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Deep Borehole Heat Exchangers (DBHEs) are a potentially important method of developing geothermal resources
through closed-loop systems for carbon neutral, spatial heating. Past research has primarily focused on single-
well systems, with few investigating arrays of multiple DBHEs as a method of extracting more thermal en-
ergy. In this study, a series of arrays were modelled using OpenGeoSys software, with the aim of understanding
the influence of array geometry, inter-borehole spacing and the mode of operation on the thermal performance
and system efficiency. OpenGeoSys software is a finite-element model which solves thermal fluxes through the
wellbore and surrounding rock using the dual-continuum method. Simulations were undertaken for the lifetime
of an array (20 years) with modes of operation testing 1) long-term constant heat load application and 2)
intermittent operation with 6 months of extraction followed by a recovery period. Results indicate geometry and
mode of operation had a significant impact on inter-borehole spacing and system performance. For long term
constant heat load application of 50 kW per DBHE, the minimal spacing required for line and square arrays
should be 40 and 30 m. When considering intermittent operation, recovery periods allow replenishment of heat
around the borehole, meaning smaller spacing can be utilised.

1. Introduction

Internationally, there is a drive to reduce carbon emissions and limit
global warming by transitioning to renewable energy sources. Space
heating is traditionally sourced by non-renewable, fossil fuels (typically
gas) and represents a significant area for decarbonisation. Whilst a range
of renewable energy sources can be developed, geothermal energy has
strong potential due to its ability to provide a weather independent,
constant base load of energy. Shallow borehole heat exchangers can be
coupled to ground sourced heat pumps to extract heat. Typically, these
deploy arrays with a u-tube configuration in shallow depths <300 m (e.
g. Refs. [1-3]), which is also defined as the regulatory boundary for the
UK between shallow and deep geothermal resources by the Infrastruc-
ture Act [4]. Increased investigation is, however, occurring in DBHEs,
but this is usually focused on single borehole systems (e.g., Refs. [5-9]).

Shallow and deep borehole heat exchangers are affected by local
geological, operational and engineering conditions such as thermal
conductivity of cement, casing and rock, groundwater flow, flow rate
etc., [8,10-13]. The spacing and geometry of the borehole heat
exchanger array can also have a significant impact with spacing ideally
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set to >20 m in shallow settings to reduce thermal interference [14].
Similarly, in deep settings the thermal propagation of the cold front
around a DBHE has been shown to be < 15 m over a heating season [8]
and <80 m for a 25 year period of operation [15], whilst the limited
studies conducted on DBHE arrays have suggested borehole spacing
should be over 15 m [16,17]. Therefore, for a DBHE operating to extract
heat only, without re-injecting, it is preferred, from the point of view of
thermal interference, for the spacing of the array to be as large as
possible. In reality, this preference will be balanced against the costs of
land, lengths and inefficiencies of header pipework. In this study, sim-
ulations were undertaken to test the impact of spacing around the
DBHE:s, the influence of different methods of operation on DBHE spacing
(i.e., intermittent v constant base load extraction) and whether the
shape or design of the array has an impact on the performance.

The case study is based upon the real case of the Newcastle Science
Central Deep Geothermal Borehole (NSCDGB). This was chosen due to:
1) the high heat flows observed in the area [18,19] which are associated
to the geothermal resource concentrated within the North Pennine
Batholith [20], 2) currently, there is an ex-geothermal exploration
borehole for which a plan is in place to test as a potential DBHE [21], 3)
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Fig. 1. Map of the UK highlighting Newcastle and the area available for the DBHE array. Satellite image from Google Maps [24].

there is a large amount of land that is available for drilling and 4) esti-
mates of a single DBHE heat extraction rate over a heating season [22]
suggest the resource would be unlikely to supply the building demands
[23], therefore there is a theoretical opportunity for a DBHE array to be
scaled. The geology consists of a Carboniferous succession of sedimen-
tary rocks, with 1821 m penetrated by the NSCDGB [18]. In this case
study, the DBHE is limited to 920 m depth as a 4.5 inch (11.43 cm) liner
inserted below this depth restricts access for pipework of an acceptable
hydraulic performance. The array of DBHEs were therefore, designed
with identical parameters to the NSCDGB where there is data on well
completion, design, geology and thermal parameters.

In this paper, the model was developed on OpenGeoSys software (e.
g., [13,42]) to understand the subsurface response to operation of a
DBHE array for the Newcastle Helix area and adjacent buildings (Fig. 1).
Long term simulations were carried out to understand the influence of
borehole operation, spacing and array layout. Previous analysis on
DBHE arrays has focused on a specific case study [16] and array design
[17] without testing the impact of different modes of operation. Simi-
larly, minimal research has been undertaken on the mode of operation of

Hot water produced

0 km

Gradient 33.4 °C/km

1.3 km

single DBHEs, but those who have, suggest that greater mean extraction
rates over the period of operation can be supported with longer periods
of recovery from horizontal DBHEs (e.g., Ref. [25]). The method of
operation has not been extended to DBHE arrays. This study therefore,
tests the influence of modes of operation on different array designs and
spacing; specifically focusing on constant heat load operation, before
comparing it with intermittent operation with periods of rest.

2. Methods
2.1. Numerical modelling approach

OpenGeoSys (OGS) software was utilised to model the performance
of the DBHE array in the Newcastle Helix area. The finite element model
utilises a ‘dual-continuum’ approach which treats the DBHE as a 1D
discretised medium and the surrounding rock in 3D. In this study, the
model uses a CXA (coaxial DBHE) configuration (Fig. 2). Fluid is
circulated down the annular space before being circulated to the surface
through the central pipe. The models developed only consider

Fig. 2. Schematic of DBHE array and thermal interactions between components of the system.
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conductive heat transfer in the surrounding rocks due to limited
groundwater flow in shallow aquifers in the area [18] and previous
studies have proven the influence of groundwater on DBHE:s to typically
be minimal [13].

A simple representation of the DBHE has been assumed here with a
single grout layer and a single casing; a real setting typically has several
casing and annular grout fills. There are four governing equations for
heat transfer in (a) the rock formation, (b) the grout, (c) the borehole
casing and (d) the central coaxial pipe. The governing equation in the
rock formation is given by the energy balance ([13,42]):

ot [1]

[wpser + (1= @)p,e,]T, =V - (A, - VT,) =H,
where ¢ is the rock porosity, p, is the rock bulk saturated density, py is
the circulating fluid density, T, is the rock temperature, c, is the bulk
saturated specific heat capacity of the rock and ¢ is the specific heat
capacity of the fluid. Porosity was set to zero as advective heat flux was
not modelled in the surrounding rock. Properties were assumed to be
constant without dependence on temperature and pressure. H, is the
source term and A, is the thermal hydrodynamic dispersion tensor,
which depends on the bulk thermal conductivity of the rock 4,. Between
the rock and the DBHE, a heat flux (gnr,) boundary condition is adopted:

qur, = — (A, VT,) [2]
Heat transfer by conduction dominates within the grout:

oT,
(lffﬂg)pgcgifv' [(17¢g)’1g'VTg] =H, [3]

ot

where the subscript g represents the grout. In the borehole casing (i.e.,
inlet, subscript i) and central coaxial pipe (i.e., outlet, subscript 0), heat
transfer is governed by the following advective heat transfer equations
respectively:

JT;

prerg, H Py VTi= V- (A T;) = H; (4]
a7,

Py wa +Ppscevo - v1,-V- (Af . Tr)) =H, [5]

where v; and v, are the inlet and outlet fluid velocity vectors, respec-
tively. Ar represents the hydrodynamic thermo-dispersion tensor which
in this example can be simplified to equal the fluid thermal conductivity
(45).

The horizontal thermal resistance to heat flow within the DBHE is
analysed analogously to a resistor network. First, there is a thermal
resistance to heat flow between the rock and grout (Rg), then thermal
resistance between the grout and the borehole casing (Rg,). Lastly, Ry is
the thermal resistance between the borehole casing and the central co-
axial pipe (see Fig. 2). The boundary conditions at these three interfaces
are influenced by their respective thermal resistances. Using the outer
surface area at the relevant interface, the thermal resistances are
expressed as heat transfer coefficients (@) which appear in the boundary
conditions for the grout, borehole casing, and central coaxial pipe. The
boundary condition for equation [3] can be expressed as:

qnr, = — <Pg, (Tr - Tg) - (pﬁg (TI - TS) (6]

In a similar procedure, the boundary conditions for equations [4]
and [5] are expressed respectively as:

qnr; = — (Dﬂg(rr - Ti) - d’ﬁ'(Ta - Ti) [7]

(8]

The heat transfer coefficients in equation [6-8] are a function of the
borehole casing diameter (d.qing), the central coaxial pipe diameter
(dcenra), and the borehole diameter (D). The heat transfer coefficients

qur, = — Py(Ti = T,)
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are given by: &y = 1/RgaD,, Ps = 1/Rpgndeasing, and &y =
1/Rgndcensa. See for example, [43], on how to compute the thermal
resistances.

2.2. Evaluation of system efficiency

The boundary condition prescribed at the top of the DBHE as the
thermal power (Ppggr) was based on the inlet and outlet fluid temper-
ature from the heat pump to the wellbore. Thus, each DBHE was treated
independently, with its own 50 kW heat pump (in reality, boreholes in
an array may alternatively be connected in parallel to a single large heat
pump, such that they all experience the same Tj, but varying thermal
power extraction). The thermal power of the DBHE can be calculated as
(e.g. Refs. [26,27]):

PpsuE :/)_,«C/Q(Tuuz —T) [9]
where Q is the volumetric flow rate and other parameters are listed as
above in section 2.1 (or Table 1). The thermal power was pre-set at 50
kW for each borehole and a temperature difference between the inlet
and outlet imposed. The equivalent average building thermal load was
then calculated as the output from the heat pump. The efficiency of the
system can be calculated using the coefficient of performance (COP)
which is the ratio of the thermal energy supplied to the building from the
heat pump (Ppuding) and the electrical energy consumed by the heat
pump (Wp,) (e.g., Ref. [36]).

— Phuitaing

corp [10]

hp

The COP equation uses a simple linear relationship between the fluid
leaving the heat pump and the outlet temperature of the DBHE. This
assumes fluid in the heat pump is heated to a temperature of 35 °C

Table 1

Thermo-physical parameters of the model. Model parameters are either taken
from literature, assumed unpublished values (assembled by Westaway [28] and
Banks [29]), calculated values or given as the most likely value. Sources from
literature include: Younger et al. [18], Kimbell et al. [30], Westaway and
Younger [31], Brown et al. [8], Gebski et al. [32], Bott et al. [33], England et al.
[34], Lesniak et al. [35]. Note the inner pipe is the coaxial pipe and the outer
pipe is the casing. The real nature of the casing situation is notably more com-
plex than that modelled. The thermal properties of the rock in the subsurface are
taken as the weighted average from Kolo et al. [22].

Parameter Value Units Symbol
Borehole Depth [18] 922 m L
Borehole Diameter [18] 0.216 m Dy
Outer Diameter of Inner Pipe 0.1005 m -
Thickness of Inner Pipe 0.00688 m -
Thickness of Outer Pipe 0.0081 m
Thickness of Grout 0.01905 m
Thermal Conductivity of Polyethylene Inner 0.45 W/(m.K) -
Pipe

Thermal Conductivity of Steel Outer Pipe 52.7 W/(m.K)
Density of Rock [22,30] 2480 kg/m® Pr
Thermal Conductivity of Rock 2.55 W/(m.K) Ar
Specific Heat Capacity of Rock [22,31,35] 950 J/(kg.K) C,
Volumetric heat capacity of rock 2.356 MJ/(m®,

K
Density of Grout 995 kg/m? Pe
Thermal Conductivity of Grout 1.05 W/(m.K) Ag
Specific Heat Capacity of Grout 1200 J/kgK Cq
Density of Fluid [8] 998 kg/m® s
Thermal Conductivity of Fluid 0.59 W/(m.K) Af
Specific Heat Capacity of Fluid 4179 J/kgK Cy
Heat Load Extracted 50 kw PpgrE
Surface Temperature [32] 9 °C -
Geothermal Gradient [18,32] 33.4 °C/km
Volumetric Flow Rate 0.005 m®/s Q
Circulation Pump Efficiency 70 % n
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Fig. 3. (a) Example 3D mesh for a line array, (b) example 2D plan view of 1 DBHE, (c) example 2D plan view of a line array and (d) example 2D plan view of a 3 x 3

square array. Location of Fig. 6 cross slice highlighted.

before being used for spatial heating [37]:

CcoP = (T,, x 0.083) + 3.925 [11]
where Ty is in °C. This implies that, when the fluid entering the heat
pump is 0 °C, the COP is 3.925. The thermal power for the DBHE is
related to building heat load as:

Ppgre = Ppuiding — Wip [12]
Furthermore, a relationship between heat extracted from the DBHE and
heat load of the building can be established as:

cor

COP—1 [13]

Phuilzling: PDBHE

When exploiting geothermal energy from a DBHE the power from the
circulation pump (W,,) should also be considered as pressure drop will
require energy to circulate the fluid. As such, the coefficient of system
performance (CSP) can be used to evaluate the total electrical energy

used by the system to extract the heat [13]:

445

Pritdin
CSPp — - building [14]
Wi, + W,
The energy used by the circulating pump was calculated as [27]:
AP
w, =200 [15]
n

where AP is the pressure drop in the DBHE and n is the efficiency of the
pump (assumed to be 70%). The pressure drop was calculated as the
summation of pressure drop in the central pipe and annular space.
Pressure drop was calculated for each component using the Darcy-
Weisbach equation and Petukhov’s version of the friction factor, valid
down to Re = 3000 [13,38,39]:

Lp,V}
" 2D,[0.79 In(Re) — 1.64]

Ap [16]

where L is the length of the pipe, V; is the mean velocity of the inlet, Dy, is
the hydraulic diameter, and Re is the Reynolds number (assumed to be
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for turbulent flow in this study).

2.3. Model parameters, boundary and initial conditions

For the Newcastle Helix area, under initial conditions the model was
set up to increase in temperature with depth, subject to a geothermal
gradient of 33.4 °C/km with a surface temperature of 9 °C. The tem-
perature of all DBHE components was initially assumed to be in equi-
librium with the surrounding rock (i.e., Tgour = Tauid = Trock). The
boundary conditions were defined as follows: (i) upper surface, Dirichlet
boundary condition, with constant surface temperature at 9 °C, (ii)
lower surface, Neumann boundary condition with constant basal heat
flux of 85.17 mW m™? to reflect the geothermal gradient and thermal
conductivity (iii) lateral boundaries, Neumann no flow boundary con-
ditions with heat flux set to zero. The lateral and bottom boundaries of
the model were also set to a distance far enough from the DBHESs to
minimise any interactions caused by domain boundaries. The minimum
nodal domain was set to be 500 x 500 x 1300 m (x,y,z) and the depth of
each DBHE to 920 m.

Model data has been collated from a series of sources (Table 1), with
in-situ data used where possible or else taken from literature. The
thermal parameters utilised were assumed to be the bulk saturated
properties for the rock taken as a weighted average through the vertical
dimension of the model [22]. To identify the smallest spacing required
between DBHEs to reduce thermal interference, models were initially
simulated for 20 years of constant heat load operation.

The smallest spacing was then identified as the point that any DBHEs
fluid circulation temperature dropped below 0 °C, which is anticipated
to cause freezing in the DBHE or heat pump as it is assumed fresh water
was the circulating fluid. This is a low threshold and in reality risk of
freezing could start at ~3/4 °C.

Long term simulations were then conducted to compare the influence
of intermittent and constant heat load extraction over the lifetime of 20
years. In all cases a 50 kW heat load was imposed for each DBHE with a
5 1/s flow rate. A series of geometrical set ups were considered in the
study (Fig. 3): a single DBHE, a 5 DBHE line array and a square 3 x 3
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DBHE array. These were selected as notional cases that could be scaled
to a maximum inter-borehole distance of 50 m within the area high-
lighted in Fig. 1. Spacing sizes of 20-50 m were modelled with incre-
mental increases of 10 m.

2.4. Model benchmarking

The model was compared against an analytical solution by Beier [40]
for the NSCDGB. A constant heat load of 50 kW was applied with cir-
culation velocity of 5 1/s for a 20 year period (with parameters identical
to that in Table 1); this is based on the single DBHE scenario outlined
further in section 3.1. As highlighted in Fig. 4a and b, the models show
good agreement with minimal discrepancy between inlet and outlet
temperatures. Less than 0.12 °C difference was measured at the end of
the simulation for the entire depth of the DBHE. Further benchmarking
of OpenGeoSys against other solutions has also been conducted (e.g.
Refs. [2,41]), providing high levels of confidence in the software for
accurate simulations.

3. Results
3.1. Analysis of deep single borehole heat exchanger

Over the duration of the simulation, inlet and outlet temperatures
decline with log time (Fig. 4a). The rapid temperature decrease in the
first few days highlights thermal drawdown and cooling of the borehole
(Fig. 4). As highlighted in Fig. 4a and c, prior to the cooling of the
borehole, there is a warming over the length of the borehole and in-
crease in the circulation fluid at the top of the borehole at ~10 h. This is
caused by the extraction of the warm fluid at the base of the DBHE
during the first cycle of circulation of fluid through the annular space
and central pipe. Following this, the rock adjacent to the borehole cools
rapidly (Fig. 4c).

The thermal field in proximity to the DBHE showed sharp concaving
upwards with limited thermal cooling to within 60 m (measured to
<0.1 °C) (Fig. 4d). At the end of the simulation the outlet and inlet

Fig. 4. Comparison between model data for the sin-
gle DBHE scenario and the analytical solution by

a. b.
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temperatures. (c¢) Thermal evolution of the rock
\ adjacent to the DBHE with time (note time steps are
\ not uniform and increase with time). (d)Temperature
. \‘ profiles in the rock around the DBHE (located at point
*, : 0) after 20 years of simulation.
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temperature, within the central pipe and annular space, were 4.6 and
2.2 °C, respectively. The results from the initial single well simulation
were utilised as a base case to compare with the DBHE arrays and the
increased thermal cooling of a system caused by thermal interference
between different boreholes. Furthermore, it is also evident that if a
constant heat load is applied for a period of 20 years, a heat pump will be
required. Throughout the simulation the coefficient of system perfor-
mance varied between 4.1 and 5.6. The former associated to low outlet
temperatures at the end of the simulation and the latter to high outlet
temperatures within the first few hours. The building load supported
was 65.11 kW, recorded at the end of the simulation.

3.2. Analysis of deep borehole heat exchanger line array

Both the 20 m and 30 m inter-borehole spacing resulted in negative
inlet temperatures of individual DBHEs within the line array, and a
negative average inlet temperature (Fig. 5a). This highlights the thermal
cooling of the surrounding rock around each individual DBHE and
thermal interference caused by the proximity of the spacing (Fig. 6).

a.
30r
........ 20 m inlet
25F = ==20 m outlet
........ 30 m |n|et
= ==30 m outlet
s e 40 m inlet
e = ==40 m outlet
g 15 [ ........ 50 m inlet
© \ = —=50 m outlet
2 A Y
g 10 k. ~
(O o,
[t
5 3
O -
-5 4
0 20
Time (years)
6 -
& ——20m
8 —30m
= 55fF =40 m
o ——50m
©
E 5
£
O]
o
E45F
2
2]
>
%)
5 4f
€
0
L
535F
o
(&)
3 )
0 20

Time (years)

Fig. 5. (a) Average inlet and outlet temperatures across DBHEs for different
inter-borehole spacing for line arrays. Inlet (annular space) is the dotted line
and outlet (central pipe) is the dashed line. (b) Coefficient of system perfor-
mance evolution versus time.
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Both the 40 and 50 m inter-borehole spacing scenarios showed more
cooling of the fluid within each DBHE in contrast to the single well
scenario, however, for both, the circulating fluid always stayed above
0 °C. The distributions of temperature in the subsurface around each
array also reveal significant thermal drawdown in the subsurface, with
greater cooling around the central DBHEs, particularly when inter-
borehole spacing was 20 or 30 m. In Fig. 6a and b, the rock tempera-
ture at the point of the central DBHESs is approaching zero, or exceeding
this for the 20 m spacing scenario. In Fig. 6¢ and d, the rock proximal to
the DBHEs is always above zero with limited differences between the
DBHESs within the array, which was interpreted as a result of restricted
thermal interference.

Fig. 7a compares the maximum difference in circulation tempera-
tures within the DBHE array. The difference was taken between the
circulation fluid at the top of the inner and outermost borehole, with the
difference between inlet and outlet temperatures equal due to the pre-
scribed heat load for each DBHE. Results show that the innermost DBHE
is significantly cooled in comparison to the outer DBHEs and further
supports thermal cooling is greater at the centre of the array. Reduced
inter-borehole spacing increases the maximum difference in circulation
temperature. This was observed by the difference in maximum tem-
perature between the 20 and 50 m spacing scenarios at year 20, where
for the former a difference of 2.91 °C was observed and the latter
0.48 °C.

Based off the average outlet/inlet temperatures for each array
(Fig. 5a) and the temperature profiles through the surrounding rock
mass (Fig. 6), it appears a minimum spacing of 40 m between DBHEs is
required (if 0 °C is the cut-off temperature). In reality, greater inter-
borehole spacing will be better for minimising thermal interference.
Furthermore, when considering the efficiency of the system the CSP is
reduced for the 20 and 30 m scenarios (Fig. 5b), indicating more energy
is required to operate the heat pump, caused by the lower outlet tem-
peratures. Whilst a heat load of 50 kW was imposed per DBHE the
building heat load supported on average per DBHE at the end of the
simulation ranged from 67 to 65 kW (for 20-50 m, respectively).

3.3. Analysis of deep borehole heat exchanger square array

Similarly to line arrays, the 20-30 m inter-borehole spacing resulted
in fluid temperatures reducing below 0 °C by the end of operation
(Fig. 8a). In contrast, however, the 40 m spacing also showed a drop in
average borehole fluid inlet temperature below 0 °C before the end of
the simulation. This highlights the geometry of the array results in more
thermal interference between boreholes. The cooling of the system is
also reflected when considering the system efficiency. At the end of the
simulation the coefficient of system performance is lower for each
spacing increment in comparison to that of the line array and single
DBHE. At 20 years, the minimum and maximum CSP is 3.29 and 4.04,
respectively for the 20 and 50 m spacing. More energy is required by the
heat pump per DBHE too, due to decreased outlet temperatures with a
similar building heat load per DBHE given as 70-66 kW, respectively.

The maximum difference in temperature between inner and outer
boreholes was greater than that for line arrays. Fig. 7b highlights that
there is a difference in excess of 6 °C at the end of the 20 year simulation.
Significant cooling occurs in the central DBHE. This is due to more
DBHESs within a smaller area mining more heat from the ground, limiting
the thermal replenishment. The warmest DBHE in each of the arrays was
located in each corner.

3.4. Impact of operation on longevity

To test if the results on spacing and array geometry were dependent
on operation of the system, the performance of different arrays under
both constant heat load extraction and intermittent heat extraction with
periods of recovery were compared. In reality operational cycles will
have short-to-long term extraction patterns; however, in this study they
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were investigated using the average heat load applied to a typical
heating season in the UK (6 months), followed by an equal amount of
recovery in the subsurface. The different arrays were then tested and
compared to see if the method of operation could enable smaller inter-
borehole spacing dependent on the mode of operation and geometry.
Mode of operation significantly impacted the temperature of the
circulation fluid within the DBHEs. For all arrays constant heat load
operation resulted in a greater temperature drop in comparison to
intermittent operation. Periods of recovery allow warming of the DBHEs
and replenishment of the resource. For example, consider the inter-
borehole spacing for both line and square arrays where the circulation
temperature dropped below 0 °C for constant heat load extraction (i.e.,
30 m for the line array and 40 m for the square array). Both the line and
square arrays previously dropped to temperatures unlikely to be oper-
able for long term extraction using a constant heat load. When imple-
menting an intermittent source term they showed reduced cooling in the
subsurface and within the DBHE for the lifetime of operation (Fig. 9). At
the end of the last extraction period under intermittent operation (at
19.5 years) the inlet temperature was 5.7, 4.7 and 4.6 °C for the single
DBHE, line and square arrays respectively (Table 2). The minimum
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temperatures of the fluid at surface level were therefore, far higher than
during constant heat load operation. When identifying the minimum
spacing under intermittent operation for both array geometries the 10 m
(line) and 20 m (square) spacing showed circulation temperatures in the
extraction period to drop below 0 °C. Therefore, the minimum spacing
for line and square arrays was 20 and 30 m, respectively.

Furthermore, the amount of energy extracted during intermittent
operation over the lifetime of the system in comparison to the constant
heat load operation was considered. When using the same constant heat
rate less energy will be extracted during intermittent operation. There-
fore, further testing was undertaken such that the total energy extracted
during the lifetime was equal for both modes of operation.

For the single DBHE example, the constant heat load operation
amount was reduced to an extraction rate of 25 kW to match the 50 kW
intermittent operation total thermal energy extraction. Difference in
circulation temperatures are highlighted in Fig. 10. The figure shows
that the total thermal energy extracted over the year is as important as
the mode of operation. When the total heat extracted is equal for con-
stant heat load and intermittent modes, the smaller heat extraction rate
imposed for constant heat load results in far less cooling of the DBHE
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Fig. 8. (a) Average inlet and outlet temperatures across DBHEs for different inter-borehole spacing for square arrays. Inlet (annular space) is the dotted line and
outlet (central pipe) is the dashed line. (b) Coefficient of system performance evolution versus time.

fluid. This results in higher outlet temperatures and improved CSP.
Therefore, there are benefits in applying a constant heat load over the
period of operation, however, practically this may not correspond to
periods of high demand and the heat extracted is more likely to
contribute to demand, rather than meet it directly.

4. Discussion: implications of modes of operation, geometry and
borehole spacing on array performance

When considering constant heat load operation over the lifetime of a
DBHE array, this study has shown line arrays may be more suited for
operation of DBHE arrays. From a technical perspective they require
reduced inter-borehole spacing and also have the benefit of taking up
less surface space. In contrast, square arrays demonstrate poorer per-
formance and increased thermal interference between each DBHE.
Other studies have suggested a low minimum inter-borehole spacing
(15 m) than established in this study [16,17]; however, these studies
model intermittent operation only. When comparing intermittent
operation (6 months extraction v 6 month recovery) with constant heat
load operation it appears a reduced inter-borehole spacing can be
applied. For the single DBHE, 30 m line array and 40 m square array the
intermittent operation mode resulted in far higher minimum inlet and
outlet temperatures in comparison to the constant heat load extraction
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rate. Intermittent operation allows replenishment of the heat extracted
and reduced thermal drawdown, implying far smaller inter-borehole
spacing can be supported. Although, when investigating the total en-
ergy extracted (i.e., constant heat load of 25 kW and intermittent at 50
kW) it appears the 25 kW constant heat load operation will improve
thermal performance and system efficiency.

This study also has local connotations to the Newcastle Helix area
where the array could theoretically be deployed. The large spacing
required for both types of arrays means the spatial area required on the
surface must be carefully considered before development. Prior to
scaling of DBHE geothermal projects, this study has highlighted the
method of operation is important to consider, with intermittent opera-
tion allowing more boreholes to be situated within the area. Further-
more, future developments may also consider the impact of
incorporating a splitter if utilising the thermal energy in a heat network.
When adopting a multi-DBHE system it appears theoretically the heat
load of the adjacent Urban Sciences Building can be supported for the
duration of the year. Zirak et al. [23] modelled the heat demand to be
between 989 MWh and 792 MWh per annum, with a significant decline
in demand between May and October. Therefore, assuming most of this
demand occurs in 6 months one borehole operating intermittently for 6
months extraction with at a rate of 50 kW could produce 219 MWh,
which would supply the building ~285 MWh of heat (over 182.5 days).
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Fig. 9. Average inlet and outlet temperatures across
DBHEs for different arrays (a) single DBHE, (b) line
array with 30 m spacing and (c) square arrays with
40 m spacing. Inlet (annular space) is the dotted line
and outlet (central pipe) is the dashed line. The fluid
is assumed to stop circulating in the non-operational
periods; thus the inlet and outlet temperatures are
approximately static but trend towards surface tem-
perature. On commencement of operation, a small
recovery is seen due to re-equilibration of deeper rock
and fluid temperatures.

Intermittent Operation (°C)

Constant Heat Load Operation (°C)

Inlet Outlet Inlet Outlet
Single DBHE 5.7 8.1 2.2 4.6
Line Array (30 m) 4.7 7.1 -0.0 2.4
Square Array (40 m) 4.6 7 -0.1 2.3
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Fig. 10. Average inlet and outlet temperatures for a single DBHE with constant
heat load of 25 kW (black) and an intermittent mode of operation of 50 kW for
6 months (red). Inlet (annular space) is the dotted line and outlet (central pipe)
is the dashed line. In both cases, a total of 219 MWh/a heat is extracted. The
fluid is assumed to stop circulating in the non-operational periods; thus the inlet
and outlet temperatures are approximately static but trend towards surface
temperature. On commencement of operation, a small recovery is seen due to
re-equilibration of deeper rock and fluid temperatures.

If looking to meet all the demand using a DBHE line array approximately
4 DBHEs would be required with a minimum spacing of 20 m. Further
testing and optimisation would be required to match data in reality.

5. Conclusions

In this study, a numerical model was established with the aim of
investigating scalability of DBHEs in the form of operation as an array.
Long term performance of different array geometry and spacing was
tested, with further focus on the impact of operation. The key conclu-
sions were:

e Initial benchmarking in comparison to the analytical solution by

Beier [40] show OpenGeoSys software to have a high level of accu-

racy, with minimal discrepancy (<0.12 °C) in comparison.

When operating using a constant heat load of 50 kW for 20 years the

minimum inter-borehole spacing requirement for line arrays was 40

m and for square arrays 50 m.

e When operating using intermittent heat load of 50 kW for 20 years

the minimum inter-borehole spacing requirement for line arrays was

20 m and for square arrays 30 m.

Smaller heat loads are likely to require a reduced minimum spacing

for both modes of operation. Lower fluid circulation temperatures (i.

e., circulating fluid with anti-freeze) will also allow the use of

borehole spacing less than the proposed “minima".

The coefficient of system performance shows high degradation when

the average outlet temperature of the array drops below zero, with

CSP ranging from 5.6 to 3.29 throughout the study.

For the NSCDGB the line arrays modelled have greater CSPs and

require less space between DBHEs as they allow for less thermal

interference in contrast to a square array.

Intermittent operation results in reduced inter-borehole spacing and

is likely to allow increased heat extraction rates to be implemented

on the array with increased recovery periods.

e When considering the total heat extracted, performance is best when
a constant heat load is applied, rather than higher heat loads over
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shorter time periods. This minimises thermal drawdown in the sys-
tem and increases the efficiency.
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