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Abstract: The geothermal industry is fronted by a fundamental decade to grow and become an energy
supplier in transitioning to a sustainable energy system. The introduction of Closed-Loop Geothermal
energy systems (CLG) can overcome the negative social response and increase the attractiveness
of geothermal developments. The present work aims to investigate and compare the performance
of CLG systems. For the comparison, the case study of Campi Flegrei was chosen. The maximum
depth was fixed at 2000 m, and the two configurations were set up to analyse the performance and
evaluate the best operational configuration. Both CLG configurations showed decay in the output
temperature of the working fluid during the production time. For a U-shaped design, it is possible to
find a working condition that allows constant thermal power over time. The DBHE specific power
was always more significant, up to 350 kW /m, compared to the U-shaped, which attained a maximum
of 300 W/m (15%). The comparison with Beckers et al. analysis highlights the similarity of our results
with their base case. The consideration of the CLG system’s length is related to the heat exchange
and investment costs. For longer exchangers, there are higher investments and lower specific power.

Keywords: geothermal energy; closed-loop systems; deep borehole heat exchanger; U-loop

1. Introduction

The standard production technology in high- or medium-enthalpy geothermal systems
is the withdrawal of the geothermal fluid through wells. The geothermal fluids are salty
water; since their properties are unsuitable for terrestrial ecosystems and also for material
balance reasons, it is suggested to reinject the brines. Their extraction and reinjection involve
some technical and environmental risks: corrosion and fouling of the pipes, pollution of
the aquifers, soil subsidence and induced seismicity. Consequently, the investment can
become unprofitable when managing brines involve high economic costs. Moreover, the
possible environmental impacts and risk of induced seismicity, even at low intensity, can
cause a negative social response to geothermal development. Meanwhile, high upfront
risk, long lag in income generation and modest returns on investment have exacerbated
a negative perception of the geothermal business model. Those aspects with others due to
the unsuccessful geothermal development have contributed significantly to reducing the
expansion of geothermal energy. [1]. Conversely, closed-loop geothermal energy systems
(CLG) solve these problems by circulating the working fluid through a system composed
of rock-insulated wells and pipes.

Since 2000, research has focused on geothermal energy production and avoiding brine
extraction using CLG as the deep borehole heat exchanger. Budiono et al. [2] reported a sub-
stantial growth in papers during the period 2016-2021. This growth is the result of searches
for new technologies and technical solutions to increase geothermal applications. CLG
energy systems can also produce energy from unproductive or unsuccessful geothermal
wells and abandoned oil and gas wells.

Their systematic review studied different CLG configurations, as reported by [2]. Two
main types emerged: The first is the concept of a coaxial exchanger, which can be vertical
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(DBHE) or developed with a horizontal terminal part (DBHEh); and the second is the
U-loop scheme, which includes a geometry composed of two pseudo-vertical sections
joined by a horizontal branch (ULHE). The DBHE category largely dominates the literature
by approximately two-thirds, and the other geometries are more or less equally divided by
the remaining third.

ULHE is a geometry under development in the wake of the CLG systems developed by
Eavor Technologies, Inc., a Canadian company, targeted to produce both power and heat [3].
The Eavor demonstration project developed in Alberta was designed to make large-scale
electricity or heat sufficient to heat approximately 16,000 homes. Eavor is currently carrying
out new projects in Europe [4] and the United States with improved technology. Researchers
in China developed more significant literature on ULHEs and worked on experimental
plants with different designs. The Budiono et al. [2] review concludes by highlighting
the main parameters characterising heat extraction, identified as the temperature, heat
extraction rate, pressure differential and thermal power. These key parameters are used in
our work to compare the two heat exchangers.

In our review, we mainly discuss the DBHE configuration [5], highlighting the aspects
to be deepened, including the choice of the heat carrier fluid, the piping materials, the
design and the conversion systems. The literature presents extensive work mainly on
numerical simulations with different codes and numerical schemes.

Regarding the heat carrier fluid, several studies have focused on using carbon dioxide.
Several works demonstrated the difference between water and CO,. Carbon dioxide has
a higher heat extraction rate than water because of a lower specific heat capacity [6]. There
is also the possibility of adopting nanofluids. The idea is to increase the volumetric heat
capacity of the pure fluid. Early results indicate that adding 3% aluminium oxide to water
can achieve a 1% increase in heat transfer.

No specific studies on DBHE pipes are available. To improve the heat recovery of
DBHE, the internal piping must find a technological solution that obtains good thermal in-
sulation and contains the overall dimensions. On the other hand, the filling material mainly
affects the heat exchange with the rocks. Therefore, well completion needs improvement,
especially in conventional drilling, with updates on cement material.

Solutions that induce a convective component in the rock system are under study to
overcome the limit due to the conductive heat transfer. Starting from the design solutions
adopted by different authors and previously presented, the recommendation of a new
design in which natural convection takes place can maximise heat transfer and reduce
electrical consumption.

In our review, the most critical weakness of the DBHE is the low number of demonstra-
tion projects. Two were in Switzerland, one was in Germany, and the eldest was in Hawaii.
The latter was an actual demonstration project of the technology developed in Japan. In
2019, GreenFire Energy Inc. conducted a CLG system field demonstration in Coso, Califor-
nia [7,8]. They used a DBHE to extract heat from an existing unproductive geothermal well.
GreenFire’s modifications included inserting a Vacuum Insulated Tubing (VIT) string and
installing surface equipment. The tested working fluids were water and sCO,.

The ULHE configuration has proven effective in developing geothermal energy [9,10].
Compared to the DBHE, this system has a larger contact area between the working fluid
and the geothermal reservoir thanks to the extension of the two vertical and horizontal sec-
tions [11-13]. Sun et al. [14] investigated how to produce geothermal energy simultaneously
for domestic heating and electricity generation with a configuration that included a single
injection well, a long horizontal well and several vertical production wells, extracting the
fluid with different temperatures. Oldenburg et al. [15] used a detailed coupled tube-tank
model to study the effects of various parameters on the energy gain of CO, flowing into
a U-shaped well through a geothermal reservoir. They discovered how complicated it is
to gain energy by letting CO, flow into the tube as a function of the initial temperature,
flow rate and tube diameter due to compressibility. Wu et al. [16] used a numerical model
to analyse a ULHE configuration and found an influence of temperature and injection
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speed on output performance. A higher injection temperature did not improve the heat
extraction. They also identified a critical point along the vertical ascending branch where
the temperature of the fluid was equal to that of the formation. From this point, the liquid
began to be cooled by the surrounding rock, suggesting the introduction of an isolation
layer. Chong et al. [17] studied a ULHE application. They found that CLG is more energy
efficient than an open-loop system, although the energy recovered from the geothermal
resource using the closed-loop system was less than that recovered with the equivalent
open-loop system. The piping insulation from the surrounding rocks in the rising section
offered limited advantages over the surface temperature produced, especially at a low flow
rate; the heat losses were even lower at a high flow rate.

The present work aims to compare the two CLG configurations comprehensively. The
literature highlights the absence of a realistic comparison that indicates which is more
energetically effective and under which operating conditions. Therefore, we decided to use
the heat exchange length as a reference parameter and to introduce a concept of exchange
efficiency. This choice was motivated by the reflection, considering that the comparisons
often presented did not consider the heat exchange length.

We used the Geopipe software developed to study DBHEs and written in C [18,19].
In [18], we presented and discussed the developed software essentially. A version based
on the same model has been designed to simulate the flow and heat exchange in the U
configuration. In the following, we present the models and the results obtained considering
an actual case study built by the Campi Flegrei geothermal system.

2. Materials and Methods
2.1. The DBHE and ULHE Models

The modelling of the two systems for capturing heat from the subsoil is based on
a one-dimensional, quasi-stationary model, which assumes that the heat exchange with
the rock system takes place in a radial direction by conduction and varies in time. The
modelling is similar for the two configurations to ensure efficiency comparisons.

The heat transfer between the ground and the DBHE is evaluated using a semi-
analytical approach based on the thermal resistances of the components of the DBHE [18,19]
shown in Figure 1. The analytical solution of the Fourier equation of heat transport, given
in the classical line heat source theory by Carslaw and Jaeger, is used to model the heat
transfer into the ground source, which is assumed to be a purely conductive medium.
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Figure 1. Thermal resistances and cross-section of the DBHE. wb—wellbore diameter, 1—external
casing, 3—external tube of the VIT, 5—internal tube of the VIT.
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Considering the assumption of a purely conductive medium and the rock volume
corresponding to significant temperature changes, the Fourier number is assumed to
equal one. This assumption ensures sufficient accuracy of the Equation (1) as reported by
Morchio et al. [20], indicating values of the Fourier number greater than 0.145 to obtain
accuracy within 1% for the expansion series solution.

The thermal resistance of the rocks between the external well casing surface and the
undisturbed ground (Rs) accounts for the actual radius of the thermal influence due to the
undergoing heat extraction, which grows in time. The thermal resistance is evaluated with
the following relationship:

Ro= — 1n<2\/"‘?) 1)

- 27T A

where A; is the thermal conductivity of the rock, ry, is the external radius of the well, ¢ is
the time after the startup, and «; is the rock’s thermal diffusivity.

The conductive thermal resistance of the layered geometry is evaluated through the
classical heat transfer theory for cylindrical geometries. The convection coefficients h, 4,
and hy,,p within the annulus and in the upward pipe, respectively, are calculated with the
classical Dittus—Boelter equation, adopting the same convection coefficient on the outer
and inner surface having assumed a fully developed turbulent flow [21]. Both Nusselt and
Reynolds numbers are evaluated considering the corresponding hydraulic diameter Dj,.
The following relation expresses the energy balance of the DBHE:

Tw

QDBHE = Thwczu(Tw,uzu - Tw,dw) )

where QDB HE represents the total heat exchanged between the working fluid and the
ground. The outlet temperature of the fluid Ty, and the fluid temperature profile along
the DBHE are evaluated through the following set of equations:

. ATy dw T5(2) =T dw (2) T dw (2) — Tow,uw (2)
MwCw 77— (z) = R, -7 R
a b
_m c ATwuw (Z) _ Tw,dw (z)_Tw,u‘w (z) (3)
wWEW - Rb

where R, is the thermal resistance between the annular channel and the undisturbed ground
temperature, and Ry, is the thermal resistance between the annular piping and the upward
pipe (Figure 1).

The set of differential equations is solved numerically to find the outlet temperature
Tout = Twuw(0) as a function of the mass flow rate, 11, and the inlet temperature with the
following boundary conditions:

Tw,dw<L = 0) =Ty Tw,dw(L) = TZU,Mw(L) (4)

Descending, horizontal and ascending branches form the ULHE (Figure 2). The
model considers the conductive heat exchange between the rock mass and the piping,
which is regarded as a steel casing with cement to rebuild the thermal conductivity with
the formations.

The following relation expresses the energy balance equation of the ULHE:

Qllloop = mwcw<Tw,out — Tw,in) )

where Qwoop is the total heat exchanged between the working fluid and the ground. The
following equation allows us to obtain the temperature profile along the piping and the
outlet temperature of the fluid Ty oyt

. ATy o s — 1w
My Cy d;i (Z) = L (Z) RaT (Z) (6)
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Figure 2. Thermal resistances and cross-section of the ULHE.

The numerical solution of the differential equation allows us to find the outlet temper-
ature Ty,out as a function of the mass flow rate, 1, and the following boundary condition
gives the inlet temperature:

Tw,dw(L = O) = Ty (7)

We developed the computational code for both models in C language. The software
considers a layered-rock system with different thermo-physical properties, geometry and
geothermal gradient for each section. Morchio et al. [20,22] have developed an exciting
transient model with a clear improvement for the early period (100 h) with a more improved
model of the heat transfer in the ground. The present model evaluates efficiency over a very
long working time. The accuracy related to the used model for heat transfer in the rock
system is sufficiently adequate for our target. Its performance has been tested by comparing
the results with the Hawaii test held in 1992 [23], giving satisfactory accuracy. Those results
will be presented in future work.

2.2. The Case Study: Campi Flegrei Volcanic District

The Campi Flegrei area is a caldera with a 12 km radius and a horseshoe shape, and it
is in the NW limit of the gulf of Naples, Italy (Figure 3a). The area is part of the Neapolitan
volcanoes district, including Ischia Island and Somma-Vesuvius volcano.
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Figure 3. Campi Flegrei caldera: (a) Location of deep wells; (b) Temperature profiles (Modified after [21]).
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This area was well known for thermal manifestations (hot springs, fumaroles, gas
emissions) and used for thermal bathing. Between 1930 and 1980, the volcanic district was
studied with exploration campaigns by different Italian energy companies (SAFEN, ENEL,
AGIP) and scientific research. Twenty-six wells have been drilled in the area, reaching
a maximum depth of 3046 m. The investigations found fluids with temperatures greater
than 100 °C at relatively shallow depths in Campi Flegrei [24] (Figure 3b).

A hot and saline geothermal system with a high geothermal gradient (100 < 170 °C/km)
is present in the subsoil of Campi Flegrei. A small magma sill was supposed to be at a depth
lower than 3—4 km [25,26]. The most significant magmatic source is 8-10 km deep with
a thickness of almost 1 km and the same diameter as the caldera [27]. The fluids circulate
very slowly at a depth greater than 3—4 km, and the heat transfer is due to conduction. In the
shallower layers (0-2 km), advective transport takes place because of the high permeability
due to the fracturing system. According to [28], the research investigations on the volcanic
district of Campania have demonstrated the essential contribution of fluid advection to
reach the thermal state of shallow crust in the area. Different authors [29-32] simulated the
hydrothermal system of Campi Flegrei, demonstrating the influence of fluid injection at the
bottom of the shallow layers (3—4 km), causing the bradyseism of the area.

Based on previous works in the same area [19,33], the evaluation of the technical
performances of a DBHE and a ULHE configuration in the Mofete area, according to the
measured data of the AGIP campaign, was conducted.

2.3. Case Study Data

The model of the geothermal system considers five different layers of volcanic rocks
whose properties are taken from the literature [31,32,34,35]. The ground temperature at the
surface is assumed to equal 15 °C, corresponding to the average yearly temperature.

The geometry of the two configurations uses the same size for the final drilling and
casing diameters of the well, assumed to equal 12” 3 and 9” %, respectively. Cement fills
the annular gap between the casing and the wellbore wall.

The double hull pipe forming the DBHE has an external steel tubing diameter of 7”
and an internal steel tubing diameter of 3” J. The gap between the two tubings is under
vacuum. This configuration is known commercially as Vacuum Insulated Tubing (VIT).
Table 1 reports the sizes of the drill bit (wb) and the piping of the casing and tubing for
the two configurations (Figures 1 and 2). Table 2 reports the thermal conductivity of the
materials forming the VIT and the cement.

Table 1. Geometrical description of the CLG system configurations.

DBHE ULHE
oD ID oD ID
(mm) (mm) (mm) (mm)
wb 1273 311.2 - wb 1273 3112 -
1 9”54 244.4 226.6 1 9”54 244 4 226.6
3 7" 177.80 150.36
5 3" % 88.90 77.92

Table 2. Thermal conductivity of the used materials.

Thermal Conductivity

Material (W/m K)
Steel 50
Grout 1.3

Vacuum 0.0008
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Table 3 illustrates the input parameters of the simulation with the computational code
valid for both configurations of the ground heat exchanger. Water is the selected working
fluid, and the flow rate ranges from 1 to 20 m?/h.

Table 3. Input operating parameters of the simulation.

Input Parameter

Working fluid Water
Inlet pressure P;, 2.5 MPa
Inlet temperature Tj, 40 °C
Flow rate 1-20m3/h

The underground model is a layered system following the main stratigraphy formed
by the five layers and derived by [34,35]. The hypothesis of parallel homogenous isotropic
layers is assumed. Table 4 reports the thermos-physical parameters of the rock layers used
in the simulation for both the DBHE and ULHE configurations as reported in [31]. The
values of specific heat and thermal conductivity based on the literature [34] are assumed to
equal 1000 J/kg K and 2.1 W/m K, respectively. The geothermal gradient is 150 °C/km
with a temperature of approximately 300 °C at a depth of 2000 m.

Table 4. Stratigraphy and thermo-physical properties of Campi Flegrei.

. Depth Range Permeability Density

Stratigraphy Layer (m) (m2) (kg/m®)
Pyroclastic deposits 1 0-500 10715 1800
Tuffites 2 500-1000 10714 2100
Trachytic lavas 3 1000-1400 10~18 2400
Tuffites 4 1400-1800 10~V 2400
Trachytic lavas 5 1800-2000 10-15 2400

2.4. Experimental Matrix

We fix some parameters to compare the performance of the underground heat exchang-
ers in the DBHE and the ULHE configurations. First, the exchange length is fundamental
for an objective comparison in terms of efficiency. Therefore, we fix the total length of the
heat exchange. As a consequence, the ULHE configuration is less deep than the DBHE.
This aspect is also related to the distance occurring between the two wells. To analyse its
effect, different configurations depending on the ratio between the depth and well distance,
R, are considered. The experimental matrix parameters are the fluid flow rate and the ratio
R. Instead, the maximum depth is 2000 m. The fixed geometry allows the same drilling
cost and all related issues.

A flow rate range between 1 m?/h to 20 m>/h was defined in previous works as the
most favourable condition for the DBHE configuration. Concerning the ULHE configuration,
we chose a ratio R equal to 0.5, 1 and 4.5 (Figure 4). The rationale for this choice was to com-
pare arrangements that emphasise the length of the horizontal or vertical branches. To relate
the two configurations at the same maximum depth, we consider a ULHE configuration
with a depth of 2000 m and a ratio R of 10. The total length of the heat exchange in this case
is 4200 m, which is 210% longer compared to the 2000 m of the DBHE.

After the startup, the software at different times saves the simulation results. Those
selected times are ten days, one month, three months, six months, one year, three years,
five years, eight years and ten years.
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3. Results
3.1. DBHE Performance Analysis

The two independent variables for the DBHE are the flow rate of the working fluid
and the time. The well-known behaviour for a fixed flow rate is the performance reduction
due to the cooling of the surrounding rocks and the absence of a heat recharge. As also
stated in other studies [36], at a fixed time, the higher the flow rate, the lower the outlet
temperature. The thermal power increases with a more significant flow rate. The limits are
the low temperature at the outlet and the need for energy for pumping due to friction losses.
To summarise this behaviour, Figure 5a presents the current calculation results for the
DBHE. For each flow rate, the dots refer to a simulation time after the startup. The points
with higher temperature and thermal power are at a short-term time. The points move
downward as time increases, indicating the production of a fluid with lower temperature
and thermal energy.
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Figure 5. Results for the DBHE. (a) Thermal power vs. outlet temperature and (b) efficiency vs.
outlet temperature.
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The other fundamental aspect is the energy efficiency of the system. Figure 5b shows
the energy efficiency behaviour calculated as the ratio between the power required to lift
the working fluid and the extracted thermal power. Low flow rates require no pumping
power due to the thermosiphon effect. For a higher flow rate, the efficiency decreases. The
dots depend on the time for the same flow rate, as discussed previously and indicated by
the arrow.

Figure 6 shows the temperature profile for three different flow rates after one year
from startup to highlight the behaviour. The temperature in the return piping remains near
constant for the insulation of the pipe. Increasing the flow rate reduces the temperature due
to the lower residence time of the working fluid in contact with the surrounding formations.

Temperature (°C)
0 100 200 300

200
400
600

m)

800

(

+ 1000

Dep

1200
1400
1600
1800

2000

5m3/h — 1m3/h — 20m3/h

Figure 6. Temperature profiles for different flow rates in the DBHE (after one year from startup).

3.2. ULHE Performance

The ULHE configuration presents a different behaviour compared to the DBHE. The
first element that influences the performance of this exchanger configuration is the ratio
between the depth and the distance between the two wells. The base case to highlight the
capabilities is the configuration with the ratio R equal to 0.5.

Figure 7 shows the minor temperature change over time (max 25 °C). The more
significant influence is due to the flow rate. For a minimal flow rate, the outlet temperature
increases over time. With a bigger flow rate, the trend shows a temperature growth that
decreases over time. This effect is due to the longer residence time in the piping, the
heating in the return well and the reduction in heat losses over time. Figure 8 shows the
temperature profile for three different flow rates after one year to highlight the behaviour.
The outlet temperature for the lower flow rate is the same as for a higher flow rate due to
the cool down along the return vertical branch.

A consistent flow rate ensures a constant outlet temperature independent of the time.
In terms of thermal power, this allows us to obtain steady thermal power in time. The
efficiency, as previously defined, is always equal to one, indicating no pumping power
is required for the studied range of flow rates. Figure 9 shows the trend in the plane
temperature—thermal power for different flow rates. The points for a single flow rate are
aligned over a straight line with a slope proportional to the flow rate. The arrow indicates
the direction of the time increase. Pay attention to the reverse path for low and higher
flow rates.
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Figure 10 compares the different configurations with the same total length of exchange.
For the fixed flow rate of 5 m3/h, the temperature and the thermal power increase with the
increase in the ratio R.
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Figure 10. ULHE performances as a function of the ratio R (Q = 0.5 m3/h).

This effect is due to the increased depth and reduced distance between the vertical
branches. The curves are near to parallel between them.

To evaluate the efficiency of the heat exchange, we adopt the ratio between the outlet
and bottom-hole temperatures. Figure 11 presents the temperature ratio evolution for
a constant flow rate of 5 m3/h. The higher the R ratio, the lower the temperature ratio,
giving a less efficient exchange. In conclusion, the better configurations are the ones with
a low R ratio where the horizontal branch dominates.

(V) B R EEEEEEEEE EEEEEEEEE EEEEEEEEE ]

1 10 100 1,000 10,000
Time (days)

Figure 11. Outlet to bottom-hole temperature ratio vs. time after startup.

4. Discussion

The DBHE and the ULHE configurations are two possible alternative solutions to
extract heat from the underground without fluid extraction and pressure disturbance. The
question is: which is more efficient?

The carried-out comparison fixes critical points, such as the exchange length and the
maximum depth. Considering a given depth, the contact area of the ULHE is greater than
the DBHE, and when setting a fixed extension of the exchanger, the depth attained with the
ULHE will be less than the DBHE. The ULHE also depends on the ratio R that determines
the extension of the horizontal branch and the fixed depth attained with the exchanger, as
discussed in the previous paragraph.
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The comparison between the two analysed configurations refers to the results after
six months from the startup. Figure 12 shows the evolution of the outlet temperature with
increasing flow rate; the different behaviour highlights a continuous temperature decrease
for the DBHE and a pseudo-constant value for the ULHE (U0, U1, U4). Considering the
same exchange length, the DBHE produces a higher temperature than the ULHE. This
result is due to the higher depth and, thus, higher temperature attained with the DBHE.
Moreover, comparing the ULHE configuration (U10) achieving the same depth as the
DBHE, the observed behaviour is different. The DBHE presents a lower exit temperature
for a more significant part of the flow rates. This lower temperature is related to the larger
well contact area as reported by Beckers et al. [36].

——DBHE —e—UO Ul —-U4 u1o0
300

250

Temperature (°C)
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Figure 12. Outlet temperature vs. flow rate (after six months of startup).

Analysing the producible thermal power, the DBHE presents a higher value, approxi-
mately 0.5 MW, compared to the configurations U0, U1 and U4 of the ULHE (Figure 13).
Only the extended design U10, attaining the same depth as the DBHE, gives higher ther-
mal power of up to 1.2 MW with a temperature of 94.5 °C. The DBHE maximum thermal
power is approximately 0.7 MW with an outlet temperature of 70 °C. Matching conditions
between the two configurations are near a flow rate of 5 m3/h: the outlet temperature is
140 °C, the thermal power is close to 0.6 MW for both designs, and there is no additional
pumping power.

——DBHE ——UO Ul —-U4 u10

Thermal power (MW)
o
o

Flowrate (m3/h)

Figure 13. Thermal power vs. flow rate (after six months of startup).



Energies 2023, 16, 1351

13 of 16

Beckers et al. [36] assumed a base with a reservoir temperature range of 150-300 °C at
a depth of 2 km. Their condition fits our case study with a depth of 2 km and a reservoir
temperature of 300 °C. Table 5 shows the results ten years after startup. The most crucial
difference is the flow rate. In our study, we adopted a low flow rate compared to the
base case in [36]. Other differences influencing the results are the more significant thermal
conductivity (34.7%) and density (29.5%). In any case, the results are similar.

Table 5. Comparison of performance with data from Beckers et al. [36].

DBHE ULHE
Flow Rate Thermal Temperature Thermal Temperature
(m3/h) Power e Power ©0)
(MW) (MW)
This study 20 0.5 63 0.97 83
Beckers et al. [36] 72 0.9 30 45 75

In the DBHE configuration, the results meet our expectations. In the ULHE configu-
ration, the presence of a double horizontal branch of 2 km length that increases the heat
extraction influences the comparison. Thus, the temperatures are very similar, but the
geometrical configuration and higher flow rate affect heat production.

Considering the specific power per unit of the exchange length, the DBHE performs
better than the ULHE (Figure 14). The specific power for the DBHE is between 150 and
350 W/m, and for the analysed ULHE configurations is less than 150 W/m. Only the
configuration U10 attains a maximum of 300 W/m but is always below the DBHE values
(approximately 15%).

——DBHE —e—UO Ul —-U4 u1o0
0.4

0.35
0.3
0.25
0.2

0.15

Specific power (kW/m)

0.1

0.05

Flowrate (m3/h)

Figure 14. Specific power vs. flow rate (after six months of startup).

The comparison with Beckers et al. [36] in terms of the specific power highlights
similar results (Table 6). For the DBHE, the specific power is 1.8 times larger in [33] than
in our calculation. This difference is due to the greater flow rate, which is clear from the
general trend in Figure 14. The ULHE configuration has a similar result. The specific power
assumes values almost identical in each case study.

This result also has drawbacks on the investment costs expressed per unit of thermal
power produced. Beckers et al. [36] have highlighted that the overall costs heavily depend
on drilling costs. The longer the length of drilling, the higher the costs. Another issue
considered for the ULHE configuration is the need to add the costs for moving the drilling
rig to the second well location.
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Table 6. Comparison of the specific power with data from Beckers et al. [33].

DBHE ULHE
Flow Rate Specific Power
(m3/h) (kW/m)
This study 20 0.25 0.23
Beckers et al. [33] 72 0.45 0.56

5. Conclusions

The present work investigates the efficiency of the two main types of CLG systems.
The objective is to highlight the main characteristics and differences and to compare them
to identify which is more efficient. A specific application case study was used for the
comparison. The more promising geothermal environment is the volcanic one. For this
reason, Campi Flegrei was selected. The system is dominated mainly by conductive heat
transmission with low permeability formation and fluids.

The DBHE and ULHE configurations were set up to analyse the behaviour and evalu-
ate the best design for a maximum depth of 2000 m.

Both configurations of the CLG systems present a dependency on time, showing the
decay of the exit temperature of the working fluid along with production time. For the
DBHE, this decay is more important than for the ULHE configuration. For the ULHE con-
figuration, it is possible to find an operating condition that allows having constant thermal
power over time, becoming a great advantage over the DBHE. A controller is required to
adapt the flow rate of a DBHE to have continuous thermal production across time.

The flow rate is the second key parameter for these CLG systems. Also, in this case, the
DBHE has a higher dependency on the flow rate. This dependency is due to the system’s
geometry, which has a smaller flow area than the ULHE. For a low flow rate, the ULHE
cannot heat the working fluid due to the low velocity, and the fluid in the production well
becomes in equilibrium with the surrounding formations. On the contrary, the DBHE,
having the isolated inner tube, allows for a higher outlet temperature. At a high flow rate,
the behaviour is similar, and the ULHE presents a higher temperature due to the longer
extension of the exchange area. This behaviour suggests the adoption of an insulated casing
in the production well to increase the performance of the ULHE.

The specific power produced is used to evaluate the efficiency of the two CLG systems.
Considering this parameter, the DBHE results are always more efficient, having a value of
up to 350 W/m instead of 150 kW /m for the same exchanger length. This consideration of
CLG system length is also relative to investment costs. For longer exchangers, there are
higher investment costs and lower specific power. This case corresponds to the configu-
ration U10 with a specific power of 300 kW /m, always inferior to the DBHE. A possible
reduction in costs can be the reuse of existing wells. In this case, the ULHE configuration re-
quires drilling only the “horizontal” branch to keep communication between the two wells.
If the DBHE configuration is adopted for both wells, no additional costs for drilling are
required, and the installed power is the same as that produced with the ULHE. Figure 11
highlights that at 10 m3/h, the ULHE allows thermal power close to 1 MW, and the DBHE
for a single well has 0.6 MW. Thus, with two DBHEs, 1.2 MW of thermal power is available
without additional drilling costs.
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