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Abstract 20 

Few deep wells have been drilled in the Cheshire Basin, resulting in high geological and financial risk 21 

of geothermal developments. Although the geothermal gradient in the basin can be predicted, the 22 

transmissivity of aquifers at depth are unknown. This has led to an investigation of lower risk 23 

strategies such as deep coaxial borehole heat exchangers (BHEs) for spatial heating, rather than 24 

traditional doublet methods. A model of a deep coaxial BHE was designed within MATLAB using the 25 

finite-difference method. The model produces accurate results in comparison to an analytical 26 

solution with a fast computational time. Results indicate that under best case geological parameters 27 

sustainable heat loads in excess of 298.7 kW can be produced from deep coaxial borehole heat 28 

exchangers at a depth of 2.8 km over the duration of a 20 year operational cycle. The thermal 29 

gradient and conductivity for this scenario were set at 27 °C/km and 3 W/m°C, respectively. 30 

The thermal gradient, depth of borehole, volumetric flow rate and thermal conductivity of the 31 

surrounding rock all impact the heat load and outlet temperature of a deep coaxial borehole heat 32 

exchanger. The coefficient of system performance decreases with increased volumetric flow rates 33 

due to an increase in power consumption within the borehole heat exchanger. For an optimal flow 34 

rate of 4 l/s (calculated as the flow rate to produce most net power at the end of a heating season), 35 

the coefficient of system performance was 5.29. The thermal performance and efficiency of the 36 

system provides confidence that the geothermal resource of the Cheshire Basin has significant 37 

potential to be developed via deep coaxial borehole heat exchangers. Additionally, regression 38 

analysis was undertaken in this study. These models can be used to predict heat loads and outlet 39 

temperatures at the end of a heating season without the need for complex numerical modelling.   40 

 41 

 42 

 43 



1. Introduction 44 

Geothermal energy is a renewable energy source capable of replacing some of the energy 45 

currently produced from non-renewable sources, such as oil and gas. Geothermal schemes 46 

exploiting energy from deep low-enthalpy systems (> 1 km), where heat is transferred from the 47 

Earth’s hot core towards the cooler surface of the crust and from decay of radionuclides, can often 48 

produce more energy than shallow systems (<10 m), where heat is transferred to the Earth by the 49 

sun. Shallow systems of 15-500 m in depth typically show an increase in heat corresponding to the 50 

natural geothermal gradient (Krarti et al., 1995; Pérez, 2019; Riva, 2019). Geothermal systems also 51 

have the benefit of being weather independent (Schiel et al., 2016) and are able to produce a 52 

constant base load of energy.  53 

In the UK, the exploitation of deep low-enthalpy geothermal systems is in its infancy, with 54 

only one commercial scheme (supplying ~3000 homes, 10 schools and numerous commercial 55 

buildings) operating at Southampton (Barker et al., 2000; Energie-Cités, 2001; Lund et al., 2011). At 56 

Southampton, a single extracting well targeting the Sherwood Sandstone Group at a depth of ~1.8 57 

km is used to produce the fluid with a submersible pump (Price and Allen, 1984; Barker et al., 2000), 58 

discharging the production fluid into the sea (Energie-Cités, 2001). Unfortunately, this disposal 59 

method of brine is not always feasible, with the majority of the low-enthalpy prospects in England 60 

located inland; meaning either doublet schemes or an alternative method will be required to exploit 61 

the energy. Currently, there is a high level of geological and financial risk associated with deep 62 

geothermal schemes resulting in limited investment and developments (Hirst et al., 2015). As such, 63 

an alternate low-risk strategy is investigated in this paper which focuses on a novel heat extraction 64 

method for deep geothermal resources. Deep coaxial borehole heat exchangers (BHEs) are a proven 65 

technology used for the extraction of heat from shallow systems (e.g., Acuña and Palm, 2010; Sliwa 66 

and Rosen, 2017; Javadi et al., 2019) with interest in their use for deep resources increasing (e.g., 67 

Djikshoorn et al., 2013; Law et al., 2014). In populated areas the space to have an array of shallow 68 



BHEs may not be available and as such the feasibility of single deep BHEs must be tested. It has been 69 

suggested that deep coaxial BHEs can be used in almost any geological scenario (Law et al., 2014), 70 

with cold fluid injected into the annulus, heated by the surrounding subsurface and then the hot 71 

fluid is extracted by a circulation pump to the surface in an insulated central pipe, before passing 72 

through a heat pump (Fig. 1).  73 

Although BHEs are commonly used in shallow applications (e.g., Nabi and Al-Khoury, 2012a, 74 

2012b), few have explored the potential for use in deep systems. Some studies have attempted to 75 

model heat flow for deep coaxial BHEs for UK based case studies (Law et al., 2014; Westaway, 2018), 76 

however, the former fails to predict accurate thermal drawdown in the borehole, whilst the latter 77 

relies on simplifications to form an analytical solution. Further research has addressed the influence 78 

of different parameters on the performance of deep coaxial BHEs globally using numerical and 79 

analytical solutions, with studies focused on short performance periods (i.e., 4 months). Both 80 

engineering and geological parameters affect the performance of deep coaxial BHEs. The outflow 81 

temperature is influenced by: engineering parameters such as flow rate, injection temperature, 82 

borehole depth, pipe diameter and thermal conductivity of the inner and outer pipe/grout 83 

(Djikshoorn et al., 2013; Fang et al., 1017; Song et al., 2018; Chen et al., 2019; Hu et al., 2019; Liu et 84 

al., 2019), and geological parameters such as the thermal gradient and thermal conductivity of the 85 

surrounding rocks (Chen et al., 2019). In this study, the finite-difference method was used to model 86 

a deep geothermal system in 3D, with the coaxial BHE modelled as a 1D line component to the 87 

model surrounded by a 3D geological subsurface (Fig. 1) (Al-Khoury et al., 2005; Al-Khoury and 88 

Bonnier, 2006; Al-Khoury, 2011).  Using a 1D line source to represent the BHE requires fewer nodes 89 

and less computational time. The model was verified against an analytical solution before being used 90 

to model heat flow in the Cheshire Basin for short term 4 month seasonal heating simulations and 91 

long term simulations of the lifetime of a typical BHE.  92 



By solving the governing equations using the finite-difference method the model in this 93 

study offers a reproducible and highly accurate method that can be solved with a fast computational 94 

time due to the 1D wellbore component. In comparison, other numerical models have been 95 

developed which rely on 2D finite-difference grids (E.g., Djikshoorn et al., 2013) or have a higher 96 

level of error (Liu et al., 2019). This study also adds the benefit of producing regression models which 97 

can be used to predict seasonal quasi-steady state outlet temperatures and thermal power at the 98 

end of a 4 month period without the need for complex numerical models. Although some regression 99 

development has been undertaken before for BHEs in Canada (Hu et al., 2019), this study 100 

incorporates further parameters specific to the UK and Europe previously not modelled. 101 

The Cheshire Basin was selected as a case study as it contains a significant deep geothermal 102 

resource (75 x 1018 J – 23 % of the UK’s estimated low-enthalpy resources) (Rollin et al., 1995) and 103 

has multiple deep wells which it is hypothesised could be converted at low-cost to deep geothermal 104 

BHEs (Brown et al., 2019a,b). The Cheshire Basin is located in the northwest of England (Fig. 2), 105 

covering an aerial extent of 3500 km2 (Hirst et al., 2015) and consists of a thick clastic succession of 106 

Permo-Triassic sandstones, capped by Triassic mudstones (e.g., Plant et al., 1999). To test the 107 

potential for the development of deep coaxial BHEs in the Cheshire Basin volumetric flow rates, 108 

borehole depth, thermal gradient and conductivity of the surrounding rocks were modelled for a 109 

series of short simulations to investigate the impact of the varying parameters on the achievable 110 

heat load. These parameters have been tested for local conditions specific to the Cheshire Basin; 111 

many of which are applicable across the UK and Europe. The best and worst performing parameters 112 

were then simulated for long term simulations (20 years) to investigate the likely maximum and 113 

minimum heat loads achievable and the impact of annual operational cyclicity.  114 

2. Methods 115 

2.1 Governing equations of heat flow in the subsurface 116 



Heat transfer in the subsurface surrounding the BHE is dominated by conductive heat flux. 117 

Chen et al. (2019) suggests the influence of groundwater and advection on the performance of deep 118 

BHEs to be minimal. As such, heat flux in the rock was modelled as (e.g., Nield and Bejan, 1992; 119 

Howell et al.,2021): 120 

𝜕𝑇

𝜕𝑡
= α∇2T      1 121 

where T is the temperature, 𝑡 is time and α is the thermal diffusivity of the rock. The symbols and 122 

respective property used in the governing equations are listed in table 1. 123 

2.2 Governing equations of heat flow in the coaxial borehole heat exchanger 124 

The boreholes were modelled to account for thermal interactions between the wellbore and 125 

the surrounding rock. The model used was first proposed by Al-Khoury et al. (2005) and Al-Khoury 126 

and Bonnier (2006) and consists of a series of 1D nodes designed to simulate heat flow in a 127 

borehole, incorporating the outer solid rock, grout, pipe and the geothermal fluid in a closed loop 128 

system. This model has been widely used and verified for shallow systems (e.g., Al-Khoury et al., 129 

2010; Diersch et al., 2011a, 2011b; Nabi and Al-Khoury, 2012b; Haslam, 2013) and is often referred 130 

to as the Dual-Continuum approach (e.g., Hein et al., 2016; Chen et al., 2019). This method reduces 131 

computational time, whilst maintaining the physical properties of the wellbore. The 1D approach 132 

does, however, fail to model variations in temperature along the horizontal axis for each specific 133 

component of the BHE (grout, pipe in, pipe out) (Saeid et al., 2013). This is a sensible assumption as 134 

the slimness of these components will result in minor horizontal heat flux. The model incorporates 135 

heat flux in the vertical direction across the cross sectional area (left hand side of equations 2-5), 136 

whilst thermal resistances are modelled across the horizontal – allowing a significant reduction in 137 

spatial discretisation and computational time (Fig. 3a). The heat flux in the horizontal direction 138 

shown in figure 3a as Q, is equal to the right hand side of equations 2-5 and acts as a heat source. 139 



When investigating the thermal interactions in a BHE with a central co-axial pipe the heat exchange 140 

between the central pipe and annulus can be modelled as (Figs. 1 & 3): 141 

𝜌𝑓𝐶𝑓
𝜕𝑇𝑝𝑜

𝜕𝑡
𝐴𝑝𝑜 − 𝜆𝑓

𝜕2𝑇𝑝𝑜

𝜕𝑧2 𝐴𝑝𝑜 − 𝜌𝑓𝐶𝑓𝑢𝑝𝑜
𝜕𝑇𝑝𝑜

𝜕𝑧
𝐴𝑝𝑜 = 𝑏𝑝𝑜𝑖(𝑇𝑝𝑖 − 𝑇𝑝𝑜)2𝜋𝑟𝑝𝑜   2 142 

𝜌𝑓𝐶𝑓
𝜕𝑇𝑝𝑖

𝜕𝑡
𝐴𝑝𝑖 − 𝜆𝑓

𝜕2𝑇𝑝𝑖

𝜕𝑧2 𝐴𝑝𝑖 + 𝜌𝑓𝐶𝑓𝑢𝑝𝑖
𝜕𝑇𝑝𝑖

𝜕𝑧
𝐴𝑝𝑖 = 𝑏𝑝𝑜𝑖(𝑇𝑝𝑜 − 𝑇𝑝𝑖)2𝜋𝑟𝑝𝑜 +  𝑏𝑝𝑖𝑔(𝑇𝑔 − 𝑇𝑝𝑖)2𝜋𝑟𝑝𝑖 143 

  3 144 

𝜌𝑔𝐶𝑔
𝜕𝑇𝑔

𝜕𝑡
𝐴𝑔 − 𝜆𝑔

𝜕2𝑇𝑔

𝜕𝑧2 𝐴𝑔 = 𝑏𝑝𝑖𝑔(𝑇𝑝𝑖 − 𝑇𝑔)2𝜋𝑟𝑝𝑖 + 𝑏𝑠𝑔(𝑇𝑠 − 𝑇𝑔)2𝜋𝑟𝑔  4 145 

𝜌𝑠𝐶𝑠
𝜕𝑇𝑠

𝜕𝑡
𝐴𝑠 − 𝜆𝑠

𝜕2𝑇𝑠

𝜕𝑧2 𝐴𝑠 = 𝑏𝑠𝑔(𝑇𝑔 − 𝑇𝑠)2𝜋𝑟𝑔     5 146 

where the subscript 𝑝𝑜 is for the outlet pipe (central pipe), 𝑝𝑖 is the inlet pipe (annulus), 𝑔 is the 147 

grout, s is the solid rock mass.  𝑇𝑝 is the temperature of the pipe, 𝜆𝑓 is the thermal conductivity of 148 

the fluid, 𝑏𝑝𝑔 is the reciprocal of thermal resistance between the wellbore pipe and grout (e.g., Al-149 

Khoury et al., 2010; Al-Khoury, 2011), 𝑏𝑠𝑔 is the reciprocal of the contact resistance between the 150 

grout and rock, 𝐴𝑔 is the area of the grout etc., (table 1). The heat transfer coefficients (𝑅) for the 151 

thermal wellbore model can be described using an analogy to electrical circuits (Fig. 3b) (after Al-152 

Khoury et al., 2005; Al-Khoury and Bonnier, 2006; Al-Khoury, 2011). For instance the reciprocal of 153 

the contact resistance can be calculated between the outlet pipe and inlet pipe as: 154 

𝑏𝑝𝑜𝑖 =
1

𝑅𝑝𝑜𝑖
       6 155 

where the thermal resistance is calculated as the sum of advective and conductive counterparts. 156 

𝑅𝑝𝑜𝑖 = 𝑅𝑝𝑜𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛 +  𝑅𝑝𝑖𝑝𝑒 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 + 𝑅𝑝𝑖𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛  7 157 

The convective components can be calculated as (e.g., Al-Khoury, 2011; Saeid et al., 2013): 158 

𝑅𝑝𝑜𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛 =
1

𝑟𝑜 𝑟𝑖ℎ̅⁄
      8 159 



whilst the thermal resistance in the pipe material can be calculated as: 160 

𝑅𝑝𝑖𝑝𝑒 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 =
𝑟𝑜 𝑙𝑛 (𝑟𝑜 𝑟𝑖⁄ )

𝜆𝑝
     9 161 

where 𝑟𝑖 is the internal radius of the pipe, 𝑟𝑜 is the outer pipe radius and where ℎ̅ = 𝑁𝑢 𝜆𝑓/𝐷. 𝐷 is 162 

the inner diameter of the producing wellbore pipe.  𝑁𝑢 is the Nusselt number which can be 163 

calculated using the Dittus Boelter correlation (e.g., Saeid et al., 2013). The thermal resistance 164 

between other components are similarly calculated, such that the reciprocal of thermal resistances 165 

are: 166 

𝑏𝑝𝑖𝑔 =
1

𝑅𝑝𝑖𝑔
, 𝑏𝑠𝑔 =

1

𝑅𝑠𝑔
      10 167 

and there corresponding thermal resistances are: 168 

𝑅𝑝𝑖𝑔 = 𝑅𝑝𝑖𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛 +  𝑅𝑝𝑖𝑝𝑒 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 , 𝑅𝑠𝑔 = 𝑅𝑔𝑟𝑜𝑢𝑡   11 169 

 170 

2.3 Numerical solution and implementation in MATLAB 171 

 MATLAB was used for model development due to its fast computational times and 172 

visualisation packages. The wellbore was simulated as a 1D nodal line within the geological media, 173 

which was discretised as a 3D nodal domain. Heat flow in the subsurface was described using 174 

equation 1, whilst the BHE was described using equations 2-5. The 3D spatial domain was discretised 175 

explicitly using central differences, whilst the temporal domain was discretised using the forward 176 

Euler method. When using MATLAB, the ‘del2’ function was used for approximation of derivatives 177 

and the various plot functions can be used for visualisation (e.g., ‘plot’, ‘surf’, ‘contour’ etc.). 178 

When solving for heat flux between the 1D line component and 3D geological model, heat 179 

flux is solved horizontally using thermal resistances and vertically using the finite-difference method 180 

(Eq. 2-5). The solid rock component represents the adjacent rock volume directly around the BHE 181 



(Eq. 5).  These values are then updated for the 1D BHE nodal locations within the 3D model for the 182 

solid rock component and are treated as boundary values. The finite-difference method is then used 183 

to solve the governing equation (Eq. 1) in the 3D model.  184 

2.4 Verification 185 

 The numerical model is verified by comparing the results of a simulation to an analytical 186 

solution for fluid movement within a pipe. The analytical solution is typically used to verify BHEs 187 

(e.g., Nabi and Al-Khoury, 2012b) and was developed by van Genuchten and Alves (1982). The 188 

analytical solution is more simple than the numerical solution, thus some assumptions and 189 

simplifications are made: it is assumed that the central production pipe is a perfect insulator (i.e., no 190 

heat is transferred) and the production temperature is the same as the bottom-hole temperature, 191 

the surrounding rock is a constant temperature, and the model only considers heat transfer through 192 

the pipe to the surrounding rock and not the grout. The parameters used are listed in table 2 and the 193 

results were compared after a simulation period of 4 months (Fig. 4).  194 

 The numerical and analytical solutions have an extremely close fit, with the error increasing 195 

with depth. As shown in figure 4, at the end of the simulation the maximum difference in 196 

temperature at a depth of 2.8 km is 0.07 °C, which corresponds to an error of 0.17 %. The error was 197 

calculated as the percentage error between the numerical and analytical solution. The analytical 198 

solution has a slightly elevated temperature in comparison to the numerical model; however, the 199 

difference is negligible suggesting that the model is suitable to simulate the performance of deep 200 

BHEs.  201 

2.5 Model set up and boundary conditions 202 

2.5.1 Initial conditions and domain boundaries 203 

A series of short simulations designed to test the model over a typical heating season of 4 204 

months were undertaken to establish best and worst case conditions. The model domain was 205 



discretised on a non-uniform Cartesian grid which extends from 90 m by 90 m by 3000 m, with the 206 

borehole in the centre penetrating to a depth of 2.8 km. Following this, longer simulations designed 207 

to test the modelling approach under both best and worst case geological conditions over the 208 

lifetime of a BHE (20 years) were undertaken. The thermal propagation away from the BHE was 209 

evaluated during the simulations to ensure no boundary interaction occurred and for the 20 year 210 

simulation the mesh was expanded to a lateral distance (x,y) of 390 m. A lateral mesh spacing of 1 m 211 

was assigned in proximity to the wellbore, expanding laterally away by a factor of 1.2, whilst a 212 

vertical mesh spacing of 20 m was chosen. A Cartesian grid was chosen such that in future work the 213 

model can be developed further to incorporate multiple BHEs and groundwater flow etc. 214 

It was assumed that at surface level there is no heat flux or interaction with the air at the 215 

surface (
𝜕𝑇

𝜕𝑧
= 0), whilst at the base and lateral boundaries of the model the temperature was 216 

assumed constant (𝑇𝑧 = 𝑇(𝑧,𝑡=0), 𝑇𝑥 = 𝑇(𝑥,𝑡=0), 𝑇𝑦 = 𝑇(𝑦,𝑡=0)). At the top of the BHE the inlet 217 

temperature was set at (𝑇𝑓(𝑧=0,𝑡) = 𝑇𝑖𝑛) and the outlet temperature was recorded as (𝑇𝑓(𝑧=0,𝑡) =218 

𝑇𝑜𝑢𝑡). Under initial conditions it was assumed the temperature of the fluid in the BHE is in 219 

equilibrium with the grout and surrounding rocks in the subsurface (𝑇𝑝𝑖 = 𝑇𝑝𝑜 = 𝑇𝑔 = 𝑇𝑠).  220 

The thermal gradient was assumed to be homogenous and linear, and the parameters of the 221 

system are summarised in table 1. The diameter of the borehole was chosen to match those drilled 222 

in the UK (taken at 0.306 m to match the Southampton geothermal borehole) (Downing et al., 1984), 223 

whilst the central outlet pipe diameter was chosen as 0.05 m to maximise outlet temperatures (Liu 224 

et al., 2019). The injection temperature was assumed fixed at 10 °C to investigate the effect of 225 

different parameters on heat load and outlet temperature. This is slightly higher than the minimum 226 

operational temperature in deep BHEs of 4 °C (Chen et al., 2019) and the values of the grout 227 

material are typical of those used in geothermal systems (e.g., Allan, 1997).  228 

2.5.2 Parameterisation 229 



 A variety of parameters were modelled to reflect different engineering and geological 230 

conditions within the Cheshire Basin, summarised in table 3. A range of boreholes have been drilled 231 

from depths of a few metres to a few kilometres with many of these currently unused and 95 % of 232 

the well details being confidential (e.g., Hirst, 2017). To reflect this, depths of 0.8 km to 2.8 km were 233 

modelled to investigate the potential for retrofitting drilled deep boreholes to coaxial BHEs. The 234 

thermal conductivity of the surrounding rock was modelled from a range of 2 - 3 W/m°C which is 235 

typical of the thick succession of sandstones and mudstones (Downing and Gray, 1986). To 236 

investigate the maximum achievable thermal load, volumetric flow rates of 2 - 12 l/s were modelled, 237 

whilst a range of thermal gradients (17 - 27 °C/km) were considered to reflect different thermal 238 

regimes (Downing and Gray, 1986; Burley et al., 1980; Plant et al., 1999; Busby, 2014).  239 

2.6 Evaluation of borehole heat exchanger performance  240 

The thermal performance of the coaxial BHE was determined by considering the heat load or 241 

thermal power (𝑃) (e.g., Dijkshoorn et al., 2013; Liu et al., 2019): 242 

𝑃 = 𝜌𝑓𝑐𝑓𝑄(𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛)    12 243 

It is also important to consider the efficiency of the system during long term operational 244 

performance. This can be done by calculating the coefficient of performance (𝐶𝑂𝑃) which is the ratio 245 

of the thermal energy supplied by the borehole heat exchanger (𝑃) and the electrical energy 246 

consumed by the heat pump (𝑊ℎ𝑝) (e.g., Kim et al., 2010).  247 

𝐶𝑂𝑃 =
𝑃

𝑊ℎ𝑝
     13 248 

The COP can be calculated for a system with floor heating at a temperature of 35 °C by assuming a 249 

linear relationship with the outlet temperature (Hein et al., 2016): 250 

𝐶𝑂𝑃 = (𝑇𝑜𝑢𝑡 × 0.083) + 3.925   14 251 



However, when exploiting geothermal energy from a deep BHE the power from the circulatory pump 252 

(𝑊𝑐𝑝) must be considered as there will be a greater pressure drop in comparison to shallow BHEs, 253 

thus more energy is required to circulate the fluid. As such, the coefficient of system performance 254 

(𝐶𝑆𝑃) can be used to evaluate the total electrical energy used by the system to extract the heat 255 

(Chen et al., 2019): 256 

𝐶𝑆𝑃 =
𝑃

𝑊ℎ𝑝+𝑊𝑐𝑝
     15 257 

The energy consumed by the circulating pump can be calculated as (Liu et al., 2019): 258 

𝑊𝑐𝑝 =
∆𝑃 ×𝑄

𝑛 
     16 259 

where ∆𝑃 is the pressure drop in the BHE, 𝑄 is the volumetric flow rate and 𝑛 is the efficiency of the 260 

pump (assumed to be 75 %). The change in pressure along the coaxial BHE can be calculated as 261 

(Gordon et al., 2018): 262 

∆𝑝 =
𝜌𝑓𝐹𝑖𝐿𝑉𝑖

2

4𝑟𝑖
+  

𝜌𝑓𝐹𝑜𝐿𝑉𝑜
2

4𝑟𝑜
    17 263 

where 𝐹𝑖 is the Darcy friction factor of the inlet, 𝐿 is the length of the pipe, 𝑉𝑖 is the velocity of the 264 

inlet and 𝑟𝑖 is the radius of the inlet. 265 

3. Results 266 

 When the BHE was simulated with the initial fixed parameters (i.e., table 1), the outlet 267 

temperature and heat load rapidly dropped within the first 5 days, with minimal change after 10 268 

days as the thermal power and outlet temperature began to level off in an exponential decline (Fig. 269 

5a). The initial outlet temperature reached a high of 48.8 °C and thermal power of 652.4 kW in the 270 

first hour. At the end of the simulation the outlet temperature was 24.04 °C and the heat load was 271 

235.6 kW.  272 



Similarly, the temperature of the fluid along the annulus and central production pipe rapidly 273 

decreases as the 10 °C inlet fluid temperature creates thermal drawdown within the BHE (as shown 274 

in Fig. 5b). At the start of the simulation the fluid at the base of the BHE was 80 °C, whilst after 30 275 

days declined to 37.11 °C and at the end of the 4 month period was 33.66 °C. The high thermal 276 

conductivity outer piping allows rapid heat transfer to warm the fluid in the annulus, whilst the low 277 

thermal conductivity of the inner production pipe insulates the warm fluid, limiting heat loss. The 278 

heat flux from the grout into the annular pipe is rapid in the first few days, increasing with depth, 279 

whilst significantly reducing towards the end of the simulation period (Fig. 5c & d). The grout has a 280 

reduced thermal conductivity compared to the outer pipe which limits the heat flux into the 281 

borehole; however, this is only minor as the base of the grout has a maximum of 0.55 °C difference 282 

to the circulating fluid. Given that the input temperature is equal to the ground surface temperature, 283 

energy is always gained in the deep BHE. In reality, seasonal effects (i.e., cooling during winter) may 284 

lead to energy being lost in the upper few hundred metres. Radially around the borehole the 285 

maximum thermal propagation is 15 m, with the most change (more than 0.01 °C from static 286 

conditions) within 10 m of the BHE (Fig. 6). The thermal flux in the subsurface is characterised by 287 

sharp concave coning upwards around the BHE, shallowing towards the surface (Fig. 6). 288 

3.1 Influence of borehole depth 289 

 Borehole depths were investigated from 0.8 - 2.8 km. The reduction in borehole depth limits 290 

the maximum extractable energy as the bottom-hole temperature is reduced (assuming the gradient 291 

is linear). Both the thermal power and outlet temperature both increase with depth. Regression 292 

analysis highlights that a polynomial fit with a high level of accuracy can be observed (Fig. 7a). As the 293 

depth of the BHE approaches zero the outlet temperature is asymptotic to the inlet/surface 294 

temperature and the thermal power to zero. This is due to the heat load being determined by the 295 

difference between the inlet and outlet temperatures. The minimum heat load is observed in the 0.8 296 

km deep borehole at 20.58 kW and the maximum is observed in the 2.8 km borehole at 235.6 kW.  297 



3.2 Influence of thermal conductivity of the confining strata 298 

 Thermal conductivity values of 2 - 3 W/m°C were investigated due to the vast variations in 299 

lithological composition between mudstones, sandstones and marls within the basin (Downing and 300 

Gray, 1986). As shown in figure 7b, the final outlet temperature and heat load have a logarithmic 301 

increase proportional to higher thermal conductivities. This is due to the higher thermal 302 

conductivities allowing the surrounding rock to replenish heat stores in the BHE. The heat load at the 303 

end of the simulation period increases with thermal conductivity from 235.6 kW to 288.1 kW and 304 

outlet temperature from 24.02 °C to 27.15 °C.  305 

3.3 Influence of thermal gradient 306 

 A range of thermal gradients were modelled to reflect the range in predicted temperature 307 

gradients in the basin (Downing and Gray, 1986; Burley et al., 1980; Plant et al., 1999; Busby, 2014). 308 

The higher thermal gradients modelled resulted in increased outlet temperature at the end of the 309 

simulation. Figure 8a, shows a positive linear relationship fitted between thermal gradients and the 310 

final outlet temperatures. This is due to there being a higher initial bottom-hole temperature and 311 

therefore, a greater maximum heat load at the base of the BHE. The produced heat load at the end 312 

of the simulation increases between the minimum and maximum thermal gradients from 160.2 kW 313 

to 254.4 kW, respectively (Fig. 8a). Similarly, for outlet temperatures an increase is observed of 314 

19.54 °C to 25.15 °C.  315 

3.4 Influence of volumetric flow rates 316 

Flow rates were increased incrementally by 2 l/s, from 2 to 12 l/s. Analysis showed an 317 

exponential decline in outlet temperature corresponding to increasing flow rates. This is due to an 318 

increase in thermal drawdown in the borehole and cooling of the surrounding rocks. In contrast, the 319 

final thermal power had a high-order polynomial fit. In figure 8b, a rapid increase in thermal power 320 

was observed before a slight decline. This highlights the reduction in outlet temperature is limiting 321 



the heat load. The highest and lowest final outlet temperatures were 15.09 °C and 29.72 °C, whilst 322 

the flow rate that produced most energy was identified as 8 l/s (Fig. 8b).  323 

3.5 Impact of parameters on the coefficient of performance 324 

  When addressing the overall efficiency of a system both the depth of the BHE and the 325 

volumetric flow rate most significantly impact the coefficient of performance (COP) (Fig. 9a). 326 

Increased volumetric flow rates reduce the COP due to cooler outlet temperatures observed at the 327 

end of production. This results in the heat pump requiring more energy to use the extracted heat. 328 

Increased borehole depths show higher COPs for deeper boreholes due to the higher outlet 329 

temperatures. Both thermal conductivity and thermal gradient result in an increase of COP that is 330 

proportional to higher outlet temperatures caused by the respective properties. 331 

 When considering the energy used to pump the fluid through the BHE, the overall coefficient 332 

of system performance (CSP) is reduced for all scenarios. Similarly to the COP, the CSP for the 333 

thermal gradient and conductivity marginally increases with better respective properties, however, 334 

it shows an overall decrease to the COP by >1 (Fig. 9b). Although the depth of the BHE has a 335 

significant impact on the efficiency of the BHE, the volumetric flow rate has the greatest effect on 336 

the CSP, reducing the efficiency with higher flow rates. The highest flow rate measured in this study 337 

resulted in the COP reducing from 5.17 to 2.22. The energy required to pump the fluid in the system 338 

for the greatest flow rates equates to 66.3 kW, whilst the energy required for the heat pump was 339 

49.5 kW. This shows that high volumetric flow rates are ineffective due to their high electrical energy 340 

consumption. From this the total useable energy was calculated (i.e., 𝑃 − (𝑊ℎ𝑝 + 𝑊𝑐𝑝)) which 341 

showed an increase in the useable energy correlated to more efficient BHEs, however, for 342 

volumetric flow rate the highest total energy was established for the flow rate of 4 l/s (Fig. 9c). 343 

3.6 Long term analysis of achievable heat loads  344 



 Analysis of the combined best and worst performing parameters (i.e., the highest and lowest 345 

total useable energy (fig. 9c)) for thermal conductivity of the confining rock and thermal gradient 346 

was undertaken to consider the varying achievable heat load. Both controllable engineering 347 

parameters (borehole depth and flow rate) were fixed at optimal conditions at 2.8 km and 4 l/s for 348 

both scenarios, whilst the inlet temperature remained constant. The simulation period lasted for 20 349 

years and consisted of 4 months of production (considered as the heating season) and 8 months of 350 

recovery. In the UK, a typical heating season can last between 4 and 9 months (BRE, 2013). In this 351 

study, we chose the former period as a heating season to investigate the impacts of longer recharge 352 

time, and for consistency and comparison with the short term simulations. Additionally, it is worth 353 

noting in reality the BHE may have a small capacity for use outside the heating season. This is not 354 

modelled in this paper as the low-season demand is sporadic in towns overlying the Cheshire Basin 355 

(Arup, 2018).  356 

3.6.1 Analysis of the first production cycle 357 

Within the first hour the initial production temperature rapidly increased for the optimal 358 

scenario to 50.93 °C producing a power of 687.6 kW, followed by a rapid decline in both power and 359 

temperature (Fig. 10). At the end of the four month production period the temperature began to 360 

stabilise at 28.58 °C producing 312.1 kW of energy.  361 

In contrast the worst case scenario utilised a reduced thermal gradient of 17 °C/km, 362 

resulting in far lower production temperatures and heat loads. The poor thermal conductivity of the 363 

confining rock also limits the ability for heat to be transmitted to the BHE. Similarly to the best case 364 

scenario, a rapid increase in temperature within the first hour was followed by an exponential drop 365 

in production temperature over the four months. At the end of production period the outlet 366 

temperature was 19.57 °C, producing 160.6 kW of energy (Fig. 10). 367 

3.6.2 Analysis of annual cyclicity 368 



 The maximum outlet temperatures during the production cycles reduce within the first few 369 

years of operation (Figs. 11 & 12). The maximum outlet temperature within the first four operational 370 

cycles drops by 1.66 °C and 1.47 °C respectively, for the best and worst case scenarios, whilst over 371 

the next 16 cycles the temperature drop is only 0.7 °C and 0.54 °C. This highlights during operation 372 

and recovery of the BHE, the thermal field in the subsurface is nearing equilibrium, particularly in the 373 

last few years of BHE operation when the change in maximum outlet temperature for both cases is 374 

minor. Interestingly, over the lifetime of a BHE the lowest outlet temperature during the operational 375 

periods only changed by 0.81 °C and 0.57 °C, respectively. This is reflected in the change in minimum 376 

heat loads over the 20 year production period. For the best case scenario the heat load at the end of 377 

operational cycles reduces between year 1 and 20 from 312.1 kW to 298.7 kW, whilst the worst case 378 

scenario heat load at the end of operational cycles reduces from 160.6 to 151.3 kW. This suggests 379 

that over the 20 year production period heat loads of between 298.7 kW and 151.3 kW can be 380 

sustainably extracted depending on the geology. The radial propagation of heat away from the BHE 381 

also varies between cases. The low-thermal conductivity limits the transmission in heat away from 382 

the BHE and recharge with a maximum radial thermal drawdown of 75 m in the worst case scenario, 383 

whilst in the best case scenario, the maximum cooling is seen to 90 m away from the BHE (to within 384 

0.01 °C of static conditions). 385 

3.6.3 Analysis of the coefficient of performance (COP) and coefficient of system performance (CSP) 386 

Under the optimal scenario for the performance of BHEs, the COP is in excess of 6.29 for the 387 

duration of the 20 year simulation. For the worst case scenario the COP is in excess of 5.55. When 388 

considering the additional power of the circulatory pump the CSP decreases for both scenarios to 389 

5.29 and 4.17, respectively. This corresponds to an electrical consumption of 56.4 kW and 36.2 kW, 390 

highlighting for deeper systems the circulating pump consumes a significant amount of energy and 391 

the additional pumping power can have the most significant impact on the CSP. 392 

4. Discussion 393 



4.1 Modelling methodology and regression analysis 394 

This study has highlighted that the finite-difference model developed can be simulated in a 395 

reasonably fast computational time (typically under 10 minutes for a 4 month heating period) to a 396 

high degree of accuracy (error within 0.17 %). In comparison to other numerical models developed 397 

for deep coaxial BHEs, the accuracy is significantly improved. The maximum relative error is 0.17 %, 398 

whilst in other similar numerical models the errors observed reach a maximum of 11.3 %, 2.4 % and 399 

1.74 % (Liu et al., 2019; Chen et al., 2019; Hu et al., 2019, respectively). For the latter, it could be due 400 

to the increased simulation periods with the model tested for a duration of 25 years. In comparison 401 

to analytical solutions, the modelling method also considers all system components such as grout 402 

and piping which are often neglected in analytical solutions (e.g., Westaway, 2018).  403 

Although the modelling methodology has some clear benefits, such as computational speed 404 

and accuracy, there are some further considerations required for future long term modelling. The 405 

boundary conditions used in this study for the lateral boundaries and base of the model were fixed 406 

at a constant temperature, whilst at the surface level there was no heat flux or interaction with air. 407 

During the simulations, the interactions were carefully monitored to ensure no inaccuracies were 408 

caused by the boundaries, and testing of lateral and basal distances from the borehole was 409 

undertaken. Further long term modelling may benefit from the incorporation of a constant heat flux 410 

through the basal boundary to replicate the Earth’s natural geothermal gradient. Additionally, 411 

interactions between the upper surface of the model and atmosphere may help to incorporate the 412 

true effects of seasonal variations.     413 

The regression analysis conducted (figures 7 and 8) can provide reliable estimators for outlet 414 

temperature and heat loads. The analysis allows values for parameters outside the range tested in 415 

this paper to be modelled quickly via a single calculation, with high reliability. The regression models 416 

have high R2 values in excess of 0.9964 which indicate the fitted curves account for 99 % of the data, 417 

whilst for thermal gradients the linear fit will always equal the observed values (R2 = 1). The 418 



maximum residual values for both temperature and heat load were observed in the regression 419 

models for volumetric flow rate and borehole depth, respectively, with residuals reaching 0.461 °C 420 

and 2.29 kW. Although the variance and residual is low in all models the limitation resides when 421 

predicting heat load for varying flow rate. The polynomial fit is of a high order (4th) which suggests 422 

that further unknown data may not fit accurately. 423 

4.2 Operational influence on a borehole heat exchanger 424 

Borehole depth and volumetric flow rate are engineering parameters that can be pre-425 

determined to improve the efficiency and performance of coaxial BHEs. By increasing the borehole 426 

depth a higher thermal load, due to hotter temperatures in the subsurface, can be achieved. 427 

Similarly, this is reflected with deeper boreholes corresponding to greater coefficients of 428 

performance. 429 

In contrast to borehole depth, where a positive trend is observed between the performance 430 

and depth, more consideration is required to identify optimal volumetric flow rates. COP and CSP 431 

decreases with increasing volumetric flow rate, showing poorer operational performance. When 432 

investigating the net power (i.e., figure 9c), the peak heat load is 4 l/s. This is due to a higher thermal 433 

power being achieved in relation to the power required for circulation and operation of the heat 434 

exchanger. Careful consideration of operational requirements must be undertaken to achieve high 435 

performance of deep coaxial BHEs. Operational parameters can also be used to compensate for poor 436 

geological conditions. 437 

4.3 Geological influence on a borehole heat exchanger 438 

 The thermal conductivity and thermal gradient in the subsurface are extremely important to 439 

the efficiency of a system, as demonstrated in both short and long term simulations. Under the best 440 

and worst case scenarios for the lifetime evaluations of a BHE the heat load and CSP significantly 441 

reduced by 50.6 % and 21.2 %, respectively. This highlights planning and testing of the subsurface is 442 



still required to evaluate the potential for development of deep coaxial BHEs. Although engineering 443 

parameters are significant during development these can be pre-determined values, whilst the 444 

geological variables can be unknown. Additionally, higher thermal gradients and thermal 445 

conductivities may allow for the reduction of drill depth of a BHE, leading to lower investment costs.  446 

4.4 Implications of borehole heat exchanger performance in the Cheshire Basin  447 

 The results of this study show heat loads for an operational period of 20 years can be 448 

obtained in excess of 298.7 kW, indicating the Cheshire Basin to have a significant potential for 449 

geothermal exploitation using the deep coaxial BHE method. As previously discussed, the thermal 450 

conductivity and gradients must be considered, particularly when developing in the Cheshire Basin. 451 

Lower thermal conductivity materials and gradients are constrained to the near surface level due to 452 

the clay rich Mercia Mudstone Group capping the top of the basin (<1.6 km at Prees-1 and Knutsford 453 

boreholes) (Mikkelsen and Floodpage, 1997). This means shallower boreholes will have poorer 454 

geological characteristics limiting the thermal recharge of a BHE. In contrast, deeper boreholes will 455 

penetrate a thick succession of sandstones resulting in greater recharge ability and higher outlet 456 

temperatures and thermal loads. Therefore, not only the geological properties must be considered 457 

but also the positioning of geological intervals.  458 

 The COP of the heat pump for both best and worst case lifetime evaluations is fairly well 459 

performing and similar to other deep and shallow BHE studies which typically range from 2 – 6 (e.g., 460 

Sanner et al., 2003; Luo et al., 2015; Hein et al., 2016; Li et al., 2017; Gordon et al., 2018; Chen et al., 461 

2019; Nian et al., 2019), however, some suggest that the COP in deep coaxial BHEs can reach closer 462 

to 50 with optimisation (Liu et al., 2019). In contrast, when considering the inclusion of the 463 

circulatory pump the CSP decreases by up to 57 % of the original COP under high flow rates. This 464 

indicates the circulatory pump utilises far more energy for deep BHEs with higher flow rates than 465 

shallow BHEs. Therefore, the electrical consumption must also be considered rather than thermal 466 

power alone. 467 



Furthermore, the results of the modelling study indicate that under a suitable economic and 468 

geological scenario deep coaxial BHEs can be used to develop mid-deep geothermal resources in the 469 

Cheshire Basin. The lack of data from deep boreholes limits the potential for investment of using 470 

conventional extraction methods (i.e., open-loop doublets); however, the novel alternate method 471 

presented here is a possible option for meeting the demand of small towns overlying the basin. In 472 

the Cheshire Basin hundreds of water abstraction and hydrocarbon exploration wells have been 473 

drilled from the surface level to depths of a few kilometres (with only two exceeding the depths in 474 

this study (UKOGL, 2019)). Although many of the hydrocarbon exploration wells are plugged and 475 

abandoned, there remains a potential to retrofit these as coaxial BHEs if a cost effective method is 476 

found for repurposing. The model can also be used across the UK to evaluate the use of deep coaxial 477 

BHEs to meet local demand. The consideration of deep BHE arrays and optimal spacing must be 478 

considered for larger developments, however, the small zone of influence around the BHEs suggest 479 

they can be spaced within a few hundred metres of each other without interference. 480 

5. Conclusion 481 

 In this paper a numerical model was developed for coaxial BHEs using the 1D line source 482 

method of Al-Khoury et al. (2005), Al-Khoury and Bonnier (2006) Al-Khoury, (2011) using the finite-483 

difference method. The modelling approach used in this paper was verified to ascertain an 484 

extremely high level of accuracy with a maximum error of 0.17 %.  Subsequently, the model was 485 

used to investigate the potential use of deep coaxial BHEs to develop geothermal energy in the 486 

Cheshire Basin, UK. Analysis of a range of engineering and geological parameters were modelled, 487 

followed by a best and worst case geological scenario. The key conclusions were: 488 

 Heat flux in the BHE is dominated by vertical changes in fluid temperature within 489 

both the central outlet pipe and annular space. An initial rapid increase in outlet 490 

temperature is followed by an exponential decline. The radial heat flux is minimal 491 



and mostly constrained to the near few metres, with the surrounding rock >10 m 492 

undisturbed from static conditions. 493 

 Regression analysis shows the key geological and engineering parameters can be 494 

fitted to a polynomial, logarithmic, exponential or linear equation to predict the 495 

outlet temperature and heat load at the end of a simulation period. Borehole depth 496 

and flow rate can be fitted against a polynomial curve; thermal conductivity of the 497 

surrounding rock matched a logarithmic fit and thermal gradient a linear fit. The 498 

regression models also have the benefit that they can be used for this specific case 499 

study without complex numerical models. 500 

 Higher volumetric flow rates lead to lower outlet temperatures, whilst the optimal 501 

volumetric flow rate in this study giving the most energy after consideration of 502 

electrical consumption for the heat pump and circulation pump was 4 l/s.  503 

 High volumetric flow rates and increased depth of BHEs can lead to poor efficiency 504 

of a system and a reduced coefficient of system performance, and, as such, must be 505 

considered during the optimisation of a deep BHE.  506 

 Under best case geological parameters heat loads of 298.7 kW were achieved, whilst 507 

under the worst case scenarios heat loads were 151.3 kW.  508 

 If a cost efficient method for converting plugged or unused wells to coaxial BHEs can 509 

be achieved in the area then the Cheshire Basin has a significant opportunity to 510 

utilise deep geothermal energy.  511 
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 668 

Figures 669 

  670 

Figure 1. (a) 2D schematic of a closed loop coaxial borehole heat exchanger and (b) schematic of a 671 

2D cross section through the 3D model of the discretisation of the finite-difference grid.  672 



 673 

Figure 2. (a) Study area location in the UK and (b) geological outcrop map of the Cheshire Basin 674 

(after Plant et al., 1999; Hirst et al., 2015; UKOGL, 2019).  675 
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 678 



 679 

Figure 3. (a) Heat fluxes through the different components of the 1D borehole model. (b) Thermal 680 

resistance model through a cross section of the deep coaxial borehole heat exchanger. 681 



 682 

 683 

Figure 4. Analytical verification of the numerical solution for deep borehole heat exchangers. 684 

Parameters summarised in table 2. 685 



 686 

Figure 5. (a) Thermal power and outlet temperature change with time, (b) temperature changes in 687 

the annulus (solid line) and central pipe (dashed line) for various times, (c) temperature in the pipe 688 

out, annulus, grout and surrounding rock and (d) the specific heat load into the outer annular space 689 

at various times. 690 

 691 



692 
  693 

Figure 6. (a) 3D and (b) 2D temperature plots of the subsurface surrounding the borehole heat 694 

exchanger after 1 month of continued operation. 695 

 696 

Figure 7. Observed results of the thermal power and outlet temperature for the borehole heat 697 

exchanger at the end of the simulation period for varying (a) borehole depths and (b) thermal 698 

conductivity of the surrounding rock. The calculated equations for the regression curves are also 699 

shown. 700 



 701 

 702 

Figure 8. Observed results of the thermal power and outlet temperature for the borehole heat 703 

exchanger at the end of the simulation period for varying (a) thermal gradients and (b) flow rates. 704 

The calculated equations for the regression curves are also shown. 705 



 706 

Figure 9. (a) The coefficient of performance (COP) for deep BHEs, (b) coefficient of system 707 

performance (CSP) and (c) the total power produced after consideration of parasitic losses in the 708 

heat pump and circulation pump. All values measured at the end of the 4 month simulations. 709 



 710 

Figure 10. Short term (a) outlet temperature and (b) thermal power plotted against time. 711 
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 713 

 714 

 715 

 716 



 717 

 718 

Figure 11. Long term performance analysis showing (a) outlet temperature and (b) thermal power 719 

over 20 years for the best case scenario. When the outlet temperature and the thermal power is 720 

equal to 10 °C and 0 kW, respectively, the borehole heat exchanger is turned off. 721 

 722 



 723 

Figure 12. Long term performance analysis showing (a) outlet temperature and (b) thermal power 724 

over 20 years for the worst case scenario. When the outlet temperature and the thermal power is 725 

equal to 10 °C and 0 kW, respectively, the borehole heat exchanger is turned off. 726 

 727 
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Parameter Value Units Symbol 

Borehole depth 2.8 km - 

Borehole diameter 0.306 m 2𝜋𝑟𝑝𝑖 

Diameter of inner pipe 0.05 m 2𝜋𝑟𝑝𝑜 

Thickness of inner pipe 0.01 m - 

Thickness of outer pipe 0.02 m - 

Thickness of grout 0.04 m - 

Thermal conductivity of 
inner pipe 

1 W/m°C - 

Thermal conductivity of 
outer pipe 

45 W/m°C - 

Density of rock 2450 kg/m3 𝜌𝑠 
Thermal conductivity of 
rock 

2 W/m°C 𝜆𝑠 

Specific heat capacity of 
rock 

775 J/kg°C 𝐶𝑠 

Density of grout 1600 kg/m3 𝜌𝑔 

Thermal conductivity of 
grout 

2.7 W/m°C 𝜆𝑔 

Specific heat capacity of 
grout 

1250 J/kg°C 𝐶𝑔 

Density of fluid 998 kg/m3 𝜌𝑓 

Thermal conductivity of 
fluid 

0.67 W/m°C 𝜆𝑓 

Specific heat capacity of 
fluid 

4200 J/kg°C 𝐶𝑓 

Fluid injection 
temperature 

10 °C - 

Surface temperature 10 °C - 

Thermal gradient 25 °C/km - 

Volumetric flow rate 0.004 m3/s - 

Table 1. Thermo-physical parameters of model. 738 

 739 

Parameter Value Units 

Borehole depth 2.8 km 

Average ground temperature 50 °C 

Fluid injection temperature 10 °C 

Fluid velocity 1 m/s 

Density 1000 kg/m3 

Specific heat capacity 4200 J/kg°C 

Thermal conductivity 0.67 W/m°C 

Thermal resistance 230 W/m2 °C 

Wellbore radius 0.2 m 

Table 2. Parameters used in analytical solution. 740 

 741 

 742 



Parameter Minimum Maximum 

Borehole depth 0.8 km 2.8 km 

Thermal conductivity 2 W/m°C 3 W/m°C 

Volumetric flow rate 0.002 m3/s 0.012 m3/s 

Thermal gradient 17 °C/km 27 °C/km 

Table 3. Parameters modelled to test their impact on deep borehole heat exchangers in the Cheshire 743 

Basin. 744 


