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ABSTRACT

Closed-loop geothermal systems (CLGS’s) are useful concepts for heat extraction from the subsurface of low permeability. This
paper addresses the possibility of a CLGS to recover waste heat and improve overall safety from a geological disposal facility (GDF).
A 1 km lateral ‘Eavor-like’ U-tube closed-loop geothermal system (CLGS) was modelled within the T2Well-ECO2N/TOUGH2
software suite, to assess its long-term integrity and sustainability within a potential GDF environment. A preliminary 10-year
numerical thermal analysis was investigated and compared against a model previously developed in MATLAB and OpenGeoSys
(OGS) software, for three distinct geological environments suited for a GDF; evaporite (EV), higher strength (HSR) and lower
strength sedimentary rock (LSSR). A static scenario (inactive wellbore) was also set up, where the heat profile emitted from canisters
representative of high-heat producing waste (HHPW) was analysed over the same 10-year period. The results for the dynamic setup
revealed a 0.1 °C temperature difference for T2Well-ECO2N/TOUGH?2 against MATLAB/OGS with temperatures at the end of the
lateral section to be 10.13 °C (EV), 8.46 °C (HSR) and 7.38 °C (LSSR) after 10-years. The static setup suggests the LSSR environment
could benefit from the addition of the ‘Eavor-like’ U-tube CLGS to remove excess heat from the rock and improve overall GDF
safety as temperatures exceed the bentonite buffer limitations (> 125 °C), while the EV and HSR environments fall within the
acceptable criteria of <100 °C. Overall temperature rises seen from the source at AT = 85 °C (LSSR), AT = 54 °C (HSR) and AT =
34 °C (EV) after 10-years.

1. INTRODUCTION

Closed-loop geothermal systems (CLGS) are considered favourable to conventional geothermal methods for subsurface heat
extraction within a low-permeability conductive rock setting. In addition, a geological disposal facility (GDF) that hosts radioactive
waste also caters to a low permeable environment, to minimize pathways for possible radionuclide leakage into the surrounding
formation. The safety of a GDF is paramount when devising a long-term solution to the disposal of radioactive waste and is one of
the main reasons why GDF development has been continually delayed. From the UK’s perspective, the construction phase cannot be
implemented until a suitable geological site is chosen and approved — a recent national screening identified three regions of potential
interest: two in Cumbria (Copeland and Allerdale) and one in Lincolnshire (Theddlethorpe) (RWM, 2021a, 2021b, 2021c; Waters et
al., 2018). Even if ‘perfect’ geological conditions are present, long-term heat release (decay heat) from waste canisters can disrupt
the local environment and could trigger additional thermal-hydro-mechanical-chemical (THMC) processes (Bernier et al., 2017).

This paper aims to combine both sectors by considering radioactive waste as an anthropogenic heat source term, where heat extraction
from the subsurface is achieved using a 1 km ‘Eavor-like’ U-tube CLGS design. The design was modelled in T2Well-
ECO2N/TOUGH2 and compared against a code developed in MATLAB (see Brown et al., 2022, 2021) and the OpenGeoSys (OGS)
software (Chen et al., 2019) to provide a benchmark to assess its long-term integrity and sustainability in a GDF rock environment.
This was followed by a static setup (inactive wellbore) to assess the temperature profile of conductive heat transfer emitted from 30
High-Heat Producing Waste (HHPW) canisters. The results presented are a continuation on previous work from Doran et al. (2022b)
which adopted a semi-analytical/numerical modelling approach in identical GDF rock settings, with a focus on the addition of the
heat source term within the geological environment. While the intended focus of this paper is on heat transfer within a conductive
homogenous rock setting, understanding the temporal effects of the decay heat released from a GDF environment is crucial for future
heterogeneity studies to improve the overall safety of the GDF. It could also provide a useful temperature profile on how much heat
is available for recovery purposes and what proportion of this heat is safe to remove using the ‘Eavor-like’ U-tube CLGS design.

An outline on the GDF and CLGS settings is provided in Sections 2.1 and 2.2 respectively. A literature review on these technologies
was previously presented in Doran et al. (2022b) and will therefore not be repeated within the contents of this paper. Section 2.3
introduces the concept of decay heat as an anthropogenic heat source within the GDF environment. A decay heat profile representative
of an average high-heat producing waste canister (HHPW) from the UK inventory was adopted within this analysis for a 10-year
disposal period, taken from Jackson et al. and RWM (2016; 2021d) — see Section 3.3. The methodology for the numerical setup is
provided in Section 3.1.

2. BACKGROUND THEORY

2.1 GDF settings

A GDF can conform to different vertical depths between 0.2 — 5 km, as previously reported in Doran et al. (2022b). The lower end
(0.2 — 1 km) is representative of a mined repository (MR), the conventional global route to long-term disposal of HHPW’s (WNA,
2020). This concept tends to form a configuration of panels that extend laterally within the subsurface over many km’s (lkonen, 2007;
Posiva Oy, 2012; Sundberg et al., 2009; Zhou et al., 2021a, 2021b). Existing underground rock laboratories aid the development of
safe waste disposal into future MR’s, such as those under construction in Sweden and Finland (Blechschmidt and VVomvoris, 2010;
Posiva Qy, 2012; SKB, 2011). For the purposes of this paper, the GDF definition will apply to MR concepts (0.2 — 1 km), following
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the UK’s intended plan for HHPW disposal via the Swedish KBS-3V concept (SKB, 2013). 1 km was chosen as the maximum
intended CLGS depth within an MR environment. Typical dimensions for one panel configuration of HHPW will depend on canister
(px) and tunnel (p,) spacing requirements — see Figure 1.

Figure 1: Schematic of a tunnel pair for a MR concept with canister (p,) and tunnel (p,) spacing dimensions defined,
interpreted from (Ikonen, 2003, p.3).

According to Zhou et al (2021a), p, and p,, vary between 6-10 m and 20-60 m, respectively. For the KBS-3V disposal concept, 50
canisters occupy 1 panel pair and so for a full panel with 30 access tunnels there is in total 50 x 30 = 1500 canisters present in one
panel unit (Ikonen, 2003, p.3). With 50 canisters per tunnel, this provides a dimension range between 300-500 m across 1 tunnel (50
multiplied by p,) and 600-1800 m across the 30 tunnels (30 multiplied by p,). Another case study revealed a total length between
access tunnels to be 1160 m (p,, = 40 m with 29 tunnels) (Sundberg et al., 2009). For the purposes of this paper, the lateral part of
the *Eavor-Like’ U-tube CLGS is positioned along the p,, to consider one canister strip across the tunnels and omitting adjacent
canisters in the p, plane to enable a larger distance is covered for enhanced heat extraction. Other useful dimensions are for the
canister itself that is encased in a copper shell with a height and outer diameter of approximately 5 m and 1 m respectively (lkonen,
2007; Ikonen et al., 2018; Sundberg et al., 2009). Assuming a cylindrical canister, this suggests the heat source term should occupy
an approximate volume of 3.9 m®— see Section 3.3 for source term setup. Further studies should investigate the addition of a bentonite
buffer layer which is considered within the KBS-3V concept, where much of the decay heat is absorbed before it reaches the rock.

2.2 CLGS lateral settings

The lateral part of the ‘Eavor-like’ U-tube CLGS was modelled to reduce computational demand and to study the conductive heat
transfer that will enter the lateral section from a GDF. A lateral length of 1 km was chosen as a lower limit to what is reported from
the literature; previous studies have modelled lateral lengths between 1 - 2 km (Beckers et al., 2022) which can be defined as a sub
divided region to suit MR dimensions reported from Section 2.1 (Sundberg et al., 2009; Tahir, 2022). It is important to make full use
of the lateral footprint such that the decay heat released from each canister is captured to minimize heat release into the surrounding
rock. Figure 2 below introduces the 1 km lateral CLGS concept within a GDF setting where canisters are situated below the wellbore,
with Ty, (inlet temperature), Py, (inlet pressure), L; (lateral length) and T, ; (lateral end temperature):

Conductive rock setting

T.,
il E -

| ]
I L| 1

fﬁ\jig‘ m m m
T— 5
— Bentonite buffer

GDF panel area

Py Canister

Figure 2: Schematic of 1 km lateral CLGS design within a GDF environment where canisters are separated by a distance p,,
across tunnels. The dynamic wellbore study (see 3.2) and static heat source term study (3.3) are highlighted in green and
purple textboxes respectively, where future work will combine the two. Note canister quantity is not to scale and the canister
spacing p, in Figure 1 has been omitted from this study to consider one strip of canisters only within the tunnel pair.
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2.3 Decay heat as anthropogenic heat source term

Radioactive waste is a harmful by-product created from the generation of nuclear power that takes many forms, such as spent-nuclear
fuel (SNF) or high-level waste (HLW) that has undergone additional reprocessing activities. For each type of waste, a mixture of
radionuclides exists within the waste form that continually evolve with time. This unique blend ultimately defines the total activity
residing within the fuel and hence the quantity of decay heat released at a specific point in time. This paper discusses the concept of
recovering this decay heat from a generic HHPW canister that is intended for GDF disposal.

The decay heat emitted from a waste form is calculated via equation (1) below:

M M ‘ 1)
Dy = ZAiT(t)[Eit,HP +EfLp + Efgu] = ZAiT(t)E% =Ar X Ep
i=1 i=1

where Ar is the total activity at time t and E is the total energy released per decay from all i radionuclides. The latter term is a
summation of decay interactions arising from heavy particles (alpha, mean-recoil), light particles (beta, auger-electrons, conversion
electrons) and electromagnetic energy (gamma, x-ray, internal bremsstrahlung) (Nichols, 2015, 2002). The accuracy of this decay
heat is primarily dependent on nuclear data taken from evaluated libraries that feed the radionuclide inventory. A recent study revealed
that discrepancies in six fission products across six evaluated nuclear libraries could alter the true decay heat vs cooling time
relationship when considering generic Magnox fuel for a pre-irradiation of 5.3 years and post-irradiation timescales between 1 — 100
ky (Doran et al., 2022a).

Prior to disposal, the temporal evolution of the decay heat will depend on pre-irradiated conditions inside the reactor (nuclear fission,
neutron capture and radioactive decay processes) and post-irradiated conditions during the back-end stages of the fuel cycle such as
conditioning, reprocessing, and the interim storage period (natural radioactive decay). As such, it is important to quantify the initial
decay heat at the time of repository deposition (pre-cooling period). Across the literature, 1 — 2 kW/t of initial decay heat prior to
disposal is presumed for a typical HHPW canister (Ikonen, 2007; Ikonen et al., 2018; Sundberg et al., 2009; Zhou et al., 2021a).
However, this often assumes an open-loop fuel cycle where the waste type spends up to 50 years in interim storage. On the contrary,
the UK’s HHPW waste inventory could involve a pre-cooling period greater than 50 years, especially for reprocessed waste following
a closed-loop cycle and accounting for additional interim storage time while awaiting a permanent GDF site.

The decay heat vs cooling time relationship during long-term disposal (post-irradiation) can be simplified by an exponential decay
function, defined in equation (2) below:

J (2
D(t) = D(0) Z et/
i=1

where D(0) = D is the initial heat output prior to disposal at time T, ¢ is the time spent during disposal (post-irradiation), and a;/t;
are constant coefficients/time coefficients for a set of post-irradiated times i = j. Within this paper, a HHPW canister reported in
Jackson et al.(2016) was used as the anthropogenic heat source term with initial decay heat 2117.4 W at disposal deposition — see
Section 3.3. However, care should be taken with this estimation and future work will involve assessing all UK HHPW types to
understand their evolution throughout the interim storage period, to gain an accurate depiction of D(0) prior to disposal.

3. METHODOLOGY

3.1 T2Well-ECO2N/TOUGH2 software setup

T2Well-ECO2N/TOUGH2 is a coupled wellbore/reservoir simulator intended for multi-phase non-isothermal flow (Pan and
Oldenburg, 2014). The equation of state (ECO2N) is conventional to non-isothermal water — salt — carbon dioxide fluid mixtures
under temperature and pressure constraints of 10°C < T < 300°Cand P < 600 bar (Pan et al., 2015). Pure water has been adopted
within this paper to continue from the work previously accomplished in Doran et al. (2022b), and therefore all salt and carbon dioxide
mass fractions were set to zero. The conservation equations were solved numerically using the integral finite volume method in a 3D
radial to cartesian mesh structure (see 3.2), albeit the wellbore which adopts a 1D Drift Flux Model to solve the single-phase
momentum equation (Pan et al., 2011) — see Table 1 below interpreted from (Pan et al., 2011; Pan and Oldenburg, 2014).

From Table 1, the general conservations equations for the reservoir (3) and wellbore (8) consist of mass accumulation (M™), mass
flux (F™), energy accumulation (M) and energy flux (FE) terms. Note that equations (4) and (5) for the reservoir are set to zero
due to conductive rock settings (zero porosity and no liquid velocity present within rock pores). Equation (13) is representative of the
momentum equation where the drift flux velocity is equal to zero under single-phase flow (Pan et al., 2011, p.50). The other terms
within Table 1 are: g* source/sink terms, pg rock density, cg rock specific heat capacity, X; mass fraction of liquid phase, p;, liquid
density, S; local saturation of liquid phase, U;, internal energy of liquid phase, u; liquid velocity of fluid, g gravitational acceleration,
z elevation in well, 8 inclination angle of wellbore, k area averaged thermal conductivity of wellbore, o cross section area of wellbore,
h; specific enthalpy of liquid phase, y slip between two phases, f apparent friction coefficient, I surface area of well side and P
pressure.

Other TOUGH codes have been previously applied to repository settings; for example, to assess thermal-hydraulic behaviour of
Callo-Oxfordian Clay following gas and decay heat release in France using TOUGH-MP (Poller et al., 2011), to model radionuclide
transport for the Forsmark and Gorleben sites in Sweden and Germany, respectively, using TOUGHREACT (Schwartz, 2012a,
2012b) and to model THMC processes in buffer material at the Mont Terri and Grimsel underground rock laboratories in Switzerland
(Lee et al., 2021) using TOUGH2-MP/FLAC3D. For this study a coupled wellbore-reservoir simulator is needed (T2Well/TOUGH?2)
to model the subsurface and the “Eavor-like” U-tube design. T2Well-EOS1 has been recently modelled for a Deep Borehole Heat

3



Doran et al.

Exchanger (DBHE) within an enhanced conductive setting (Doran et al., 2021; Renaud et al., 2021). In addition, T2Well-ECO2N has
been applied to a U-tube CLGS system (1.1 km lateral section) for CO2 and pure water fluids in Oldenburg et al. (2019). This
combined a semi-analytical/numerical hybrid for the vertical/lateral sections of the CLGS respectively to reduce computational costs.
For the purposes of this paper, a pure numerical model has been produced in T2Well-ECO2N/TOUGH?2 but for the CLGS lateral
section only — see Section 3.2 below.

Table 1. Key conservation equations for the reservoir (TOUGH2) and wellbore (T2Well-ECO2N) under single phase flow,
interpreted from Pan et al (2014).

Reservoir Conservation Equations Wellbore Conservation Equations
d oM~
—f M"anzf Ffondly, + | q“dV, (3) = q* + F*© (8)
dt Jy, Ty Vi ot
M™ =0 (4) M™ = p S| X[ 9)
1[d(opLS.X[uL)
F™M = Fm= | ek s 1
0 (5) e (10)
uf
ME = ppcgT (6) ME =p, S, (U, + 51 + gzcos@ (11)
aT oT 10 u?
E— _f—— 7 Eofe—e ——— = 12
F k 5 (7) F PPy [apLSLuL (hL + > + gzcosO (12)
i} 10 oP Tfpyluglu
3¢ (L) + - lo(pLuf +1)] = ~3; " 72; L pLgcosf  (13)

3.2 1 km “Eavor-like’ U-tube CLGS preliminary setup

A radial to cartesian mesh structure was created using a python script incorporating the pygmsh and toughio libraries to pre-process
into T2Well-ECO2N/TOUGH?2 (Luu, 2020; Schlémer, 2021). This transitional grid was created to ensure the anthropogenic heat
source terms are located below the 1 km lateral section of the U-tube, within the cartesian part of the grid, whilst maintaining a radial
structure close to the wellbore. In addition, this mesh follows a similar transitional grid to that achieved in the literature for T2Well-
ECO2N for the CLGS in Oldenburg et al. (2019). Constant temperature (Dirichlet) and no-flux (Neumann) were set to all outer
boundaries of the model. Figure 3 displays the dimensional structure of the mesh with a close-up depiction of the wellbore (in red):

e}
[0
9o
o
=

Figure 3: 3D radial to cartesian mesh constructed for T2Well-ECO2N/TOUGH2. Dimensions are 50 m x 50 m x 1100 m in
the x, z, y axes, respectively. The wellbore was extruded in the y-domain from 50 m to 1050 m and with max grid size 5 m.

Table 2 below illustrates the parameters adopted within the long-term sustainability assessment, alongside rock thermal properties,
taken from a previous CLGS case study (Yuan et al., 2021). The parameters adopted in Table 2 were also applied in the finite-
difference model developed previously in MATLAB (see Brown et al., 2022, 2021) and finite element OGS numerical software
(Chen et al., 2019; Watanabe et al., 2017) - their governing equations are reported elsewhere for reference. A 3D cartesian mesh was
created where heat flux in the subsurface was solved using the dual-continuum method, assuming constant fluid properties for pure
water. This involves treating the wellbore as a 1D line in a 3D medium which represents the surrounding rock. On the contrary,
T2Well-ECO2N/TOUGH?2 utilises the drift-flux model and non-constant water properties dependent on the specified equation of
state ECO2N.
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Table 2: ‘Eavor-like’ U-tube CLGS 1 km lateral design parameters (left) and GDF rock thermophysical properties (right)

Long-term sustainability setup? GDF thermophysical rock properties®

Geometry lateral: R; = 0.105m, R, = 0.115m, L; =1 km EV: kgy = 4.8 WIMK, ¢p gy = 860 J/kgK, pgy = 2500 kg/m®

Reservoir conditions: T; g = 31°C, P;g = 10 MPa HSR: kysp = 3.0 W/MK, ¢p ysr = 820 J/kgK, pysg = 2700 kg/m®
Wellbore fluid conditions: m = 5.47 kg/s, T;, = 5 °C LSSR: kyssp = 1.9 WImK, cp 1 ssp = 1400 J/kgK, prssp = 2100
kg/m3

1 Wellbore Inner/outer radii R;/R,, initial temperature/pressure at 1 km depth T; g /P; z, mass flow rate 1 and inlet temperature Ty, .
2 Thermal conductivity k, specific heat capacity cp and density p of rock.

3.3 Anthropogenic heat source term setup

The same mesh structure as in Section 3.2 was adopted for the investigation of a static case where the wellbore is inactive (no fluid
flow) and assumed to have the same properties as those of the GDF formation illustrated in Table 2. This was to investigate how the
decay heat released from canisters from the GDF environment may alter the temperature profile within the rock over a 10-year period,
as decay heat from nuclear waste canisters may disturb the thermo-hydromechanical state of the repository. Heat distribution from a
source term due to conduction/diffusion will depend on a diffusion distance d;s¢(m), see equation (14) below (Jackson et al., 2016,
p.14):

” (14)

CP,RPR

=+2at

ddiff (m) = |2t

where a is the thermal diffusivity of the rock (subscript R). This means that 10 years after GDF waste emplacement, heat will spread
a distance of dg;f = 37.5,29.2 and 20.2 m away from the canister for host rock environments EV, HSR and LSSR, respectively,
unless the heat is artificially removed. According to Hékmark et al. (2009, pp 25-26), heat flux is assumed to spread radially out from
the centre of the canister into the surrounding rock and is dominated by a temperature gradient AT characteristic of the thermal
properties of each material the heat is distributed through. For this study, only the thermal properties of the rock are presumed, as the
focus is heat dispersion within the GDF environment. However, a future detailed study on the thermal properties of each layer
(canister, bentonite buffer etc) is needed to accurately determine the temperature gradient from the centre.

Assuming a canister volume of 3.9 m2 (see Section 2.1), 5 cells (1 centre cell surrounded by 4 nearest neighbours) were picked to
represent the anthropogenic heat source term yielding a total volume of = 3.7 m® — see the pink cells in Figure 4b. A python script
was developed to input each D (t)(W) value to act as a time-step function for the exponential decay heat relationship, due to constant
heat flux generation limitations in TOUGH2 to account for temporal heat source terms. Each simulation produced 10 output files,
with D(t = 0) =2117.40 W, D(t = 1) =2023.93 W, D(t = 2) =1957.73 W, ... D(t = 10) = 1670.58 W to illustrate the change in
decay heat (Figure 2a) at each yearly interval. In addition, the decay heat was equally split between the 5 cells such that D(t = 0) =
2117.40/5 = 423.48 W In total, 30-point sources were inserted into the model fromy = 57.5 mto y = 927.5 m, spaced p,, =30 m
apart to represent a strip of canisters across adjacent tunnels of a MR panel (see 2.1). The temperature profile from 1 — 10 years was
recorded as a 2D slice for each GDF environment (EV, HSR and LSSR) — see Section 4.2.

2200 cay Heat of typn canisterrat centre — b)

a)
2100
2000

1900

1800

Total Decay Heat (W)

1700

1600 - -

1 L 1 1 | L L L 1
1500 1 2 3 4 5 [ 7 8 9 10

Cooling time (years)

Figure 4: a) Decay heat vs cooling time profile at canister centre (red) 10 years after waste emplacement sourced from Jackson
et al. (2016), b) Heat source term (pink cells) equating to a total volume of ~ 3.7 m3 approximately 1 m away from wellbore.
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4. RESULTS

Section 4.1 depicts the benchmarking results to assess long-term sustainability of the 1 km lateral design with a constant circulation
flow rate for 10 years, and Section 4.2 illustrates the temperature profile for the heat source term emitted from a HHPW canister near
the start of wellbore injection point fixed at y = 57.5 m (see Section 3.3) with no fluid flow through the wellbore:

4.1 Long-term sustainability comparison of 1 km lateral ‘Eavor-like’ U-tube CLGS

Figure 5 below depicts a 10-year long-term sustainability assessment (outlet) temperature profile recorded at the end of the 1 km
lateral ‘Eavor-like’ U-tube CLGS installation in T2Well-ECO2N/TOUGH?2 (red) against the MATLAB (blue) and OGS (green)
numerical codes, within the three GDF rock environments EV (solid line), HSR (dashed line) and LSSR (dot dashed line):

40

Matlab EV
OGS EV
T2Well EV
35 Matlab HSR - - - - - - 1
0GS HSR
T2Well HSR - - - - - -
Matlab LSSR — — |
OGS LSSR
T2Well LSSR — —

30

25

20

Temperature (°C)

104+

Time (years)

Figure 5: Temperature vs time long-term sustainability assessment on 1 km lateral ‘Eavor-like’ U-tube CLGS, against
MATLAB and OGS software within the GDF environments: EV (solid), HSR (dashed) and LSSR (dot dashed).

From Figure 5, the temperatures estimated at the end of the 1 km lateral ‘Eavor-like” U-tube CLGS design at 10 years for T2Well-
ECO2N/TOUGH2 was 10.13 °C, 8.46 °C and 7.38 °C for the EV, HSR and LSSR rock environments, respectively. In general,
MATLAB and OGS produced near identical results for all cases, which accounts for OGS data overlying the data produced from
MATLAB, as also identified in previous studies (Doran et al., 2022b). This is because both models adopt the dual continuum method
(and thermal resistances models) to approximate heat transfer between the lateral section of the wellbore and the surrounding rock.
However, there is a slight underestimation in temperature by T2Well-ECO2N/TOUGH against the other software of approximately
0.1 °C, revealing percentage differences for each rock environment of: EV - 1.15 % (OGS) and 1.06 % (MATLAB), HSR - 1.23 %
(OGS) and 0.92 % (MATLAB), LSSR - 1.15 % (OGS) and 0.85 % (MATLAB) at 10 years. This could be due to the methods adopted
to compute fluid flow within the design; for example, T2Well-ECO2N adopts the drift-flux model, while MATLAB and OGS use
the dual-continuum method. It is unlikely for this scenario that the differences are due to non-constant fluid properties previously
highlighted in (Doran et al., 2022b) because vertical depth and geothermal gradient were not considered, which will affect the fluid
properties more prominently. As a constant mass flow rate was applied, this leads to rapid cooling of the CLGS (see Figure 5) within
the first year of operation. Future work on the long-term sustainability temperature profile is needed to assess how this rapid cooling
effect is influenced by the addition of heat from a GDF and whether an additional heat pump system is needed to utilise the recovered
heat.

4.2 Static 10-year temperature profile in EV, HSR and LSSR environments

Figure 6 illustrates a 2D temperature profile slice in the xz plane (fixed y = 57.5 m) — see Figures 3 and 4b - where the first source
term was emplaced, for the EV, HSR and LSSR environments respectively:

The maximum temperatures seen at the centre of the source (canister) were 71.97 °C and 65.27 °C (EV), 95.33 °C and 85.37 °C
(HSR), and 128.59 °C and 115.68 °C (LSSR) for t = 1 and t = 10 years respectively. When the source term decayed from 2117.4 W
to 1670.58 W across this 10-year period the temperature gradients seen at the centre of the source term were AT = 6.7 °C (EV), AT =
9.96 °C (HSR) and AT = 12.91 °C (LSSR). In addition, the HSR 1 year case approximately matches to literature reported in Ikonen
(2003) where a line source of similar decay heat and rock settings reached 80 °C after 2 years. With 31 °C as the initial rock
temperature — see Table 2 — the temperature spread is seen to extend far out into the rock domain with an observed rock temperature
increase after 10-years of approximately 5 °C (EV) 7 m away, 5 °C (HSR) 7 m away and 5 °C (LSSR) 10 m radially away from the
source term. This radial distance < 10 m lies within the bentonite buffer layer and excavated deformation zone (EDZ) and so
temperature gradients here are critical to assess long term integrity of the GDF (Sasaki and Rutqvist, 2022; Siren et al., 2015). In
addition, the 2D temperature profiles seen in Figure 6 are nearly identical to all 30 canisters, with minor differences in temperature
seen between the outer and central canister, concluding there is minimal thermal interference after 10 years. The results conclude that
the LSSR rock environment exhibits the slowest conductive heat transfer away from the point source as a higher AT is seen at the
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source in comparison to the EV environment under the same decay heat vs cooling time relationship (factor of 2.5 higher). The radial
thermal spread is also slower with more cells exhibiting the same initial temperature of 31 °C after 10 years. This is due to LSSR’s
lower thermal diffusivity in comparison to the EV rock of highest thermal diffusivity. The LSSR rock environment also shows a
temperature increase of approximately 50 °C at the source after 10-years in comparison to the EV case. Indeed, it was shown in Zhou
et al. (2021a) that decreasing the rock’s thermal conductivity increases the peak temperatures seen at the buffer interface, proving the
importance of this parameter on overall thermal heat transfer.

EV T(° C) profile: 1 year EV T(° C) profile: 10 years
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Figure 6: Temperature in xz plane (y = 57.5 m) where source term is situated approximately 1 m away from the wellbore.
Left and right images illustrate the change in temperature profile after 1 year and 10-years. Colour map illustrates associated
temperature gradient in each environment; EV (6a,6b), HSR (6¢,6d) and LSSR (6e,6f). Figures zoomed in to see AT contours.

From a GDF safety perspective, the temperature at the bentonite buffer interface should not exceed 100 °C to minimize canister
corrosion (Hedin, 1999; SKB, 2011). Therefore, the EV and HSR environments are seen to match this criterion across the 10-year
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period and is most feasible from a GDF safety perspective. However, there are ongoing studies for temperatures > 100 °C — for
example the HE-E experiment at the Mont Terri site in Switzerland is looking at 140 °C in Opalinus Clay (Gens et al., 2020). In
addition, a maximum buffer limit can be stretched to 125°C for the Opalinus clay environment (LSSR) (NAGRA, 2002, p.109). This
means the temperatures from the 1-year LSSR case exceeds this limit but is feasible after 10 years so could pose additional safety
concerns with THMC processes. One way to overcome these safety concerns is to implement the ‘Eavor-like’ U-tube CLGS into the
LSSR environment, such that excess heat is drawn into the design, and thus reduce the rock temperature to a suitable value to conform
to the buffer safety limits. Depending on the overall thermal spread and how much ‘additional’ heat has been dispersed into the rock,
the LSSR environment could provide the highest heat extraction into the 1 km ‘Eavor-like’ U-tube CLGS design, especially with the
largest AT = 101 °C compared to AT = 83 °C (HSR) and AT = 41 °C (EV) after 10-years from the centre of the source outto 2 m
in the rock. A future study could investigate the ideal distance of the 1 km ‘Eavor-like’ U-tube CLGS design from the point source,
such that the temperature gradient in the rock is reduced and maximal heat recovery is achieved.

Future work should also investigate the heat spread on a 3D plot to reveal the hidden temperature profile along the y-axes (across
tunnels) and if there is any interference between each source term. In addition, a larger footprint of the MR could also be modelled
to account for canisters either side of the central strip investigated within this study, and how increasing the number of canisters
effects the extent of heat transfer in the surrounding rock. This study has also focused on homogenous rock— in reality, a heterogenous
setting could be modelled for a future UK GDF site highlighted in section 1, and accounting for a measured depth profile to compare
changes in the natural geothermal gradient after anthropogenic heat source term addition.

5. CONCLUSIONS

In conclusion, the 10-year long-term sustainability study for the 1 km “Eavor-like” U-tube CLGS design yielded temperatures at the
end of the lateral of 10.13 °C, 8.46 °C and 7.38 °C for the EV, HSR and LSSR rock environments respectively. A good comparison
was also made against a code developed in MATLAB and the OGS software where only a 0.1 °C difference was seen between
T2Well-ECO2N/TOUGH?2 and MATLAB/OGS. The static anthropogenic heat source term setup revealed for 1 canister in the xz
plane maximum canister temperatures at the centre cell to be EV: 71.97 °C and 65.27 °C, HSR: 95.33 °C and 85.37 °C, LSSR: 128.59
°C and 115.68 °C for 1 and 10 years respectively when the source term decayed from 2117.4 W to 1670.58 W. A change in the initial
temperature environment > 31 °C was seen in all scenarios and after 10-years approximate rock temperature increases of 5 °C (EV)
7 maway, 5 °C (HSR) 7 m away and 5 °C (LSSR) 10 m away. The overall temperature rise from the initial rock gradient was AT =
85 °C (LSSR), AT = 54 °C (HSR) and AT = 34 °C (EV) after 10-years. From a GDF safety perspective, the LSSR environment
could benefit from the addition of an ‘Eavor-like’ U-tube CLGS to draw heat away from the rock and prevent temperatures exceeding
buffer safety limits (> 125 °C), while the EV and HSR rock temperature fell within range of the buffer temperature criteria after 10
years. In addition, the LSSR rock yields the highest AT away from the source by a factor of 2.5 which could provide the highest heat
extraction rate into the 1 km ‘Eavor-like’ U-tube CLGS design. Future work on a dynamic setup of the 1 km ‘Eavor-like’ U-tube
CLGS design in the LSSR rock setting with the ‘new’ temperature profile is needed to determine the proportion of heat that will be
removed from the rock into the wellbore and how this can mitigate THMC processes. This will be of particular importance for the
LSSR environment to remove excess heat from the rock into the ‘Eavor-like’ U-tube CLGS to improve overall GDF safety.
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