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ABSTRACT

Many cities leave a considerable thermal footprint in the subsurface. This is caused mainly by accelerated
heat fluxes from warmed basements, pavements and buried infrastructures. Even though rough esti-
mations of the theoretical heat content in urban ground exist, there is no insight available on the
technical potential of such subsurface urban heat islands. By considering borehole heat exchangers
(BHEs) for geothermal exploitation, new opportunities arise for planning sustainable systems within
cities through utilization of accelerated ground heat input from urban structures. This is feasible at
moderate heat extraction rates even without any active (seasonal) recharging of the BHEs. For typical
conditions in central Europe and a given system’s life time, each additional degree of urban ground
heating could save around 4 m of the borehole length for the same heating power supply. We inspect
implications for a single BHE as well as complete coverage of cities, which is approximated by an infinite
field of BHEs. The results show that shallower systems favour renewable operation, and urban technical

Subsurface urban heat island

potential of geothermal use increases by up to 40% when compared to rural conditions.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

The shallow ground is considered as a large energy reservoir,
and the thermal capacity of low-enthalpy geothermal installations
shows global growth rates of around 7% at present [1]. Most com-
mon devices are borehole heat exchangers (BHEs), where a heat
carrier fluid exchanges heat with the ambient ground by circulation
in vertical boreholes. Although much more energy is stored in the
ground than is used, local geothermal energy availability might be
limited. Especially in areas with dense populations and high
installed capacities, competition for the ground is high [2—4]. In
Switzerland, for example, with the highest density of BHEs
worldwide, local authorities caution overexploitation of the ground
[5].

Previous works implemented GIS-based models to estimate the
spatially distributed geothermal potential in specific regions or
cities ([6—12]). Common to these regional models is that they
consider the variability of the thermal properties of the subsurface
and expected heat extraction rates, which are specified by
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guidelines such as the German VDI [13]. Schiel et al. [7], for
instance, applied this to the city of Ludwigsburg, Germany. They
compared the spatially distributed heating demands and the en-
ergy supplied by BHEs fields. In the same manner, Zhang et al. [14]
estimated the spatial variability of the capacity and electricity
consumption for different BHEs distributions in the city of West-
minster, London. Both studies reveal how the specific heating de-
mands may be fully or partially supplied by multiple BHEs,
employing assumptions and simplifications that restrict the model.

One common simplification is related to the way these models
account for urban heat sources such as heat losses from basements,
underground infrastructure (e.g., tunnels, district heating and
sewage networks) and heat input from increased ground surface
temperature [15—19]. Generally, these influences exhibit a high
variability in space and time that is commonly neglected in GIS-
supported models. Depending on their strength and timing, these
man-induced thermal alterations can significantly change the
ground temperature down to several tens of meters in the sub-
surface [20]. Bayer et al. [21], for instance, employed analytical
models to estimate the relative contribution of climate forcing and
urban sources such as paved areas and buildings to urban ground.
For this, four measured temperature-depth-profiles (TDPs) taken in
areas with different degrees of urbanization in the city and suburbs
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Nomenclature

a thermal diffusivity (m? s 1)

B separation of BHEs (m)

F, Fourier number

g g-function

H borehole length (m)

k geothermal gradient (°C m™!)

q heat flow rate per unit length (W m™1)

Qr dimensionless number

Tp borehole radius (m)

R transient total thermal resistance (m K W~1)

Rp effective thermal resistance of the borehole (m K W~1)

t time (s)

ts characteristic time (s)

turb time of preexisting urban warming before BHE
operation (s)

T temperature in the porous medium (°C)

TgHE temperature change induced by BHE operation (°C)

Tew temperature at the borehole wall (°C)

Tris temperature associated with the FLS solution (°C)

ATgst  net increased temperature at the ground surface (°C)

Ty unaffected ground surface temperature (°C)

Tic temperature associated with the IC solution (°C)

Trec temperature associated with the TBC solution (°C)

X,y,z  coordinates where temperature is evaluated (m)
Xa, X, Ya, Y» boundary coordinates of the specific land use (m)

Greek symbols

X thermal conductivity of porous medium (W m~! K1)
T time at which a heat pulse is released (s)
0 dimensionless temperature

Abbreviations
BHE borehole heat exchanger
BW borehole wall

FLS finite line source

GIS geographical information system

GST ground surface temperature

IC initial conditions

MFLS moving finite line source

SIA Schweizerischer Ingenieur-und Architektenverein
SUHI subsurface urban heat island

TBC top boundary condition
TDP temperature depth profile
VDI Verein Deutscher Ingenieure

Conventions
X depth-averaged value of the quantity X

of Zurich were inspected. It was demonstrated that urban struc-
tures are responsible for at least 50% of the additional energy stored
in the subsurface. This is consistent with earlier work on other
central European cities, which reveal large thermal anomalies in
the upper urban ground, known as subsurface urban heat islands
(SUHIs). These indicate accelerated heat flux from the basements of
buildings and paved ground as the main drivers [22—24]. Zhu et al.
[25] compared the additional energy stored in urban ground with
the annual heating demand in several cities to calculate the
geothermal potential of SUHIs. They focused on the total anthro-
pogenic heat accumulated beneath cities (theoretical geothermal
potential), However, the practically extractable energy (technical
potential) of the urban subsurface is not addressed [26]. The pre-
sent work intends to provide this. The objective here is the esti-
mation of the increased technical potential of the shallow urban
ground, which could be exploited by vertical ground source heat
pump (GSHP) systems equipped with BHEs. As in previous GIS-
based approaches, groundwater effects are neglected.

Various analytical and numerical approaches exist for simu-
lating BHEs [27—30]. Among these, the unitary response factor
approach based on g-functions [31,32] is widely employed. In a
BHE, the circulating fluid exchanges heat with the ground through
conduction. The g-functions yield the relationship between the
mean borehole wall temperature and the heat extraction rate
[33,34].

The g-functions are formulated depending on the boundary
conditions at the borehole wall [35,36]. In the original formulation,
uniform temperature was assumed, requiring an expensive and less
flexible numerical solution. To improve this, analytical finite line
source (FLS) models were explored [37—41]. FLS models have been
proven as acceptable approximation, especially in the case of single
BHEs and extended time scales [33,42,43]. Within the scope of this
study, the FLS-based g-function is convenient for two main reasons.
First, high-frequency signals of the heat extraction rate are not
relevant here, because the focus is set on the long term perfor-
mance of the BHE and the role of land-surface effects (rather than

the BHE design itself). Second and more importantly, the FLS model
enables the superposition of existing analytical expressions to ac-
count for increased ground surface temperatures. Consequently,
this work presents a fast and analytical framework that in-
corporates the time-dependent interaction between the natural
geothermal reservoir, urban land surface effects and technological
use. Moreover, the analytical formulation facilitates direct imple-
mentation within GIS-based models as the ones described above.

In the following, we first present the modified formulation of
the mean borehole wall temperature that incorporates the dy-
namics induced by increased ground surface temperatures (GSTs).
This formulation enables the analysis of different operation
schemes, including renewability criteria. The analysis is carried out
for two extremes: for a single installation and for an infinite field,
rendering a massive exploitation at the city scale. As a result, the
technical potential of BHEs in cities with SUHIs is motivated and the
methodology is demonstrated for an example case in the city of
Zurich, Switzerland.

2. Methodology
2.1. Model description

We consider the urban subsurface as a semi-infinite space with
thermal conductivity A and thermal diffusivity a. In this space, BHEs
are represented by line sources and the increased ground surface
temperature (GST) by continuous doublets distributed over the top
boundary [44,45]. The thermal changes induced by these modeling
entities, together with the initial thermal conditions, determine the
temperature at any point and time. Of special interest is the tem-
perature at the borehole wall Tgy since it influences the heat
extraction rate g from the BHE [31]. This temperature can be ob-
tained by superposing the thermal changes induced by the inter-
acting sources. For this, the heat conduction problem should be
solved for its homogeneous and non-homogenous boundary value
components [46,47]. On the one hand, the homogeneous boundary
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value problem considers that the temperature at the top boundary
is zero (no increased GST). Thus, the borehole wall temperature is
only driven by the thermal changes induced by BHE operation, Tgy.
For these conditions, the g-function g relates the mean borehole

wall temperature Tgy, and the heat extraction rate g [31]:

~ Tane(® = 581 1) 1)

where t is the time, t; = H?/9a is a characteristic time, H is the
borehole length and r, is the borehole radius. In the original
formulation by Eskilson [31], the g-function is numerically evalu-
ated for a specific system configuration. Alternatively, by calcu-
lating the mean borehole wall temperature with the FLS model, the
following semi-analytical expression is obtained ([33,38]):

Trs(0) = g3 /m Lexp( - ¢){4erf(”r\b/5>

2 2
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Tpye(t) =

On the other hand, if the temperature at the ground surface is
not zero, the solution of the nonhomogeneous boundary value
problem Trpc should be superposed to Tgyg, as verified by Rivera
et al. [44,45] for urban land surface effects. It was also implemented
by Bandos et al. [38] for estimating the influence of ambient tem-
perature in thermal response tests, and by Duan and Naterer [48]
for estimating the temperature beneath power transmission
towers.

The mean borehole wall temperature is obtained by averaging
the superposed solutions over the depth H as follows:

Tpw (t) = Tpue(t) + Trpc(t) + Tic (3)
where Ty refers to the initial or undisturbed temperature. If this
temperature is roughly approximated by a geothermal gradient k,
and surface temperature Ty, the associated mean temperature along
the length H is Tjc = T;, + kH/2. In the original g-function, the
temperature Tpyg is computed for a constant background temper-
ature [49]. In contrast, this work considers the transient effect of
the increased GST (e.g. Trgc) on the long term evolution of the
borehole wall temperature and associated heat extraction rates. To
provide the Trpc solution, it is necessary to consider the spatial
variability of land use in cities. For this, the solution provided by
Rivera et al. [44] can be formulated for selected urban areas with
specified land use. These formulations are then superimposed to
the global solution (application examples are shown in
Refs. [44,50,51]). Here, it is assumed that each land use scenario can
be characterized by its own constant or time dependent increased
ground surface temperature, ATgsr(t) [21,52]. The depth-averaging
of this solution over the length H yields:
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Trpc(x,y,t) =

where x, y are the coordinates of the evaluation point in the hori-
zontal plane and yq, ¥, X4, Xp are the coordinates of the specific land
use area with temperature ATcsy (t—H?/(4ap)).

Initially, for the purpose of generality, it is assumed that the
spatially variable GST can be represented by a mean constant value,
ATgst. For a specific location, with given land use distribution, this
value could be an area-weighted GST that renders the mean annual
ground surface temperature. According to this, the land use effect is
represented by an infinite plane that induces a transient vertical
heat flux into the ground. An analytical expression for this effect
can be derived from the solutions presented in Refs. [38,46], which
after being averaged over the reference length H, reads:

Trpe(t) /
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where F, is the Fourier number. To accurately superpose Trpc(t) to

Tic in Eq. (3), ATgst represents the excess in ground surface tem-
perature above Ti. This means that the absolute urban ground
surface temperature is Ty + ATgst. In Eq. (2) and Eq. (5), the time is
specified by the same variable t. This means that both processes,
increased GST and BHE operation, start at the same time. However,
a time lag between those processes may exist. In city centers for
instance, the thermal forcing associated with land use changes had
been acting for several decades before the installation of any BHE. If
this time lag is t,;» and the BHE starts operation at t = O then the
time in Eq. (5) should be t,;5 + t.

Taking the original g-function as a reference, it is necessary to
obtain a dimensionless form of Eq. (3) to generally describe the
effect of elevated ground surface temperature. This dimensionless
form can be derived as follows:

t — 27 t t
o) - =0 () =2 7)
b ) o)
S S
127 Q f<urb+t)
(6)

where the dimensionless number Qr = AATgs7/q, compares the
strength of the surficial forcing ATgsy, to the heat extraction rate g,
of the BHE.

According to Eq. (6), urban land surface effects increase the
mean borehole wall temperature and allow a higher extraction rate
q. By comparing these affected rates with those ones obtained
under undisturbed conditions, the increased technical geothermal
potential is estimated. For this, different system configurations and
exploitation scenarios will be analysed.

At this point, it is worth to discuss some assumptions in the
model that suggest a limited scope of applicability at first glance.
One is the assumption of a homogenous porous medium. However,
for conduction dominated conditions, using average or effective
thermal properties (homogenization), has proven to be a good
approximation [32,49]. Another constraining assumption is the
omission of groundwater flow in the model. On the one hand,
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several studies have demonstrated that thermally unaffected
groundwater flow enhances the performance of GSHP systems (e.g.
[53,54]). On the other hand, significant groundwater flow close to
the ground surface also promotes higher heat losses from surficial
sources [55]. Preliminary analysis implementing the moving finite
line source (MFLS [56]), indicates that a rather low effective ther-
mal velocity easily overprints any ground surface temperature ef-
fects on the mean borehole wall temperature. In these cases,
(thermally) undisturbed groundwater flow shapes the thermal
plumes without changing significantly the overall energy balance
[57,58]. A few studies have been carried out in urban areas signif-
icantly influenced by dynamic aquifers where the presented
analytical models have limited applicability. These studies neces-
sarily rely on measurements and numerical simulations of the
interaction of these aquifers and near-surface urban sources
[59-62].

2.2. Scenarios of analysis

There are diverse standards for BHE installation and planning in
different countries [63] that typically restrict induced ground
temperature variations, heat extraction rates and/or the lifetime of
the geothermal system. This work considers the regulations for
planning and construction provided by the Swiss Society of Engi-
neers and Architects (SIA). Specifically, its norm 384/6 defines the
lowest allowed temperature in the circulating fluid of ground
coupled heat pumps. According to the norm, the mean fluid tem-
perature should not be lower than —1.5 °C after 50 years of oper-
ation [64]. If this mean fluid temperature is m, then it is possible
to relate this temperature and Eq. (3) as follows [32]:

Taia = Trec(tury + £) + Tic + qR(t) = Tw (£) + qRy (7)

where the sum Trpc (£ + t) + Tic is usually referred to as the un-
disturbed ground temperature, R(t) is the transient total thermal
resistance and Ry, is the effective thermal resistance of the borehole.
For an unbalanced extraction rate q, Tgyg(t) + gR,, acts against the
background temperature provided by Trc (typ + £) + Tic

Two scenarios are discussed in the following:

- The “depleting scenario”, which corresponds to a finite opera-
tion period of 50 years.

- The “renewable scenario”, which corresponds to an infinite
operation period, where the heat extraction rate is balanced by
natural sources [3,65].

Results for both scenarios are discussed along with their cor-
responding ‘base case’, which refers to the undisturbed conditions.
In this way, the net energy gain is associated with urban effects, and
thus the related technical potential can be quantified and discussed.

The analyses are carried out for a reference site, specified by the
parameters listed in Table 1. The given values of the geothermal
gradient, the thermal diffusivity and the thermal conductivity are
representative for the city of Zurich [21] and are characteristic for
unconsolidated sediments typically found beneath many central
European cities [66]. The magnitude of Ry is within the expected
range of values for long term BHE operation [49]. Finally, the value
for Ty is site specific and corresponds to the estimations for the city
of Zurich described in [21].

For the following analysis, a range of borehole lengths (H) be-
tween 50 m and 200 m is considered. The upper limit is chosen
based on observed urban temperature-depth-profiles (TDPs) that
typically show thermal anomalies reaching up to 150 m depth
[17,20]. Moreover, the upper limit of 200 m minimizes the effect of

Table 1

Parameters for the reference site taken from Refs. [21,66].
Parameter Value
Thermal diffusivity, a (m? s~) 1x10°°
Thermal conductivity, A (W m~' K~') 25
Borehole radius, r, (m) 0.1
Effective borehole thermal resistance, R, (W~! m K) 0.15
Background surface temperature, Ty (°C) 10
Vertical geothermal gradient, k (°C m~) 0.03

inaccuracies in the analytical model related to the assumption of an
uniform heat extraction rate along the depth [67]. This assumption
may be critical for deeper applications because with higher ground
temperatures (due to the geothermal gradient) it is expected that
heat extraction rates also increase with depth. Finally, for specifi-
cation of increased urban ground-surface temperature, ATgsy, a
range of 0.5—5 K is chosen according to the findings in [22,23].

3. Results and discussion
3.1. Single BHE

3.1.1. Effect of land surface forcing on mean borehole wall
temperature

The dimensionless mean borehole wall temperature (fgy) is
crucial for estimating the technical geothermal potential, and it is
scrutinized first. Fig. 1a shows the influence of increasing ground-
surface warming (expressed by Qr), assuming that urban ground
heating and BHE operation start simultaneously (t,;, = 0). The
curve Qr = 0 corresponds to the original g-function without the
transient effect induced by ATgsr. In this case, the sustained drop in

Oy is due to the continuous heat extraction q. For ATgst > 0, the
quantity Qr = AATgsr/q increases proportionally to its magnitude.
The associated curves depicted in Fig. 1a exhibit a characteristic

minimum in fg . The time at which this minimum occurs indicates
the instant when GST effects balance the temperature drop induced
by g such that the heat flux from the surface compensates the heat
extraction. At later times, continuously high ground-heat flux re-
plenishes the cooled ground. Pronounced ATgsr is associated with a
higher mean borehole wall temperature.

Fig. 1b examines the same conditions as in Fig. 1a, but assumes
that urbanization has started 100 years ago (t,;» = 100 years). In
this case, a subsurface urban heat island (SUHI) pre-exists before
the BHE operation. The influence of increased ground-surface
temperatures as expressed by Qr is clearly enhanced, especially at
early operation times. This is a consequence of the linear super-
position of the different solutions indicated in Eq. (3). For a given
borehole length H, there is a time when SUHI covers this depth and
the changes in the mean borehole wall temperature start to
diminish. If the operation time of the BHE is several times longer
than this characteristic time, then at the end of the time window,
Opw becomes insensitive to t, (Fig. 1b).

The described temporal dynamics of the mean borehole wall
temperature can be transferred to the mean fluid temperature W
via Eq. (7). In this way, it is possible to estimate the heat extraction
rates that fulfil the conditions of the depleting and renewable
scenarios as discussed in the following.

3.1.2. Depleting scenario

The depleting scenario assumes that the reservoir is exhausted
after 50 years of operation. For this condition, Fig. 2 depicts the
technical geothermal potential for different timings and intensities
of surface warming,.
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Fig. 1. Dimensionless mean borehole wall temperature over dimensionless time: a) t,, = 0 years and b) t,;, = 100 years (the magnitudes in °C and years correspond to the
parameters shown in Table 1 with ¢ = 20 W m~! and H = 100 m). A higher Q; indicates a stronger effect from ATy relative to the heat extraction rate q. Qr = 0 is the original g-

function neglecting urbanization effects.

Fig. 2a shows the heat extraction rates for t,;; = 0 and 100 years.
These rates are mean annual values and are of the same magnitude
as those discussed in [7,49,68]. While these rates have values be-
tween 26 and 27 W m™! for the lowest assumed ground surface
warming (ATgst = 0.5 K), they reach values higher than 30 W m~!
at the upper limit of ATgst = 5 K. Clearly, the rates are more sen-
sitive to ATgst for the shallower BHEs.

The characteristic curvature is the result of the complementary
effect between the initial thermal conditions given by the
geothermal gradient and the increased GST on top. For a given iso-
rate curve ¢, there is a length H* above and below which the
extraction rate g can be kept at lower ATgsr. For a BHE with H > H¥,
the natural geothermal gradient dominates and thus, the rate q is
sustained by decreasing ATgsr.

For any selected point in the domain of Fig. 2a, the extraction
rates are higher for t,;;, = 100 years than for t,,;, = 0 years. For better
insight, the ratio of the rates q (t,r» = 100 years)/q (typ = 0 years) is
depicted in Fig. 2b. It is shown that the gain in g due to 100 years of
urbanization ranges between 1% and 6%. The minimum ATcsy for a
given curve is an indicator for the penetration depth of ATgsr in the
100 years period. Taking for example ATgst = 3 K, the maximum
relative gain from this preexisting GST is obtained for a BHE with
borehole length of H = 112 m.

Fig. 2c indicates the total power extracted from a single BHE. The
power is mainly controlled by H. However, for a given power,
elevated ground surface temperature tends to decrease the
required BHE length at an approximate rate of 4.5 m for 1 K. For a
2 kW demand (annually averaged) and assuming ATgst = 0.5 K, for
instance, a BHE has to be drilled 80 m. This is reduced to 60 m given
avalue of ATgst = 5 K. Note that in practice, planning of appropriate
BHE configuration also has to consider high frequencies in the
energy demand (daily and hourly loads), which may appreciably
increase the required length [69]. These results imply that an
optimized use of the stored energy in urban areas can be achieved
by combining more shallow BHEs to supply the base demand and
fewer deep exchangers for buffering peak loads. An analogous
strategy combining exchangers with different lengths is shown in
[67] for very deep BHEs (H > 600 m).

Fig. 2d shows the gain on total power (or heat extraction rates)
by considering urban ground surface effects relative to the

undisturbed base case (ATgsr = 0). This is the increased technical
geothermal potential associated with urban ground warming. For
very low ATgsr, this gain is less than 5% while it could reach up to
30% depending on the time lag t,;;, and the strength of ATgst. As
expected, the shallower the BHE is, the higher the relative gain in
power. For a BHE with 200 m length, this gain for the studied
depleting scenario ranges between 5% and 13%, even after 100 years
of urban ground heating.

Menberg et al., Benz et al. and Zhu et al. [22,61,70] have studied
the subsurface urban heat island phenomenon in several German
cities. Zhu et al. [61] for instance, specifies for the city of Cologne
magnitudes of ATgst ranging between 2 and 4 K in build-up areas
and more than 5 K in the city center. Taking into account that
downtown cities are generally the oldest areas, the increased
geothermal potential of a single BHE with H = 100 m could be
between 10% and 25% higher than in less affected rural environ-
ments (Fig. 2d). Besides, its inherent spatial variability, ATgst
changes significantly with time. It is also influenced by multi-scale
climate conditions, evolution in land use, surficial characteristics of
pavements, and insulation of basements. The increased geothermal
potential shown in Fig. 2d therefore represents an averaged first-
order estimation. Application to a specific site with temporally
and spatially variable conditions is demonstrated later in Chapter
3.3.

The ratios depicted in Fig. 2d depend on the initial thermal
conditions, minimum allowed fluid temperature and thermal
diffusivity. Considering for instance a representative ATgst = 4 K
and H = 100 m, the ratio is around 1.20. If the thermal diffusivity is
between 50% and 200% of the reference value (Table 1), this ratio
could vary between 1.21 and 1.26 for a low Ty = 8 °C or between 1.16
and 1.21 for a high Ty = 12 °C. This means that within the feasible
ranges for diffusivities and non-affected GST in central European
cities [70], the ratios in Fig. 2d are still robust estimates.

3.1.3. Renewable scenario

Given the conditions of the previous depleting scenario, the
reservoir will be exhausted after 50 years of operation. Of similar
interest are the conditions under which an unlimited exploitation
in time can be achieved. The analysis is motivated by the response
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Fig. 2. Single BHE in the depleting scenario: a) heat extraction rates g (W m™"), b) ratio q (tur» = 100)/q (tu = 0) for the rates shown in a), c) extracted power (
between the rates shown in a) and the ones from the base case (excluding the urban effect). Exemplarily, H* is the length that requires the maximum ATgsr keeping g =27.5W m™".

of Ty to ground surface temperature effects characterized in Fig. 1.
Taking for example the curve with Qr = 0, which corresponds to the
original g-function that ignores urbanization, it is shown that a
‘renewable operation’ is feasible approximately for In (t/t5) > 2. At
these times, axial effects and heat input from the ground surface
compensate the continuous drop in the mean borehole wall tem-
perature as discussed in [57]. However, reaching this state would
require an operation time longer than 260 years for the parameters
of Table 1 with H = 100 m.

As can be seen also in Fig. 1, for Qr > 0, i.e. when accounting for
urbanization, a sustainable operation can be achieved from the

time when 0, gets minimal. This minimum is reached earlier
depending on the strength of ATy relative to g (measured through
the dimensionless number Qr). Fig. 3a depicts how this minimum
changes as a function of t,;; and Qr. With the lowest Qr = 0, the
minimum is reached at In (t/ts) > 2 as discussed earlier. However,
taking a realistic ATgsr=4 Kand ¢ =20 W m~!, we obtain Qr = 0.5.
Then, for H = 100 m, the minimum is reached after 32 years for
turp = 100 years (In (t/ts) = —0.1) or even after 12 years if ty;, = 0
years (In (t/t;) = —1.1). The larger t, is, the longer ATgst has been
acting before the BHE. Thus, it takes longer for the line source to
balance the positive thermal effect of ATgsr (see also Fig. 1b).

However, when reaching the minimum #gy faster, this means
lower mean borehole temperatures.

W), and d) ratio
1

During simulation, the minimum temperature Tg,;q can be set to
the SIA’s temperature threshold, and the corresponding maximum
possible extraction rates can be computed (Eq. (7)). In the
following, these rates are called “renewable rates”. The ratios of
these rates relative to the renewable ones obtained from the base
case (ATgst = 0 K) are shown in Fig. 4a. These ratios are very similar
to the ones shown in Fig. 2d (depleting operation), especially for
turp = 100 years with values between 1.05 and 1.30. Fig. 4a however
suggests a lower sensitivity to H that can be inferred from the
depicted gradient, particularly for longer BHEs. This means that for
obtaining a similar ratio as in Fig. 2d, a lower ATgs7 is needed under
renewable conditions. Still, the absolute renewable heat extraction
rates are generally lower compared to the depleting scenario. This
is summarized in Table 2.

After reaching the minimum Tgy, the effect of ATgsr is more
relevant than the rate g, and the borehole wall temperature in-
creases (Fig. 1). Theoretically, it would be possible to further in-
crease the heat extraction rates (for example by increasing the
heating demand associated to the specific geothermal system) so
that Tgyy is kept at the given temperature threshold from that time
on. The resulting heat extraction rate would be constant in time
until the minimum temperature threshold is reached and then the
rate could be increased monotonically until it arrives at a maximum
value (Fig. 3b). At this maximum, the transient effect of ATgsr
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for the short term (qrs) and for the long term (qry). Qr = AATgs/q and t,, is the time lag (in years) between the start of BHE operation and the pre-existing ATgst effect.
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Table 2

Heat extraction rates (W m~

years. R: renewable scenario, D: depleting scenario.

1 for a single (B = o) and a representative BHE in an infinite field for different degrees of urbanization and exploitation schemes, and t,;;, = 100

H (m) B (m) Base case Low development Suburban Urban
ATesr = 0K ATesr= 1K ATesr = 3 K ATesr = 5K
R D R D R D R D
50 10 3.9 5.8 4.2 6.2 4.8 6.9 5.5 7.7
20 10.6 14.7 114 15.6 13.1 17.6 14.8 194
30 16.0 20.0 173 213 19.8 239 224 26.5
o0 254 25.5 27.2 27.2 305 30.5 339 339
100 10 14 33 1.5 35 1.7 3.8 19 4.1
20 41 10.1 44 10.6 5.0 11.6 5.6 126
30 7.5 15.9 8.1 16.7 9.2 18.2 103 19.8
o 24.7 253 26.2 26.5 28.8 28.9 313 313
200 10 0.6 2.8 0.6 2.8 0.7 3.0 0.7 31
20 1.5 8.9 1.6 9.2 1.8 9.6 2.0 10.1
30 29 14.9 31 153 3.4 16.1 3.8 16.9
S 25.4 27.1 26.7 27.8 28.7 29.2 304 30.6
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disappears, a new thermal equilibrium in the ground is reached and

Opw becomes again identical to the original g-function with Qr = 0.
The initial thermal conditions however are now defined by the
geothermal gradient and a new equilibrated ground surface tem-
perature, which is the superposition of ATgsrand Ty.

Fig. 4b presents the ratios between the long-term maximum
rates and the base case. By comparing Figs. 2d and 4b, it is shown
that in the long-term renewable rates are between 5% and 10%
higher than those calculated in the depleting scenario with pre-
scribed life time of 50 years.

3.2. Infinite BHE field

Previous analysis reveals the consequence of urban ground
heating for single BHE performance, but on the city scale, the
concerted use of multiple BHEs has to be accounted for [7,9,71]. In
such configurations or fields, the interaction and competition
among BHEs may reduce the extractable heat per BHE when
compared with a single installation [72]. For estimating the full
urban technical geothermal potential, we therefore consider an
extreme case, which is an infinite BHE field with borehole spacing B
(squared lattice) and length H. This field mimics the idealistic
behavior of a non-optimized large scale exploitation in a city, where
all BHEs are similarly operated. These conditions facilitate the
simulation through superimposed line sources, which invoke the
linearity of the heat transport equation with known or constrained
heat extraction rates at the borehole wall [33,37,73]. Following
analysis continues using the parameters of the reference site listed
in Table 1.

3.2.1. Depleting scenario

In the first step, the depleting scenario again considers mean
fluid temperatures above —1.5 °C during 50 years of operation.
Fig. 5 depicts the energy densities in kWh per square meter and per
year as a function of borehole length or installation depth H, and
spacing B. The effect of long-term urbanization prior to BHE
installation is included by assuming t,;;, = 100 years. Fig. 5a rep-
resents conditions of low ground heating of ATgst = 1 K, which
could be found for example beneath green spaces [22]. In com-
parison, a stronger ground heating of ATgst = 5 K is depicted in
Fig. 5b. As expected, in both figures, the highest energy densities
are obtained for the deepest and more packed configurations.

For a separation of 30 m between standalone installations, for
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instance, Fig. 5b gives energy densities between 13 and
33 kWh m~2 a~! depending on the field depth. Taking the refer-
ential heating energy demands specified in Schiel et al. [7] for city
buildings (between 102.3 and 207.1 kWh m~2 a~!), this would
imply that for H = 200 m, the shallow ground could supply be-
tween 32% (33/102.3) and 16% (33/207.1) of these energy re-
quirements for 50 years.

In this depleting scenario where the calculation time is fixed
(t = tyrp + 50 years), the ratio between energy densities, affected
and unaffected (base case) by ATgsy, is independent of the separa-
tion B. Thus, the estimated increased technical geothermal poten-
tial computed for single BHE installations (Fig. 2b, d) is also valid for
the infinite field.

3.2.2. Renewable scenario

Renewable use refers to heat extraction that does not only
guarantee regulatory limits (here minimum of —1.5 °C for heat
carrier fluid) for a given time (here 50 years), but also beyond. As
shown for single BHE operation (Chapter 3.1.3), continued reservoir
depletion is associated with advancing replenishment, and ulti-
mately ground heat flux can stimulate thermal recovery.

For a BHE in a field, the corresponding mean borehole wall
temperature gy, behaves similarly to the one shown in Fig. 1a for a
single BHE and Qr = 0, but with lower magnitudes due to the
interference with neighboring BHEs. The time for reaching
renewable operation conditions in the base case (i.e., the curve’s
plateau) is also higher since influences from distant BHEs extend
the transient behavior.

The effect of including an increased ground surface temperature
is shown in Fig. 6. The energy densities are lower and clearly
different from those in Fig. 5 (depleting scenario). In the latter, the
highest energy density is obtained with a deeper field, while in the
renewable scenario, the shallowest field is favored. This is due to
the unconstrained exploitation time under renewable conditions.
To fulfil this, the system is forced to take more heat from increased
GST rather than depleting the reservoir. In both exploitation
schemes the maximum in energy densities are obtained for the
most packed fields.

Fig. 6a depicts the case of ATgs = 1 K with minor heat flux. The
ratio between these densities and those from the base case
(ATgst = 0 K) is depicted in Fig. 6¢, and urbanization here yields up
to 8% higher densities, and consequently, extraction rates. An
increased ground surface temperature of 1 K might be associated
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Fig. 5. Energy densities (kWh m~2 a~!) for the infinite field with t,,; = 100 years under the depleting scenario: a) ATgsr = 1 K and b) ATgsr = 5 K.
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rates with ATgsr = 5 K with respect to the renewable base case.

with a loose and open development in suburban areas. Taking again
the energy heating demands specified in [7] for this type of set-
tlement (57.7 kWh m~2 a~1), the results indicate that it would be
possible to supply between 14% and 17% of this demand in a
renewable way. To accomplish this, BHEs of around 100 m long are
required with a separation between 20 and 30 m.

Fig. 6b depicts the other extreme: renewable energy densities
for ATgst = 5 K, such as is common in many city centers. By relating
to the densities in the base case, Fig. 6d indicates that the renew-
able rates in the city center would be between around 30%—40%
higher than outside the city.

From the comparison with the depleting densities shown in
Fig. 5b, it can be concluded that the latter are between 25% and 65%
higher. The value of 25% refers to the most shallow and packed
fields, and 65% to the deepest and more spread fields. A related
analysis is presented in Table 2 in terms of absolute heat extraction
rates (W m~!) for both exploitation scenarios and different system
configurations. In general, for single BHEs the SIA’s requirements
seem to be a good guideline to ensure renewability since discrep-
ancies to the depleting scenario are not significant. For the infinite
field however, the situation is different especially for longer sys-
tems. Under non-urbanized conditions (‘Base case’ in Table 2) for
example, depleting rates could be about six times higher than the
renewable ones (H =200 m and B = 20 m). This difference declines
with shallower systems and stronger urban effect (ATgsr) reaching

values between 1.19 and 1.40 for H = 50 m and ATgst = 5 K.
Finally, it is interesting to compare the energy densities of
Fig. 6b with the corresponding heating energy demand in urban
settlements (between 102.3 and 207.1 kWh m~2 a~!) [7]. For the
most optimistic scenario (B < 10 m, H < 60 m), it would be possible
to supply 13—27% (in a renewable way) of the heating demand
associated with settlements, such as downtown city buildings. For
more realistic BHE separation of B = 20—30 m, this percentage
would be only between 6% and 16%. These numbers of course are
restricted to the parameters of the presented case study (Table 1).

3.3. Case study

This case study aims at demonstrating the applicability of the
methodology at a real site with specific (time dependent) land use
distribution. It does not only include the effect of elevated heat flux
from urban structures, but also atmospheric warming due to long-
term climate change. The site is located in the suburb of Meilen in
the city of Zurich (Fig. 7a), where a temperature-depth profile (TDP)
was measured prior to BHE operation (Bayer et al. [21]). For this
site, Fig. 7b shows the most influential urban structures that can be
classified as buildings (B) or pavements (A). Most of the buildings
were built within the period between 1959 and 1972. However,
three on the west side (B17—B19) date back to 1884. The streets are
also rather old with an age of more than 100 years.
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Fig. 7. a) Plan view of the site as of 2005 [74] and b) influencing buildings (B) and pavements (A). The lighter orange areas surrounded by dashed lines represent buildings
demolished in 1959, whose thermal influence is included in the simulation. The red point indicates the BHE location (more details in Bayer et al. [21]). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

By superposing non-homogeneous solutions for the conductive-
dominated problem, Bayer et al. [21] reproduced the measured TDP
(Fig. 8a). Their procedure was based in a stochastic inversion that
yielded estimations of the ground surface temperature of pave-
ments and buildings. Their methodology was also capable of
differentiating between the thermal influences due to climate
forcing and the identified urban structures.

For the estimation of the increased technical potential, this work
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considers a BHE installed at the measuring point starting operation
in 2005 (same year as the measurement). The mean temperature at
the borehole wall is obtained by superposing Eq. (4) (for each urban
structure) to the background effect representing undisturbed green
space. According to Bayer et al. [21], the ground surface tempera-
ture for green open spaces and pavements is a function of the
surface air temperature (SAT). The latter has been known for the
last 130 years with a daily resolution. However, it is necessary to fit
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Fig. 8. a) Measured and simulated temperature-depth profile (TDP) in the case study (Bayer et al. [21]), and b) surface air temperature (SAT) in the nearby site.
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an analytical expression in order to extrapolate SAT during the
operation time (2005 onwards). The fit curve is shown in Fig. 8b
and follows a logistic model with a maximum of 10.5 °C in 2100.

For different borehole lengths, Fig. 9a depicts the extractable
mean annual heat extraction rates under depleting conditions
(Thyig = —1.5°C after 50 years). Fig. 9a distinguishes two different
cases on its left axis: base case without increased ground surface
effects (N) and the total effect including urban structures (N + U).
On the right axis of Fig. 9a, the rate ratio (N + U)/N is indicated. For
H =100 m for example, the total increased GST effect (N + U) allows
to extract up to 18% more energy than in the base case (N).

Fig. 9b shows the ratios between renewable and depleting rates
(left axis), as well as the times to reach renewability (right axis). The
results indicate that there are not significant differences between
the exploitation schemes. This is a consequence of installing a
single BHE in an environment with pre-existing warming and
agrees with the previous discussion on renewability for single BHEs
(Chapter 3.1.3 and Table 2). According to Fig. 9b, with a BHE of
around 145 m length, given the SIA requirements, renewable
operation after 50 years is feasible.

4. Summary and conclusions

This study addresses two major aspects when operating bore-
hole heat exchangers (BHEs) in urban environments. First, it is
revealed that the technical geothermal potential of utilizing urban
ground can be substantially higher (up to 40%) than in rural, open
green spaces. This is due to urban ground warming, caused by heat
loss and accelerated heat flux from urban structures, which are
characteristic for many cities worldwide. Second, it is demonstrated
how urban ground warming enhances the renewal of BHEs oper-
ated in unbalanced way. For this, ground energy exploitation,
within a given time to a given temperature threshold, is compared
to long-term renewable operation.

A summary of the increased technical potential when
comparing feasible heat extraction rates in cities to those in the
rural surrounding is provided in Table 3. These values are obtained
by taking the ratio of heat extraction rates under different degrees
of urbanization divided by the corresponding ones of the non-
perturbed base case as listed in Table 2. The increased technical
potential is clearly dominated by the relative ground heating, AT¢sy,
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Table 3

Increased technical geothermal potential for single (B = ) and the representative
BHE in an infinite field for different degrees of urbanization and exploitation
schemes and t,;, = 100 years. R: renewable scenario, D: depleting scenario.

H (m) B (m) Low Suburban Urban
development
ATgsr=1K ATgsr =3 K ATesr = 5K
R D R D R D
50 10 1.08 1.07 1.24 1.20 1.40 133
20 1.08 1.24 1.40
30 1.08 1.24 1.40
© 1.07 1.20 1.33
100 10 1.08 1.05 1.22 1.14 137 1.24
20 1.08 1.22 137
30 1.08 1.22 1.37
o 1.06 117 1.27
200 10 1.07 1.03 1.20 1.08 1.30 1.13
20 1.07 1.20 1.32
30 1.07 1.20 1.33
o 1.05 113 1.19

while borehole length H and separation B have a secondary role. As
expected, the increased potentials are higher for shallower systems.
For highly urbanized conditions (ATgst = 5 K), full exploitation rates
increase by 13—33%, and renewable rates by even 19—40%. How-
ever, note that the absolute renewable rates are generally lower
(Table 2). In essence, this means that either higher energy extrac-
tion is feasible in urban ground, or the borehole length can be
reduced. As a rough estimate, each additional degree of ground
heating saves 4 borehole meters.

Table 4 summarizes, what share of the urban heating energy
demand (according to [7]) can be covered by operating BHEs in an
infinite field. In (sub)urban areas, 4—16% of the heating demand
could be supplied in a renewable way. Apparently, towards the city
center the energy demand grows more than the stored geothermal
energy. Since replenishment comes mainly from the ground sur-
face, here shallower systems are favorable. However, when full
reservoir exploitation is considered, values of up to 40% can be
achieved by deep boreholes of up to 200 m. Not only the accessed
ground volume but also the ground heat flux may be decisive for
the appropriate borehole depth and configuration. As another
example, consider depleting exploitation of warmed urban ground
(ATgst = 5 K). Here, the extractable energy is similar for H = 50 m
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Fig. 9. a) Depleting heat extraction rates in the case study for different scenarios: base case (N) and total GST effect (N + U); b) ratio renewable/depleting rates (left axis) and time to

reach short term renewability (right axis).
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Table 4

Share of the heating demand supplied by an infinite BHE field for different degrees of
urbanization and exploitation schemes and t,;, = 100 years. The considered heating
demands (in kWh m~2 a~!) are as follows [7]: 60 for low development areas, 130 for
suburban areas and 170 for city centers. R: renewable scenario, D: depleting
scenario.

H (m) B (m) Low Suburban City center
development
ATgsr=1K ATgst =3 K ATgst=5K
R D R D R D
50 10 32% 47% 16% 23% 14% 20%
20 22% 30% 11% 15% 10% 12%
30 15% 18% 7% 9% 6% 8%
100 10 22% 53% 11% 26% 10% 21%
20 17% 40% 8% 19% 7% 16%
30 14% 28% 7% 14% 6% 11%
200 10 18% 86% 9% 40% 8% 32%
20 12% 69% 6% 32% 5% 26%
30 10% 52% 5% 24% 4% 19%

and 100 m, as reflected by the similar shares of around 20% listed in
Table 4 (B = 10 m). This is a consequence of the competing effect
between accelerated ground heat flux and the geothermal gradient.
Considering the highest magnitudes of ATgst with ty = 100 years,
installing a BHE field with H = 100 m is not likely the best strategy,
since almost the same power can be extracted with a shallower
system that takes advantage of the cumulated urban heat. How-
ever, for longer BHE fields (H = 200 m) the geothermal gradient
dominates and the energy yield is enhanced.

The findings presented here are crucial for planning geothermal
systems in regions with elevated ground temperatures. Such sub-
surface urban heat islands, however are not only caused by heat
loss from basements and accelerated heat flux through paved
ground. In cities, there exist several additional sources such as
sewage channels, district heating systems or tunnels. Aside from
this, long-term atmospheric warming has to be accounted for. All
these factors countervail ground cooling from geothermal energy
use, and thus facilitate renewable operation without active
replenishment. Strictly speaking, however, we do not tap a natu-
rally renewable energy source. In a nutshell, shallow geothermal
systems recycle urban ground heat losses.
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