Thermal Science and Engineering Progress 48 (2024) 102352

Contents lists available at ScienceDirect

THERMAL SCIENCE
AND ENGINEERING
PROGRESS

Thermal Science and Engineering Progress

journal homepage: www.sciencedirect.com/journal/thermal-science-and-engineering-progress

ELSEVIER

Investigating heat transmission in a wellbore for Low-Temperature,
Open-Loop geothermal systems

Christopher S. Brown , Gioia Falcone

James Watt School of Engineering, University of Glasgow, Glasgow G12 8QQ, UK

ARTICLE INFO ABSTRACT

Keywords:
Geothermal
Geothermal wellbore
Numerical modelling
OpenGeoSys
Production well

Heat transfer processes in geothermal wellbores are an essential component to overall system performance, but
can be overlooked in subsurface modelling studies that tend to focus on reservoir response. This study addresses
heat transfer in the wellbore through a comprehensive modelling study of 10 different parameters on Open-
GeoSys software designed to evaluate heat losses during open-loop production conditions for typical low-
temperature (<100 °C) single phase geothermal systems. Models were set-up to focus on wellbore effects
only, using a single production well with constant fluid inlet temperature boundary condition. Results indicate
that under base case conditions for a 2-km deep well surrounded by rock formations with a thermal conductivity
of 2.5 W/(m.K) and bottom-hole temperature of 60 °C, the difference in inlet (reservoir) and production
(wellhead) temperature at the end of a 40-year production period is 2.06 °C. This corresponds to minimum heat
losses into the surrounding formations of —63.3 W/m, which is ~ 7 % of the thermal power recorded at the
wellhead (assuming a rejection temperature of 30 °C) and a 3.4 % difference to bottom-hole temperature. These
losses in heat can be significant, particularly when in combination with surface losses through the heat exchanger
or in the reservoir through thermal breakthrough. Wellbore insulation can reduce losses, but it would appear this
only impacts the short-term. Wellbore performance can also be improved, with heat losses minimized, when
developing wells above the reservoir interval in low thermal conductivity rock with high geothermal gradients.

time and depth, but can provide erroneous results for short-term simu-
lations where temperature is significantly overestimated [18]. Although
for long-term simulations such errors would have negligible impact on
the overall performance.

Many have evaluated the performance of heat transfer from a well-
bore in a geothermal system. Tantuoyir [41] studied the impact of
insulation and other parameters within a high temperature geothermal

1. Introduction

Geothermal developments can contribute to the decarbonisation of
heat globally by providing energy for power generation, space heating/
cooling or direct-heat use applications. Open-loop geothermal systems
typically consist of a subsurface reservoir (or enhanced/engineered

geothermal system in the subsurface), production/injection wellbores
and surface infrastructure to harness the thermal energy. Whilst much
research has been undertaken on the various components of a
geothermal system, including heat loss in a wellbore, few have
comprehensively investigated heat transmission from the wellbore
under transient conditions for a low-temperature, single phase system,
with the purpose of identifying optimum parameters to minimise heat
losses under different geological and engineering conditions.

Initial work on heat transfer in a wellbore was undertaken by Ramey
Jr [32], who developed a transient analytical solution which accounted
for thermal resistance within a wellbore, with various modifications to
the solution implemented since (e.g., [37,29]). These solutions are
useful for finding the temperature of a fluid within a well as a function of
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system with a steady-state model developed on WELLCAT™ software.
They found that insulation and high flow rates reduce heat loss, whilst
cement thermal conductivity is important in non-insulated wells. War-
dana et al. [42] developed a model to analyse the performance of a
steam dominated geothermal system; showing heat loss to be minimal
(<2W/m). Kanev et al. [22] also investigated high temperature systems,
analysing the short-term (<1000 days) heat transfer within a
geothermal wellbore. They established heat transfer effects are impor-
tant when the elapsed time or flow rate is small. Kutun et al. [26] also
developed a model; they identified that with increasing flow rates sta-
bilisation times for production temperature are reduced (i.e., for the
system to reach a quasi-steady state). Some have analysed low-
temperature systems using analytical solutions but focus on limited
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Nomenclature

c specific heat capacity
@ porosity

p density

H heat source

T temperature

] thermal resistance

A hydrodynamic dispersion tensor
A thermal conductivity
Subscripts

s solid

w groundwater

g grout

f fluid in the pipe

parameterisation and steady-state solutions for data matching (e.g.,
[24]). Furthermore, analytical, and numerical solutions have been uti-
lised for estimating static, steady-state and transient temperature dis-
tributions with specific application for the oil and gas industry (e.g., see
[19], among others) or for during drilling of boreholes (e.g., see
[27,43]).

Several numerical solutions have also been developed for geothermal
wellbores: i) some utilise the drift flux method, such as T2Well (see
[46,39,30,31,17]), ii) others adopt a full discretisation of the wellbore
and surrounding rock, such as ANSYS-FLUENT (e.g., [1]), or TOUGH2
[34] and iii) others use a ‘Dual-continuum’ approach, including Open-
GeoSys (OGS), COMSOL and models developed on MATLAB (e.g.,
[35,11,12,6,2,25]). Models that utilise the ‘Dual-continuum’ approach
are typically derived following work from Al-Khoury et al. [3] and Al-
Khoury and Bonnier [4] who originally developed the method for
shallow geothermal systems. Other software, such as FEFLOW, also have
the capabilities of modelling analytical, full discretisation and ‘Dual-
continuum’ approaches (e.g., see [14,15]). The benefit and popularity of
the ‘Dual-continuum’ approach stems from the fact it saves computa-
tional time by modelling the wellbore components in 1D, integrated
within a 3D geological medium. This can, therefore, be used in
conjunction with reservoir models. However, it should be noted such
models can have limitations (such as inability to model varying casing
strings).

As discussed, many numerical and analytical modelling approaches
exist for both steady-state and transient simulations; this study aims to
build on past literature by providing a comprehensive investigation into
the impact of 10 geological and engineering parameters through tran-
sient numerical modelling studies of low-temperature, single phase
systems (i.e., <100 °C), focusing on limiting heat-loss through the
wellbore from bottomhole temperature to the wellhead. Therefore, the
purpose of this paper is to evaluate heat loss, using OGS software, within
a typical production geothermal wellbore under low-temperature single
phase conditions, where it is assumed well completion is based on ide-
alised self-discharging wells (i.e., artesian — for instance, similar to the
conditions in Oradea, Romania [34]. It is worth noting however, that
many low-temperature, single phase systems may require artificial lift
(e.g., [45]). While many models could be adopted for this study, OGS
was chosen as it has the capability to be coupled to reservoir models, but
it also has the benefit of having relatively fast computational times due
to the adoption of the ‘Dual-continuum’ method. Therefore, this paper
provides analysis over the lifetime of a geothermal production wellbore
under 10 different parameters to understand the impact on thermal
performance.
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2. Methods
2.1. Governing equations

OGS software was used to model heat transmission in the wellbore;
fluid flows from the reservoir, through the central pipe which is sur-
rounded by cement (Fig. 1) cooling through conductive heat transfer
through the borehole wall, reducing in temperature as the fluid ap-
proaches the surface level. In reality, multiple casing strings would be
used in development and well design; however, in this case a simplified,
single diameter cased section was modelled. This is due to limitations
within the software. The ‘Dual-continuum’ approach was implemented,
using 1D line elements for the borehole and 3D elements to model the
subsurface geology. The governing equations for the borehole design in
this study are after Chen et al. [12]. For further information on OGS
design and implementation see Kolditz et al. [23], among others.
Groundwater flow was neglected as other studies on wellbores (albeit
closed-loop) have shown it to have limited impact [11,9]. The sur-
rounding rocks were modelled to account for conductive heat flux:

oT,
ot

[prcw +(1 - @)pxc,\v] —Ve (Ax hd VTA) = H; (@€D)]

where T; is the temperature of the rock, t is time, & is porosity, p is
the density, c is the specific heat capacity, A, is the hydrodynamic
dispersion tensor and H; is a source or sink. The subscripts w and s
denote the values for groundwater and the solid rock.

Heat flux on the boundary between the surrounding rock mass and
the wellbore is described as:

Gur, = — @y(T, — 1) (2

where @, is the thermal resistance between rock and cementitious
grout, T, is the temperature of the cementitious grout in the wellbore.
Heat transport within the cemented section of the borehole occurs
through heat conduction:

o,

(1= @)p,e] = Vo (1= @) 0 VT, ) = H, 3)

with heat flux on the boundaries dominated by thermal resistance
between the solid rock and the fluid within the borehole:

qnry, = — (I)gs (Ts - Tg) - Cng(Tf - Tg) Q)]

where @, is the thermal resistance between fluid and cement, T is
the temperature of the fluid in the wellbore.
Fluid flow within the central pipe occurs through advection:

0Ty
(T;/’fcf +ppcpyp @ VT; =V o (A 0 VTy) = Hy 5
where heat transfer on the boundary with the cement occurs as:

Gty = — Ppe (Tg - Tf) (6)

and the subscript f is for the fluid, vy is for the velocity of the fluid
(calculated and implemented as an average across the system from the
mass flow rate/pipe area). For further information on calculating
borehole resistances see Diersch et al. [14,15] and Diersch [16].

2.2. Parameters, boundary and initial conditions

The parameters in this section were chosen to represent those in a
typical sedimentary succession for low-temperature, hydrothermal sys-
tems. Without adopting a specific case study, they are designed to have
general application for low-temperature geothermal developments. The
geothermal gradient was set-up to increase linearly by 25 °C/km, with
the surface temperature set at 10 °C (Fig. 2). This, in combination with
the base case thermal conductivity (2.5 W/(m.K)), is similar to the
average heat flow for the UK (excluding high heat flow granites) [33]
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d. Hot fluid produced

rom reservoir

Cement

Fig. 1. (a) Schematic of a producing well in a conventional geothermal system
targeting a hot sedimentary aquifer (modified from [8]). (b) Cross section
through the wellbore, with thermal resistance network.
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and Europe [28]. At the start of the simulation under the initial condi-
tions, the fluid and cement within the borehole were set to equal the
ground temperature (i.e., increasing with the natural geothermal
gradient).

Boundary conditions were established as i) fixed Dirichlet boundary
condition at the surface of 10 °C, ii) Neumann no-flow lateral bound-
aries, iii) Neumann boundary with constant heat flow calculated from
the geothermal gradient and rock thermal conductivity applied to the
basal boundary, and iv) a constant inlet temperature of the reservoir
fluid into the wellbore from the base of the model. This condition was
applied to normalise results and highlight the impact of wellbore effects
only on a production well; therefore, the model does not account for
thermal interference between producers and injectors (i.e., there is no
thermal breakthrough). In practice there would be a cooling effect
within the reservoir caused by the re-injection of cool water. Lateral
boundaries were designed to be far enough away from the borehole such
that no boundary interference occurred for the course of the simulation.
The domain was extended by 500 m x 500 m (x,y) whilst the length of
the borehole and depth of the model (z) was 2 km (Fig. 2).

Base case model parameters are listed in Table 1.. A range of pa-
rameters were modelled to understand the impact of typical parameters
that might be encountered in a low-temperature geothermal system:
borehole depth (1-3 km), borehole radius (0.1778-0.254 m (7-10 in.)),
cement thermal conductivity (1-5 W/(m.K)), inner pipe diameter
(0.15-0.19 m (5.9-7.5 in.)), fluid flow rate (10-40 1/s), pipe thermal
conductivity (0.5 to 50 W/(m.K)), reservoir (inlet) temperature
(60-95 °C), rock thermal conductivity (1-4.5 W/(m.K)), geothermal
gradient (20-40 °C/km) and volumetric heat capacity (1.8-2.4 MJ/(K
m>)). These were simulated for a time period of 40 years to evaluate
their impact on performance over the lifetime of the system., which was
considered to be an absolute maximum.

2.3. Model benchmarking

A series of solutions were simulated to compare the performance of
OGS to other wellbore simulators. These included i) the analytical so-
lution by Ramey Jr [32] - obtained from Chen and Shao [13] and ii) a
numerical model developed by Brown et al. [6]. A 40-year simulation
was undertaken using the parameters outlined in Table 1. This was
somewhat simplified by using the average undisturbed ground temper-
ature for the initial conditions (35 °C).

The outlet temperature rapidly warmed across all models in the first
few months due to the higher inlet temperature of 60 °C, before showing
a gradual increase after this period with the outlet temperatures
asymptotic to the inlet temperature (Fig. 3a). The models provided good
agreement with end temperatures within 0.3 °C of each other, corre-
sponding to a maximum percentage difference of 0.3 % to OGS (Fig. 3a).
Ramey’s solution provides the highest estimate with an end production
temperature recorded as 58.16 °C, whereas the model by Brown et al.
[6] provides an end temperature value of 57.86 °C and OGS produces an
end production value of 57.99 °C. These result in differences between
wellhead and inlet (reservoir) temperatures of 1.84 °C, 2.14 °C and
2.01 °C, respectively. The solutions provide minimal discrepancy in the
long term; however, there is minor discrepancy in the short term (<2
days). This is consistent with other literature which suggests the solution
provided by Ramey can over-predict temperatures in shorter periods
[18], or observes differences to other solutions [12]. Nonetheless, the
long-term results provide confidence that the solution on OGS converges
to give accurate results, particularly when looking at the final vertical
profile of fluid temperature in the wellbore where the difference in the
models was < 0.3 °C over the 2 km borehole (Fig. 3b).

2.4. Evaluation of performance

It is important to consider the performance of the system by evalu-
ating heat losses. In this study, heat losses (q) were evaluated as follows:
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Table 1

Base case parameters. Note water viscosity and density are calculated based on
the inlet as the reference temperature (i.e., at 60 °C). Parameters adopted after
Banks [5], Rollin [33], Younger et al. [44] and Kolo et al. [25].

Parameter Value Units
Borehole diameter 216 mm
Inner pipe diameter 177.8 mm
Pipe thickness 0.008 m

Pipe thermal conductivity 10 W/(m.K)
Borehole length 2000 m
Ground thermal conductivity 2.5 W/(m.K)
Ground volumetric heat capacity 2 x 10° J/(K m%)
Water flow rate 15 /s
Water density 980 kg/m®
Water volumetric heat capacity 4.095 x 10° J/(K m%)
Water thermal conductivity 0.59 W/(m.K)
Water viscosity 47 x 107* kg/(m s)
Basal heat flow 62.5 mWm 2
Geothermal gradient 25 °C/km
Surface temperature 10 °C

Inlet temperature 60 °C
Cement thermal conductivity 1.05 W/(m.K)
Cement volumetric heat capacity 1.2 x 10° J/(K m®)
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Fig. 2. (a) Example mesh and (b) Model static set up for the base case scenario.

— mewp(Tin = Tou)

L )

where m is the mass flow rate, T}, is the inlet temperature from the
reservoir, T, is the production temperature and L is the length of the
well. Other parameters are listed in section 2.1. Using equation (7), the
value for specific heat rejected into the formation (W/m) is always
negative to indicate heat leaving the borehole.

3. Results
3.1. Temporal thermal evolution of the system

The temperature at the wellhead rapidly increases in the first few
days, as under static conditions temperature increases with depth
(Figs. 4, 5 and 6). After the first few days of production, change in
temperature at the wellhead is minimal as production temperature
reaches a near quasi-steady state as the local thermal field reaches a near
equilibrium heat flow in response to the borehole (Figs. 4 and 5). At the
end of the simulation the production temperature was recorded at
57.94 °C (Fig. 4), indicating heat losses in the wellbore of 2.06 °C or a
heat rate of —63.3 W/m. Whilst there are some heat losses, the overall
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Fig. 4. (a) Outlet temperature and thermal power recorded at the wellhead versus time. (b) Varying time vertical profiles of fluid temperature in the wellbore. Note

m = minute, h = hour, d = day and y = year.

thermal power at the wellhead was recorded at 1.72 MW assuming a
rejection temperature of 30 °C. This is 127 kW less than if 60 °C was used
as the output and consequently, would give significant differences in
total energy produced over the lifetime of a system. The heat losses of
—63.3 W/m (or —127 kW) is equivalent to 7 % of the thermal power and
was recorded at the end of the simulation providing the lowest heat
losses over time in the wellbore (Fig. 7). For instance, at 1-year heat
losses were recorded as over 10 % in comparison to the thermal power;
however, after this there is a steady decline in heat transfer as the sur-
rounding formations warm.

The large heat losses into the subsurface from the wellbore result in
radial thermal propagation of heat away (Figs. 5 and 8). More heat is lost
at the top of the borehole due to a greater difference in temperature

between the wellbore and the surrounding rock (Fig. 8a). This is high-
lighted when comparing 100 m depth to 1900 m. The thermal radius for
both levels at the end of the simulation was recorded to within 0.1 °C of
static conditions at 125 m and 65 m, respectively. The thermal propa-
gation of heat in the nearby thermal field can also be observed to in-
crease with time (Fig. 8b) where it increases to a maximum radial
thermal propagation of 110 m (for 1000 m depth).

3.2. Influence of geological parameters
Several geological parameters, including the geothermal gradient,

volumetric heat capacity, rock thermal conductivity and inlet temper-
ature (i.e., reservoir temperature), were modelled to investigate how
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Fig. 5. Temperature of fluid in the wellbore varying with time. Note the time scale is not uniform.
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Fig. 6. 3D visualisation of heat flow around the borehole for varying times.

they impacted production and heat losses in a geothermal wellbore. The
initial geothermal gradient under static conditions is essential to
determine the production temperature and, thus, thermal power for a
system. Whilst it is beneficial to have a greater geothermal gradient as it
has a positive linear relationship with production temperature and
thermal power, it does create greater heat losses from the wellbore to the
surrounding formation (Fig. 9a). This is due to the fact there is an
increased maximum temperature differential. The minimum thermal
gradient of 20 °C corresponds to heat losses of —50.7 W/m, whilst for the
maximum thermal gradient modelled of 40 °C the heat losses were
—101 W/m. These correspond to a difference in 1.64 °C and 3.35 °C
between the inlet and wellhead temperature, respectively.

Volumetric heat capacity was also varied between the typical range
observed for rocks in the subsurface (e.g., [5]), yet had a minimal impact
on production temperature and heat rate out of the wellbore. The range
in end production temperature observed was 0.04 °C and heat rate was
1.3 W/m. In contrast, the other thermo-physical rock parameter
modelled (rock thermal conductivity) had a more significant impact. For
rock thermal conductivities, a range from 1 to 4.5 W/(mK) was
modelled, a linear negative relationship was observed for both end
temperature and heat rate. The minimum and maximum heat losses
were recorded at the end of the simulation of —28.5 W/m and —103 W/
m. The minimum and maximum recorded end wellhead temperatures
were thus 59.1 °C and 56.6 °C, respectively.
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Note h = hour and y = year.

Finally, inlet (or assumed reservoir) temperature was also modelled
as a separate entity. In reality, this would be dictated by the geothermal
gradient, depth, reservoir conditions and geothermal system. Never-
theless, a range of conditions were modelled and the results were similar
to that of varying the geothermal gradient. An increase in inlet tem-
perature resulted in a linear relationship with production temperature
and thermal power, but heat losses increased with thermal power. The
maximum inlet temperature measured (95 °C) produced an end pro-
duction temperature of 90.05 °C and heat losses of —149 W/m. There-
fore, engineering conditions could be used to establish optimal

conditions to minimize heat losses.

When considering the major impacting factors (initial geothermal
gradient, which can account for the inlet temperature, and rock thermal
conductivity) maximum production temperatures and heat losses can be
established (Fig. 10); greater thermal powers are reached for higher
geothermal gradients, but heat loss can be significantly minimized when
drilling in lower rock thermal conductivity. This is due to the rock
insulating the borehole and minimizing heat transfer out and into the
subsurface. In contrast, higher rock thermal conductivities maximize
heat transfer into the rock.



C.S. Brown and G. Falcone

90
$) o
280 =
o S
5 =
g0 Py
@ ©
£ 60 i
= 3
2 50 o
L
40 . . . -110
20 25 30 35 40
Thermal Gradient (°C/km)
59.5 e — 20
O 59 stz
S’ "40 g
£ 585 =
6 o _60 S
= (]
o] 58 ©
£ 1-80
8 57.5 S
E 57 100 T
56.5 -120
1 2 3 4

Rock Thermal Conductivity (W/mK)

End Temperature (°C)

Thermal Science and Engineering Progress 48 (2024) 102352

57.96 b; 1-62.5
57.95 {63 g
57.94 %
635 4
57.93 0
lea B
57.92 T
57.91 : : -64.5
1.8 2 ) 2.4
Volumetric Heat Capacity (MJ/(K m>))
90 . -60
S} .
g =
= 1-100 =
= (O]
o 70 ©
Q
B 1-120 X
k3 5
- 60} 140 T
o :
L
50 -160

60 70 80 90
Inlet Temperature (°C)

Fig. 9. Production temperature at the end of the simulation and corresponding heat losses from the wellbore for a variety of parameters including (a) geothermal
gradient, (b) volumetric heat capacity, (c) rock thermal conductivity and (d) inlet temperature.

3.3. Influence of engineering parameters

A range of engineering parameters were also modelled including
depth, borehole diameter, inner pipe diameter, pipe thermal conduc-
tivity, cement thermal conductivity and flow rate (Figs. 11 and 12). The
depth of the wellbore has a strong influence on the end production
temperature and also the heat rate (Fig. 11a). As depth increases, this
leads to greater inlet temperatures into the borehole. Therefore, there is
a larger difference in temperatures and more heat transfer out of the
wellbore and into the confining rocks. There is also a longer transit time
at depth and more heat can be lost. However, in contrast the production
temperature and thermal power increases with depth. As a result, the
minimum production temperature experienced was 34.5 °C for a 1 km
deep borehole and a maximum production temperature of 80.4 °C for a
3 km wellbore.

Other parameters such as borehole diameter, inner pipe diameter,
cement thermal conductivity and pipe thermal conductivity all have
minimal impact on heat losses and end production temperature (Fig. 11b
and 12). If a system is operating intermittently; however, these param-
eters could have more of an impact, as studies have shown wellbore
material can influence the short term [36] but if using constant base load
production it is likely they will not impact a system significantly. Indeed,
in this study for the highest thermal conductivity of cement modelled (5
W/(mK)) slightly higher losses were recorded in the first year, which
corresponded to 12 % of the thermal power. The final parameter

modelled was flow rate. Interestingly the variation in heat rate was
minimal due to the decreasing flow rate corresponding to greater dif-
ferences in outlet temperature in comparison to inlet temperature, but
this balances against the increase in fluid (and energy) produced
(Fig. 12d).

4. Discussions
4.1. Impact of key parameters

This study has highlighted that heat transmission in a wellbore can
play an integral role in determining heat losses, production temperature
and also the achievable thermal power (thus the total energy produced
from a low-temperature, single phase geothermal system). The most
important parameters appear to be rock thermal conductivity,
geothermal gradient, inlet (reservoir) temperature, depth and flow rate.
In many scenarios, these parameters may be predetermined by the local
in-situ properties of the subsurface; however, during well planning if the
geology is well constrained then losses could be somewhat minimised
using directional drilling (although this could significantly increase
costs). The latter parameter (i.e., flow rate) may be determined by the
hydraulic characteristics of the reservoir, but it would appear it mainly
impacts achievable thermal power and production temperature, rather
than the heat losses from the wellbore. Therefore, it is best to maximise
this when exploiting conventional geothermal systems. Although, on the
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Fig. 10. Production temperature at the end of the simulation (a) and corresponding heat losses from the wellbore (b) for thermal gradient plotted against rock
thermal conductivity.
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other hand, if an electric submersible pump is required for any part of
operations, then there will be greater parasitic losses. Impacts of vari-
able operation (i.e., intermittency) could also be investigated further as
it was shown that thermal insulation of the wellbore only impacts the
short term. Therefore, future work should look to address some of the
modelling limitations such as multiple casing strings, hydraulic losses,
and intermittent operation.

4.2. Comparison of results with literature

When comparing the results of this study to other literature inves-
tigating heat transfer within a deep geothermal wellbore some
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conclusions can be shared. It would appear for low-temperature
(<100 °C) geothermal systems that the quasi-steady state production
temperature and nearby heat flow field is reached very quickly. Between
the end of the first and last years of simulation the difference in pro-
duction (wellhead) temperature was less than 1 °C (for the initial base
case). This is in agreement with Rosca [34], among others, who also
suggest that steady-state conditions occur rapidly when using a constant
flow rate for operation. Although the impact of thermal breakthrough
within the reservoir could affect the validity of such assumptions. The
study does show contrasting results to other authors who have modelled
heat losses encountered in wellbores in other types of geothermal sys-
tems. For instance, steam dominated systems show far lower heat losses
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within the wellbore [42].
4.3. Comparison of modelling with and without geothermal gradient

Interestingly, it would appear that modelling the geothermal
gradient or a uniform temperature of the rock has minimal impact on the
overall results. This is due to the fact that the total available energy
within the domain is the same in both scenarios and thus, does not
impact long-term performance when assessing heat transfer from a
geothermal wellbore. It may, however, have more impact on short-term
or intermittent production conditions. This has further connotations for
real system analysis and modelling of the wellbore; it indicates model
simplifications can hold for long-term scenarios with constant produc-
tion conditions. It also suggests that the results may be applicable for
horizontal (or directional geothermal wellbores).

4.4. Wider applications of results

The findings of this work also have applications when exploiting
unconventional resources, such as using large closed-loop systems in a
U-type heat exchanger (e.g., [20,21]), or using deep coaxial borehole
heat exchangers (e.g., [10]) when assessing heat losses to the sur-
rounding subsurface rock. It has shown that the engineering of the
system generally has a reduced impact on the heat losses than the local
geology. Although it is worth noting coaxial borehole heat exchangers
and large scale closed-loop systems have more engineering complexity
than that of a single producing well which was modelled in this work.
There are other limitations of this study that should be investigated in
future work, these include; understanding the impact of an electric
submersible pump and different casing strings.

5. Conclusions

In this study, a comprehensive analysis of heat transmission in low-
temperature geothermal wellbores was undertaken using finite-element,
numerical models; OpenGeoSys software was utilised to simulate heat
rate in a wellbore over a 40-year lifetime. Initial benchmarking was
undertaken to test the model suitability in comparison to other solu-
tions, including an analytical solution [32] and a finite-difference nu-
merical model by Brown et al. [6]. The solutions provided little
discrepancy with production temperature within 0.3 °C of each other at
the end of the solution. Following initial benchmarking a range of pa-
rameters were modelled to investigate heat rate from a geothermal
wellbore. The key conclusions were:

e Heat losses from a wellbore can reduce overall system performance,
particularly when in consideration with other losses at surface level
through inefficiencies during heat exchange [7] or in the subsurface
reservoir associated to cooling from reinjection and thermal break-
through effects on the production well (e.g., [38,40]). Combining
these losses will significantly limit the lifetime.

e Under initial base case parameters the difference in inlet and pro-
duction temperature at the end of a 40 year simulation from a 2 km
well was 2.06 °C, corresponding to heat losses of —63.3 W/m. This
corresponds to a minimum of 7 % of the total thermal power pro-
duced (assuming a rejection temperature of 30 °C). Heat losses are
greater in the first few years of operation before the system reaches a
steady state.

e Wellbore insulation does not play a significant role, except in early
production. For the highest thermal conductivity cement (5 W/(mK))
heat losses corresponding to 12 % of the thermal power were
recorded in the first year, whilst for the lowest thermal conductivity
10 % was recorded. This could play more of a role in systems which
require intermittent operation.

e Geological parameters such as initial geothermal gradient, inlet
(reservoir temperature) and thermal conductivity have a significant

Thermal Science and Engineering Progress 48 (2024) 102352

impact on heat transfer from a wellbore, while the influence of
volumetric heat capacity of the rock on thermal losses is minimal.
Heat loss is greatest for high geothermal gradient systems and high
rock thermal conductivities.
Engineering parameters such as depth and flow rate impact the
maximum production temperatures. However, only depth has a
major impact on heat losses. Borehole diameter, inner pipe diameter,
cement thermal conductivity, pipe thermal conductivity and flow
rate play a small role in heat transmission from the wellbore to the
surrounding rocks.
o When modelling a well with and without the geothermal gradient the
impact appears to be minimal. Production temperatures recorded at
the end of the simulation were recorded within 0.05 °C of each other.
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