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ABSTRACT  

A permanent solution for the long-term disposal of high heat producing radioactive wastes is yet to be demonstrated. Previous research 

into geological disposal facilities has focused on long-term safety of a mined repository or deep borehole disposal. Due to the decay heat 

released from high heat producing waste, there are safety concerns, such as rock uplift, canister degradation, and potential radionuclide 
leakage into the surrounding rock. This paper focuses on mitigat ing these concerns by recovering decay heat from the rock through an 

‘Eavor-like’ U-tube closed-loop geothermal system, with the recovered thermal energy representing a source of clean heat. The UK is 

seeking a mined repository in lower strength sedimentary rock, such as the Mercia Mudstone Group, and a closed-loop geothermal system 

is considered appropriate for such a low permeability, conductive geological setting. This paper presents an in-depth sensitivity analysis 

performed using a numerical/semi-analytical approach using the T2Well-EOS1/TOUGH2 software on a closed-loop geothermal system 
within a notional geological disposal facility using the Mercia Mudstone as the host rock. Thermal analyses were performed with different 

host formations and varying mass flow rate, geometry radii and lateral length for a total simulation time of 1 year. The best -case scenario 

identified the Tarporley Siltstone as the host rock with a 2 kg/s mass flow rate, a larger lateral radius compared to the injection/production 

legs (Case 3), and a lateral length of 2 km. A long-term sustainability study of 10 years was undertaken on the best-case scenario for mass 

flow rates of 2 kg/s and 20 kg/s, revealing that the 2 kg/s rate offered a higher outlet temperature of 19.91 °C (versus 8.06 °C) but a lower 
net energy flow rate of 125.80 kW (versus 258.38 kW). This study helps identify optimal CLGS design parameters within the natural 

LSSR environment. Future work will entail the addition of anthropogenic heat  and how removing excess heat from the rock could reduce 

peak temperatures to improve safety concerns and the carbon footprint of current geological disposal developments. 

1. INTRODUCTION  

The long-term disposal of radioactive waste requires careful planning and strict safety requirements, which can delay the operational 

phase of a geological disposal facility (GDF). One of these safety features is to emplace high heat producing waste (HHPW) in a multi-

barrier system to provide sufficient shielding and long-term integrity to the canister and surrounding rock. Decay heat released from the 

waste will increase the temperature of the surrounding rock formations with time, which could activate thermal-hydro-mechanical-

chemical (THMC) processes in the waste and the barriers that surround it [1–3]. Therefore, removing this ‘excess’ heat is an important 
factor to improve the overall safety of the GDF. In addition, the temperature gradient surrounding the heat source term and t he extent of 

thermal spread into the rock with time will be highly dependent on the thermal properties of the host rock. This paper focuses on a lower 

strength sedimentary rock setting (LSSR), as there is potential to remove this ‘excess’ decay heat from a low thermally conductive host 

rock, to reduce the peak temperatures observed near the multi-barrier system [4]. The concept of heat recovery from a GDF setting was 

first initiated by Chandrasekharem et al [5], where electricity production was proposed by adopting a binary cycle technology  such as an 
Enhanced Geothermal System (EGS). However, an EGS open-loop system would increase uncertainties in canister integrity, especially if 

the design stimulated fracture networks near the repository. Instead, this paper proposes a closed-loop geothermal system (CLGS); in 

particular, an ‘Eavor-like’ U-tube CLGS, where pure water is pumped through the system and heated by indirect conductive heat transfer 

only. 

A sensitivity analysis of a 1 km ‘Eavor-like’ U-tube CLGS is presented within an LSSR environment to rep resent a future GDF site to 
dispose of the UK’s HHPW inventory. This prototype was modelled in T2Well-EOS1/TOUGH2 which was previously validated against 

the OpenGeoSys software, and a code developed in MATLAB by Doran et al [6]. While the heat source term from the HHPW canisters 

was not modelled in this sensitivity analysis, a preliminary assessment of the benchmark design is needed within the LSSR environment  

to assess the outlet temperatures prior to waste disposal, and how these temperatures are affected in future work with the addition of an 

anthropogenic heat source. The design was altered to assess the best-case scenario from altering mass flow rate of the working fluid, the 
wellbore radii, and lateral length, in addition to a detailed host rock assessment on the LSSR environment. Finally, a long-term 

sustainability comparison was made against a low (2 kg/s) versus high (20 kg/s) fixed mass flow rate. Outlet temperatures and net energy  

flow rates were compared against to assess this preliminary design within a future UK GDF, and future work will entail further analyses 

with the addition of the anthropogenic heat source term.  

An overview on the UK’s waste inventory is given in Section 2.1, followed by GDF and CLGS supporting literature in Sections 2 .2 and 
2.3 respectively. The methodology for the software, ‘Eavor-like’ U-tube CLGS prototype and sensitivity analysis is provided in Sections 

3.1, 3.2 and 3.3 respectively. The results from the sensitivity analysis are provided in Section 4.  
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2. BACKGROUND THEORY 

2.1 UK Radioactive Waste Inventory 

Radioactive waste is a harmful by-product generated predominantly from nuclear power production and additional fuel-cycle processes 

[7, p.3]. Based on radioactivity levels and heat produced per unit volume, the UK categorizes this waste into distinct classes i.e. high level 

waste (HLW), intermediate level waste (ILW), low level waste (LLW) and very low level waste (VLLW) [8, p.14-17]. Spent nuclear fuel 

(SNF) tends to be separated from radioactive waste depending on a country’s fuel cycle; open-loop countries (Finland and USA) include 
SNF, while closed-loop countries (France and UK) separate SNF from radioactive waste [7, p.27]. Nevertheless, not all the UK’s SNF 

has undergone reprocessing activities and one should consider this alongside radioactive waste when devising a long-term disposal 

solution for the UK’s inventory. Therefore, another term is adopted for waste needing future disposal in the UK, called high-heat producing 

waste (HHPW), which includes SNF (legacy  waste, new build and mixed-oxide fuels), HLW, highly enriched uranium and plutonium 

stockpiles [9, 10, p.6]. According to a recent RWM 2021 inventory report [10, pp. 55-65], approximately 11,800 m3 out of a total 342,000 
m3 stored waste volume is needed for disposal of HHPW from the UK’s inventory, which equates to roughly 19,000 canisters requiring 

emplacement into the future GDF– see section 2.2. 

2.2 GDF literature relevant to UK case study  

The UK’s HHPW inventory defined in section 2.1 should be disposed of permanently in a GDF, which is considered technologicall y  

challenging as adequate shielding is required to maintain long-term protection against radiation release from radioactive decay into the 
surrounding environment. The vertical depth of the GDF ranges between 0.2 – 1 km for a mined repository concept (MR), and over 1 km 

for a deep geological disposal concept, as previously defined by Doran et al [6]. This paper focuses on the former M R concept where 

waste is emplaced in tunnels that form an arrangement of panels in the subsurface. This is because the MR concept is considered the 

standard disposal route for most countries; examples include the Swedish KBS-3V concept [12, 13] and the Swiss Nagra concept [3, 10], 

where waste is encased in a multi-barrier system of manmade (waste form, canister, buffer/backfill) and natural (host rock) barriers to 
avert possible radiation release into the environment [9]. In particular, the UK plans to adop t the KBS-3V concept, where all HHPW is 

disposed of in copper canisters, surrounded by compacted bentonite buffer and backfill plug layers [9, 10, pp 55-65]. Figure 1 illustrates 

the Swedish KBS-3V GDF concept, with dimensions on four panel configurations interpreted from [14]. 

 

Figure 1: Schematic of part of a Swedish KBS -3V GDF panel configuration, adapted from [14]. 

It is important to quantify the type of geology that will host the future GDF program. A recent screening of the UK’s geology selected 
Allerdale, Copeland, and Theddlethorpe as districts for site characterization – see Figure 2 where colours crimson, red and black depict 

the regions of interest for each district respectively . All three sites at the proposed GDF vertical depth MR range consist of three host rock 

types: evaporite (EV), higher strength (HSR) and lower strength sedimentary (LSSR), where their recommended bulk thermal prop erties 

can be found in Jackson et al [15, p.13]. The LSSR, in particular the Mercia Mudstone group, has gained interest as a host rock candidate 

for chosen areas within the Allerdale and Copeland districts, but is also present onshore in the west of the Theddlehorpe district [16]. The 
LSSR host rock yields the smallest thermal diffusivity (lowest thermal conductivity ) according to Jackson et al [15, p.13], implying that 

the thermal spread will be slower over time compared to the other host rocks, which could cause higher temperatures near the source term. 

Due to these reasons, the Mercia Mudstone group (LSSR) rock environment was chosen for further investigation and why the ‘Eavor-

like’ U-tube CLGS design is preferred here before the addition of the anthropogenic heat source term – see Section 2.3 for details on the 

CLGS concept. 
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Figure 2: Map of the three UK sites for the future GDF program: Allerdale [17], Copeland [18] and Theddlethorpe [19]. 

2.3 CLGS literature relevant to UK case study 

A GDF setting could be a favourable environment for a CLGS, since CLGS’ work best in low permeability rock which is a key requirement  

to characterise the GDF host rock types in Section 2.2 [20, 21]. In addition, it is regarded as an enhanced closed-loop geothermal system, 

where the working fluid does not come into direct contact with the groundwater and is independent of reservoir properties [22, 23]. 

Ensuring this indirect contact between the fluid and the rock is essential to mitigate fracture networks that could provide p athways for 

possible radionuclide groundwater leakage after long-term waste emplacement.  

Figure 3 depicts the combination of the ‘Eavor-like’ U-tube CLGS concept within the LSSR GDF setting (see Figure 1): 

 

Figure 3: ‘Eavor-like’ U-tube CLGS concept within the LSSR GDF, adapted from [6, 14]. 
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In general, a CLGS can be classified into two sub-categories i.e. coaxial borehole (vertical, horizontal and inclined) and U-tube heat 
exchangers (single or multi-lateral U-tubes) [23–27]. The latter is explored within this paper, namely a single lateral U-tube design which 

can be adjusted to suit the dimensions of a GDF repository highlighted in Section 2.2. Within the literature, there have been multiple 

studies on single lateral U-tube designs for working fluids such as CO2 and pure water [28–32]. One study by Yuan et al [30] was adopted 

as an original case study for this paper; a 3 km x 4 km single lateral U-tube CLGS where water was the working fluid at constant flow 

rate of 5.47 kg/s. To compliment the GDF vertical depth range highlighted in Section 2.2, this case study was modified by Doran et al [6] 
to a 1 km x 4 km single lateral design which forms the benchmark case study for this paper (see Section 3.2).  It was also identified by 

Tahir [33] that the lateral region of interest for extracting heat from a future GDF is between 1 km to 2 km. Therefore, further modifications  

were made to the benchmark case study to investigate how heat extraction at the outlet is affected by altering the lateral length to 1 km, 

1.5 km, and 2 km (See Section 3.3). 

3. METHODOLOGY  

3.1 T2Well-EOS1/TOUGH2 software implementation 

The software utilised within this paper is a numerical/semi-analytical coupled research code suited to multi-phase non-isothermal flow 

conditions [34]. The T2Well domain (wellbore) is discretized and solved numerically [35], while the TOUGH2 domain (reservoir) is 

simplified to a semi-analytical solution to reduce computational demand and with conductive rock conditions only for the CLGS [36,37]. 

The Equation of State (EOS1) has been utilised to represent pure water conditions under single phase flow within the wellbore [36, p.30].  

Equations (1) – (5) show the conservation equations that are solved within T2Well-EOS1, where the energy accumulation 𝑀𝐸 (2), the 

semi-analytical heat exchange 𝑄𝑖
3 (3) and energy flux 𝐹𝐸 (4) equations are incorporated into the total partial derivative form (1). The 

variables are 𝜌𝐿 liquid density (kg/𝑚3),  𝑆𝐿 local saturation of liquid phase, 𝑈𝐿 internal energy of liquid phase, 𝑢𝐿 liquid velocity of fluid 

(m/s), g gravitational acceleration (m/𝑠 2),  z elevation in well (m),  𝜃 inclination angle of wellbore (°), 𝐴𝑤𝑖  wellbore to formation lateral 

area (m2), 𝐾𝑤𝑖 thermal conductivity of wellbore/formation (W/mK), 𝑇𝑖 temperature in ith wellbore node (°C), 𝑇∞ ambient temperature 

(°C), 𝑟 radium of wellbore (m), 𝑓(𝑡) Ramey’s well heat loss function, k area averaged thermal conductivity of wellbore (W/mK), 𝜎 cross 

sectional area of wellbore (𝑚2) , ℎ𝐿 specific enthalpy of liquid phase (kJ/kg), 𝛾 slip between two phases, P pressure (Pa), 𝛤 surface area 

of well side (𝑚2) and 𝜇 apparent friction coefficient [35]. 

𝜕𝑀𝐾

𝜕𝑡
= 𝑞𝐾 + 𝐹𝐾 

(1) 

𝑀𝐸 = 𝜌𝐿𝑆𝐿 (𝑈𝐿 +
𝑢𝐿

2

2
+ 𝑔𝑧 𝑐𝑜𝑠 𝜃) 

(2) 

𝑄𝑖
3 = −𝐴𝑤𝑖(𝐾𝑤𝑖) [

𝑇𝑖 − 𝑇∞(𝑧)

𝑟𝑓(𝑡)
] + ∑(𝜌𝐿𝑢𝐿 𝑔 𝑐𝑜𝑠 𝜃)𝑖

𝛽
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−

1

𝜎

𝜕

𝜕𝑧
[𝜎𝜌𝐿𝑆𝐿𝑢𝐿 (ℎ𝐿 +

𝑢𝐿
2

2
+ 𝑔𝑧 𝑐𝑜𝑠 𝜃)] 

(4) 

𝜕

𝜕𝑡
(𝜌𝐿𝑢𝐿) +

1

𝜎

𝜕

𝜕𝑧
[𝜎(𝜌𝐿𝑢𝐿

2 + 𝛾)] = −
𝜕𝑃

𝜕𝑧
−

𝛤𝜇𝜌𝐿|𝑢𝐿|𝑢𝐿

2𝜎
− 𝜌𝐿𝑔 𝑐𝑜𝑠 𝜃 

(5) 

As previously defined in Doran et al [6], T2Well has been applied to a deep borehole heat exchanger [38, 39], and a single lateral U-tube 

CLGS with a similar numerical/semi-analytical hybrid approach [29]. 

3.2 ‘Eavor-like’ U-Tube benchmark case study 

A benchmark case study from Doran et al [6] for a single lateral at 1 km vertical depth, 4 km lateral length, with pure water as the working 

fluid at the constant mass flow rate of �̇� = 5.47 kg/s, was used as a base case scenario for the sensitivity analysis. The wellbore geometry 

and mass flow rate were obtained from a recent Yuan et al [30] study, while the bulk thermal rock properties for the LSSR environment  

were taken from Jackson et al [15, p.13]. An inlet temperature of 5 ℃ and inlet pressure of 0.1 MPa was assumed with a geothermal 

gradient of 0.026 ℃/m to represent UK settings [39]. Table 1 depicts the benchmark case study for this CLGS U-tube, including rock 

properties, wellbore geometry, and fluid conditions: 
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Table 1: ’Eavor-like’ U-tube CLGS benchmark case. 

Lower Strength Sedimentary Rock Properties Value 

Thermal conductivity, 𝑘 (W/mK) 1.9 

Specific heat Capacity, 𝑐𝑃 (J/kgK) 1400 

Density, 𝜌 (kg/𝑚3) 2100 

Closed-Loop Geothermal System Geometry  

Vertical depth, 𝐿𝑣  (m) 1000 

Inner radius, 𝑅𝑗,𝑣 (m) 0.105 

Lateral length, 𝐿𝑙 (m) 4000 

Inner radius, 𝑅𝑗,𝑙 (m) 0.078 

Wellbore Fluid Conditions  

Mass flow rate, �̇� (kg/s) 5.47 

Initial Conditions  

Inlet temperature at surface, 𝑇𝑖𝑛 °C 5 

Inlet wellbore pressure at surface, 𝑃𝑖𝑛 (MPa) 0.1 

Initial temperature at 1 km °C 31 

Initial pressure at 1 km (MPa) 9.9 

 

Figure 4 illustrates the ‘Eavor-like’ U-tube CLGS prototype that was applied within this study, highlighting the relevant parameters 

from Table 1 and where the numerical/semi-analytical parts of the code were implemented: 

 

Figure 4: Schematic of a CLGS U-Tube, exemplifying the flow of the working fluid. 

3.3 Sensitivity Analysis Setup 

From the benchmark previously defined in Section 3.2, a sensitivity analysis on the prototype was investigated to determine t he best-case 

scenario on the optimal outlet temperature and net energy flow rate for sufficient heat recovery purposes. Parameters such as mass flow 

rate (2 – 8 kg/s), host rock thermal properties, geometry radii and lateral lengths (1km, 1.5km and 2 km) was explored and the best -case 
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scenario in optimal outlet temperature and net energy flow rate was assumed and carried forward. Mass flow rates were picked to lie either 
side of the benchmark case study of 5.47 kg/s. Host rock thermal properties of the Mercia Mudstone Group were ext racted from Parkes 

et al [41] where an average value was taken for density, specific heat capacity and thermal conductivity. The geometry radii of 0.21 m 

(injection/production) and 0.105 m (lateral) were previously extracted from the Yuan et al [30] study, but these parameters were swapped 

over to see how increasing/decreasing the lateral and injection/production sections of the CLGS could affect the temperature and net 

energy flow rate seen at the outlet point. Finally, lateral lengths of 1 km, 1.5 km and 2 km were chosen based on the previous GDF and 

CLGS lateral studies obtained from the literature in Section 2.3.  

Table 2 depicts the scenarios for the sensitivity analysis in detail. 

Table 2: Sensitivity analysis scenarios. 

Parameters Values Description 

�̇� 2-2.5-3-3.5-4-5-8 Mass flow rate (kg/s) 

Host Lower Strength Sedimentary Rocks: 

- Arden Sandstone 

 
 

 

- Sidmouth Mudstone 

 

 

 

- Tarporley Siltstone   

 

1.655 
2229 

1051 

 

2.678 

2454 
925 

 

2.817 

2576 

807 

 

Thermal conductivity (W/mK) 

Density (kg/𝑚3)  

Specific heat capacity by mass (J/Kkg)  
 

Thermal conductivity (W/mK) 

Density (kg/𝑚3)  

Specific heat capacity by mass (J/Kkg)  

 

Thermal conductivity (W/mK) 

Density (kg/𝑚3)  

Specific heat capacity by mass (J/Kkg)  

 

Radii: 

- Case 1 
 

 

- Case 2 

 

- Case 3 

 
0.21 

0.105 

 

0.105 

 
0.105 

0.21 

 
Injection/Production Well (m) 

Horizontal Well (m)  

 

Throughout whole U-tube (m) 

 
Injection/Production Well (m)  

Horizontal Well (m) 

Lateral Lengths:  
 

 
1 

 

1.5 

 

2 
 

 
(km) 

 

(km) 

 

(km) 

 

All scenarios were simulated for a total time of 1 year. A final comparison was made for a 10-year simulation against the best-case scenario 

of a low (2 kg/s) versus high (20 kg/s) mass flow rate example, to determine how these two cases performed in the GDF environment for 

a longer time period. The results for the long-term sustainability study are presented in Section 4.5.  

4. ANALYSIS AND DISCUSSIONS 

The following sections delve into the sensitivity analysis of the ‘Eavor-like’ U-tube CLGS benchmark design. Working fluid temperature 

versus vertical depth profiles and a comparison in outlet temperature and net energy flow rate values were produced for Sections 4.1 – 

4.4, for a total simulation time of 1 year. Section 4.5 depicts a working fluid temperature versus time profile for the long-term sustainability 

analyses of the design after the best-case scenario was predicted from the previous parameter changes. In addition, a comparison of the 

outlet temperature and net energy flow rates were also tabulated, for a total simulation time of 10 years. 

4.1 Mass Flow Rate Study  

Figure 5 depicts the working fluid temperature versus the vertical depth profile for varying mass flow rates applied to the benchmark 

‘Eavor-like’ U-tube CLGS: 
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Figure 5: Working fluid temperature versus vertical depth for various mass flow rates over a simulated period of one year. 

Table 3 tabulates the key outlet temperatures seen for each mass flow rate, in addition to an energy flow rate comp arison against the code 

and theory: 

Table 3: The outlet temperatures and net energy flow rates for various mass flow rates during a one -year simulation time. 

Mass flow rate 𝒎 ̇ (kg/s) Outlet temperature 𝑻𝒐𝒖𝒕 |𝑻𝒊 − 𝑻𝒐| (°C) Q (kW) - Code 

2 22.15 17.16 144.29 

2.5 21.13 16.14 169.55 

3 20.07 15.08 189.97 

3.5 19.05 14.06 206.71 

4 18.13 13.14 220.63 

5 16.53 11.54 242.39 

8 13.35 8.36 280.92 

 

Referring to Figure 5 and Table 3, the outlet temperature is seen to decrease from 22.15 °C to 13.35 °C when the mass flow rate has 

increased from 2 kg/s to 8 kg/s. This occurs because as the mass flow rate increases the residence time will decrease, and hence the 

working fluid is flowing at a faster rate to pick up sufficient heat transfer, especially into the lateral section. This is also backed up in the 

literature from Doran et al [38] when adjusting the mass flow rate within a DBHE design. However, the net energy flow rate generated is 

seen to increase from 144.29 kW to 280.92 kW when the mass flow rate is increased from 2 kg/s to 8 kg/s. According to Ghavidel et al 
[42], electricity production (and hence net energy flow rate) for an Organic Rankine Cycle on CLGS’s is improved when mass flow rate 

increases – however, a lower flow rate would reduce the energy circulation requirement. Therefore, 2 kg/s was chosen to be the best-case 

scenario since it resulted in the highest outlet temperature of 22.15 °C which is desirable to improve system efficiency and could be 

applicable to heat recovery options such as greenhouse crop growth or 5th generation district heating network systems [44,45]. Future 

work on how the temperature of the rock profile changes with respect to mass flow rate is needed to quantify safety improvements to the 

LSSR GDF environment with the addition of the anthropogenic heat source.    



Tahir et al. 

 8 

4.2 Host Rock Study  

Figure 6 depicts the working fluid temperature versus vertical depth profile for distinct host rock cases applied to the benchmark ‘Eavor-

like’ U-tube CLGS along with the best-case scenario from section 4.1. 

 

Figure 6: Working fluid temperature versus vertical depth for several host rocks in the Mercia mudstone group over a 

simulated period of one year. 

Table 4 tabulates the key outlet temperatures seen for each host rock case, in addition to the net energy flow rate seen from the code. 

Table 4: The table represents outlet temperatures and energy flow rates for distinct host rocks for 1 year simulation time.  

Host Rocks Outlet temperature 𝑻𝒐𝒖𝒕 |𝑻𝒊 − 𝑻𝒐| (°C) Q (kW) - Code 

Arden Sandstone 21.64 16.65 139.93 

Sidmouth Mudstone 22.87 17.88 150.48 

Tarporley Siltstone 22.90 17.91 150.77 

 

Referring to Figure 6 and Table 4, the outlet temperature tends to increase from 21.64 °C to 22.90 °C when the host rock is changed from 

the Arden Sandstone to the Tarporley Siltstone. This occurs due to enhanced thermal conductivity resulting in a higher thermal diffusivity 

and a higher rate of heat transfer between the working fluid and the conductive rock setting, which is supported from the literature in Yuan 
et al [30]. Similarly, the net energy flow rate is also observed to increase from 139.93 kW to 150.77 kW along with the increase in outlet 

temperatures and thermal conductivity values. In summary, the Tarporley Siltstone format ion is considered to be the best-case scenario 

from the host rock analysis because it produced the highest outlet temperature of 22.90 °C along with the highest net energy flow rate in 

comparison with other formations from the Mercia Mudstone Group. 

4.3 Geometry radii Study  

Figure 7 portrays the working fluid temperature versus vertical depth profiles for distinct geometry radii cases applied to the benchmark 

‘Eavor-like’ U-tube CLGS along with best-case scenarios from sections 4.1 and 4.2. 
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Figure 7: Working fluid temperature versus depth for different geometry radii (All Cases) over a simulated period of one year. 

Table 5 tabulates the key outlet temperatures seen for each geometry radii case, in addition to the net energy flow rate from the code. 

Table 5: The table represents outlet temperatures and energy flow rates for geometry radii cases for 1 year simulation time.  

Case Outlet temperature 𝑻𝒐𝒖𝒕 |𝑻𝒊 − 𝑻𝒐| (°C) Q (kW) - Code 

1 22.52 17.53 147.68 

2 23.12 18.13 152.67 

3 23.66 18.67 157.20 

 

Referring to Figure 7 and Table 5, the outlet temperature is seen to increase from 22.52 °C to 23.66 °C when a larger geometry radius 
was given to the lateral section of the CLGS U-Tube within Case 3. This is backed up by the literature from Esmaeilpour et al [43], 

according to which the velocity of working fluid is proportional to the friction loss and increasing the well diameter can reduce the 

frictional losses. Similarly, as from Table 5, it can be observed that Case 3 resulted in the highest net energy flow value when the lateral 

diameter was a factor of two higher than the injection/production legs, but only revealing a slight increase of 10 kW when comparing 

against the benchmark (Case 1). This can also be supported from literature by Esmaeilpour et al [43], which states that the alteration of 
wellbore dimeter doesn’t have significant effect on the generated power. To summarize the geometry radii study, Case 3 result ed as the 

best–case scenario and enhancing lateral section diameter proved to be a dominant factor while achieving a high outlet temperature and 

net energy flow value. However, one could argue that from a drilling perspective Case 1 could offer the cheapest option as adjusting the 

wellbore diameter of the lateral does not significantly affect the net energy flow rate at the outlet point.  

4.4 Lateral Length Study  

Figure 8 illustrates the profile for distinct lateral length cases applied to the benchmark ‘Eavor-like’ U-tube CLGS along with best-case 

scenarios from sections 4.1 – 4.3. 
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Figure 8: Working fluid temperature versus depth for different lateral lengths (All Cases) over a simulated period of one year. 

Table 6 tabulates the key outlet temperatures seen for each lateral length case, in addition to the net energy flow rate seen from the code.  

Table 6: The table represents outlet temperatures and energy flow rates for lateral length cases for 1 year simulation time.  

Case (km) Outlet temperature 𝑻𝒐𝒖𝒕 |𝑻𝒊 − 𝑻𝒐| (°C) Q (kW) - Code 

1  18.07 13.08 110.19 

1.5  19.69 14.70 124.90 

2  20.91 15.92 134.12 

 

Referring to Figure 7 and Table 6, the outlet temperature is seen to increase from 18.07 °C to 20.91 °C when the lateral length is increased 
from 1 km to 2 km. This occurs because a larger lateral length increases the heat transfer area and the working fluid covers a larger distance 

for the heat exchange process. This is supported by literature from Song et al [28] when an increase in the length of horizontal section 

increases the net energy flow rate and outlet temperature. Therefore, 2 km was chosen as the best-case scenario as it offers an increase in 

outlet temperature (2.5 °C) and net energy flow rate (20 kW) compared with the 1 km case.   

4.5 Long term sustainability  

Figure 9 portrays the final comparison for a 10-year simulation against the best-case scenario of a low (2 kg/s) versus high (20 kg/s) mass 

flow rate example along with the best-case scenarios from sections 4.2 – 4.4, to determine how these two cases performed in the GDF 

environment for a longer time period. 
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Figure 9: Working fluid temperature versus time for 2 kg/s and 20 kg/s at outlet cell throughout a 10-year simulation period. 

Table 7 tabulates the key outlet temperatures seen for each flow rate case, in addition to the net energy flow rate obtained from the code. 

Table 7: The table represents outlet temperatures and energy flow rates for 2kg/s and 20kg/s for 10 year simulation time. 

Case (kg/s) Outlet temperature 𝑻𝒐𝒖𝒕 |𝑻𝒊 − 𝑻𝒐| (°C) Q (kW) - Code 

2 19.90 14.92 125.80 

20 8.06 3.07 258.38 

 

Referring to Figure 9 and Table 7, the outlet temperature decreases from 19.90 °C to 8.06 °C when the mass flow rate has increased from 

2 kg/s to 20 kg/s. In both cases, the outlet temperature remained constant throughout the majority of the simulation time showing that the 

system achieved steady state conditions after approximately 200 days. However, the net energy flow value increased from 125.80 kW to 

258.38 kW when the mass flow rate increased from 2 kg/s to 20 kg/s, as previously supported by the mass flow rate study in Section 4.1. 
The case with 2kg/s mass flow rate resulted as the best-case scenario while achieving a high outlet temperature, however net energy flow 

value tends to be lower compared with 20kg/s mass flow rate case. 

5. CONCLUSIONS  

An ‘Eavor-like’ U-tube CLGS benchmark case study underwent a sensitivity analysis, where several parameters were altered to investigate 

the system’s overall heat transfer to prepare it for a future MR GDF setting for the UK’s HHPW inventory. In general, the outlet 
temperatures ranged from 20 °C to 26 °C, with net energy flow rates between 110 kW and 281 kW over a simulated period of one year. 

The mass flow rate study revealed that the 2.0 kg/s flow rate yielded the highest outlet temperature of 22.15 °C, where residence time has 

increased to allow a greater extent of heat transfer from the surrounding formation into the CLGS. The host rock study revealed that the 

Tarporley Siltstone formation from the Mercia Mudstone group proved to be most efficient resulting in the highest outlet temperature of 

22.90 °C and net energy flow rate 150.77 kW. The geometry study also revealed that increasing the lateral radii compared to the 
injection/production legs (Case 3) produced a higher outlet temperature of 23.66 °C and higher net energy flow rate of 157.20 kW, due to 

lower temperature losses. However, care must be taken, and it should be well synchronized with the mass flow rate to avoid losses. 

Adjusting the lateral length range from 1 km to 2 km to compliment GDF settings revealed that the longer length had the highest outlet 

temperature of 20.91 °C and higher new energy flow rate of 134.12 kW. The findings demonstrated that the system's efficiency increased 

with the length of the lateral section because greater surface area was in contact with the environment during the heat transfer process. 
Finally, the long-term sustainability study revealed that both the 2 kg/s and 20 kg/s achieved steady state after 200 days, while the 2 kg/s  

scenario reached the highest outlet temperature of 19.91 °C but had lowest net energy flow rate of 125.80 kW. It can be concluded that 

the 2 kg/s case could offer heat recovery options such as greenhouse heating (at surface) or low-grade temperature district heating network 

systems (sub-surface) where temperatures of 20 °C are favoured, whereas the 20 kg/s could benefit systems that require a higher net 

energy flow rate (increased from 125.80 kW to 258.38 kW). 
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Future work should entail carrying out the best-case scenario within the LSSR GDF environment, but with the addition of the 
anthropogenic heat source term. Careful consideration of mass flow rate will be essential to decipher how much temperature is  removed 

from the GDF to improve its overall safety and mitigate possible THMC processes from the peak temperatures achieved. 
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