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ABSTRACT

Decarbonisation of heat is essential in curbing carbon dioxide emissions and can be achieved through the use of
geothermal systems. Recently, single-well, closed-loop, deep borehole heat exchangers, using a coaxial design,
have become the focus of attention, partly due to the potential to repurpose existing infrastructure (such as oil
and gas wells); however, few have investigated the potential for other types of heat exchanger for middle-deep
geothermal systems. Therefore, in this study, a comprehensive numerical analysis was undertaken using
OpenGeoSys software to investigate the thermal and hydraulic performance of coaxial, single U-tube and double
U-tube middle-deep borehole heat exchangers (MDBHEs). The purpose of this paper is to test the maximum
operational depth for each type of pipe configuration as few wells have been completed to depths exceeding 500
m using single/double U-tube configurations. The best performing MDBHEs should minimise parasitic and hy-
draulic losses, whilst maximising thermal output. Furthermore, ground sourced heat pumps require electricity;
therefore, at times where electricity prices are high (and drilling costs can be minimised) it may be more
beneficial to utilise MDBHEs to encounter greater temperatures.

Results indicate that coaxial MDBHESs provide the best performance in terms of specific heat extraction and
lowest pressure/parasitic losses. Double U-tube MDBHEs can provide a similar thermal performance to the co-
axial design, but have significantly greater hydraulic pressure losses across all simulations, which translates to
greater parasitic pumping power costs. Single U-tube MDBHEs demonstrate the poorest performance in terms of
heat extraction and pressure losses. At the end of the 25-year base case scenario for a 800 m MDBHE, coaxial, U-
tube and double U-tube configurations, all with a fluid circulation rate of 5 L/s, provided specific heat extraction
rates of 39.1 W/m, 32.8 W/m, and 36.0 W/m, respectively, with the fluid inlet temperature set as a constant of
5 °C. For these simulations, pressure losses were estimated as 85 kPa (coaxial), 1.46 MPa (single U-tube) and 423
kPa (double U-tube)—the single U-tube value being close to the nominal 16 bar (1.6 Mpa) pressure rating of
SDR11 high density polyethylene pipe. Further parametric analysis was also undertaken, investigating depth,
flow rate, rock thermal conductivity, pipe diameter and shank spacing.

1. Introduction

include a component of thermal energy storage (e.g., Schulte et al.,
2016; Xie et al., 2018; Qin et al., 2022; Brown et al., 2023a,b). Typically,

Decarbonisation of heat is essential to meeting net zero carbon
emission targets. Various methods of decarbonisation of heat exist,
including solar thermal, deep geothermal, air-sourced heat pumps, and
closed- or open-loop ground sourced heat pump systems. In recent years,
research has focused on the potential for deep borehole heat exchangers
(DBHES) to i) meet heating demand (e.g., Falcone et al., 2018; Chen
et al., 2019; Brown et al., 2021; Doran et al., 2021; Gascuel et al., 2022;
Brown and Howell., 2023; Kolo et al., 2023), ii) meet heating and
cooling demand (e.g., Zhao et al., 2022; Zhang et al., 2022a), and iii)
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the coaxial design of a DBHE is used in deeper systems to avoid the large
hydraulic pressure losses and installation difficulties associated with
U-tubes (Deng et al., 2019).

DBHE systems have been comprehensively investigated in literature.
Engineering and geological parameters can impact the performance of
heat extraction: i) Increased flow rates, up to an optimal point, have
been shown to correspond to greater thermal power outputs by reducing
the temperature differential and thus the internal thermal interference
between downflowing and upflowing fluid streams (Kohl et al., 2002;
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Nian et al., 2019; Li et al., 2021), ii) coaxial design parameters (i.e.,
radius of inner and outer pipes) can lead to higher outlet temperatures
by increasing the velocity in the central pipe and reducing the velocity in
the annular space (e.g., Wang et al., 2017), iii) thermal conductivity of
the surrounding rocks will govern the rate of heat extraction (e.g., Kohl
et al., 2000; Fang et al., 2018), iv) natural convection (Bidarmaghz and
Narsilio, 2022) and regional groundwater flow can improve perfor-
mance, but it is unlikely that sufficient velocities will be encountered at
depth (Brown et al., 2023b), v) increased depth will significantly
improve the rate of thermal extraction (e.g., Holmberg et al., 2016; Song
et al., 2018; Xia et al., 2021; Zhang et al., 2021), vi) the mode of oper-
ation (i.e. downflow in annulus versus downflow in axial pipe) can in-
fluence DBHE performance (e.g., Cai et al., 2019; Luo et al., 2022;
Perser and Frigaard, 2022; Brown et al., 2023c), vii) higher geothermal
gradients lead to an increase in outlet temperatures and achievable
thermal power (Pan et al., 2019), and viii) if developed in an array of
DBHEs, the design is important to minimise thermal interaction
(Holmberg et al., 2015; Cai et al., 2021, 2022; Zhang et al., 2022b).
Coaxial DBHESs operate in heat extraction mode by circulating a cool
fluid downwards through the annular space (Figs. 1 and 2). The fluid
warms with increasing depth under the natural geothermal gradient
from conduction with the borehole wall, before being pumped back to
the surface via the central pipe at a faster velocity to minimise heat
losses through thermal short circuiting. U-tube and double U-tubes,
which are typically used for shallow projects (Figs. 1 and 2), circulate a
water-based heat transfer fluid down and up the hole; in this case, the
arrangement is usually laterally symmetrical, with fluid descending via
a circular pipe, and then ascending via an upflow pipe (shank) of the U-
tube of an identical diameter. A double U-tube comprises two single U-
tubes effectively connected in parallel (i.e., two downhole shanks and

Heat
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two upflow shanks). U-tubes tend to be made of high density or cross-
linked polyethylene (HDPE or PEX) with SDR11 wall thickness (with a
nominal burst pressure of 16 bar) being a typical specification (in
Sweden, SDR 17 has been common for shallower closed loop boreholes,
but Olsson (2018a) recommends SDR11 for deeper boreholes). Standard
outer diameters (OD) of polyethylene pipe used in U-tube systems are
typically 32, 40, 50 mm, although 63 mm OD can also be regarded as a
feasible diameter. At least one company produces a 45 mm OD variant,
with rifled interior (Muovitech, 2023). While coaxial systems typically
(but not necessarily) occupy the entire borehole, U-tubes are either
suspended within the column of natural groundwater filling the bore-
hole (which provides a thermal contact between the U-tube and bore-
hole wall, and within which conductive and convective heat transfer can
occur), or they can be sealed in the borehole by a low permeability
backfill or “grout”. This grout can be cement-based or a mixture of fine
silica sand and bentonite, and should have an enhanced thermal con-
ductivity (>1.5 W/m/K).

In shallow systems, comparisons between coaxial and U-tube bore-
hole heat exchangers have been made, which focus either on the model
design itself (e.g., Gordon et al., 2017) or on short-term thermal
response tests (e.g., Harris et al., 2022; Morchio et al., 2022). Past work
has shown that the coaxial design provides a better heat transfer ca-
pacity (Wang, 2014). However, few studies have extended the com-
parison to monitor hydraulic and thermal performance in deeper
systems for the lifetime of a borehole heat exchanger. Whilst it is
commonly accepted that coaxial systems will be employed at depths of
over 1 km due to the practical difficulties of U-tube system construction
in deeper boreholes (Olsson, 2018c; Deng et al., 2019), there is limited
research on medium-to-deep borehole heat exchangers (MDBHEs) and
the implications of using different types of configurations (i.e., U-tube,
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Fig. 1. Schematic of different types of MDBHE configuration, with (a) U-tube and (b) coaxial designs. Note that a double U-tube configuration would consist of two

U-tubes within the borehole similar to design (a).
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Inlet

Fig. 2. Schematic of cross sections of different types of MDBHE configuration, for (a) double U-tube, (b) single U-tube and (c) coaxial designs. Temperatures (T) are
shown for the rock—subscript r; inlet(s)—subscript i; outlet(s)—subscript o; and grout zone(s)—subscript g. It is worth noting that the “grouted” section in the single
and double U-tubes could be filled with groundwater, but in this study it is modelled as a thermally enhanced grout material. When calculating the distance between
shanks for the double U-tube, the open-source finite element software, OpenGeoSys (OGS), employed in the study, uses the centre-to-centre spacing between adjacent
tubes (w) (i.e., distance between Tj; and T,;). However, the shank spacing values listed in this paper for double U-tubes is based on the centre-to-centre diagonal

spacing between pipes (i.e., (S) as shown in figure ‘a’ and ‘b’).

double U-tube and coaxial—Fig. 2) on heat transfer efficiency, pressure
changes and parasitic losses.

1.1. Defining middle-deep borehole heat exchangers

Breede et al. (2015) and others (Homuth et al., 2016) have suggested
that medium-to-deep (or middle-deep) geothermal systems span the
depth range from 400 m to 1000 m depth, yet others suggest that
“shallow” should be classified as depths less than 500 m due to gov-
ernment regulations on renewable heat incentive classifications (Wat-
son et al., 2020). In the UK, the Infrastructure Act (2015) imposes
different rules and rights for “deep” geothermal systems >300 m, so
there is ambiguity over the lower cut offs of such systems. In this paper,
the depth range of 500 m to 1000 m was defined for middle-deep
geothermal systems, in line with both UK based renewable heat in-
centives (Watson et al., 2020) and previous classifications (Breede et al.,
2015; Homuth et al., 2016). Although others have also defined the
middle-deep to range from 1500 m to 3000 m (Bao et al., 2023; Zhang
et al., 2023), this depth range would be considered as a DBHE in this

paper.
1.2. Evaluation of middle-deep borehole heat exchangers in practice

In many European nations, the typical depth of closed loop borehole
heat exchangers (BHE) has steadily been increasing. In the UK around
10-15 years ago, a typical U-tube BHE would have been installed to
~100 m depth (Banks 2012); today, grouted BHEs are commonly con-
structed to 150-200 m depth. In Sweden, the average BHE depth
increased from 100 to 171 m between 1995 and 2013 (Gehlin et al.,
2016; Olsson 2018a). U-tube based BHEs in the depth range 200 to 300
m are common in Scandinavia (Gehlin et al., 2016, 2020), where they
are usually suspended in the natural groundwater column (no grouting).
Olsson (2018a) and Gehlin et al. (2020) cite U-tube diameters of 45-50
mm OD as typical for BHE of around 300 m depth.

Relatively deep BHEs are constructed in large arrays to serve large
commercial or public sector heat demands. 228 BHEs to a depth of 200
m serve Akershus Hospital, Norway, while 204 BHEs to 240-250 m
depth supply Karlstad University campus, Sweden (Gehlin et al., 2016).
Several arrays comprising 215 BHEs to an average depth of 270 m were
installed to serve the Volvo Powertrain plant in Koping, Sweden (Wirtén
2017; Gehlin et al., 2020). Korhonen et al. (2018) analyse the perfor-
mance of an array of 157 BHEs to a modal depth of 300 m using 40 mm
diameter U-tube collectors suspended in water-filled 140 mm diameter

boreholes, at Sipoo, Southern Finland. As early as 2011, Swedish drillers
were installing BHEs to depths of 400-500 m, and between 2011 and
2018, one contractor drilled 150 BHEs between 400 and 601 m depth
(Olsson 2018a). At Drammen in Norway, a school is heated by 5 BHEs to
500 m depth, each installed as single U-tubes of 50 mm outer diameter
within 140 mm diameter boreholes (Gehlin et al., 2016). Mazzotti et al.
(2018) document an array of four 510 m BHEs comprising 50 mm outer
diameter polyethylene U-tubes of SDR17 (SDR11 in upper 150 m) sup-
plying two buildings of 29 apartments in central Stockholm. They also
discuss an array of 22 grouted U-tube BHEs to 335 m depth in Uppsala,
Sweden.

Significantly-sized arrays of coaxial MDBHEs are also being installed
in Europe, such as the arrays of 800 m deep boreholes forming part of
the Métamorphose Project in Lausanne, Switzerland (Olsson, 2018b) at
Plains-du-Loup (SiL, 2023). The initial trial BHEs in Lausanne were 750
m deep boreholes installed with double U-tubes of 50 mm outer diam-
eter in high pressure PN80 pipe (Gehlin et al., 2016). Olsson (2018b)
cites Nicolas de Varreux of the Lausanne project, who claims that
installing “traditional” U-tubes beyond 500 m does not give increased
energy returns. De Varreux (Olsson 2018b) claims that a U-tube to 800
m yields no greater energy yield than one to 500 m, due the increased
parasitic pumping power required by the increased hydraulic losses in
circulation. He thus champions coaxial system at depths greater than
500 m and this informed the eventual decision to use coaxial BHEs in the
140 boreholes planned at Lausanne (SiL, 2023). Olsson (2018c) also
cites Henrik Holmberg’s conclusion that, in Norway, one can use U-tube
systems of large diameter down to around 500 m but, beyond that depth,
only coaxial systems result in increased net efficiency.

With increasing depth, the installation of BHEs (and especially U-
tubes) face progressively greater geotechnical and engineering chal-
lenges in installation. In Scandinavia, for example, the cost-effective
depth of drilling in hard rock has been limited by the available size of
compressors that could be used with the commonly-utilised compressed
air down-the-hole hammer rigs. A Swedish drilling contractor noted
(Olsson 2018a) that difficulties in lifting water and cuttings from bore-
holes increase significantly below 300 m. In recent years, larger com-
pressors and innovations in drilling (e.g., water-hammer rigs) have
increased the economically viable depth (Gehlin et al., 2016). In the
hard metamorphic and igneous lithologies characteristic of Scandinavia,
the completed borehole is stable, without the need for anything other
than superficial casing, rendering installation of heat exchangers in a
groundwater-filled borehole relatively unproblematic. In the softer
sedimentary sequences elsewhere in Europe, deep drilling has often
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either required (expensive) casing, or drilling operations involving
mud-systems, to maintain an open bore while the BHE and thermally
enhanced grout are emplaced.

Naturally, the difficulties involved in the emplacement of a 500 m
string of U-tube in a borehole will be significantly greater than those
with a 100 m string. The frictional resistance against the borehole walls
will be greater; the U-tube will need to be filled and pressurised with a
fluid of appropriate density and also weighted in order to ensure that it
has neither unwanted buoyancy relative to the borehole fluid (mud or
natural groundwater), nor excessive weight, which could damage the
pipe. As natural groundwater salinity and density increase with borehole
depth, the challenge of achieving the correct U-tube buoyancy and
pressure becomes increasingly problematic. A coaxial pipe (which is
open to the borehole fluid) is arguably less problematic to install.

Olsson (2018a) notes that, in deeper boreholes, the density of drilling
mud or grout outside a U-tube during emplacement can exert a huge
pressure differential on the tube, risking the collapse of the polyethylene
pipe, if it is not carefully pre-pressurised prior to installation. Gehlin
et al. (2016) notes that multi-stage grouting operations may be required
to maintain acceptable pressure differentials. Gehlin et al. (2016) note
that a risk of U-tube pipe collapse can even occur when a low-density
heat transfer fluid (e.g., ethanol solution) is used in a deep
groundwater-filled borehole, especially if the deep groundwater is dense
and saline. Gehlin et al. (2016) also note that the collapse pressure of
HDPE pipe is much less than the burst pressure: a mere 1.4 bar for
SDR17 pipe and 5.7 bar for SDR11. Gehlin et al. (2016) finally recom-
mend that consideration should be made for expansion and contraction
of long lengths of plastic U-tube due to heating and cooling during
operation.

Both Wirtén (2018) and Olsson (2018a) clarify the advantages and
disadvantages of progressively deeper BHE. On the positive side, the
amount of electricity used by a heat pump typically decreases by 5 % for
every additional °C in the fluid return temperature from the BHE. They
note that the main challenge with deep BHEs is the increasing hydraulic
pressure losses with fluid circulation through greater lengths of pipe
(and as the borehole gets deeper, the potential heat recovery increases,
requiring greater fluid flow rates as well as longer pipe circuits). They
conclude that, for deeper BHEs, coaxial systems perform most effi-
ciently. They also note that, with deeper boreholes, the degree of ther-
mal interference between upflow and downflow fluid flows increases,
eroding the thermal efficiency of the system. This in turn, implies that
adequate shank spacing becomes more important with deeper U-tubes,
adding to installation difficulty. Gehlin et al. (2016) provide a chart
quantifying the increase in borehole thermal resistance with depth.
Mazzotti et al. (2018) report a relatively high borehole thermal resis-
tance of 0.21 Km/W being derived from a thermal response test in an
800 m deep coaxial borehole (Asker, Norway), albeit at a limited flow
rate (c. 1.5 L/s at 15 kW) and unfavourable flow direction. Mazzotti
et al. (2018) document the results of thermal response testing of the 335
m deep U-tube BHE in Uppsala, Sweden. Borehole thermal resistances
were estimated before (groundwater-filled bore) and after grouting: the
results were somewhat variable, but tended to be around 0.1 Km/W.

Wirtén (2018), Mazzotti et al. (2018) and Olsson (2018c) report
trials of coaxial BHEs carried out on two 800 m boreholes in Asker,
Norway. The trials demonstrated that coaxial configurations resulted in
significantly lower hydraulic pressure losses than in conventional
U-tube systems. The trials concluded that up to 70 % of the recovered
heat energy was subject to internal thermal short circuiting, however,
and recommended the development of insulated coaxial pipes to mini-
mise internal thermal short circuiting. Wirtén (2018) notes that the ef-
ficiency of conventional insulation materials tends to be compromised
by fluid pressure compression; the study suggests that a double-skinned
internal pipe, with an insulating air layer, would be an attractive solu-
tion. Holmberg (2016a) concluded, however, that the optimum solution
for DBHE is a “coaxial BHE with a thin-walled centre pipe, which is
operated with a high mass flow rate™: this keeps costs low, hydraulic
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resistance low and also reduces thermal interference, as the high flow
rate minimises temperature differential between upward and downward
fluid fluxes. Holmberg et al. (2016b) further notes that, with increasing
depth, borehole diameter can be increased (albeit at extra cost) to keep
hydraulic pressure losses within reasonable bounds. Olsson (2018c)
reports that, following the 800 m Asker coaxial BHE trials, two 1500 m
deep boreholes have been constructed at Oslo’s Gardermoen Airport,
which will be used for snow-melting (without a heat pump).

Coaxial boreholes are often completed in Scandinavia as open,
uncased boreholes (with only necessary surface casing to exclude su-
perficial and weathered materials) where annular fluid flow circulates
directly against a hard rock wall. Alternatively, boreholes may be
completed with a thin flexible outer plastic liner resting against the rock
wall (Mazzotti et al., 2018; Triopipe Geotherm 2023). In non-“hard
rock” countries, such as the UK, it is arguably more common for a
borehole to be cased with steel casing to greater depths in order to
stabilise the borehole wall. The annulus behind the casing will usually
be at least partially filled with a grout cement to prevent fluid flow
behind the casing and unwanted connection of aquifer horizons (e.g.,
Kolo et al., 2023). Heat transfer to the annular fluid inside the borehole
thus takes place through layers of both cement grout and steel. Where
the borehole is fully lined or cased, one could arguably circulate an
anti-freeze solution (ethanol or glycol) to permit fluid temperatures to
fall below 0 °C, although the increased viscosity would result in signif-
icantly higher-pressure losses. For this reason, water is often used as the
heat transfer fluid in coaxial MDBHE, especially if the borehole wall is
unlined (most environmental authorities would view unfavourably any
possibility of leakage of anti-freeze to the natural groundwater
environment).

Olsson (2018a) notes that several Swedish geothermal collector pipe
manufacturers are developing coaxial geothermal installations which do
not need to be an integral part of the borehole design, but which can be
installed in a completed borehole in much the same way as a U-tube
(Triopipe Geotherm 2023).

1.3. Objectives of the study

As highlighted in the comprehensive literature review of operating
BHEs in the middle-deep geothermal system range there are still un-
answered questions in terms of the suitability of BHE configurations
over depths of 500 m. As a result, in this study, a comprehensive analysis
was undertaken to evaluate the thermal and hydraulic performance of
different MDBHE configurations among a range of parameters over the
lifetime of a system. Models were developed using OpenGeoSys (OGS) to
simulate the different MDBHE types. Initial validation was conducted
against two different thermal response tests to demonstrate the accuracy
of the models against real data, before testing if different parameters can
influence the suitability of MDBHE configurations. A range of thermal
conductivities were modelled to cover a vast range of geological settings
(i.e., sedimentary, metamorphic and igneous) to have a wide
applicability.

The key aims were to evaluate some of the key questions highlighted
from literature: i) can single and double U-tube MDBHEs be operated
efficiently, in terms of parasitic losses in contrast to the thermal power,
at depths >500 m, ii) what parameters can ensure efficient performance
of MDBHES, and iii) is it possible to compare the impact of different
parameters on thermal and hydraulic performance of MDBHEs? His-
torically the geothermal sector has been focussed on electricity gener-
ation from deep systems, while shallow geothermal developments have
focussed on minimising drilling and installation costs. This has left a
void in middle-deep systems which can aid in decarbonising space
heating. Furthermore, ground sourced heat pumps require electricity,
therefore, at times where electricity prices are high it may be more
beneficial to drill deeper to encounter greater temperatures. Addition-
ally, if drilling in hard-rock (i.e., granite) and the hole is left ‘open’ (i.e.
no casing), costs can be reduced, making MDBHEs a more suitable
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alternative (Banks, 2023). This paper, therefore, provides a thorough
novel assessment of closed-loop MDBHEs to analyse the potential of
various configurations.

2. Methods

The borehole heat exchanger heat transport module of OGS was
adopted in this study. The tool implements the ‘Dual-continuum’
approach which idealises the MDBHE as a one-dimensional continuum
(meshed using line elements) surrounded by a three-dimensional rock
formation (meshed using prism elements). OGS can simulate several
MDBHE pipe configurations, including coaxial pipe (both annular inlet -
CXA and central pipe inlet - CXC), single-U pipe (1 U), double-U pipe (2
U), and a simple (grouted, non-concentric) pipe (1P). The model con-
siders heat transfer in (a) the rock formation - conduction and convec-
tion, (b) the grout region(s) - conduction, and (c) the inlet pipe(s) and
outlet pipe(s) - convection. In this work, no groundwater flow was
considered for the formation as it has been proven to have limited
impact under low Darcy velocities and with relatively thin aquifers
(Chen et al., 2019; Brown et al., 2023b); hence, heat transfer in the
formation is governed by conduction only.

2.1. Governing equations for conduction in the subsurface rock

The energy balance for the rock formation considering conduction
only is given by (Hein et al., 2016; Chen et al., 2019; Kolo et al., 2022):

0
5, 90,6+ (1= P)p,c,] T, = V-(A-VT,) = H, ¢3)

in which ¢ is the rock porosity, p; and ¢y are the density and specific heat
capacity of the heat transfer fluid, respectively, p, and ¢, are density and
specific heat capacity of the rock, respectively, T, is the temperature of
the rock, H, is the source term and A, is the thermal hydrodynamic
dispersion tensor. A Neumann-type boundary condition is adopted in
which the heat flux between the DBHE and rock formation, gyr,, is given
by:

Gur, = —(A-VT,) 2

It is also possible to impose Dirichlet-type or Cauchy-type boundary
conditions (Diersch et al., 2011).

2.2. Governing equations for middle-deep borehole heat exchangers

The governing equations for the grout, inlet and outlet pipes depend
on the MDBHE pipe configuration being considered. In addition to the
governing equation for the rock, a coaxial pipe will have 3 governing
equations for the 3 components: 1 inlet (annulus), 1 outlet (central)
pipe, and 1 grout zone. Here, the governing equations for the CXA
configuration of the coaxial pipe, with the annulus as inlet and the
central pipe as outlet, are presented. A 1 U pipe has 4 additional com-
ponents and hence 4 governing equations: 1 inlet pipe, 1 outlet pipe, and
2 grout zones (i.e., the grout zones around each pipe). The 2 U pipe has 2
inlet pipes, 2 outlet pipes, and 4 grout zones, and hence 8 governing
equations (refer to Fig. 2).

2.2.1. Coaxial

The heat transport equations for 1 inlet (annulus) (subscript i), 1
outlet (central) pipe (subscript 0), and 1 grout zone (subscript g) (see
Figs. 1 and 2) along with the corresponding boundary conditions are as
follows (Diersch et al., 2011a; Hein et al., 2016; Chen et al., 2019; Kolo
et al., 2022):

Inlet:

oT;
Prerg, + Prey VT = Vo(ArT) = H, ®)
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with boundary condition,

Gur, = ~Ppg(T, = T;) — Dy(T, ~ T}) @

where the subscript i indicates inlet and o indicates outlet; v is the fluid
velocity vector. @ is the heat transfer coefficient, which is a function of
thermal resistance between components, @, is the heat transfer coef-
ficient between the grout and the inlet pipe, and @ is the heat transfer
coefficient between the inlet pipe and the outlet pipe.

Outlet pipe:

a7,
/)foW + pf(,‘fV'ng -V (Af'Tg) =H, (5)

with boundary condition,

Gur, = =Py (T; = T,) (6)
Grout zone:
oT,

(1 - ¢g)pgc37 -V [(1 - (/)g)’lg'VTg} =H, @)

with boundary condition,
qnr, = —‘Dgr (Tr - Tg) - (D_ﬁg (Ti - Tg) (€)]

Here, the subscript g represents grout. J, is the thermal conductivity of
the grout, and @ is the heat transfer coefficient between the rock for-
mation and grout.

2.2.2. U-tube

The heat transfer equations for 1 inlet pipe (subscript i), 1 outlet pipe
(subscript 0), 2 grout zones (subscripts gl and g2), and boundary con-
ditions are summarised below. As shown in Fig. 2, the grout zone is
divided into two equal parts, with the inlet pipe surrounded by grout
zone 1 and the outlet pipe surrounded by grout zone 2. The equations are
(Diersch et al., 2011a; Hein et al., 2016):

Inlet pipe:

oT;
prfﬁ +ﬂfoV'vT,' — V(AfT,) =H; (9)

with boundary condition,

qnr; = 7®/‘;§](Tgl - Tt) (10)

in which Q}ig is the heat transfer coefficient between the inlet pipe and
grout zone 1 for a 1 U pipe.
Outlet pipe:

aT[)
prer )+ prepv VT, = V(A T,) = Hy an

with boundary condition,
Qur, = = Pppe (T = T,) 12

in which CD}OZ is the heat transfer coefficient between the outlet pipe and

grout zone 2 for a 1 U pipe.
Grout zone 1:

JaT,
(1 _‘ﬁg)pgch;I -V 7¢g)/1g'VTg1} =Hy 13)

with boundary condition,

Gy = =@y (Tr = Ta) = O (Ti = Tor) = @ (Teo = Tt )

fig

in which Ty is the temperature at grout zone 1 and Ty, is the temper-
ature at grout zone 2. The heat transfer coefficient @;,U is between the
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grout and the rock and <I>égU is between grout zone 1 and grout zone 2,
both for a 1 U pipe.
Grout zone 2:

oT,
(1 _(/'g)pg"g £ _

o V-[(1= )4 VTo] = He 1s)

with boundary condition,

nTy = 7‘1#451 (Tr - TgZ) B @,l{f; (T0 - TgZ) - ‘Péﬁ' (Tgl - TgZ) (16)

2.2.3. Double U-tube

The 2 U tube has 2 inlets (subscripts il and i2), and 2 outlets (sub-
scripts ol and 02), and the grout zone is divided into four equal quad-
rants (subscripts g1, g2, g3 and g4) for analysis (see Fig. 2). Hence, there
are 8 governing equations and boundary conditions with interactions
between components following a similar approach as the 1 U pipe. Grout
zones gl and g2 are associated with inlets il and i2 respectively while
grout zones g3 and g4 are associated with outlets 01 and 02, respectively.
The resulting governing equations are presented next (Diersch et al.,
2011a):

2 inlet pipes:

o,
pres g+ pyepy VT = Vo(AT) = HyinQfork = il i2 a7

with boundary conditions,

Gur, = =52 (Tr — T ) on Ty 18)

qnty, = _(Dj%ii'](ng - Tiz) onlp (19)

In the preceding equations, Q is the domain and I is the domain
boundary for the 2 U tube. CDE-Q’ is the heat transfer coefficient between
inlet pipe 1 and grout zone 1. It remains the same between inlet pipe 2
and grout zone 2.

2 outlet pipes:

o,
Py g1+ Py VT = V-(ArTi) = Hiin @ fork = o1, 0 (20)

with boundary conditions,

4qnt,, = _Q%bZ(Tg3 - Tul) only (21
uty = — Py (Tes — T2) onT (22)
where <I>f20g is the heat transfer coefficient between the outlet pipe and

the grout zone, i.e. between o1l and g3, and also between 02 and g4
4 grout zones:

ar, .
(1= )pecey, = V[(1= b2 VT] = HiinQ fork = g1,£2,¢3, g4

(23)
with boundary conditions,
iy =~ (1, Ty0) = O3 (T~ Ty) — 24, (T~ T,)
= @ (Tes = Tt) = @ (T = T ) on T 24)
GnT = 7®§£] (TV - ng) - CDfl;’(T, — T ) - (D?{éjz (Txl - TgZ)
- d)ﬁéfl (Tes = Tg) = <D§éjl (Tes = Tp2) onT (25)
Gt = —(sz/ (T' - Tb’3) - (D/%nz (T”l - Tg3) - (ngZ (T5’4 - Tg3)
- q’igl (Ta —Tws) — cI)ﬁé’l (Te =T)onls (26)

GnTy = _q)g’{/ (Tf - Tg“) ! (T02 —T, ) - q)iéIZ (Tg3 - Tg4)

Jog
— @ (T — Tea) — @2 (T — Tea) on Ty 27)
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in which <I>§TU is the heat transfer coefficient between the surrounding
rock and the grout zone for the 2 U tube assumed to remain the same for
all four grout zones.d)ggl{ is the heat transfer coefficient between an inlet
pipe’s grout zone and an outlet pipe’s grout zone, i.e. between (a) gl and
g4, (b) g1 and g3, (c) g2 and g3, and (d) between g2 and g4. <I>§g% is the
heat transfer coefficient between two inlet pipe grout zones (between g1
and g2) or two outlet pipe grout zones (between g3 and g4). The detailed
procedure for calculating thermal resistances and the relationship be-
tween heat transfer coefficients and thermal resistances can be found in
Diersch etal. (2011a). Egs. (1) and (2) are solved together with Eqgs. (3)—
(8) for coaxial pipe, with Egs. (9)-(16) for a1 U pipe and with Egs. (17)-
(27) for a 2 U pipe. The governing equations are discretised using their
weak forms. As stated earlier, the finite element implementation of these
equations in OGS is used in this work.

2.3. Evaluating pressure drop and power consumption from the
circulation pump

To compute the pressure drop (AP) in the MDBHE (i.e., the pressure
difference between the BHE inlet and BHE outlet), the sum of the
pressure drops in the downflow and upflow sections of the BHE was
calculated (in the case of a coaxial BHE, the downflow section is a cir-
cular annular space, rather than a circular pipe). The AP was determined
using the Darcy-Weisbach equation with Petukhov’s relation for the
friction factor (Petukhov 1970; Incropera et al., 2007; Chen et al., 2019):

p Lp,v;
~ 2D,[0.79In(Re) — 1.64]

(28)

in which Lis the length of the pipe, v, is the mean fluid velocity of the
inlet or outlet as considered, Dy, is the hydraulic diameter and Re is the
turbulent flow Reynolds number. The hydraulic diameters can be
calculated as a function of the diameter/radius of outer and inner pipes
(see Engineering Toolbox, 2023) The equation assumes turbulent flow in
all pipe regions. The equation only calculates the pressure losses in the
straight-line portions of the pipes and ignores pressure losses associated
with bends, fittings, joints and any surface heat exchanger. Fluid prop-
erties were assumed as given in Table 1.

The electrical power consumption of the circulation pump (W)
required to overcome the pipe frictional losses was calculated as (e.g.,
Liu et al., 2019):

AP xQ

W, = 29

n
where AP is the pressure drop in the DBHE, Q is the mass flow rate and n
is the overall efficiency of the electrical-to-hydraulic power conversion
in the circulation pump (assumed to be 60 %). Note that the heat

Table 1
Base case parameters. Note the flow rate for each case is split for the double U-
tube, so each pipe has half the flow rate input to the system.

Parameter Value Units
Borehole diameter 216 mm
Borehole length 800 m
Saturated ground thermal conductivity 2.5 W/(m K)
Saturated ground volumetric heat capacity 1.9 x 10° J/(K m®)
Water flow rate 5 L/s
Water density 998 kg/m>
Water volumetric heat capacity 4.179 x 10° J/(K m®)
Water thermal conductivity 0.59 W/(m K)
Dynamic water viscosity 8x107* kg/(m s)
Basal heat flow 75 mW/m?
Geothermal gradient 30 °C/km
Surface temperature 9 °C

Grout thermal conductivity 1.05 W/(m K)

Grout volumetric heat capacity 1.2 x 106 J/(K m®)
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released from circulation pumping to the borehole fluid (i.e., electrical
energy converted by the pump to kinetic energy, and thereafter to
thermal energy as hydraulic frictional resistance is overcome) is not
considered in the analysis as this paper focuses on heat extraction from
the subsurface rocks only. Heat generated from the circulation pump
would be expected to be of low significance in hydraulically efficient
boreholes, and would also be dependent on pump efficiency. In hy-
draulically inefficient boreholes, however, heat from -circulation
pumping may become significant compared with geothermal heat
transfer.

In this study, the parasitic power to thermal output ratio (PPR) of the
system was assessed as the ratio of electrical power (W) used during
circulation pumping to thermal power (Hermq) produced by conductive
heat transfer from the surrounding geological formation by the BHE
system:

WL‘
PPR = L

thermal

x 100 (30)

2.4. Parameterisation, initial and boundary conditions

A linear geothermal gradient of 30 °C/km was used for the initial
condition of the simulations, with the temperature of the circulating
fluid in the borehole heat exchanger set to the average of the undis-
turbed geothermal gradient to emulate pre-mixed circulation conditions
in the MDBHE prior to the simulation starting. The boundary conditions
were set as: i) a fixed constant Dirichlet boundary condition at the sur-
face of 9 °C, ii) Neumann no-flow lateral boundaries (although these
were extended to ensure no boundary interaction occurred during the
simulation), iii) the basal boundary condition was set as a Neumann
boundary, with constant heat flow, which is set to be compatible with
the geothermal gradient and rock thermal conductivity—i.e., 75 mW m
~ 2 for the base case, equal to 2.5 W/(m K) multiplied by 0.03 K/m, and
iv) the inlet for the MDBHE was set as a constant inlet temperature
(5 °C). Whilst in real practical operational conditions, a heat load is
likely to be imposed on the MDBHE, this study used a constant inlet
temperature to identify the differences in specific heat extraction rates.

The model’s lateral domain was set to 500 m x 500 m (x, y), and the
bottom of the boundary was set to have at least 200 m below the depth of
the MDBHE (Fig. 3). The spacing around the MDBHE was set based upon
the ‘mesh-maker tool’ by Shao et al. (2016) which provides an optimal
spacing around the MDBHE central node using the formula outlined by
Diersch et al. (2011b). Time stepping in the simulation was dynamic,
and automatically set to increase with time under an automated scheme
to ensure numerical convergence. Under base case conditions, universal
parameters were assigned with the borehole depth assumed to be 800 m
and the borehole parameters assumed are typical of onshore well com-
pletions in the United Kingdom (i.e., in line with Banks et al., 2021),
albeit with a constant thickness of the surrounding casing. Flow rate was
chosen as 5 L/s, based on studies of similar depths which have suggested
this is near optimal operating condition for a coaxial DBHE (Kolo et al.,
2023). Other parameters are listed in Tables 1 and 2. The parameters
listed in the tables are designed to replicate the conditions typical of
sedimentary geological settings, whilst a wider range of rock thermal
properties were modelled for varied settings. Several parameters can
impact the performance of MDBHEs; to evaluate their impact on the
hydraulic or thermal performance of different MDBHE types, a range of
simulations were conducted. Variable depth, flow rate, rock thermal
conductivity, shank spacing, and pipe diameter were all modelled to
evaluate their impact on the thermal performance of different MDBHE

types.
2.5. Model validation

OGS is an opensource tool that has been tested against data, other
modelling software and analytical solutions (e.g., see Shao et al., 2016;
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Fig. 3. Example mesh for the base case scenario of an 800 m MDBHE. The blue
line highlights the MDBHE. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Table 2

Base case parameters for different borehole configurations. Note the flow rate
for each case is split for the double U-tube, so each pipe has half the flow rate
input to the system. The pipes in the U-tube DBHEs were assumed to be made of
HDPE.

Parameter Value Units

Coaxial (CXA)
Outer pipe outer diameter
Outer pipe thickness

0.1779 m
0.0081 m

Outer pipe thermal conductivity (steel) 52.7 W/(m K)

Central pipe outer diameter 0.1005 m

Central pipe thickness 0.00688 m

Central pipe thermal conductivity (HDPE) 0.45 W/(m K)
U-tube

Pipe outer diameter 0.063 m

Pipe thickness (SDR11) 0.00573 m

Pipe thermal conductivity (HDPE) 0.45 W/(m K)

Shank Spacing (pipe centre to pipe centre) 0.12 m
Double U-tube

Pipe outer diameter 0.063 m

Pipe thickness (SDR11) 0.00573 m

Pipe thermal conductivity 0.45 W/(m K)

Shank Spacing (pipe centre to pipe centre) 0.12 m

Chen et al., 2019; Cai et al., 2021; Brown et al., 2023a,b,c,d; Kolo et al.,
2023). Nevertheless, further validation is provided in this paper to
continue to rigorously test the capability of OGS as a tool for modelling
closed-loop systems. Two examples are provided in this section: 1) a
comparison of OGS modelled data to real data provided by Beier et al.
(2011) for a shallow U-tube thermal response test and 2) a comparison
of OGS modelled data to real data from Acuna and Palm (2013) (with
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data further listed in Beier et al. (2014)) for a shallow coaxial thermal
response test.

2.5.1. Comparison to data from a U-tube thermal response test

The data provided in the paper by Beier et al. (2011) are based upon
a laboratory sandbox (representative of unconsolidated sand) con-
structed around a central borehole with an aluminium outer pipe. Pa-
rameters for the simulation are listed in Table 3. An average heat input
rate of 1056 W was used for the thermal response test and average flow
rate of 0.197 L/s. In this study, a variable inlet temperature was adopted
as a boundary condition rather than the heat rate, although it has been
shown that OGS performs well with a fixed power boundary condition
(Brown et al., 2023c). Some parameter values were assumed as they are
not provided in the study of Beier et al. (2011). These include: a bulk
volumetric heat capacity of 1.9 MJ/m°K for the rock, which is in line
with values we may expect from a saturated sandstone (e.g., Banks,
2012), and 1.2 MJ/m>K for the grout. OGS is not capable of modelling
the outer aluminium piping, so it was neglected. It is anticipated these
minor differences would not impact the results significantly.

The simulation results compared very well with the data from the
thermal response test. The outlet temperature from OGS at the end of the
simulation was 38.22 °C, which is within 0.15 °C of the data (recorded at
38.07 °C), which represents an error of ~0.4 %. There is a maximum
difference of ~0.5 °C in the early time series, but this reduces with time
and, as the simulations focus on longer time periods, the impact of this
discrepancy will be insignificant on overall results. This is in agreement
with past tests by Shao et al. (2016) on older versions of OGS software,
albeit with slightly different modelling assumptions (Fig. 4).

2.5.2. Comparison to data from a coaxial thermal response test

A distributed thermal response test for a shallow coaxial borehole
heat exchanger was undertaken by Acuna and Palm (2013) for a 188 m
long borehole. This test injected heat via downflow through the central
pipe (coaxial pipe with centred inlet—CXC configuration) and began
recording data at a depth of 17 m. The active length of heat exchange
was unknown and therefore, the model comparison developed on OGS
started from 17 m with a heat exchange length of 168 m. A fixed power
boundary condition (6.36 kW) was used as the input at 17 m on OGS
with a constant flow rate of 0.58 L/s. Other parameters are summarised
in Table 4. Model results were then compared at 63 h (~3780 min) to
the data provided by Beier et al. (2014).

Subsurface data generated from OGS were compared to the distrib-
uted thermal response test of Acuna and Palm (2013) at 63 h (Fig. 5).
The fluid profiles within the annular space (outlet) and central pipe
(inlet) show a proximal fit between the simulations using OGS and the
true data, with a maximum discrepancy of less than 0.15 °C. When
considering the outlet temperature at 17 m (measured and modelled),

Table 3

Parameter input from Beier et al. (2011) U-tube thermal response test.
Parameter Value Units
Borehole diameter 126 mm
U-tube length 18.3 m
U-tube pipe outer diameter 33.4 mm
U-tube pipe inner diameter 27.33 mm
Shank Spacing (centre to centre) 53 mm
Pipe wall thermal conductivity 0.39 W/(m K)
Ground thermal conductivity 2.82 W/(m K)
Ground volumetric heat capacity 1.9 x 10° J/(K m%)
Water flow rate 0.197 L/s
Water density 998 kg/m*®
Water volumetric heat capacity 4.179 x 10° J/(K m%)
Water thermal conductivity 0.59 W/(m K)
Water viscosity 8x107* kg/(m s)
Average ground temperature 22 °C
Grout thermal conductivity 0.73 W/(m K)

Grout volumetric heat capacity 1.2 x 10° J/(K m®)
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there was a percentage error of ~0.6 %.
3. Results

In this section, an initial comparison between different types of
MDBHE was performed, before a series of parameters were tested to
understand their impact on MDBHE performance, in terms of heat
extraction, pressure drop and parasitic losses, under different configu-
rations (i.e., coaxial, U-tube and double U-tube).

3.1. Temporal evolution

Initial modelling focused on the performance of base case parameters
for each type of MDBHE configuration with a constant inlet temperature
boundary condition (5 °C) applied at the top of the borehole and a
constant circulation flow rate (5 L/s) for a period of 25 years. All
borehole configurations show a rapid decline in the outlet temperature
of the MDBHE, with the single U-tube configuration showing the largest
drop in temperature and corresponding thermal power. At the end of
year 25, the outlet temperature and thermal power for the U-tube
configuration were 6.26 °C and 26.3 kW (a depth-average extraction
rate of 32.8 W/m), respectively (Fig. 6). In contrast, the coaxial and
double U-tube configurations show greater potential in terms of heat
extraction from the subsurface store. The coaxial configuration extracts
most heat with an end outlet temperature of 6.5 °C, whilst the double U-
tube MDBHE has an end outlet temperature of 6.38 °C. Therefore, the
corresponding specific (depth-averaged, calculated at the end of the
simulation) heat extraction rates were 32.8 W/m (U-tube), 36 W/m
(double U-tube) and 39.1 W/m (coaxial). The average specific heat
extraction rates for the duration of the simulations were 35.2 W/m (U-
tube), 38.8 W/m (double U-tube) and 42.5 W/m (coaxial). It can be
inferred that the better heat extraction rates for the coaxial MDBHE are
due to a larger surface area of the annular space in contact with the
surrounding solid grout/rock and a lower borehole thermal resistance.
This is also highlighted in Fig. 6b, where the least heat is drawn into the
MDBHE from the U-tube and thus there are colder temperatures in the
inlet and outlet pipes. Fig. 7 shows where the ground around the double
U-tube and coaxial MDBHE cools significantly quicker than the single U-
tube configuration, signifying greater heat extraction.

The coaxial configuration was marginally better than the double U-
tube (and significantly better than the single U-tube) in terms of thermal
efficiency when extracting heat from the ground, but there are other
considerations required for operation, such as cost, engineering practi-
cality, and potential pressure losses (hydraulic resistance) within the
MDBHE. When considering the pressure drop in the system, there are far
greater losses in the respective U-tube configurations in contrast to the
coaxial. In the coaxial design, the pressure drop was recorded as 85 kPa,
whilst for the single U-tube and double U-tube configurations the pres-
sure drop was 1.46 MPa and 423 kPa, respectively. The reason for the
reduced drop between the U-tube and double U-tube was due to the
circulation flow rate being split between the two separate U-tubes within
the double U-tube MDBHE. Therefore, it can be observed that coaxial is
likely to be the preferred configuration based on the significantly lower
pressure losses in contrast to the U-tube configurations. When consid-
ering the level of turbulence in the pipe, the Reynolds number can be
used to determine the level of turbulent flow. It was established that this
number decreases in the coaxial and double U-tubes in comparison to
the single U-tube (see Table 5), but that flows are fully turbulent in all
cases.

When considering the required power for a circulation pump for each
case (with a 100 % efficiency) the coaxial, U-tube and double U-tube
would require 0.42 kW, 7.3 kW and 2.11 kW, respectively. If the cir-
culation pump is only 60 % efficient, these figures become 0.71 kW,
12.2 kW and 3.5 kW, respectively. It is recommended in the UK that the
pumping power consumption for a closed loop system should be less
than 2.5 % of the thermal output (Eq. (30)) (MCS, 2021). It should be
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Fig. 4. Inlet versus outlet temperature for the data and OGS simulations plotted on a linear scale (a) and logarithmic scale (b) for the x-axis. The red dashed curves
show the modelled data from OGS simulation and the blue coded curves depict the experimental data from Beier et al. (2011).(For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

Table 4

Parameter input from Acuna and Palm (2013) coaxial thermal response test.
Parameter Value Units
Borehole diameter 115 mm
Active heat exchanger length 168 m
Internal pipe outer diameter 40 mm
Internal pipe wall thickness 2.4 mm
External pipe outer diameter 114 mm
External pipe wall thickness 0.4 mm
Pipe wall thermal conductivity 0.40 W/(m K)
Ground thermal conductivity 3.25 W/(m K)
Ground volumetric heat capacity 2.24 x 10° J/(K m®)
Water flow rate 0.58 L/s
Water density 999 kg/m®
Water volumetric heat capacity 4.19 x 10° J/(K m®)
Water thermal conductivity 0.59 W/(m K)
Water viscosity 1.138 x 1073 kg/(m s)
Heat input rate 6360 w
Average ground temperature 8.4 °C

noted that the MCS (2021) guidelines are strictly only applicable for
small (<45 kW) systems in the UK, and the thermal output is defined as
the output of the heat pump rather than the ground loop. Moreover, the
circulation pump power should be sufficient to overcome the pressure
drop not just in the straight subsurface pipe lengths, but also in bends,
fittings, header pipes and the heat pump / heat exchanger. In this study,
only the straight subsurface pipe lengths were considered, so our use of
this criterion should arguably be far stricter. Nevertheless, of the
modelled MDBHE, only the coaxial design sits within this 2.5 % range.

3.2. Impact of depth

Varying depths within the middle-deep range were analysed to test if
depth can improve the performance of different configurations of
MDBHE:s. It was observed that increasing depth resulted in an increase in
outlet temperature and thermal power for all borehole configurations
recorded at the end of the simulation (Fig. 8a). The difference in thermal
power and outlet temperature between the configurations increased
with depth.

Similarly, a linear increase in pressure drop was observed which was
proportional to depth and of the same order of magnitude (kPa for

coaxial configuration and double U-tubes, and MPa for U-tube) (Fig. 9).
For depths of 500 m and 1000 m, coaxial MDBHEs showed an increase in
pressure drop with depth from 52.9 kPa to 106 kPa, U-tubes showed an
increase from 910 kPa to 1.83 MPa, whilst for double U-tubes pressure
increased from 265 kPa to 529 kPa. For all cases, pressure drop is pro-
portional to depth, as is predicted by Eq. (28). Eq. (28) assumes a con-
stant viscosity and density: in reality, the viscosity and density will vary
with depth in the borehole and also with time, as the system evolves. The
greater pressure drop seen in the single U-tube in comparison to the
double U-tube is due to the mass circulation flow rate being halved
between each U-tube within the double configuration.

Increasing depth also results in a greater requirement of the pumping
power because of the high-pressure drops. For depths of 500 m and
1000 m, coaxial MDBHEs require pumping power (assuming a 60 %
efficiency) for circulation of 0.44 kW to 0.88 kW, single U-tubes a
pumping power of 7.62 kW to 15.2 kW, whilst for double U-tubes
pumping power increased from 2.2 kW to 4.4 kW. This highlights that
more power is required to extract the thermal energy with increased
depths. The PPR decreases with depth (see Table 6), which implies that a
higher thermal power can be produced at depth in proportion to the
electrical energy consumed.

3.3. Impact of flow rate

Flow rate had a significant impact on both the thermal power and
pressure drop. Interestingly, when the flow rate modelled was lowest (1
L/s), the U-tube configuration provided the greatest thermal power
recorded at the end of the simulation (Fig. 8b). This was due to greater
velocities in the narrower pipes of the U-tube leading to more turbulent
flow with greater Reynolds numbers and greater heat extraction (27.1
W/m—recorded at the end of the simulation) in contrast to the other
types of MDBHE configuration (7.2 W/m and 22.9 W/m for double U-
tube and coaxial, respectively) (see Table 7). It may also be related to the
lower surface area of the single U-tube giving less opportunity for
thermal short circuiting. The reason for the substantially lower heat
extraction rates for the double U-tube configuration was because the
flow rate was halved between the two inlets. Greater flow rates (>3 L/s)
led to an increase in heat extraction rates for all configurations, with
coaxial providing the highest achievable thermal power. Increasing flow
rates correlate to a disproportionate increase in pressure drop for all
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MDBHE configuration types (Eq. (28) indicates that pressure loss is
proportional to the square of flow rate) (Fig. 10). The U-tube and double
U-tube MDBHESs show far higher pressure drops in contrast to the coaxial

design. The maximum pressure drop for the largest flow rate (9 L/s) was
recorded to be 241.6 kPa (coaxial), 4.22 MPa (U-tube) and 1.21 MPa
(double U-tube).

Fig. 6. (a) Outlet temperature decline with time for the different MDBHE configurations and (b) the different fluid temperature within the MDBHE at the end of the
simulation plotted against depth. Note that 5 °C is the inlet temperature. Note in figure ‘a.” the dashed inset image is the same graph with a logarithmic scale.

As the pressure drop increased for higher flow rates, so does the
power consumption. For the 9 L/s flow rate, the U-tube configuration

10

6.5
Temperature (°C)

showed a power use of 63.3 kW, for the double U-tube it was 18.2 kW
and for the coaxial configuration it was 3.62 kW. Interestingly, more
thermal power was produced, but there was an increase in the electrical
consumption to thermal power ratio, for all configurations for higher
flow rates (see Table 8). This highlights that the increased energy gained
requires a significant proportional increase in electrical energy from
increased flow rates. In the case of the maximum pressure (9 L/s) for the
U-tube scenario, more electrical energy is required for pumping than
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Fig. 7. Thermal evolution of the rock adjacent to the MDBHE with time for
following configurations (a) coaxial, (b) U-tube and (c) double U-tube (note
that time steps are not uniform and increase with time).

Table 5
Reynolds numbers for different DBHE configurations.

DBHE Configuration Reynolds number

Coaxial (annulus) 30,289
Coaxial (central pipe) 91,560
U-tube 154,060
Double U-tube 77,030

that gained as a thermal output. Although in all scenarios, the efficiency
is poorest for the U-tubes with higher flow rates (Table 8). However, for
the lowest flow rate, it is highest in the double U-tubes, due to the
reduction in turbulent flow in the double U-tube configuration in com-
parison to the single.

3.4. Impact of rock thermal conductivity

The rock thermal conductivity of the surrounding formation has a
positive near-linear correlation with both outlet temperature and ther-
mal power for all types of heat exchanger. The rate of increase in the U-
tube MDBHE is far lower than the other types (Fig. 11), with the
maximum rock thermal conductivity of 4.5 W/(m K) corresponding to a
thermal power 38.3 kW (47.9 W/m). In contrast, the maximum thermal
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power and specific heat extraction rate for the coaxial design was 50 kW
or 62.5 W/m. As the rock thermal conductivity does not impact the
governing equation for pressure, there was no change in pressure drop
for any type of MDBHE. Therefore, the efficiency of the system (in terms
of electrical energy consumption by the circulation pump to thermal
power output) improves with increasing rock thermal conductivity.

3.5. Impact of independent configuration parameters

3.5.1. Shank spacing

Larger shank spacing has been shown to increase the thermal per-
formance of shallow borehole heat exchangers, by reducing the thermal
interference between the pipe in and pipe out components of the U-tube
(e.g., Vella et al., 2020). This was also the case in the simulations per-
formed in this study where larger spacing for both the single and double
U-tube resulted in higher outlet temperatures (and thermal powers) for
the duration of the simulation (Fig. 12). The maximum temperatures
recorded at the end of the simulation for the single and double U-tubes
were 6.26 °C and 6.38 °C, respectively, for the 120 mm spacing. These
corresponded to increases in temperature of 0.07 °C and 0.08 °C in
contrast to the 90 mm spacing scenario. Therefore, in the modelled
scenarios shank spacing was shown to have a small impact on overall
performance on the heat extraction rates. The difference in shank
spacing for the U-tube resulted in a difference in heat extraction of
<1.46 KW (1.82 W/m), whilst for double U-tubes this was <1.67 kW
(<2.09 W/m). Under the modelled pressure equation (Eq. (28)) no
change was observed between different shank spacing.

3.5.2. Diameter of inner pipe

In this section the diameter of the pipes was varied to understand the
impact on performance. To ensure realistic scenarios, the standard
dimensional ratio (SDR) was kept at 11 for the U-tubes. This means that
borehole wall varies proportionately with diameter, as SDR is defined as
the ratio between outer diameter and wall thickness. The difference in
thermal performance for varying diameter of the piping for single and
double U-tube MDBHEs was minimal. When considering single and
double U-tubes, the increase in temperature between the smallest and
largest U-tube pipe diameters was 0.098 °C and 0.072 °C, respectively
(Fig. 13a). This corresponded to a difference of thermal powers (and
specific heat extraction rate) of 2.04 kW (2.55 W/m) and 1.5 kW (1.88
W/m), respectively. Similarly, the diameter of inner pipe for coaxial
MDBHEs had a negligible impact on the thermal performance with
thermal powers recorded at the end of the simulation showing <0.04 kW
difference (Fig. 13b). Smaller internal pipe diameters demonstrate a
slightly better thermal performance due to them creating faster veloc-
ities in the central pipe resulting in less thermal interference with the
outer annular space.

However, the diameter of the piping was more significant in terms of
the hydraulic pressure losses in the system. When increasing the inner
pipe diameter of the coaxial MDBHE there was a non-linear reduction in
pressure loss; for the inner pipe diameter of 98.5 mm and 103.5 mm, the
pressure drop was recorded at 89.8 kPa and 78.9 kPa, respectively.
Similarly, for the U-tube and double U-tube MDBHEs, the narrower pipe
diameters resulted in an increase in pressure drop. For the single U-tube
MDBHEs, the pressure drop was recorded at 12.8 MPa (40 mm outer
diameter), 4.39 MPa (50 mm) and 1.46 MPa (63 mm), respectively. For
the double U-tube MDBHEs, pressure drop was recorded at 3.68 MPa
(40 mm), 1.26 MPa (50 mm) and 423 kPa (63 mm), respectively.
Therefore, narrower pipe diameters significantly increase the pumping
power required (and thus electrical consumption) in comparison to the
thermal output (Table 9). Note that our simulation method does not
account for heat generated as circulation pumping overcomes frictional
resistance—in reality the electricity expended in generating the kinetic
energy embodied in circulation pumping would ultimately be converted
to heat as frictional resistance is overcome. This would manifest itself as
additional useful heat. In a hydraulically efficient borehole heat
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Table 6

Different efficiencies of the system (PPR) produced for varying depths. Note that
thermal power recorded at the end of the simulation. Circulation pump effi-
ciency is assumed to be 60 % in all cases. PPR = parasitic power to thermal
output ratio (see Eq. (30)).

MDBHE Configuration PPR (500 m depth) PPR (1000 m depth)

Coaxial 2.93 % 1.95 %
U-tube 61.7 % 39.5 %
Double U-tube 16 % 10.5 %

exchanger, this would be of low significance in the context of the overall
thermal transfer from the geological environment, but could become
significant, in a hydraulically inefficient BHE at high values of PPR. For
the purposes of the modelling in the study, the heat released as a
consequence of circulation pumping has been ignored; and thermal
yields cited relate to heat conducted from the geological formation to
the borehole.
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Table 7
Reynolds numbers for different MDBHE configurations at the minimum and
maximum flow rates.

MDBHE Configuration

Reynolds number (1 L/s)

Reynolds number (9 L/s)

Coaxial (annulus) 6058 54,521

Coaxial (central pipe) 18,310 164,810
U-tube 30,810 277,310
Double U-tube 15,410 138,650

4. Discussion

A range of parameters were tested in this study which revealed that
coaxial MDBHEs have a better thermal performance and lower pressure
drop in contrast to the other types of heat exchanger (Figs. 14 and 15).
The reduction in turbulent flow and pressure drop also leads to lower
power consumption of the circulation pump (Fig. 15). When considering
the thermal efficiency of a system, in terms of thermal power (kW) or
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Table 8

Different efficiencies of the system (PPR) produced for varying flow rates. Note
that thermal power recorded at the end of the simulation. PPR = parasitic power
to thermal output ratio (see Eq. (30)).

MDBHE Configuration PPR (1 L/s) PPR (9 L/s)
Coaxial 0.05 % 11.2%
U-tube 0.64 % 236 %
Double U-tube 0.72 % 61.5 %

specific heat extraction rate (W/m), the double U-tube has a similarly
strong performance to the coaxial configuration. Due to the constant
inlet temperature method of operation (rather than imposed heat load)
and large diameter pipe sizes, shank spacing has minimal impact on the
inlet/outlet pipes temperature. This corroborates work undertaken on
shallower boreholes and suggests the impact of shank spacing is less
pronounced than other parameters such as depth (Vella et al., 2020).
Double U-tubes may be suitable for the middle-deep range for closed-
loop borehole heat exchangers in terms of thermal performance.

However, they experience far greater pressure drops within the system,
almost an order of magnitude higher than the coaxial design, even in
comparison to a variety of coaxial pipe inner diameters (Fig. 14). This is
likely to make them unfeasible for middle-deep geothermal systems,
unless they operate at a reduced flow rate to minimise the pressure drop
(although this would, in turn, lead to increased thermal interference and
decreased thermal output—Fig. 8). Similarly, single U-tubes result in
lower thermal power and the greatest drop in pressure. Furthermore, the
increased pressure drop from both U-tube configurations will lead to
increased power consumption required in order to circulate the fluid
(highlighted for different parasitic power ratios in Fig. 15).

For single and double U-tube MDBHEs, the lowest flow rates (1 L/s)
result in significant reductions in pressure drop, so pumping power
consumption is minimised putting the MDBHEs within the recom-
mended 2.5 % cut-off for pumping power in comparison to thermal
power for ground source heat pumps recommended by MCS (2021).
However, these low flow scenarios do represent considerably lower
thermal outputs than can be achieved with coaxial configurations at an
optimal flow rate (Fig. 8). The higher pressure drop and power
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Table 9

Different ratios of circulation pump power to the thermal power output (PPR)
produced for varying U-tube diameters, for a consistent circulation rate of 5 L/s
Note that thermal power recorded at the end of the simulation.

MDBHE Configuration Outer Diameter (mm) PPR (%)
U-Tube 40 440

50 145

63 46.3
Double U-Tube 40 110

50 36.6

63 12.9

consumption scenarios correspond to high flow rates (>7 L/s) and
narrow pipe diameters (<50 mm outer diameter).

Therefore, i) MDBHEs with the single U-tube configuration can only
operate with moderate thermal outputs for low flow rates (~1 L/s),
which otherwise require significant pumping power, ii) similarly double
U-tubes can also only operate under the lowest flow rate (1 L/s) to meet
the 2.5 % parasitic power ratio criteria, although generally over all
simulations the thermal and hydraulic performance is better than that of
the single U-tube, and iii) coaxial MDBHEs are operable under almost
any scenario modelled in this paper with acceptable pumping power
required. The scenarios where the coaxial system operated slightly
above the 2.5 % cut off were at 500-600 m depth, flow rates of 7-9 L/s
and finally for the lowest rock thermal conductivity used in the study,
due to the decrease in the thermal power produced. The lower depths
modelled reduces the thermal output, which means a lower flow rate
would be more suitable to meet the parasitic power ratio cut-off. For the
higher flow rates the increase in pressure drop requires more circulation
pump power. This emphasises the requirement for careful design of
MDBHE to DBHE systems to minimise electrical consumption. In gen-
eral, however, we conclude that co-axial systems are likely to represent
the optimum solution for MDBHEs, with high thermal productivity and
low hydraulic pressure losses. Finally, there are other practical and
economic considerations. The feasibility of installation and total costs
may also play an important role in which heat exchanger may be used.

5. Conclusions

In this study, a comprehensive comparison has been made between

Geothermics 117 (2024) 102888

coaxial, U-tube and double U-tube borehole heat exchangers for middle-
deep geothermal systems (500 m to 1000 m). Numerical models were
developed using OpenGeoSys software and validated for both U-tube
and coaxial systems against data from Beier et al. (2011) and Acuna and
Palm (2013), respectively. Model results for both types of borehole heat
exchanger showed end outlet temperatures within 0.15 °C and per-
centage error of <0.6 %. Future work should aim to evaluate and verify
the models against empirical data from a real system which is classified
as a MDBHE. A range of parameters were then modelled for a period of
25 years using a constant inlet temperature to understand how they
impact thermal performance and pressure drop in MDBHEs. The key
findings were:

e Coaxial MDBHEs can extract more heat than other types of MDBHEs.

For the initial base case, the specific heat extraction rates were

calculated at the end of the simulation as 32.8 W/m (U-tube), 36 W/

m (double U-tube) and 39.1 W/m (coaxial).

Coaxial MDBHEs experience far lower pressure drops in contrast to

the other types of BHEs. At base case conditions, the coaxial pressure

drop was recorded as 85 kPa, whilst for the U-tube and double U-tube
configurations the pressure drop was 1.46 MPa and 423 kPa,
respectively.

Increasing depth results in an increase in thermal output, outlet

temperature, and pressure drop for all MDBHEs.

o At lower flow rates (1 L/s), U-tube MDBHEs show the best perfor-
mance in terms of thermal power and specific heat extraction rates.
In contrast, thermal short-circuiting is greatest in coaxial BHEs at low
flow rates and this is manifested in lower geothermal heat yields.
Pressure drop increases with increasing flow rates for all MDBHE
types.

e Rock thermal conductivity and shank spacing only impact the ther-

mal performance of MDBHEs. A reduction in shank spacing can lead

to thermally inefficient U-tube and double U-tube MDBHESs due to
thermal short circuiting, but for the examples presented here the
impact of shank spacing is relatively low.

Single U-tubes are only viable (with PPR values <2.5 %) in the

scenario for flow rates of 1 L/s and generally provide low thermal

output at depth and offer practical difficulties in installation, thus,
highlighting their unsuitability for depths > 500 m due to increased
parasitic circulation pumping losses.
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e Double U-tubes only meet the cut-off of 2.5 % parasitic power to
geothermal output ratio under the flow rate of 1 L/s and appear to be
poorly suited to MDBHE-DBHE systems due to increased parasitic
losses. However, they have a significantly reduced pressure drop in
contrast to single U-tube MDBHEs. To operate in the MDBHE range
either i) the electrical consumption threshold would need to be
increased, ii) the borehole diameter should be maximised, or iii) a
renewable energy source could contribute to meeting electricity
consumption of the heat pump in a hybrid system.

Coaxial borehole heat exchangers perform best in terms of optimis-
ing geothermal heat extraction and minimising hydraulic pressure
losses in MDBHEs and DBHEs. Coaxial design should normally
therefore be adopted when investigating boreholes at depths greater
than 500 m. They are also the only type of MDBHE configuration that
meets the MCS (2021) 2.5 % electrical consumption rating in
contrast to thermal power output for almost all the simulations, other
than those of flow rates of 7 and 9 L/s, depths of 500-600 m and low
rock thermal conductivities (1.5 W/(m K)).
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