sustainable continuous operation, while still keeping the extraction sustainable.
If cost-effective installation, reliability, and longevity are realised in the development of
this technology, the insights of this work could pave the way for future valourisation of
abandoned wells.
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Abbreviations
GGHP Geothermal Gravity Heat Pipe
LCOE Levelised Cost of Electricity
NE North-East
ORC Organic Rankine Cycle
WBHX Wellbore Heat Exchanger
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