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Using borehole heat exchangers (BHE) to extract shallow geothermal energy has grown rapidly in recent years.
How to maintain a long-term balanced, sustainable operation of the BHE arrays becomes a key issue. Site
characteristics, including hydrogeological and geothermal conditions as well as spatial distribution of subsurface
physical parameters, are generally idealized or partly neglected in practice. To investigate the consequences of
such simplifications, a 3D model, based on data from a planned real site, is established to consider groundwater
flow, subsurface heterogeneity, and various hydrogeothermal boundary conditions. After verifying the model, a
sensitivity analysis is conducted. Nine factors regarding site characteristics are selected, including Darcy flux in
the aquifer, thermal conductivity and volumetric heat capacity of the ground, groundwater depth, thermal and
hydraulic heterogeneity, geothermal gradient, heat transfer coefficient on the ground surface and seasonal
rainfall. Sensitivity results indicate that the annual total heat production is most sensitive to geothermal gradient,
followed by Darcy flux, both of which have positive effects. Groundwater depth and heat transfer coefficient have
negative effects on annual heat production. Compared to thermal heterogeneity and rainfall, the influence of
hydraulic heterogeneity is higher. Uncertainty of annual heat production due to various Peclet numbers is

quantified through regression analysis.

1. Introduction

Shallow geothermal energy has attracted extensive attention as an
alternative and renewable energy source for comfort heating and cool-
ing of buildings. Especially in the past ten years, to alleviate the
contradiction between growing energy demand and environmental is-
sues, borehole heat exchangers (BHE) are widely used and have become
one of the most common heat sources for geothermal heat pumps (GHP).
However, during long-term GHP operation, negative performance, i.e.
production decline, can be observed in practice (Bassetti et al., 2006;
Florea et al., 2017) and stimulates intensive discussion (Hein et al.,
2016; Schincariol and Raymond, 2021). Thermal non-equilibrium
within the BHE array during long-term operation is thought to be the
major reason (Rybach and Eugster, 2002; Signorelli et al., 2004).

In a well-designed GHP system, site characteristics, including
hydrogeological and geothermal conditions and subsurface physical
parameter fields, can be the major source of uncertainty impacting on
the thermal equilibrium of the BHE array (Stauffer et al., 2013). The
reason is that site properties are generally underexplored due
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cost-minimizing of GHP systems, and therefore being represented by
idealized assumptions during the design process. For instance, ground-
water flow is often neglected and the hydrogeological and geothermal
parameters are usually assumed to be homogeneously distributed
(Parisch et al., 2015; Rivera et al., 2016). However, many studies
showed that groundwater flow can be a significant factor of BHE per-
formance (Al-Khoury et al., 2021; Erol and Francgois, 2018; Mehraeen
et al., 2022; Rivera et al., 2016; Zhou et al., 2022), and some new BHE
array models consider groundwater flow (Al-Khoury et al., 2021; Erol
and Francois, 2018; Rivera et al., 2016; Zhou et al., 2022). Also, to
consider a vertically distributed thermal conductivity of the ground,
some novel thermal response test (TRT) methods were developed
(Clemenzi et al., 2017; Fujii et al., 2009; Oberdorfer, 2014; Soldo et al.,
2016). In summary, it follows that a comprehensive assessment of the
impact of site properties on BHE performance is necessary.

The first aspect of the site characteristics comprises the thermogeo-
logical conditions, i.e. the Darcy flux, depth of groundwater table, and
the geothermal gradient at the site. Dehkordi and Schincariol (2014)
investigated the importance of groundwater flow and thermal
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conductivity on the total energy extraction of a BHE system. Smith and
Elmore (2018) believed that seasonal changes of the groundwater table
also have a great influence on the effectiveness of the BHE. Geothermal
gradient is commonly treated as a crucial influencing factor for BHE
performance (Jia et al., 2021; Kurevija et al., 2011).

The site characteristics on the ground surface comprise surface
temperature variation, solar irradiation, long-wave radiation, and
rainfall. A Cauchy-type boundary is commonly recommended to
consider heat exchange on the ground surface (Herb et al., 2008; Pollack
et al., 2005), which may cause a remarkable influence on temperature
evolution within the BHE array (Rivera et al., 2016). Rainfall infiltration
proved to be an important factor influencing a horizontal heat
exchanger GHP system (Go et al., 2015), but the impact on a vertical
exchanger GHP is rarely studied.

The second aspect of the site characteristics includes thermal con-
ductivity of the geological materials, hydraulic conductivity and het-
erogeneity. Luo et al. (2014) investigated BHE performance in a layered
subsurface by numerical modeling, and Erol and Francois (2018) and
Hu (2017) further developed analytical models for a multilayered
aquifer. But so far, few studies have discussed the effects of a completely
heterogeneous subsurface (Walker et al., 2015).

Parameter sensitivity studies can be performed to analyze the impact
of site characteristics on BHE array performance. Although some of the
aforementioned characteristics and properties have been investigated in
relevant studies (Erol and Francois, 2018; Zanchini et al., 2012), it is still
necessary to pay attention to all of these factors, to identify their relative
importance and to assess their sensitivities and combination effects. This
is especially helpful for system designers and practitioners because the
mentioned site characteristics are usually difficult or expensive to be
investigated and quantified. And, if the uncertainty remaining after site
characterization can be evaluated, an optimized design and manage-
ment of the BHE-coupled GHP system can be achieved (Monzo et al.,
2016).

In this study, a BHE array is numerically simulated by coupling the
Eskilson and Claesson (1988) BHE model and a heterogeneous hydro-
geological model, which was developed using the FEFLOW software,
version 7.5 (Diersch et al., 2010). After model validation, a sensitivity
analysis considering nine site characteristics and properties is per-
formed, based on data from a planned real geothermal site. Uncertainty
issues are discussed, which may be helpful to assess impacts of site
properties on design and operation of BHE arrays.

2. Governing equations of the BHE array model

Fig. 1 illustrates the heat transfer process in a BHE and influencing
factors. Firstly, heat exchange between the BHE and the surrounding
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ground is affected by the thermogeology of the heterogeneous subsur-
face. Groundwater flow with a complex pattern often exists within the
subsurface, which will transport heat or cold around the BHE. The
groundwater table elevation may be seasonally variable, and can fluc-
tuate within a range of several meters (Almedeij and Al-Ruwaih, 2006;
Nygren et al.,, 2020). And, the heat extraction depends on the
geothermal gradient at the site. In the shallow subsurface, the
geothermal gradient may be spatially variable, depending on local
geological or land use conditions. Also, the seasonally variable heat
energy flux on the ground surface and rainfall when the infiltration is
rapid, can influence BHE array performance as well (Vangkilde-Pe-
dersen et al., 2012).

2.1. Heat transfer in the BHE

Heat transfer in the BHE occurs based on two mechanisms: forced
convective heat transfer from the carrying fluid to the pipe wall and
natural conductive heat transfer within the grout, and eventually to the
surrounding ground. To describe these heat transfer mechanisms, an
explicit relation of heat transfers between pipe-in, pipe-out and borehole
wall was first derived by Eskilson and Claesson (1988). The heat transfer
between the BHE components is assumed to correspond to a Delta
configuration with three thermal resistors. By ignoring the heat capacity
in the grout, a local steady-state analytical solution can be obtained.
Taking a single U-pipe BHE as an example, the local steady-state heat
balance equation expresses as,

-7, T,—T,
—ppeou(V.T;) = R5 £+ R8 (@]
T,—T, T,—T,
pyeru(V.T,) = Ly o (2

Ry, R,
where p and c represent the density and specific heat capacity, respec-
tively. u is the brine flow rate and T is the temperature. V, is the dif-
ferential operator with respect to the direction of the depth. The
subscripts b, i, 0o, and g denote the carrying fluid (i.e., glycol mixture),
pipe-in, pipe-out, and ground, respectively. R® denotes the thermal
resistance, and the subscript in R;*, means that the active area of this
thermal resistance is between pipe-in and ground. Eq. (1) implies that
the heat loss in a unit length of pipe-in equals the sum of heat flux
transferred from the pipe-in to ground and from the pipe-in to the pipe-
out. Likewise, Eq. (2) is with respect to the heat changes in the unit
length of pipe-out. The detailed derivation of these formulas and the
definitions of thermal resistance is provided in e.g. Diersch et al.
(2011a). The local steady-state heat balance equations can be extended
to the configuration of a 2U-pipe BHE, for more details please refer to
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Fig. 1. Sketch of heat transfer in a BHE including influencing factors.
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Diersch et al. (2010).

There are some assumptions made in the aforementioned equations.
First, the transient three-dimensional (3D) heat transfer in the BHE is
simplified into a quasi-3D steady-state process by ignoring the heat ca-
pacities of the BHE components. Also, the U-pipe is assumed to be ar-
ranged symmetrically within the borehole, and the vertical heat
conductivity in the U-pipe is neglected. These assumptions greatly
shorten the time needed to solve heat transfer problems in a large BHE
array, which allows the Eskilson and Claesson (1988) model to be used
for long-term simulations. It is worth noting that a constrained appli-
cation time scale is required due to the steady-state assumption,

4a 3

L2 Limis =
where d, is the borehole diameter, and « is the thermal diffusivity of the
ground. Constraint (3) indicates that the steady-state equations can be
applied for transient inputs of e.g. inlet temperature, brine flow rate, or
heat load only on a time scale larger than t;,,;; (generally several hours).
Since the main focus of this study is to investigate the behavior of a
large-scale BHE array during 1 year of operation, the Eskilson and
Claesson (1988) model is suitable and efficient for the computations.

2.2. Heat transfer in the surrounding ground

For heat transfer outside the BHE, a complex theromogeology needs
to be considered, which is typically a heterogeneous subsurface with
flowing groundwater. The transient heat transfer equation for hetero-
geneous porous media is employed, given as,

dT,(x,1)
(pc)qf d

+ PV Ty (x,1) =V (2(x), VT, (x.1) ) = O “

where Tg(x, t) is ground temperature depending on the spatial location x
and time t. A is thermal conductivity, which can be space-dependent
considering thermal heterogeneity. Qr denotes a thermal source or
sink in the ground. The subscript w represents groundwater and ef de-
notes an effective parameter. The effective volumetric heat capacity and
effective thermal conductivity are calculated following an arithmetic
mean weighted by a porosity ¢,

(p) s = epycw + (1 —€)pycy ®

Ay = €Ay + (1 — )4, 6)

And, v in Eq. (4) denotes the Darcy flux in the aquifer. To calculate
the Darcy flux, the mass conservation equation of groundwater flow is
used,

oh
SJE + Vo= QH (7)
where s; is the specific storage, h is the hydraulic head, and Qg is the
hydraulic source. According to the Darcy’s law, the Darcy flux in the
aquifer reads as,

v=—k(x)Vh (8

where k(x) is the space-dependent hydraulic conductivity.

2.3. Initial and boundary conditions

For heat transfer, the initial condition is set by assigning an initial
temperature distribution within the whole simulation domain. In prac-
tice, the ground temperature distribution cannot be easily obtained, and
is often affected by groundwater flow and thermogeology. In this study,
we assumed that the undisturbed initial ground temperature profile is
linear with a constant geothermal gradient (G). The initial temperature
profile (Ty) along the depth (z) thus expresses as,
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To(z) =Ty + Gz 9

where Ty is the temperature of the ground surface at a specified time,
and can be assigned by a constant value which corresponds to the annual
mean ambient temperature averaged over 20 m. Heat flux on the ground
surface boundary is also considered. Heat transfer on the surface is
subject to multiple thermophysical processes, such as solar radiation,
precipitation-induced heat exchange, etc. (Herb et al., 2008; Wei et al.,
2014; Zhou et al., 2021). To simplify these complex thermophysical
processes, an effective heat transfer coefficient (I) is defined to describe
the heat flux between the air at temperature T, and the ground at
temperature Ty (Rivera et al., 2016),
T, |~

o » =1(x,1) (T — Tair) (10)

where /4 is the thermal conductivity of the ground, and p is the height of
the air temperature monitoring sensor which is assumed to be 3 m in the
following study. It is worth noting that I does not just describe the heat
exchange between the air and the ground, but represents the combined
effects of all thermal processes on the ground surface as well. Consid-
ering land use and meteorological conditions, such as strong wind,
short-term heavy precipitation etc., I(x, t) can be variable with space and
time. Although heat flux on ground surface is affected by many factors,
the estimation of I for a specific site can be achieved by parameter
calibration (Palmer et al., 1992; Pollack et al., 2005). In this study, we
assumed that I is constant and uniform on the ground surface, focusing
mainly on the influence of its magnitude. The other boundaries are
assumed to be no heat flux boundaries, except for cases regarding
geothermal gradient scenarios where a constant temperature boundary
condition with linear variation along depth is specified.

The initial condition for groundwater flow is implemented by
assigning a head Hy on the whole domain. To consider different Darcy
flux values in the aquifer, different constant heads are set on the lateral
boundaries. A water-flux boundary is utilized on the ground surface to
consider the recharge by rainfall,

oh

- —vR 11
%l 7 1D

ke

where kg is hydraulic conductivity of the ground,  is the feed coefficient
of precipitation infiltration, and the R is the rainfall. A monthly average
rainfall is used in the following simulations. The remaining boundaries
are set as no-flow boundaries.

3. Model implementation and validation

Firstly, the Eskilson and Claesson (1988) solution Egs. (1) and (2) is
solved on 1D line elements by using the FEFLOW software’s built-in BHE
model. The relevant thermal resistances are calculated automatically in
FEFLOW. The heat load, such as inlet temperature and fluid flow rate,
can be inputted in as time series, but a time scale limitation (defined by
Eq. (3)) must be satisfied. Secondly, the hydrogeothermal equations for
describing heat transport and groundwater flow in the subsurface are
solved in 3D by using the finite element method. Heat exchange between
the BHE and the surrounding ground is achieved by assigning a
Cauchy-type boundary condition that couples the temperature and heat
flux on the borehole wall.

To improve the reliability during the numerical calculation and to
consider the borehole radius in the simulations, a specific mesh is
adopted. An ideal element size around the BHE node is assigned by
adjusting the distance to the surrounding secondary nodes. The formula
for calculating the distances between was addressed by Diersch et al.
(2011b). In this study, six extra nodes are added around each BHE node,
and the distance between the extra node and the BHE node is set to 0.46
m.
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Afterwards, the BHE array model established in FEFLOW is vali-
dated. The model setup and the validation results are shown in Fig. 2.
The outlet temperature changes calculated by the steady-state (Eskilson
and Claesson, 1988) BHE model are firstly verified by comparing to the
results of the fully transient BHE model in FEFLOW (Diersch et al.,
2011a). These two simulations are both based on the model setup shown
in Fig. 2a. A double U-pipe is employed with an inlet temperature of
30 °C and a flow rate of 20 m>/d. The initial ground temperature is
10 °C. Comparing the two curves in Fig. 2b, it was found that the dif-
ference of the outlet temperature simulated by the Eskilson & Claesson
(1988) model and by the fully transient model is evident at early time,
and becomes very small (ca. 0.48 °C) when the time is close to tj;. This
reflects that the Eskilson & Claesson (1988) solution is reliable when the
heat load varies at a time scale larger than t;,,;;. The small difference may
be due to the fact that the analytical solution ignores the vertical heat
conductivity in the pipes. Secondly, the ground temperature simulated
by FEFLOW is verified by comparing with the results of the line source
analytical model (Al-Khoury et al., 2021; Molina-Giraldo et al., 2011)
and of a model developed using COMSOL software (Multiphysics, 2012).
The simulations are based on the model setup shown in Fig. 2a and the
double U-pipe BHE is replaced by a line source model because few
analytical models can consider the heat transfer both in the actual BHE
and in the surrounding ground. The line source has a length of 50 m and
with a heat transfer rate of 20 W/m. To test the FEFLOW model in
dealing with multiple line sources, five line sources arranged in a row
and nine line sources arranged arbitrarily are both considered. All
simulated ground temperature distributions at a depth of 30 m are
plotted in Fig. 2¢. By comparison, it can be seen that the contour lines
simulated by the different solutions for 10 years are very close although
the line sources are arranged in different patterns.

4. Sensitivity analysis
4.1. Base case scenario

To investigate the sensitivity of the BHE array performance under
different site characteristics, a geothermal heat pump (GHP) system
planned to be installed at a site located in the city of Hannover in Ger-
many was selected to provide data. Although the project is still in the
design phase, the heat load of the BHE system can be simulated based on

Cross section of BHE Line source
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the expected heating and cooling demands, aiming at investigating
sensitivity of characteristic site parameters. The BHE array consists of 96
BHEs which are installed in a rectangular grid with 6 rows and 16 col-
umns. The length of each BHE is 150 m and the BHE spacing is 8 m. The
carrying fluid is injected in a parallel mode. The detailed parameters of
the BHE design are listed in Table 1. According to the regional geological
background, the stratigraphic lithology at this site is composed of
strongly weathered limestone. Due to the current lack of detailed in-
formation about the underground thermogeology at this site, some as-
sumptions were made in assigning the modeling parameters (see
Table 1). For instance, the initial temperature is assumed to be uniformly
12.1 °C, and the Darcy flux in the aquifer is fixed to 0.0864 m/d.
Additionally, some other parameters are idealized in the base case. The
vadose zone is neglected, and the groundwater flow in the aquifer is
considered homogeneous. The complicated heat and mass transport
processes at the ground surface and a geothermal gradient within the
subsurface are not considered. Nevertheless, the uncertainty caused by
these assumptions will be discussed in the following sensitivity analysis.

Firstly, some time series are assumed during the 1st year operation,
including the flow rate of the working fluid, inlet temperature, and air

Table 1
Parameter settings of the base case scenario.

Parameter Value

Geometrical parameters
Depth of borehole L (m) 150
Borehole diameter d;, (m) 0.15
Borehole spacing s, (m) 8
Outer diameter of pipe-out or pipe-in d, (m) 0.032
Shank spacing of the double-U pipe s, (m) 0.08
Pipe wall thickness d,, (m) 0.0029

Hydrogeological and geothermal parameters
Initial temperature Ty ( °C) 12.1
Thermal conductivity of grout 4, (W/m/K) 1.2
Thermal conductivity of fluid in the U-pipe 4, (W/m/K) 0.6
Heat capacity of fluid ¢, (kJ/m®/K) 4175
Density of fluid p, (kg/m®) 1000
Thermal conductivity of ground i; (W/m/K) 2
Heat capacity of ground c; (kJ/m®/K) 2300
Density of ground p; (kg/m®) 1650
Darcy flux in the aquifer u (m/d) 0.0864

—s=— Eskilson & Claesson model

g
‘-;’:[ T, = 30°C Quine = 20 W/m 30 | —e— fully transient model 15
_ 3
Gin = 20m*/d 25 e e = & )
0.056m 4 ¢ 10 ¢
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8 20 imii E
5 5 B
> 1519 7
13 = . 048 3
S j T - . 0 X
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5 .
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Fig. 2. (a) The setup for model validation. The comparison of (b) BHE outlet temperatures simulated by the Eskilson & Claesson (1988) model and by the fully
transient model, and the residual between them. (c) The contour lines of ground temperature at a depth of 30 m calculated by the line source analytical model and the

COMSOL model. The red points represent the line source locations.
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temperature. The heat loads, i.e. fluid flow rate and inlet temperature,
are simulated using the TRNSYS software (www.tess-inc.com) to
consider the heat transfer process in buildings and GHP under the ex-
pected heating and cooling demands, in which photovoltaic-thermal
collectors are integrated with the GHP system. According to the afore-
mentioned assumptions, the Baseline Case conceptual model and the
simulated time series at the site are plotted in Fig. 3. The size of the
numerical FEFLOW model is 400 m (length) x 150 m (width) x 200 m
(depth). The heat loads will be specified as inputs to the FEFLOW model,
and the air temperature will be considered in scenarios where the
ground surface based thermal effect is significant.

After running the simulation for one year, the results are shown in
Fig. 4. Temperature evolution in the subsurface at 150 days and 300
days is plotted in Fig. 4a and 4b, respectively. A thermal drift is observed
due to the groundwater flow. Since in the model the subsurface is
considered homogeneous and the hydrologic conditions constant,
including the Darcy flux, the temperature isosurface is moving gradually
to the right side. In Fig. 4c, the simulated outlet temperatures of the 96
BHEs are depicted. A small difference between the temperatures is
observed, especially in summer. This is because of the groundwater flow
and the strong fluctuation of the inlet temperature leads to a difference
in energy extraction between the BHEs located upstream and down-
stream. Finally, to quantify the BHE array performance, a parameter
describing total heat production THP(t) is introduced, which is given as,

" 96
THP(1) = / > (1) = T) qupyesdt 12
m=1

where m is the number of the BHEs, and T, and T; represent the time
series of simulated BHE outlet temperature and assigned inlet temper-
ature, respectively. THP(t) is the accumulated heat production during a
period of service time t. THP can be viewed as an indicator to evaluate
the BHESs performance (Tang and Nowamooz, 2019). The simulated THP
in the base case scenario is shown in Fig. 4d. The THP curve during the
1-year simulation can be divided into three periods, heat extraction (<
120 days), heat injection (120 days ~ 270 days), and heat extraction (>
270 days). After the first heat extraction-injection cycle, the THP is close
to zero. It implies that a heat balance is achieved at this site under the
current scenario settings. The maximum heat production is about 340
MWh, and the annual THP is 221.2 MWh.

4.2. Investigated factors

Subject to the field conditions or available financial budget, site
characteristics usually cannot be adequately investigated which may
cause an uncertainty in the prediction of BHE array performance. To
study the sensitivity, nine factors were selected with respect to the site
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characteristics.
(1) Darcy flux in the aquifer

It is well known that flowing groundwater plays an important role in
heat transfer in the subsurface. The higher the groundwater flow ve-
locity is, the faster could be the heat convection. Darcy flux in the
aquifer is thus treated as a sensitivity factor to study the effect on heat
production. Four Darcy flux values were considered in this study: 1 x
10781x107,1x107% and 1 x 107> m/s.

(2) Thermal conductivity and volumetric heat capacity of the ground

For a shallow BHE system, thermal conductivity of geologic mate-
rials underground is another important factor that affects the heat
conduction process between the BHE and the surrounding ground. In
general, thermal conductivity varies from 0.4 to 4.2 W/m/K (Stylianou
et al., 2016). Levels of 1, 2, 3, and 4 W/m/K were selected in the
sensitivity analysis. Changes in the volumetric heat capacity are known
to have only a limited impact on the long-term heat production (Ober-
dorfer, 2014; Tang and Nowamooz, 2019). To confirm this, we per-
formed some additional simulations based on the Baseline Case, using
values of 1.8, 2.8, 3.8 and 4.8 MJ/m>/K.

(3) The depth of groundwater table

The groundwater table can be considered a boundary between heat
conduction and conduction-advection modes in the subsurface. Clearly,
heat exchange in the vadose zone is merely through the conductive
mode, and both conductive and convective modes need to be considered
in the aquifer. Affected by regional boundary conditions, groundwater
depth may significantly vary seasonally. In this study, four groundwater
depths of 0 m, 10 m, 25 m and 50 m were investigated.

(4) Hydraulic and thermal heterogeneity of the subsurface

To consider heterogeneous subsurface media, four degrees of het-
erogeneity were employed for hydraulic conductivity (k) and thermal
conductivity of the ground (1), respectively. For the Baseline case, the
subsurface is considered homogeneous (i.e. logio (k) is fixed to —4.5 and
A is set to 2 W/m/K). In Case 1, a three-layered subsurface is explored,
and the thermogeological parameters are uniform in each layer, where
logio(k) of the upper, middle, and bottom layers are —5.5, —4.5, and
—5.25. Also, the thermal conductivity of the three layers are 1.25, 1.5,
and 2.8 W/m/K, respectively. The parameters of each layer are oriented
on the values in the Baseline Case to make the simulation results com-
parable. From Case 2 to Case 3, two geostatistical distributions were

30 40
H 9
Tn
Measured H 5 T 120
Ti, and q;, No flow and heat flux ”E
= Sk e —~
-3 d
3 ®
=3
Darcy flux: é’ l || 1 g
c o
0.0864 m/d § 1 “ ]‘ GE,
© \' I | [
3
Homogeneous aquier = N ‘
“— No flow and heat flux 0 |
0 100 200 300
Time (d)
(a) (b)

Fig. 3. (a) Conceptual model of the base case scenario, and (b) the simulated time series of flow rate in the U-pipe g, inlet temperature Tj,, and the air temperature

T,4ir when operating the BHEs.
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Fig. 4. Simulation results of the base case scenario for the temperature evolution in the subsurface at (a) 150 days and (b) 300 days. The simulated outlet tem-
perature time series bandwidth of the 96 BHEs (red lines) is shown in (c), and total heat production curve during the 1 year simulation shown in (d).

assigned for logio(k) and A. They were generated by the anisotropic
Gaussian model. An independent variogram function was assigned for
each layer and a relatively shorter range was assigned to the depth di-
rection. Considering a possible inclination of layers, different dips and
strikes were set for the three layers. The anisotropic ranges (I) and the
orientation (dip, strike) of the three layers are,

1],, =[50, 50, 5], [dip, strike]|,, = [~60, 40],

1],,0 = [50, 50, 5], [dip, strike]|,,, = [10, 80],

mid mid

I),,, =[50, 50, 20], [dip, strike]|,,, = [80, 120],

where the subscripts up, mid, and bot represent the upper layer, middle
layer and bottom layers, respectively. The orientation angle is clockwise
from the positive x direction. Fig. 5 shows the distributions of logio(k)

and thermal conductivity within the three layers. In both Case 2 and Case
3, the variogram functions have the nugget (N) values,

NI, = =5.5, N, = 1.25,

Hydraulic heterogeneity

Jogua(K)==>-

loguolk)=-45

i
Thermal heterogeneity

(a) Level 0 (b) Level 1

(e) Level 0 (f) Level 1

N, =45 NI, =15,
N} =525, N|[, =28,

where the superscripts of H and T represent logio(k) and thermal con-
ductivity, respectively. The only difference between Case 2 and Case 3 is
with respect to the scale (or partial sill) values in the variogram func-
tions. The scale values (S) for these two levels are set as,

H T
S|y = 11, 21, 8], = 025, 0.5],
Shia = [1:5, 2.3], S|, = [0.5, 0.75],

s =10.75,1.75], S|.., = [0.4,0.8].

The first value in the brackets is for Case 2 and the second one is for
Case 3. This indicates that Case 3 is more heterogeneous compared to
Case 2.

(5) Initial geothermal gradient

log;e(k) (m/s)

l -20
l -70

(c) Level 2 (d) Level 3

As (W/m/K)

l 36

22

I 08

(g) Level 2 (h) Level 3

Fig. 5. logio(k) of the hydraulic conductivity (k) and thermal conductivity (1) distributions with four degrees of heterogeneity.
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The initial ground temperature profile is generally site-dependent,
and is affected by many factors, such as the regional hydrogeological
conditions and the air temperature fluctuation (Saar, 2011). In this
study, the initial ground temperature profile is assumed to be linear and
increasing with depth. According to Eq. (9), the initial ground temper-
ature profile can be calculated based on the air temperature (12.1 °C)
and the geothermal gradient. Four geothermal gradients of —0.01, O,
0.01, and 0.02 °C/m were selected for the sensitivity analysis. A nega-
tive geothermal gradient is considered here to account for complex
hydrogeothermal conditions in the shallow subsurface, such as
low-temperature horizontal flow and local incomplete heat balance
(Saar, 2011).

(6) Effective heat transfer coefficient on the ground surface

The ground surface temperature is an important boundary condition
in simulating the heat transfer. The exact ground surface temperature is
generally not easy to determine and impacted by many factors. There-
fore, according to the definition in Eq. (10), an effective heat transfer
coefficient (I) is introduced to represent the complex heat flux at the
ground surface. The value of I is found to vary within a wide range from
0.08 to 3.2 W/m%/K (Giiven et al., 1983; Palmer et al., 1992; Rivera
et al., 2016). Here, four effective heat transfer coefficients were selected
(ie., 0, 2, 4, and 6 W/m?/K, respectively).

(7) Seasonal rainfall

In this study, the impact of rainfall is considered as recharging
aquifers in the subsurface. The rainwater temperature is assumed to be
similar with the ground surface temperature which is calculated by Eq.
(10). This assumption is made because temperature measurements of
rainwater are generally not available. Considering the monthly rainfall
history in the City of Hannover, the months of June and July are chosen
as the rainy season to investigate the sensitivity of rainfall factors. The
monthly rainfall in June and July varies from 10 s mm to >100 mm.
Accordingly, three levels of monthly average rainfall of 50, 100, and
150 mm were assigned for June and July. Fig. 6 shows the monthly
average rainfall in the 1-year simulation. A simulation of the base case
without factoring in the rainfall effect is also included for comparison.

In summary, all investigated factors respective parameters and their
values are summarized in Table 2.

4.3. Sensitivity of the annual heat production

The annual heat production is treated as the sensitivity indicator of
the BHEs performance, which is calculated by Eq. (12) for 1 year. The
annual heat production in regards with the investigated parameters is
plotted in Fig. 7. The light blue circle in each graph represents the
annual heat production of the Baseline Case. The sensitivity with respect
to the Darcy flux is illustrated in Fig. 7a. When the Darcy flux is greater
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Table 2
Summary of the parameters used in the modeling.
No.  Parameter Levels
1 Darcy flux in the aquifer (m/s) [1e-8, 1le-7, 1le-6*, le-
5]
2 Thermal conductivity of ground (W/m/K) [1, 2%, 3, 4]
3 Volumetric heat capacity of ground (MJ/m®/K) [1.8, 2.8%, 3.8, 4.8]
4 Depth of groundwater table (m) [0%, 10, 25, 50]
5 Thermal heterogeneity degree [0%, 1, 2, 3]
6 Hydraulic heterogeneity degree [0%, 1, 2, 3]
7 Geothermal gradient ( °C/m) [-0.01, 0%, 0.01, 0.02]
8 Heat transfer coefficient on ground surface [0%, 2, 4, 6]
(W/m?/K)
9 Seasonal rainfall in June and July (mm/month) [0*, 50, 100, 150]

* represents the value for the Baseline Case.

than 1 x 107 m/s, a linear relationship between the annual heat pro-
duction and the log-scale Darcy flux arises. A 70 MWh heat production
increase is observed for an order of magnitude increase of Darcy flux.
This implies that groundwater flow has a significant, positive impact on
the heat production. Fig. 7b shows a very small positive effect of the
thermal conductivity of the ground as well. A 1 W/m/K increase in
thermal conductivity results in a slight increase in heat production
(approximately 4 MWh). This result may be countered by the specified
high Darcy flux (1 x 10~® m/s) because the influence of heat conduction
will be covered by the convection process due to groundwater flow. In
Fig. 7c, the sensitivity with respect to groundwater depth reflects a
balance between the heat conduction and heat convection mode. With a
deeper groundwater table, less heat can be transported by convection.
Also shown in Fig. 7c, with an increase of groundwater table depth, the
annual heat production decreases gradually (approximately 6 MWh for
every 10 m rise), which implies that in the process of a declining
groundwater table, heat production through conduction cannot be offset
by that from convection due to groundwater flow. In other words, at this
site, heat convection contributes more than heat conduction, with Darcy
flux of 1 x 107% m/s.

The influence of thermal and hydraulic heterogeneity of the sub-
surface is illustrated in Figs. 7d and 7e, respectively. In Fig. 7d, the
annual heat production fluctuates within 2 MWh, with the increase of
thermal heterogeneity. With the increase in hydraulic heterogeneity
shown in Fig. 7e, an noticeable decrease in annual heat production oc-
curs from Baseline Case to Case 1. A 50 MWh decrease in annual heat
production is observed. It indicates that a thorough investigation of the
hydraulic properties is necessary to improve the prediction of the BHEs
performance. It is worth noting, that a more detailed and accurate
investigation of hydraulic properties does not necessarily lead to a
decrease of heat production.

Fig. 7f shows the effects of the geothermal gradient on the annual
heat production. A significant increase in annual heat production of
about 150 MWh is modeled for every 0.01 °C/m increase of the
geothermal gradient. A larger geothermal gradient corresponds with

-
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o
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o

Monthly average rainfall (mm)
o

B Level 3
Bl Level 2
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Fig. 6. Histogram of the monthly average rainfall used in the sensitivity analysis. June and July are selected for variations of the recharge, and three rainfall levels

are considered.
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Fig. 7. Sensitivity of the annual heat production with respect to the nine parameters.

higher temperatures with depth, resulting in more energy extracted.

Figs. 7g and 7h illustrate the influence of the thermogeology on the
upper boundary of the model. Both the effective heat transfer and the
seasonal rainfall in June and July impact the geothermal gradient. These
two scenarios represent thermal flux and mass flux conditions. The in-
fluence of the effective heat transfer coefficient is evident from Fig. 7g.
With an increase of the effective heat transfer coefficient, the annual
heat production first drops significantly (approximately 68 MWh), and
stabilizes gradually. This indicates that BHEs may be able to extract
more heat when the effective heat transfer coefficient is small. As this
coefficient increases, more shallow ground heat will be exchanged with
the atmosphere, resulting in less heat production by the BHEs. In the
example shown, once the effective heat transfer coefficient is greater
than 2 W/m?/K, its influence on the heat production is small, and heat
flux on the ground surface is no longer an evident impact on the heat
production, which will be mainly governed by the thermal conductivity.
As Fig. 7h shows the influence of seasonal rainfall is relatively small. The
annual heat production varies less than 1 MWh, which is observed with
increasing rainfall.

5. Discussion
5.1. Dimensionless Peclet number

To assess the combined effects of heat conduction and heat convec-
tion in the subsurface on the BHE array behavior, a dimensionless Peclet
number is introduced. It is defined as the ratio of advective heat trans-
port by groundwater flow to conductive heat transport by the ground
(Molina-Giraldo et al., 2011),

n Cw L
Pe = ZLCA v (12)
— A

where L; represents the length of a depth interval j with constant ther-
mogeology. For instance, when considering the depth of the ground-
water, the Peclet number can be regarded as a weighted sum with respect
to the vadose zone thickness and aquifer thickness. In this sensitivity
analysis, various values for the Darcy flux, thermal conductivity of the
ground, depth of the groundwater table, and heterogeneity degree
(Baseline Case) are considered, and, by using the Peclet number, their
joint effects on the annual heat production can thus be evaluated.

The relation between the Peclet number and the annual heat pro-
duction is depicted in Fig. 8. A total of 64 crossover scenarios with a
varying Darcy flux (1 x 10781 x 1077,1 x 10 and 1 x 107> m/s),
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Fig. 8. Regression analysis of the relationship between the Peclet number and
annual heat production.

thermal conductivity of the ground (1, 2, 3, and 4 W/m/K), and
groundwater level (0, 10, 25, and 50 m) were considered. The regression
curve of all the simulation results and its 95% confidence interval are
shown as well in Fig. 8. The slope of the regression curve indicates that
the annual heat production is mainly sensitive to the Peclet number
when less than 1000. When the Peclet number is small (<20), which
means heat transfer in the subsurface is dominated by conduction, the
annual heat production varies around 153 MWh. If heat transfer in the
subsurface is dominated by convection (i.e. the Peclet number is above
1500), the annual heat production stabilizes at around 278 MWh. The
regression curve implies that the uncertainty of annual heat production
from the site characteristics is about 125 MWh. Furthermore, it is worth
noting that the geothermal gradient is constant for these crossover
scenarios and the rainfall and heat exchange with atmosphere on the
ground surface is not considered by the Peclet number.

5.2. Space-time variation of the investigated factors

In the sensitivity study, some parameters were assumed to be time-
independent, such as the Darcy flux, groundwater depth, and the
effective heat transfer coefficient. In fact, the Darcy flux in the aquifer
could be dynamic and influenced by the regionally fluctuating hydraulic
gradient and rainfall. Heat convection induced by the Darcy flux occurs
only in the subsurface under the groundwater table. Additionally, the
effective heat transfer coefficient describing the heat flux on the ground
surface is kept constant throughout the whole simulation period and
imposed uniformly. However, the heat flux on the ground surface is
space-time dependent in reality. Different ground surfaces, such as
pavement, buildings or grassland, have significantly different thermal
properties. Moreover, the initial ground temperature was assumed to be
linearly distributed in all simulations. Finally, short-term heavy pre-
cipitation could be an important factor affecting the heat flux on the
ground surface (Wei et al., 2014). Therefore, the effects of the
space-time variation of the above-mentioned factors need to be further
studied.

6. Summary

To assess the influence of site characteristics on the performance of
BHEs, a numerical model was developed. Given a long-term simulation
and a large-scale BHE array, a local steady-state analytical BHE model
was employed. This analytical model was coupled with a 3D numerical
ground-aquifer model to simulate the impacts of groundwater flow,
subsurface heterogeneity and various boundary conditions. After model
validation, nine parameters were evaluated, including Darcy flux in the
aquifer, thermal conductivity and volumetric heat capacity of the
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ground, groundwater depth, thermogeological heterogeneity,
geothermal gradient, heat transfer coefficient on the ground surface, and
seasonal rainfall. According to the sensitivity analysis of the considered
Baseline Case, we can conclude the following:

(1) The geothermal gradient has the most significant impact on the
annual heat production. Considering a Darcy flux of 1 x 107% m/
s, a significant increase of about 150 MWh of annual heat pro-
duction is observed for every 0.01 °C/m increase of the
geothermal gradient. The second sensitivity factor is the Darcy
flux (> 1 x 1077 m/s) in the aquifer. A 70 MWh heat production
increase results from an order of magnitude increase of the Darcy
flux. Together with the thermal conductivity and volumetric heat
capacity of ground, the increase of these three parameters have
positive effects on the annual heat production.

(2) The increase of the groundwater table depth and increase of the
heat transfer coefficient on the ground surface lead to a decrease
in the annual heat production. A drop in the groundwater table
leads to a linear, small decrease (approximately 6 MWh for every
10 m depth) of annual heat production, and the heat transfer
coefficient results in a decrease of 68 MWh annual heat produc-
tion, when the coefficient varies between 0 and 2 W/m?*/K.

(3) The variations in the ground thermal heterogeneity and seasonal
rainfall intensity (only mass recharge considered) have little
impacts on the annual heat production, which varies within 2
MWh.

(4) Change in the hydraulic heterogeneity is an important factor
influencing the annual heat production. A detailed investigation
of hydraulic properties is helpful for improving the prediction of
BHEs performance.

A Peclet number is adopted to assess the combined effects of Darcy
flux, thermal conductivity of the ground and groundwater depth. A
regression analysis of the relationship between the Peclet number and
the annual heat production provides an assessment of uncertainty of
heat production due to these related factors. Compared to thermal
conductivity of the ground and groundwater depth, the Darcy flux has a
larger variability, which may introduce higher uncertainty in heat
production of the BHE arrays. Therefore, an evaluation of these
parameter can lead to a more reliable quantification. Up to now, the
impacts of space-time variation have not been included in the sensitivity
analysis, which offers the chance for further studies. In a next step, we
would also like to focus on the global sensitivity of the long-term per-
formance of BHE systems to site characteristics.
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