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A. Bidarmaghz, R. Choudhary, G. Narsilio et al.
1. Introduction

Past research has demonstrated that urbanisation has affected the
shallow subsurface temperatures. A study by Ferguson and Woodbury
(2004) was one of the first to examine the influence of heat flux from
buildings to the ground in Winnipeg, Canada. It showed the extension
of the ground temperature anomaly to be ~130 m vertically and 50 m
laterally outward from a heated building, with a temperature increase
of over 2 °C in 100 years. The combined effects of urbanisation and cli-
mate change on groundwater systems at a city-scale were investigated
by Taniguchi et al. (2009). They concluded that subsurface tempera-
tures of many urban areas are altered by surface warming and the
heat island effect of urbanisation. More recently, as district-scale stud-
ies, a significant ground temperature rise in a densely populated district
in London was shown to be induced by the heat rejected from residen-
tial basements and train tunnels to the ground (Bidarmaghz et al., 2019;
Bidarmaghz et al., 2020).

The rise in underground temperature can potentially influence the
resilience and efficiency of geothermal energy utilisation as urban geo-
thermal potential is highly dependent on subsurface temperatures. Re-
cent advances in urban subsurface temperature mapping through
experimental monitoring and numerical simulations have contributed
to assessing the viability of urban geothermal exploitation. For example,
Allen et al. (2003) demonstrated that the temperature elevation of the
high yielding urban aquifers with up to 4 °C temperature increase
could fulfil the heating demand of buildings with a total footprint over
12,000 m?. The work by Rivera et al. (2017) concluded that, for central
Europe conditions, each additional degree of urban ground temperature
could save around 4 m of the borehole length for the same heating
power supply in Ground Source Heat Pump (GSHP) systems. Arola
and Korkka-Niemi (2014) demonstrated that anthropogenic heat
fluxes, in particular from buildings, have elevated groundwater temper-
ature by about 3 to 4 °Cin the city centre of the studied area. Therefore,
it was concluded that approximately 50-60% more peak heating power
could be utilised from populated areas compared with rural areas.

In addition to the above examples, the district- or city-scale contri-
bution of geothermal systems (such as GSHPs) to the city's energy de-
mand has been investigated by several researchers, for which a
comprehensive review can be found in Bayer et al. (2019). Anderson
and Rezaie (2019) presented several methods of harnessing energy
through various geothermal technologies, whereas @stergaard and
Lund (2011) demonstrated the advantages of the use of geothermal en-
ergy in combination with an absorption heat pump in a city in Denmark
with the ultimate goal of becoming a 100% renewable energy city.
Ondreka et al. (2007) developed an underground geothermal model
for two study areas in south-western Germany with different geological
settings using a geographic information system (GIS). In this model, the
subsurface was divided into layers with similar thermal properties
based on hydro-geological and lithological information. These maps
were used to highlight the link between the heat extraction potential
and ground conditions. A more detailed city-scale GIS-based simulation
model was developed by Zhang et al. (2014) to estimate the number of
geothermal installations at the city-scale without losing control of the
ground thermal balance and to evaluate the degree to which such a sys-
tem could contribute to the energy demands of buildings in a city.
Epting et al. (2017) investigated the thermal state of groundwater in
the cities of Basel, Switzerland and Zaragoza, Spain accounting for dif-
ferent hydraulic and thermal boundary conditions and assessed the an-
thropogenic thermal changes in the urban groundwater bodies. This
assessment was used to facilitate planning for future aquifer use and ur-
banisation and to evaluate the thermal use potential of groundwater.
Remediation strategies were defined for groundwater temperature con-
trol in which injection and extraction locations were considered where
groundwater temperatures were elevated above 3 °C. In a similar study,
Epting et al. (2018) assessed the temperature elevation and geothermal
potential of urban groundwater in the city of Basel, Switzerland and
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compared it against the city's heat demand by relating the aquifer's
temperature increase to the energy demand.

The impacts of ground temperature variations on geothermal sys-
tems have been studied at local and city-scales in recent literature,
highlighting the profound thermal interaction between the geother-
mal systems and the subsurface (Barla and Di Donna, 2018;
Bidarmaghz and Narsilio, 2018; Bidarmaghz et al., 2017; Cousin
et al., 2018). For example, Epting et al. (2020) developed a multi-
scale modelling approach where the thermal activation of the seg-
mental lining was simulated using local-scale 3D thermo-hydro
models. The results were used as transient boundary conditions to
investigate the geothermal potential of the ground surrounding tun-
nel infrastructures in Basel, Switzerland. Applying a 3D finite ele-
ment model, Bidarmaghz and Narsilio (2018) investigated the
thermal interaction between energy tunnels, tunnel air, and the
ground, highlighting the importance of groundwater regime on the
efficiency of energy tunnels. Vienken et al. (2019) and Meng et al.
(2019) investigated the impacts of shallow geothermal energy ex-
traction on groundwater temperature in a 0.1 km? test area in the
city of Cologne, Germany via an intensive temperature monitoring
program and by using calibrated numerical models. Results showed
that, despite the small energy demand and energy extraction rate
in a relatively small study area (0.1 km?), the accumulation of geo-
thermal users significantly impacted the groundwater temperature.

The above-mentioned studies provide evidence that geothermal
systems' long-term performance - particularly in urban areas - is signif-
icantly influenced by evolving subsurface infrastructure and under-
ground climate. A key point is that the urban subsurface temperature
is not uniformly elevated and is subject to both spatial and time varia-
tions resulting from a confluence of the distribution of heat sources
and the ground's hydro-geological makeup. Yet, these effects are poorly
understood at urban scales. As a result, the assessment of urban geo-
thermal potential is often incorrect - especially with respect to long-
term energy extraction efficiency (Radioti et al., 2017).

In most city-scale studies, the geothermal potential is evaluated by
estimating a uniform and constant ground temperature rise over a
fixed period in the subsurface and translating it to thermal energy by in-
corporating thermal properties of the ground (Allen et al., 2003; Arola
and Korkka-Niemi, 2014). As such, there are no examples of evaluating
the urban geothermal potential by taking into account the spatio-
temporal variations of heat sources and hydro-geological ground
properties.

This paper addresses this gap in the literature by presenting a large-
scale finite element model of a dense urban district incorporating fea-
tures of land surface cover, detailed hydro-geological properties of the
ground, and anthropogenic heat sources, including 13,300 residential
heated basements and 15 km of train tunnels. The spatio-temporal var-
iation of ground temperature due to the simultaneous geothermal ex-
traction and heat rejection from underground heat sources is the
critical output influencing urban underground climate and hence sus-
tainable exploitation of geothermal energy at the city-scale. The main
novelty lies in quantifying the geothermal potential for an entire district
(12 km?) using a high resolution large-scale (appropriate urban catch-
ment scale) geothermal model. The model accounts for the spatio-
temporal temperature variation in the ground resulting from continu-
ous heat rejection from underground heated structures, coupled with
the effects of geothermal installations, ground conditions and ground-
water regime. Up to now, in large-scale studies, this phenomenon is
mostly overlooked by i) the simplified assumption of steady and ho-
mogenous ground temperature rise due to anthropogenic fluxes
representing one-off heat contribution from underground heat sources
to the ground or by ii) limited numbers of geothermal installations and/
or underground heat sources, which yields rather a localised geother-
mal potential evaluation.

The numerical modelling approach presented in this study can be
applied to any region to evaluate the geothermal potential of the
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subsurface upon detailed knowledge of the ground and underground
built environment characteristics.

2. The numerical model of urban-scale geothermal potential

The previous work of Bidarmaghz et al. (2020) investigated the
ground temperature disturbance due to heat rejection from residential
basements and train tunnels across a 12 km? district in central
London. Temperature increases were observed in the subsurface, the
magnitude of which varied spatially based on ground conditions and
the distribution of underground heat sources. Considering the substan-
tial temperature increase and heat accumulation in the subsurface, this
paper evaluates the geothermal potential of the district by introducing a
sufficient number of borehole heat exchangers into the subsurface to
extract the accumulative heat. To do so, 12,700 heat sinks (as vertical
borehole heat exchangers-BHEs) are added to the semi-3D finite ele-
ment model introduced and detailed in Bidarmaghz et al. (2020) to
evaluate the geothermal potential in the borough while considering
the thermal effects of 13,300 basements and 15 km of train tunnels. It
should be noted that a simplified outline has replaced the detailed out-
line of basements to avoid geometry irregularity, causing meshing ex-
pense. However, the simplification is undertaken such that the total
basement area is kept consistent and the location and direction of the
simplified basements are as close to the realistic basements footprints
to minimise any impacts arising from groundwater flow direction.
This model will be referred to as the semi-3D geothermal model in this
paper, in which a new extension is introduced to facilitate the incorpo-
ration of geothermal installations into the previously developed large-
scale subsurface model.

The main methodological difference between the semi-3D subsur-
face model presented in Bidarmaghz et al. (2020) and the semi-3D geo-
thermal model presented in this paper is the numerical challenges of
incorporating 12,700 borehole heat exchangers to the latter without
compromising the size and the level of details of the urban-scale subsur-
face model. The semi-3D geothermal model takes into account the spa-
tial non-homogeneity and time-dependency of temperature variation
due to continuous rejection of heat into the ground and heat extraction
via borehole heat exchangers on geothermal potential, providing a
modelling framework that enables urban geothermal potential quantifi-
cation at large scales. The model application contributes to the sustain-
ability and efficiency of geothermal energy extraction, which has mostly
been underestimated due to the assumption of steady and homogenous
ground temperature rise representing one-off heat contribution from
underground heat sources to the ground.

2.1. Semi-3D geothermal model specification

Following the work of Bidarmaghz et al. (2020), the semi-3D geo-
thermal model is developed by dividing the entire subsurface into sev-
eral 2D horizontal planes representing the depths between the ground
surface and up to 100 m below surface. Fig. 1a illustrates a schematic
of the semi-3D model and the equivalent full 3D representative of the
modelled area. Heat transfer and fluid flow at each horizontal plane
(XY) are quantified. Heat transfer in the vertical direction Z
(representing depth in the ground) is calculated by coupling the tem-
perature distribution at each depth to the temperature distribution of
a shallower depth and a deeper depth using Fourier's Law of heat con-
duction - applying selected vertical distance between the planes and
the thermal properties. These plane intervals are selected based on the
changes occurring in ground conditions and subsurface structures
(e.g., at the top and bottom of basements and tunnels and at any
depth in which soil properties change) to ensure that subsurface param-
eter variations (e.g., ground properties, structural geometry) are fully
captured in this model. It should be noted that the hydraulic conductiv-
ity of different types of soils, in general, is smaller in the vertical
direction than in the horizontal direction (i.e., k,/k, = 0.1-0.5,
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(Todd, 1959)). Therefore, by selecting plane intervals that capture all
the depth-dependent variations in the model, the impact of neglecting
the vertical mass transfer between the planes on the model outputs
can be minimised to an acceptable level (details can be found in
Bidarmaghz et al. (2020)).

The borehole heat exchangers are represented as point heat sinks at
each plane to enable heat extraction from the ground. Point sinks are ac-
tivated in planes from the surface to 50 m below the ground surface.
They are thermally coupled to one another in the vertical direction to
represent a borehole heat exchanger with a typical length of 50 m. Base-
ments are activated in planes from the surface to 3 m below the ground
surface (typical depth for basements on London (RBKC, 2018)) and train
tunnels being activated in the relevant planes based on their depth.
While the spatial distribution of basements and train tunnels were ex-
tracted from geo-mapping datasets (Geolnformation, 2017a;
Geolnformation, 2017b; RBKC, 2018), the borehole heat exchangers
are evenly distributed in the vicinity of buildings with 10 m distance be-
tween the heat exchangers (Kavanaugh and Rafferty, 2014). No geo-
thermal installation is considered for areas within which train tunnels
are in the first 50 m below the subsurface. A typical 2D plane at any
given depth comprising residential basements, train lines (tunnels)
and, point heat sinks is shown in Fig. 1b.

Detailed local subsurface geology, hydrogeology, and the district's
ground thermal properties are derived from a 3D geological and
groundwater model developed by the British Geological Survey (BGS)
(British Geological Survey, 2017) and are incorporated into the semi-
3D geothermal model. Fig. 2a shows the geological model and its varia-
tions along a NW-SE section, showing relatively consistent geological
units of the area predominantly varying between River Terrace Deposits
(various types of gravel) up to 10 m below the surface and London Clay
Formation (up to 60-100 m below the surface).

The estimated values of thermal conductivity and diffusivity for
River Terrace Deposits and London Clay Formation are shown in
Table 1 (Bricker and Bloomfield, 2014; British Geological Survey,
2017; Busby et al., 2009). The ground thermal properties for different
geological units (mostly gathered from Thermal Response Testing re-
sults around the UK) are spatially integrated into the model. The distri-
bution of the selected thermal conductivity, heat capacity and thermal
diffusivity, reflects the typical thermal properties of the geological
units in the borough, which vary between River Terrace Deposits
(e.g., Kempton Park Gravel) and London Clay Formation. The hydraulic
conductivities for River Terrace Deposits are from a conceptual model
developed by British Geological Survey (Burke et al., 2014) across the
Thames Basin for different lithostratigraphic classes of superficial de-
posits including River Terrace Deposits (saturated and unsaturated).
The hydraulic conductivity for London Clay Formation is extracted
from the literature (Busby et al., 2009). The overall groundwater level
distribution based on observation well measurements is shown in
Fig. 2b-left. For the southern part of the borough within which up to
10 m below the surface could consist of permeable River Terrace
Deposits, The British Geological Survey provided an updated hydraulic
head distribution based on the shallow groundwater levels and by tak-
ing into account the lost rivers of Fleet and Westbourne and the River
Thames - with a long-term average recharge rate of 0.12 m/day, and ac-
counting for rainfall and potential evaporation in the area. This is shown
in Fig. 2b-right (Mansour and Hughes, 2004; Mansour et al., 2018).

The total thermal demand of a typical residential building in this dis-
trict of London (attached terrace houses according to Geolnformation
(2017a)) is specified as average gas consumption of 12,500 kWh per
household for space heating and hot water (Choudhary, 2012). As
water heating relies on both electric and gas, its contribution to the an-
nual average consumption deems minimal. Therefore, according to
Zimmermann et al. (2012), the gas consumption of a typical household
in London can vary between the extreme cases of three times higher
than the average value (in winter) and zero (in summer), leading to
the annual thermal load profile presented in Fig. 3. A typical value of
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Fig. 1. Geothermal model (a) schematic of the semi-3D model and the 3D representative of the modelled area (not to scale), (b) a 2D plane representing residential basements, train lines

and point heat sinks (BHEs).

30 W/m was selected as the average geothermal extraction rate (Banks,
2012; Bidarmaghz et al., 2015; Johnston et al., 2011). Given the largely
heating dominated case, the relatively small heat rejection into the
ground via the BHEs during the warmer weeks of summer is not consid-
ered in this study, making the study rather conservative. The geother-
mal extraction rate's annual variation follows the same trend as the
thermal demand leading to the maximum heat extraction rate of
~80 W/m in winter and zero in summer (presented in Fig. 3, secondary
vertical axis).

Considering the average gas consumption per household, the
number of buildings and the average geothermal extraction rate
(30 W/m), 12,700 ground heat exchangers of 50 m in length will be re-
quired to ideally supply the total thermal demand of the borough. How-
ever, ground freezing due to heat extraction is the prohibitive factor,

which defines the ultimate geothermal potential in the subsurface.
Therefore, to evaluate the maximum heat extraction capacity of the
ground (which can also be translated as the supply of a thermal demand
which does not result in ground freezing), thermal load intensities of
100%, 75% and 50% of the total thermal demand of the district are
modelled, and the consequent ground temperature decreases are quan-
tified. Furthermore, the impact of heated basements on the geothermal
potential is quantified by neglecting the heat rejection from basements
in one model run, while heat extraction via borehole heat exchangers
continued. The outputs are compared to the case where basements act
as heat sources by rejecting heat to the ground, thus thermally
interacting with the borehole heat exchangers.

Heat exchange between the basements, train lines, borehole heat
exchangers and the surrounding ground and groundwater at each 2D
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Fig. 2. (a) 3D Geological model and geological variations, (b) groundwater level contours (relative to Ordnance Datum) and estimated hydraulic heads (Bidarmaghz et al., 2020).

plane is captured by coupling and solving the equations for conductive Qoup = Aeff(Tn—1—Tn)/dz and qo gown = Negr(Tns1—Tn)/dz (2)
and convective heat transfer and fluid flow in a porous medium
(ground) with groundwater flow (Egs. (1)-(4)) using finite element q = —dAggVT 3)
package COMSOL Multiphysics (Bidarmaghz, 2014; COMSOL, 2018a;
COMSOL, 2018b). It is worth noting that the following equations were Neff = (1—&)Am + €N (4)

initially developed in the work of Bidarmaghz et al. (2020); however, . . . .

they are presented in this work to show the modifications for heat where d.z is the dlstjance betyveen the3planes (dorpam thlckness? [m].
sinks' incorporations: (pCp)epr is the effective den51ty [kg/m’] and effeFtlve heat capac.lty [/
kgK] of the porous ground, vyis the Darcy velocity field [m/s] - in the
presence of groundwater, Aoy is the effective thermal conductivity of

oT
d2(pCP) ey 5 + dz(PCP)Vs VT +V.q = Goup + Go.down + Qappiieadz (1) the porous ground [W/mK], Ar and A, represent the thermal

Table 1
Hydro-thermal properties of the ground (RBKC) used in the semi-3D geothermal model.
Geology Thermal conductivity, Density, p Specific heat capacity, C, Porosity Hydraulic conductivity, ky Diffusivity, o
N [W/(mK)] [kg/m’] [J/(kgK)] -] [m/s] [m?/s]
Kempton Park Gravel (unsaturated) 0.77 1600 1100 0.35 42 x 107> 45x 1077
Kempton Park Gravel (saturated) 2.5 1900 1440 0.35 5.6 x 1074 9.1 x 1077
London Clay 1.7 2000 870 0.5 1x107° 9.7 x 1077
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Fig. 3. Annual gas consumption for space heating and hot water for a typical household and the associated geothermal extraction rate.

conductivity of groundwater and solid material respectively [W/m.K]
and ¢ is the porosity. T is the transient temperature [K], gop and o down
are the upside and downside out of plane heat fluxes [W/m?], which are
used to account for heat transfer in the vertical direction Z (between the
planes n, n-1 and n + 1) based on the effective thermal conductivity be-
tween the planes and their temperature differences and Qqppiieq is the
thermal load applied at the point heat sinks at each plane [W/m]
representing the vertical borehole heat exchangers by accounting for
the vertical distance between the planes (dz).

Single-phase fluid flow in a porous medium (groundwater flow) is
described by Darcy's Law as described in Egs. (5) and (6)

__k
Ky

Kk

(VPr=psav2) 1= 5

v (5)

Inserting Darcy equations into the continuity equations produces
the generalised governing equation:
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where K is the permeability of the ground [m?/s], psrepresents the pore
pressure in the ground [Pa], pyis the temperature-dependent ground-
water density [keg/m?], g is the gravitational acceleration vector [m/s?],
Uy is the groundwater dynamic viscosity [Pa-s] and & is the porosity.

It should be noted that the semi-3D geothermal model consists of
one 2D plane only. However, several sets of heat transfer and fluid
flow equations are defined, for which, each set of equations (with vari-
ables of temperature, T, pressure, p, and velocity, v) refer to one specific
depth, taking into account the hydro-geology and underground built
environment at that depth.

The initial and boundary conditions incorporated into the semi-3D
geothermal model are presented in Fig. 4. Overall, the heat extraction
rate applied at point sources varied seasonally and between 0 and
~80 W/m, as shown in Fig. 3 (Zimmermann et al., 2012). The existing
groundwater flow rate and direction in the southern part of the district

Thermal

=18°C symmetry

Tbasement

uoIv3.Ip Z

Fig. 4. Schematic of the initial and boundary conditions used in the semi-3D geothermal model.
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(where permeable superficial deposits exist) are modelled by assigning
the relevant hydraulic properties (i.e., hydraulic conductivity and hy-
draulic head distribution) to each plane. As shown in Fig. 2b, within
southern parts of the district, the maximum head difference (relevant
to Ordnance Datum) is around 10 m for the east boundary and 5 m for
the west boundary of each plane within the first 10 m below ground
level. The basements are kept at the average indoor temperature in
the UK (18 °C) throughout the year (Lane, 2011; Menberg et al.,
2016). Train line temperatures followed an annual temperature distri-
bution that varies seasonally between 15 and 28 °C for London's typical
conditions representing average annual temperature distribution for
different train lines in London based on the temperature data presented
in the works of Mortada (2019) and Gilbey et al. (2011). The outer
boundary of the planes is set as symmetry, assuming similar thermal
disturbance in the ground from basements and train lines within the
neighbouring boroughs. The effect of ground surface temperature fluc-
tuations is captured as a time-varying temperature. This surface tem-
perature is accounted for in the first plane using Eq. (7) (Baggs, 1983;
Bidarmaghz et al., 2016):

Tsurface(Z = 0,t) = Tground undisturbed — (1.07.ky As
x exp(—0.00031552.(z = 0).a~%%)

x cos((%) (t—to +0.018335.(z = 0).04*05))
(7)

where Tgroundundisturbed 1S the ground annual average temperature
(12.5 °C), k, is the vegetation coefficient set at 0.8 accounting for an

(a) Semi-3D model 3D model
4m
Line heat o
sink | 7T v
i i
iQm ilOm
Ground ) -
\_/
Ttarfield™ Teurface =12.5°C  Q=50W/m (heating)
A P G
Material
[W/(mK)] | [ka/m’] | [}/(kgK)]
Ground 1:5 1,600 1,100
Heat sink 2:5 2,300 850

Temperature (3D) [C]

[y
o

0o

()]

S

(c)
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average of 30% vegetation cover, A is the annual air swing temperature
(8.3 °C), tis the day of the year, z indicates the depth in the ground and
equal to O for the ground surface [m], ccis the ground diffusivity equal to
an average value of 9.65 x 10~7 m?/s calculated based on physical and
thermal properties of the soil presented in Table 2 and t, is the coldest
temperature day from January 1st (Busby et al., 2009; Price et al., 2018).

Each 2D plane consists of about 300,000 triangular elements. The
model is executed on an Intel 2.1 GHz, 24 cores with 192 GB memory,
co-simulating up to 34 planes (from the surface to about 100 m below
surface), hence 34 sets of temperature, Darcy velocity and pressure var-
iations. The total finite element model is ~100 GB in size.

2.2. Semi-3D geothermal model validation

The specification of the large-scale geothermal model requires vali-
dation, which is presented in this section. The ground temperature
changes in the semi-3D model with point heat sinks at each horizontal
plane are compared to the outputs from a validated 3D model
(Bidarmaghz and Narsilio, 2016) comprising the ground as a 3D domain
and a line heat sink as the vertical borehole heat exchanger (Fig. 5a). A
constant heating demand of 50 W/m is applied on the heat sinks of both
models (as a line in the 3D model and as points in the semi-3D model).
The semi-3D model is divided into 11 planes with 1 m plane intervals, in
which the point heat sinks are activated in the first 10 planes - to repre-
sent a 9 m long line source similar to the 3D model. Eq. (8) for steady-
state conductive-convective heat transfer together with Egs. (2)-(4)
(presented in 2.1) are solved in the finite element package COMSOL
Multiphysics to model heat transfer mechanism between the ground
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Temperature (Semi-3D) [C]

Semi-3D model (at 5m depth) 3D model (at 5m depth)
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Fig. 5. Model evaluation: (a) schematic of the 3D vs semi-3D models, (b) ground temperatures obtained from semi-3D and 3D models, (c) planar ground temperature distribution at mid-

depth of semi-3D and 3D models.
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and heat sinks (borehole heat exchangers) at each horizontal plane and
in the vertical direction Z in the semi-3D geothermal model
(Bidarmaghz, 2014; COMSOL, 2018a; COMSOL, 2018b):

dz(PCP)effo-VT + V-q = QO‘up + qO,down + Qapplieddz (8)

where d, is the distance between the planes (domain thickness)
[m], (pCp)egris the effective density [kg/m’] and effective heat capacity
[J/kgK] of the porous ground, vris the Darcy velocity field [m/s] - in
the presence of groundwater, T is the temperature [K], qo..;, and qo,gown
are the upside and downside out of plane heat fluxes [W/m?], which
are used to account for heat transfer in the vertical direction Z (between
the planes n, n-1 and n + 1) based on the effective thermal conductivity
between the planes and their temperature differences and Qqppiieq 15
the constant thermal load applied at the point heat sinks at each plane
[W/m] representing the vertical borehole heat exchangers by account-
ing for the vertical distance between the planes (d;).

It is noteworthy to mention that groundwater is not included in the
validation model (groundwater and Darcy equations are fully incorpo-
rated into the large-scale semi-3D geothermal model explained in
Section 2.1); therefore, the groundwater-related terms in the equations
above (v, Arand €) are set at zero. Details of the full 3D finite element
model can be found in Bidarmaghz and Narsilio (2016).

Temperature ranges obtained from the full 3D and semi-3D models
at different depths are compared and presented in Fig. 5b and c. These
observations indicate that the accumulative effect of point heat sinks
in the semi-3D geothermal model is a reasonable representation of
the line heat sinks in the full 3D model.

3. Results and discussions

The semi-3D geothermal model explained in Section 2.1 is used to
study the thermal interaction between 13,300 heated residential base-
ments, 15 km of train tunnels and 12,700 borehole heat exchangers
and the ground. Accounting for hydro-geological variations, the geo-
thermal exploitation efficiency in different parts of the borough is inves-
tigated with respect to the spatial variations of the ground temperature.
To evaluate the optimal heat extraction capacity of the subsurface, sev-
eral thermal demand intensities are tested (100%, 75% and 50% of the
total gas consumption of the borough), for which the consequent
ground temperature decrease is quantified. To do so, numerical simula-
tions are conducted for a period of 25 years with the ground surface and
train tunnel temperatures and heat extraction rate varying with time,
while the temperature of the basement is kept at a comfortable level
of 18 °C throughout the year.

Fig. 6a shows the spatial distribution of the subsurface temperature
- after 25 years - when 100% of the borough's heat demand is supplied
by geothermal energy. It should be noted that the temperature values
presented in Fig. 6 are the minimum values occurring in the ground
due to heat extraction (Tpjn), and Tiin-initiar 1S the minimum ground
temperature, mid-winter, prior to heat exchangers' activation. It is ob-
served that the location of heat sources, the geological makeup and
the groundwater regime result in large spatial variations in ground tem-
peratures, thus the geothermal energy efficiency. For example, at 6 m
depth, the activation of borehole heat exchangers within the London
Clay Formation results in the ground temperature decreasing from
12.3 °C (Tmin-initiat) t0 @ minimum of —15 °C (Tin). The minimum
ground temperature is higher at shallower depths (e.g., —10.3 °C at
3 m) in this formation as a result of the continuous heat rejection
from the basements. Conversely, the same thermal load has a negligible
effect on the subsurface temperatures within the River Terrace Deposits,
with groundwater flow (up to 10 m below surface) showing signifi-
cantly higher ground temperatures in that area. At deeper depths
(e.g., 36 m), where ground dominantly consists of London Clay, the
thermal compensation from heated basements and train lines decreases
while heat extraction via borehole heat exchangers is continuous. This
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results in an extreme minimum ground temperature in the entire bor-
ough, indicating the limitation of the geothermal system to fulfil 100%
of the borough's heat demand.

To explicitly study the heated underground spaces' contribution to
the efficiency of geothermal systems, heat rejection from basements is
not included in model execution, while the borehole heat exchangers
remain activated to supply 100% of the total thermal demand. Prior to
the activation of heat exchangers, the minimum ground temperature
in the borough was 11 °C within the seasonal fluctuation zone (up to
6 m depth) and around 12.5 °C at deeper depths. As shown in Fig. 6b,
and as one would expect, the temperature of the ground reduces by
the geothermal extraction. However, in comparison to the model
where basements act as heat sources (shown in Fig. 6a), the ground
temperature in shallow subsurface consisting of London Clay is signifi-
cantly lower (—18.2 °Cat 3 m and — 21.9 °C at 6 m). At deeper depths
and in the areas of the borough with sand and gravel, the effect of
heated basements on ground temperature seems to be minimal
(3.6°Cvs 6.2 °Cat3 mand — 21.9 °Cvs —22 °Cat 36 m). These results
indicate that the greatest benefits of the heated underground spaces for
geothermal potential are achieved when these structures are in the im-
permeable ground (e.g., London Clay). Despite the positive effect of heat
sources on geothermal potential, when located within permeable mate-
rial, the groundwater flow is the primary phenomenon in improving the
efficiency of geothermal energy extraction by preventing significant
temperature decrease in the ground due to geothermal energy
extraction.

The results shown in Fig. 6 indicate that the supply of the 100% ther-
mal demand of the district via borehole heat exchangers is not viable
due to substantial sub-zero temperatures occurring within the London
Clay Formation. Therefore, thermal demand intensities of 75% and 50%
of the total load are incorporated into the model to further understand
the maximum geothermal energy extraction capacity of the subsurface.
It is demonstrated that the permeability values of the ground and
groundwater flow have favourable impacts on the geothermal potential.
However, its extent varies by the thermal load intensity.

Fig. 7 shows the minimum ground temperatures (depth-averaged)
taken from the volume of the ground with different permeable layer
thicknesses - for thermal load scenarios of 100%, 75%, and 50% of total
thermal demand. The minimum ground temperature of a case with no
geothermal energy extraction (referred to as “No BHEs”) is also pre-
sented for comparison. It is observed that, were the ground consists of
layers of permeable soil, the geothermal efficiency improves by yielding
higher minimum ground temperatures. For example, where the thick-
ness of the permeable layer is relatively large - areas in the borough
where the first 10 m of the subsurface is covered with River Terrace De-
posits — the minimum ground temperature shows less sensitivity to the
variations of the thermal demand (between the range of —3.4 °C to
1.9 °C for 75% and 50% thermal load intensities). This is primarily due
to the effect of groundwater flow in recharging the ground surrounding
the borehole heat exchangers and is secondarily attributed to the im-
pact of heated basements on geothermal efficiency in the permeable
ground. Conversely, in areas where the London Clay Formation outcrops
(0 m of the permeable layer), the minimum ground temperature range
is large and varies between —9.1 °C to —1.6 °C for 75% and 50% thermal
demand, showing significantly lower geothermal extraction efficiency
for all thermal load intensities in such formation.

By comparing the minimum ground temperature for thermally
insulated vs. thermally activated basements (for 100% load) for dif-
ferent thicknesses of sand and gravel in Fig. 7, it is concluded that
the contribution of the heated basements to the geothermal extrac-
tion efficiency increases when the thickness of the permeable layer
decreases. For example, for the 100% thermal load the activation of
heated basements located in London Clay has increased the mini-
mum ground temperature by around 4 °C (from —18.5 °C to
—14.1 °C), which is about 1 °C (from —9.8 °C to —8.7 °C) in the
ground with 10 m of permeable soil.
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Fig. 6. Spatial variations of ground temperature due to fulfilling 100% of the district's thermal demand using borehole heat exchangers (a) with activated heated basements, (b) with

thermally insulated basements. Note the different range scale at different depths.

These observations highlight the spatial dependency of geothermal
extraction capacity. Therefore, a good understanding of the spatial tem-
perature variations in the ground is crucial to ensure the efficiency of
geothermal extraction. Fig. 8 shows the spatial variation of ground tem-
perature for a NW-SE section of the borough due to the combined effect
of heated basements, geological makeup and groundwater flow.

In parts of the district where the River Terrace Deposit outcrops, the
effect of groundwater flow results in minimal ground temperature de-
crease at a depth of the basements (3 m) and the depth in which the

ground is permeable and allows groundwater to flow. This, in turn, re-
sults in smaller differences in the ground temperature for different ther-
mal load distributions (50% and 100%). The geothermal extraction
efficiency is higher in such hydro-geological conditions, and also the
geometrical characteristics of heated underground spaces (e.g., depth)
can contribute to the geothermal potential of the urban subsurface in
such geological makeup. In contrast, in the London Clay Formation,
even though heated basements significantly increase the ground tem-
perature surrounding the basements, the contribution is not enough
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to avoid significant sub-zero temperatures in the ground due to geo-
thermal extraction.

The heat extraction capacity is strongly correlated to the thermal
load intensity - at any depth - and shows a significant variation in
ground temperatures for different thermal loads (50% vs. 100%). There-
fore, it can be concluded that in impermeable soil, even though heated
basements have positive impacts on geothermal potential and higher
minimum temperatures to occur in the ground (as shown in Fig. 6),
the effect is not as profound as the combined effect of heated basements
and groundwater flow in permeable soil. Ground thermal capacity,
which is defined by thermal diffusivity, is the key parameter in urban
geothermal potential evaluations in such impermeable formations. It
should be noted that the sharp temperature increase at 4700 m distance
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Fig. 8. The ground temperature along NW-SE section at different depths.
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for 50% thermal load has resulted from the section line crossing the train
tunnels.

In this study, borehole heat exchangers are modelled as point heat
sinks, for which their accumulative effect along the depth resembles a
line heat source. In general, the efficiency of geothermal systems is eval-
uated by the temperature of carrier fluid circulating within the BHEs,
which is recommended by ground source heat pump manufacturers
to be kept at a temperature not lower than 1-2 °C below zero
(Bidarmaghz and Narsilio, 2016; Bidarmaghz et al., 2016). The threshold
for the ground temperature to prevent ground freezing is, however,
0 °C, which is used in this study. To further evaluate the geothermal po-
tential of the subsurface, in addition to the spatial variations of the
ground temperature due to heat extraction, investigating the tempera-
ture ranges occurring at point heat sinks provides further insight into
the efficiency of geothermal systems in different areas. This is indicated
by a percentage of ground heat exchangers that have the temperature
sub-zero.

Fig. 9 shows depth-averaged temperatures of point heat sinks for
different geological makeup and different thermal load intensities.
Even though the number of borehole heat exchangers in different geol-
ogies are different (1280 BHEs in an area with River Terrace Deposits
underlain by London Clay and 3300 BHEs in the area where London
Clay outcrops), the BHEs density (BHE/m?) is the same in all selected
areas. It is observed that the application of geothermal systems to fulfil
a given thermal load may not be feasible in a formation such as clay. For
example, to fulfil 75% of the total thermal demand via BHEs, 78% of the
borehole heat exchangers in that area (out of 3300) reach an average
minimum temperature of 0 °C and lower (Fig. 9a), while the rest
show above-zero temperatures. This is likely attributed to the configu-
ration of the basements and ground heat exchangers. However, the
same thermal demand could be satisfied via the majority of borehole
heat exchangers activated in geological units such as sand and gravel,
from which around 85% of them show temperatures higher than the
threshold (>0 °C - Fig. 9b). The effect of geological makeup is less signif-
icant for less intense thermal load distributions.

The supply of 50% of the total thermal demand in the modelled district
via borehole heat exchangers is viable because the minimum tempera-
ture within almost all the heat sinks at any other point within the ground
is higher than the temperature threshold (0 °C) (Fig. 9c and d). That is, up
to 50% of the total thermal demand could be supplied by geothermal ex-
traction systems in the entire borough regardless of the geology and hy-
drogeology. This translates to 33% reduction in CO2 emission when
ground source heat pump systems supply 50% of the borough's total gas
demand compared to gas use for 100% of the thermal demand. The CO2
reduction calculations are based on London's 2019 emission factors for
gas (0.184 kgCO,e/kWh) and electricity (0.253 kgCO,e/kWh) and a typi-
cal Coefficient of Performance (COP) of 4 for the ground source heat
pump (London Energy and Greenhouse Gas Inventory, 2019; Aditya
et al., 2020; Aditya and Narsilio, 2020). In particular, in parts of the bor-
ough where River Terrace Deposits outcrops, up to 75% of the thermal de-
mand could be satisfied using the proposed district-scale GSHP systems.
For an average gas consumption of 12,500 kWh per household, assuming
0.253 kgCO2e/kWh for electricity and 0.184 kgCO2e/kWh for gas (as per
2019 emission factors for London), the supply of 50% of the total gas de-
mand by ground source heat pump system with a typical COP of 4, results
in 33% saving in CO2 emission.

4. Conclusions

This paper investigates the geothermal potential in a densely popu-
lated district in London, UK. Using a semi-3D finite element methodology,
the spatio-temporal variability of ground temperatures resulting from
concurrent thermal interaction between underground heated structures,
geothermal installations and the ground is investigated. The hydro-
geological variations coupled with the continuous heat rejection from un-
derground spaces has led to a spatial dependency of geothermal potential
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Fig. 9. Ground heat exchangers' temperature range activated at London Clay Formation and River Terrace Deposits for satisfying 75% and 50% of the total thermal demand.

in the district, hence also resulting in the variation of geothermal energy
extraction efficiency in different parts of the district.

It is concluded that the shallow subsurface can supply a significant
portion of the total energy demand of the district. Temperature distribu-
tions at and around borehole heat exchangers show that even though
the 100% of the thermal demand cannot be fulfilled by the defined geo-
thermal systems, up to 75% of thermal demand could be supplied using
borehole heat exchangers in parts of the district that River Terrace
Deposits outcrops. In addition, up to 50% of the total thermal demand
could be supplied by geothermal extraction systems in the entire
district consisting of sand and gravel in southern parts and clay in the
northern parts. This translates to 33% reduction in CO2 emission when
ground source heat pump systems supply 50% of the borough's total
gas demand compared to gas use for 100% of the thermal demand.

The numerical results show that, although heated underground
spaces increase the ground temperature and significantly contribute
to its geothermal potential, the high permeability of the ground and
groundwater flow are the necessary contributors with respect to the ef-
ficiency of geothermal extraction. This highlights the crucial impact of
convective heat transfer in urban geothermal potential evaluations.
Such hydro-geological characteristics (sand and gravel with groundwa-
ter flow) combined with the temperature elevation in the urban under-
ground can result in conditions in which a significant portion (i.e., 75%
in this study) of the city's thermal demand can be satisfied via the
ground heat exchanger. In the London Clay Formation with low perme-
ability, while the efficiency of geothermal extraction is improved by the
heat rejected from underground spaces, its efficiency deviates
significantly from the one in sand and gravel formations. Conductive
heat transfer is the main heat exchange mechanism in this
hydro-geological condition. With underground heat sources being the
only contributors to the ground thermal recharge in this formation,
the urban geothermal potential is mainly dependent on ground thermal
capacities (thermal diffusivity).

The case study illustrates that sustainable application of geothermal
systems requires i) detailed knowledge of spatial variations of the
ground temperature, ii) hydro-geological properties of the ground and
iii) underground built environment characteristics. Once these are
known, studying the long-term thermal interactions between the
ground, underground heat sources and the borehole heat exchangers
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and the consequent spatial variations of ground temperature can be
conducted for a better estimation of geothermal potential than before.
The presented modelling framework can fully capture such thermal in-
teractions on a large scale. Further research work is needed to examine
the scalability of the framework by applying it to other subsurface con-
ditions and underground built environment characteristics.
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