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ABSTRACT

The present paper introduces new concepts related to the modeling of vertical Borehole Heat Exchangers
for Ground Coupled Heat Pump applications. A sensitivity analysis on how specific parameters affect the
ground thermal conductivity k., estimation when the Infinite Line Source model is used to interpret a
Thermal Response Test has been performed. The study has been conducted considering shallow and deep
BHESs, with and without geothermal gradient, and for homogeneous and stratified ground thermal
conductivities. The g.«io parameter scales the external heat rate to a natural heat rate associated with the
geothermal gradient. The effect of g,4i, on the TRT analysis has been related to a specific dimensionless
g-transfer function called go, which incorporates the geothermal gradient. Three in-house built Fortran90
codes implementing the finite-difference models related to coaxial, single and double U-BHE geometries
are exploited to evaluate the dimensionless g-transfer functions related to each fluid volume. A spectral
method aimed to reconstruct the fluid temperature profiles by superposing two separated convolutions in
the time domain exploiting the Fast Fourier Transform leads to considering gruio as the dominant
parameter when the ILS model is used to estimate kg,. In the case of a single-layered subsurface, grasio >>1
guarantees the correct ILS-based k,, estimation for any BHE geometry. In the coaxial center-pipe inlet
case with a single-layered subsurface and g,a:i0<1, the ILS-based kg, estimation when the go-function is
taken into account can differ by -14 % from the correct ILS-based kg, estimation without taking into
account the go-function. In the case of a multilayered subsurface, the g,.i» parameter indicates when the
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effective k,, estimated by the ILS model departs from the weighted-thickness average. A departure of 10%

occurs for gr.io between 2 and 2.5 for the coaxial center-pipe inlet cases considered and the departure

increases with decreasing gazio-
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NOMENCLATURE
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Greek letters

A>T =™

constant [K]

specific heat [J/kg K]

exponential integral in ILS model [-]

Fourier number [-]

Fast Fourier Transform

external excitation function [°C]

dimensionless temperature transfer function [-]

active depth of the BHE [m]

thermal conductivity [W/(m-K)]

slope [K/cycles]

mass flow rate [kg/s]

number of elements of the solution related to the temporal discretization
net transfer unit corresponding to short-circuit heat transfer (coaxial) [-]
net transfer unit corresponding to heat transfer between fluid and ground (coaxial) [-]
dimensionless conductance of ground [-]

heat transfer rate [W]
heat transfer rate per unit length [W/m)]

heat flux rate [W/m?]

ratio of external heat input rate per unit length to an idealized (natural) heat rate [-]
thermal resistance [m-K/W]

radial coordinate [m]

temperature profiles from numerical solution (or experimental measurements) [°C]
temperature [K]

velocity [m/s]

vertical coordinate [m]

thermal diffusivity [m?/s]

dimensionalization constant of the spectral method [°C]
Euler constant [-]

density [kg/m?]

finite increment in a variable [-]

pi constant [-]
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T time [s]

Subscripts
ave average
b borehole
f heat carrier fluid
geo geothermal
gr ground
in inner dimension/inlet
j index, spatial discretization (vertical)
out outlet dimension/outlet
p index, ground layer
far field and initial condition
0 initial condition
Superscripts
n index, temporal discretization
* effective

1. Introduction

As reported by the International Energy Agency (IEA) [1], Ground-Coupled Heat Pumps
(GCHP) are indicated as the most effective system (in terms of energy savings and reductions in CO; and
greenhouse gas emissions) for efficient heating, ventilation, and air conditioning of buildings for civil and
industrial use. In most European countries, heating, and air conditioning of buildings accounts for nearly
50% of total primary energy consumption [2]. The high energy efficiency guaranteed by the GCHP makes
these systems increasingly attractive for the suitable air conditioning of buildings. GCHP systems are
constituted by a heat pump coupled with the ground through multiple vertical or horizontal ground heat
exchangers. Vertical borehole heat exchangers (BHEs) represent the most frequent solution adopted. The
borehole depth related to conventional BHEs is frequently 200 m or less.

As highlighted by several studies, such as the one by Holmberg et al. [3], when the BHEs
overcome the depth of 350 m (the typical limit for air drilling) these are referred to as Deep Borehole Heat
Exchangers (DBHESs). Drilling at such a large depth (even more than 800—-1000 m) has the great advantage
of exploiting higher temperature levels, especially if the ground has a significant geothermal gradient. In
such a way, the surface extension for drilling is reduced together with the total pipe length, making the
DBHESs economically the better choice for supplying heat to an entire urban district. Larger depths are
attractive, especially for buildings requiring high heat loads in densely populated and cold urban areas, as
highlighted by Morchio and Fossa [4]. Several authors, such as Deng et al. [5], highlight how the coaxial
(pipe-in-pipe) is the usual geometry employed for DBHEs. Hellstrom [6] and Acuiia [7] report that the
coaxial arrangement makes the thermal and hydrodynamic performance of the BHEs better than those



111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150

obtainable with U-tubes. In addition, the coaxial geometry represents the most suitable solution for its
intrinsically easier installation procedure at the typical depths of DBHEs, as described by Acufia [7]. As
in the previous study by Morchio et al. [8], the thermal transient behavior of coaxial DBHEs is numerically
simulated and compared with the one related to single and double U DBHESs. The circulation profiles
resulting from the simulations reported in the present paper confirm once more and portend the thermal
benefits guaranteed by the coaxial geometry for DBHE applications in both the heat injection and
extraction operation mode in comparison with those provided by U-pipes.

The sizing of GCHP systems requires the most accurate knowledge of the ground thermal
properties. In particular, the ground thermal conductivity kg and its variation along with depth are of
primary importance for the correct sizing and selecting the most cost-effective depth for a borehole field.
Thermal response tests (TRT) constitute the usual experimental procedure to be performed by exploiting
a pilot BHE already installed in order to estimate the ground thermal conductivity and borehole thermal
resistance. The TRT experimental technique and the related equipment were introduced by the pioneering
work of Mogensen [9]. Different typologies of setup and measurement techniques (first of all the
Distributed Thermal Response Test, DTRT) have been proposed throughout the years by different Authors
[10,11,12,13,14,15,16,17,18]. The study by Galgaro et al. [19] demonstrates how the most relevant
lithological thermal parameters as the equivalent &, of the entire stratigraphy and also the kg, related to
each layer with a spatial resolution of 1 m can be obtained thanks to the temperature measurements
collected from the optical fiber cable actively heated by a constant heating power injected through copper
wires contained within the cable structure.

In the present paper three Fortran90 programs implementing the finite-difference (FD) models
related to coaxial, single and double U BHEs presented in previous investigations by the present research
group [4,20,21] have been exploited for evaluating the influence of specific TRT parameters on the ground
thermal conductivity estimation when the First Order Approximation (FOA) of the Infinite Line Source
(ILS) model by Carslaw and Jaeger [22] is applied in TRT analysis. The simulated cases reported in the
present study are addressed to evaluate the influence of these parameters for shallow and Deep BHEs
penetrating a single or multiple ground layers with different geothermal gradients imposed along the
depth.

A previous study by Liu et al. [23] highlights how the layered subsurface and geothermal gradient
have a great impact on the heat extraction performance of a medium-deep borehole heat exchanger. The
weighting factors on individual-layer properties proper of the layer-factor method developed by Beier et
al. [24] reveal how conventional 1D models determine the effective ground thermal conductivity in
simulated DTRTs in deep boreholes. The weighting factors change with heat injection versus heat
extraction, placement of the fluid inlet, and the direction of increasing ground thermal conductivity. The
studies by [25,26,27,28] found that the ILS-based kg estimated value is near the weighted-thickness
average. It has to be taken into account that these last studies together with those numerical and
experimental by [29,30,31,32,33,34] on TRT and DTRT analyses were focused on shallower boreholes
(depth < 150 m).

Beier [35] developed a 2D heat transfer model of coaxial DBHEs (depth > 350 m) able to
highlight how the geothermal gradient affects TRT estimates of ground thermal conductivity. The study
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by Beier et al. [36] was focused on performing DTRT analyses through numerical models for coaxial
DBHE:s to study the effect of upward and downward increasing trends of thermal conductivity among
ground layers on the estimate of the mean kg, and the kg, estimates for individual layer.

The present study extends the analyses of simulated TRT and DTRT involving single and
multiple layers with a constant (or variable with depth) and positive geothermal gradient considering
coaxial, single and double U DBHEs. Among the different parameters investigated, the present study
highlights the effect of the g, parameter introduced by Morchio et al. [8] on the ground thermal
conductivity estimation when the conventional-1D ILS model is applied to interpret the TRT data. The
qratio parameter is defined as the ratio between the absolute value of the external heat transfer rate Q' (per

unit length) and what we call the natural heat rate Q' that corresponds to the vertical geothermal flux

geo
multiplied by the BHE length. As it is easy to deduce, the heat available in the ground can be favorably
exploited by DBHEs. In DBHESs, the influence of the heat injected/extracted rate on the estimated value
of the ground thermal conductivity from a TRT can occur through the interaction between the
injected/extracted heat rate and the natural geothermal gradient. As the borehole depth increases, more
importance is assumed by the g,uio parameter. This implies that during the planning and the execution of
a TRT, especially when DBHEs are involved, it should be highly recommended to have performed and
made available the undisturbed ground temperature profile measurements, like those provided by

Holmberg et al. [37] to have an estimate of Q ! In this manner, the engineer can choose the more

geo’
suitable heat transfer rate ' to apply to the carrier fluid during the TRT, thus controlling and in case
modifying graiio. The simulations’ results reported in the present paper verify that guio 1s the dominant
parameter that indicates when the ILS-based kg, estimated value departs from the weighted-thickness
average.

In addition, the present study is aimed to highlight how the effect of the g, parameter on the
TRT analyses is also related to a specific dimensionless g-transfer function called gy that is obtained by
performing a complete circulation test of the same duration of the TRT. The dimensionless temperature
transfer functions (Temperature Response Factor) and the related approach of the g-functions are credited
to Eskilson [38]. Further developments for their convolutions performed in the spectral domain are due to
Pasquier and Marcotte [39,40,41]. The go function incorporates the geothermal gradient and in general,
the disturbance effect (particularly prominent for DBHEs) related to the undisturbed ground temperature
profile during the TRT. One of the aims of the present study is to demonstrate that when g4 1S lower
than 1 the go(7) function is able to modify the slope of the general solution 7yj(z) for each fluid node.

2. Theory and insights on g,4«i, parameter and the g-transfer functions in TRT analysis

The TRT is the experimental technique aimed at obtaining an estimate of the ground thermal
conductivity k- and the effective borehole thermal resistance R"». The accurate knowledge of kg, is crucial
for the correct sizing of the BHE field. Usually, the test is performed by measuring the heat carrier fluid
temperatures in a pilot BHE, according to the method introduced and described by Mogensen [9]. The
TRT setup consists of an electric heater equipped with temperature sensors at the inlet and the outlet
sections (temperature measurements of the carrier fluid), a circulation pump, a flow meter and the closed-
loop piping in the borehole. The prior circulation phase of the test, without injecting or extracting any
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heat, is aimed to reach the thermal equilibrium between the fluid and the surrounding ground. The
circulation phase is followed by the heat injection (or heat extraction) phase during which the carrier fluid
flow is constantly heated (or cooled) by the TRT machine. In this manner, the heat transfer rate exchanged
by the fluid flowing in the BHE closed-loop causes a thermal interaction with the surrounding ground.
Analyzing the thermal response measurements consequent to this interaction allows for estimating the
ground thermal conductivity kg Among the different models that can be applied, the ILS model [22,42]
is the first and the simplest for estimating k;,. More details on the ILS-based analysis of the TRT data are
provided in Appendix A.

The kgr estimated value by applying the ILS model in the TRT analysis in cases of single and
multiple layers is an effective value of the ground thermal conductivity. This value is near the weighted-
thickness average, as confirmed by previous studies focused on shallower boreholes (depth < 150 m) by
[25,26,27,28]. For layered ground, the average is the effective ground thermal conductivity for parallel
heat conduction through layers with boundary conditions of uniform temperature at each end. Thus, the
weighted average is a useful reference value. In the case of layers with equal thickness, the average is the
simple arithmetic mean.

Except for the first 20 m of the substrate that is subjected to seasonal temperature oscillations, the
ground temperature approximately increases linearly with depth, according to a geothermal gradient
generally in the 0.02-0.03 K/m range. The ground temperature behavior can be well described by the
Lunardini [45] analytical solution. Quite rare "geothermal anomalies" (due to surface magma chambers)
and the presence of deep water-saturated soils are the exceptions to the above rule. In TRT and GCHP
applications, the importance assumed by the gr«io parameter increases, according to its definition, as the
borehole active depth H increases:

Q

— H
ratio = dT gr,c0 (1)
H gr,
gr dz

where Q/H is the external heat rate per unit length while the denominator represents the natural heat rate
Q' geo corresponding to a constant geothermal gradient, d7,/dz, and defined as:

., _ dTgr 00
Q' oo = kgrH—2 @2.1)

Under the assumption of a constant geothermal heat flux through the ground layers, Fourier’s law
of heat conduction allows to express the density of natural heat flux Q" _ as the product between the

geo
.. : ATgr,c0
layer ground thermal conductivity, kg, and the temperature gradient, ( sz' )p» of each layer proper of
the undisturbed ground:
S dT, 7,00
Q”geo = kgr,p( 52 )P (2.2)

As observed by Raymond [46], Eq. (2.2) does not always apply especially for depths less than
50 m. It has to be taken into account, as noticed by Kohl [47,48] and Huang et al. [49], that palaeoclimatic
temperature signals in the subsurface and the impacts of urbanization can produce significant deviations
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from steady-state undisturbed ground temperature profiles given by Eq. (2.2). Even though the above
mechanisms can move profiles from the steady-state profile corresponding to a constant geothermal heat
flux, Eq. (2.2) confers a good approximation of the real profile for identifying the overall thermal condition
of the ground (especially when high depths proper of Deep BHEs are reached) and is still useful to
represent overall trends.

The ILS model assumes the heat transfer rate per unit length injected (or extracted) by the carrier fluid
to (from) the surrounding ground (across the borehole wall) uniform with depth. In the present study, the
effect due to a linear undisturbed ground temperature profile that increases with depth since characterized
by a constant geothermal gradient has been numerically investigated. This linear temperature profile has
been assumed for simplicity (and also because this represents a good approximation of the realistic profile
proper of Deep BHEs). It can be expected that the uniform-flux assumption proper to the ILS model
eventually breaks down with increasing geothermal gradient and/or increasing borehole depth. In this case,
as stated by Morchio et al. [8], the natural heat rate corresponding to the geothermal gradient can change
the heat flux normally imposed by the external heat rate during a TRT causing competition between the
two heat rates of different origins (the external heat injection/extraction rate and the natural heat rate). The
typical depth H reached by the DBHESs allows the exploitation of the natural heat Q' geo made available at

such depths. In particular, the thermal performance and the heat transfer rate that can be extracted by the
DBHE-s for GCHP applications are enhanced as the Q’ geo is higher, as shown by previous studies by [3,8].

On the other hand, as highlighted by Morchio et al. [8], the kg estimated value from an ILS-based TRT
analysis can be highly influenced by the gaiio parameter. This is because as the borehole active depth H

increases, the thermal interaction between the external injected/extracted Q/H and the natural Q' geo

increases. The numerical results related to the simulations reported in the present paper for a single and a
multilayered subsurface of different kg values lead to understanding and verifying that gasio is the
dominant parameter that indicates when the ILS-based kg- estimated value departs from the weighted-
thickness average. One of the main assumptions of the ILS model is that a constant heat transfer rate in
time and space is irradiated (or absorbed) from a linear source embedded into a medium of infinite extent.
According to Pasquier and Marcotte [40], if the heat flux signal is of step function type varying with time,
the temporal superposition principle can be used to express the temperature variation at any time 7=t ,

where n;1is the number of previous time steps:

_ vne 9m—0Qn—g (@ d .
T(r,7) — Tgr,oo = anl amtke gy f4;:r ; ag; Tn-1 < T = Tp, (3)
T-Tn-1

which can be rewritten, for each j» node of the fluid domain, as:

Tf,j(T) - Tgr,oo = 221::1 f(Tn)gj(T - Tn—l) “4)
where
f() = Q'(tn) — Q' (Tn-1) (5)

and
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1 0 -8
9=t = o[ - dp (6)
agr
T-Tn-1

Therefore, according to Pasquier and Marcotte [40], the ILS model can be decomposed into an
incremental heat flux function f and a model-specific integral g; evaluated for a constant and unit heat
pulse [39] for each j node, see Egs. (4), (5), (6). Computing Eq. (4) in the time domain for a long heat
flux signal Q' is computationally intensive. Marcotte and Pasquier [39] noticed that the right-hand side of
equation (4) corresponds to a convolution product, noted (f*g;)(r), and suggested solving it by using a
spectral approach. This means that being the convolution in the time domain corresponding to
multiplication in the frequency domain, (f*g;j)(z) is connected to discrete Fourier transforms. Denoting
with the letter F the Fast Fourier Transform (FFT) and F~! the Inverse Fast Fourier Transform (the symbols
“*” and “-” in Eq. (7) are the symbols related to the convolution product and the Hadamard product
respectively) any convolution (f*g)(z) in the time domain can be computed exploiting the frequency
domain according to the following general expression:

(fxg;)(®) = FX(F(f) - F(g;)) (7)

According to Pasquier and Marcotte [40], the spectral approach to solve a convolution product by FFT
can be exploited under the following main assumptions:

- The heat flux signal is represented by a step function.
- All the heat pulses are of equal duration (Ar=7-7;.;).
- fand g; (fo and go;) are both periodic functions.

In case one or both f and g; (fo and go;) are not periodic functions, the zero-padding technique can be
adopted, as reported by Pasquier and Marcotte [40]. The zero-padding technique consists in adding n; - 1
zeros at the end of vectors fand gj, to evaluate F~*(F(f) - F(g)) with these zero-padded vectors, and then
to keep only the first n; elements of the solution.

The solution provided by Eq. (7) gives the temperature change with respect to zero, as the ground
(and the carrier fluid) is uniformly at 0°C as the initial condition. According to Pasquier and Marcotte
[40], to reconcile the real ground temperature with Eq. (7), the temperature at any node is simply given by

Eg. (8):
Tr () = (f * g;) (D) + T (8)

where Ty is the mean initial undisturbed ground temperature. Eq. (8) assumes a uniform ground
temperature profile over the domain’s height. It is important to highlight that Eq. (8) assumes a uniform
ground temperature profile 7y over the domain’s height (a zero geothermal gradient). The present study
considers that a real vertical thermal profile data set is available and the geothermal gradient is taken into
account. This generalization is provided by Eq. (9). According to Pasquier and Marcotte [40,41] the
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numerical (or experimental) temperature profiles Sj(z) resulting from a series of heat pulses can be
reconstructed by the general solution 7¥;(7) for each fluid node given by Eq. (9):

Tr (0 = (f *9;)(@) + Toj(0) = (f * 9;) @ + (fo * go,;)(¥) 9)

where Ty(t)=(fo*go,)(t), contrary to Tp in Eq. (8), is not necessarily constant in-depth and can vary in
time. The present study highlights also that the effect on the TRT analyses due to the g.io parameter is
directly correlated to the dimensionless go-transfer function evaluated from the numerical solution Sj(z) by
performing a complete circulation test of the same duration of the TRT without conferring any heat input
rate. Eq.(9) denotes that the general solution 7(z) for each fluid node is given by superposing in time two
different solutions (two different/separated convolutions). The kg, that has to be estimated in the TRT is
hidden inside both the gj(z) and go(7) transfer functions. The external heat input rate is incorporated into
the external excitation function f{7) and expressed in terms of the fluid temperature difference imposed by
the TRT machine at the BHE inlet and outlet sections. The excitation fy(z) is needed only in presence of
non-zero dT../dz. Both f{t) and fy(7) have to be convolved with each gj(r) and go;(r) dimensionless
functions respectively (for each j; node, for any time 7). The gj(7) and goj(7) functions related to each j,
node of fluid volume are evaluated from the simulated (or experimental) temperature profiles Sj(t)
resulting from the complete numerical model (the three FD Models considered in the present study). The
8o,i(t) functions take into account the effect related to the undisturbed ground temperature profile which is
particularly important in the case of a non-zero geothermal gradient in the TRT analysis. The go(z)
functions are derived by simulating the TRT (or performing the real test) with no thermal inputs. This
incorporates the effect on TRT of any specific non-uniform temperature distribution. When g4, 1s lower
than 1, the effect of the geothermal gradient incorporated into the goj(z) function, is able to modify the
slope of the general solution 7yj(t) for each fluid node, as graphically shown by Figure 1 (expressed in
terms of Trave(7), see Appendix A). The T av(7) profiles computed by the FD Model and reconstructed by
the Tj(t) profiles from Eq. (9) are reported as an example in Figure 1. The simulated case has been
performed according to the input data related to the 800 m cases reported in [8] and collected in Table 1;
in particular, the one denoted with “Case 800/40 related to the center inlet configuration of the coaxial
BHE. For the sake of completeness, it has to be reminded that when referring to 800/40, 800/-40,
800/213.33, 800/-213.33 for identifying each case, according to the nomenclature adopted by [8], the first
number is the depth in meters and the second number is the related heat transfer rate per unit length, in

W/m.

Table 1
Parameters used in simulations with the numerical model related to the 800 m coaxial, single and double
U pipe DBHE (base case).

Parameter Coaxial 800 m U pipe 800 m

Borehole length 800 m 800 m

Borehole diameter 0.14 m 0.14m

Pipe inner radius 0.045 m 0.0163 m



Pipe wall thickness 0.008 m 0.0037 m

Annular pipe inner radius 0.0695 m -
Annular pipe wall thickness 0.0004 m .
Shank spacing . 0.06 m
Mass flow rate 2.55 kg/s 2.55 kg/s
Fluid thermal conductivity 0.60 W/(m-K) 0.60 W/(m-K)
Fluid density 1000 kg/m? 1000 kg/m?
Fluid specific heat capacity 4186 J/(kg'K) 4186 J/(kg'K)
Fluid dynamic viscosity 1.0 x 1073 kg/(m's) 1.0 x 1073 kg/(m's)
Pipe thermal conductivity 0.42 W/(m-K) 0.42 W/(m-K)
Grout thermal conductivity . 1.2 W/(m-K)
Grout volumetric heat capacity . 1.35 MJ/(m*K)
Local borehole thermal resistance (coaxial) 0.00378 (m-K)/W -
Ground surface temperature (z = 0) 281.15 K 281.15 K
Heat injection/extraction rate 32 kW (Case 800/+40);
170 kW (Case 800/+213.33)
Duration of fluid circulation prior to heat 4h 4h
injection/extraction
Duration of heat injection/extraction 90 h 90 h
348
349 Ags illustrated in Figure 1, the ILS-based kg, estimation when the goj(7) function is taken into account
350 (differs by -14.3 % from the ILS-based ker estimation without taking into account the effect related to the
351 geothermal gradient incorporated into the go(z) function (the reference value for kg, used in the FD model
352 j5 3 W/mK). The correct estimated ker value from the ILS-based TRT analysis can be obtained only by
353 removing the gy j(7) function from the real (in this case simulated) TRT data.
354
296
] Th,ave (1) = 1.2202In(1) + 279.44
(Fgi)(T)+(f0*g0)(T)
T 292 | —(rgim logdinear fit kgrILS-based = 2.61 WimK -
o | (F*gi)()#(f0*0)(1) logHlinear fit
8 288 - ;
& B
2 /
355 g
= ) 0 00 Tf,ave () = 1.0448In(7) + 266.56
S 280 -
P
kgr,ILS-based = 3.046 W/mK
272 ; : . :
10 100 1000 10000 100000 1000000
Time [s]
356 Figure 1: Fluid temperature profiles computed by FD Model as reconstructed by the 7F;(z) profiles
357 from Eq. (9) (in terms of Tyave(7) on top surface, geothermal gradient set to 0.02 K/m, grario <1)
358 related to the Center inlet case of Case 800/40.
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Figure 1 shows how the evaluation and removal of the go function from any TRT data would be of great
importance to remove the geothermal gradient influence (highlighted by g0 <1) and obtain the correct
ker estimations from any TRT analysis based on the ILS model (for single and, as it will be shown in
section 4, also for multiple ground layers).

The To,j(t)=(fo*go;)(t) functions related to the single and double U-pipes have been compared with
those related to the coaxial BHEs (center-inlet and annular-inlet hydraulic configurations) in the case of
the geothermal gradient is 0.02 K/m, as reported in Figure 2. These simulated cases reported as an example
have been performed according to the input data of the 800 m cases reported in [8] and collected in Table 1.
Since 94 hours of circulation without any heat input rate are needed to compute the 7oj(t)=(fo*go,)(t)
functions, the profiles reported in Figure 2 for the inlet and outlet nodes necessarily overlap for each same
BHE-configuration type.

165 ; Toi(1)=(fo"go,)(1)

s 576

?132

—

o

o
|

+ (f0*g0) single U [°C]
(f0*g0) double U [°C]

1 5,5 _ - (f0*g0) annular inlet [°C]

o (f0*g0) center inlet [°C]

3] 6]RTRTRIOT o016 Brorere

S

>

15,0 - —
14,5 + /
0O 10 20 30 40 50 60 70 80 90 100
Time [h]

Figure 2: The comparison between the 70,(7) =(fo*go,)(7) functions related to the 800 m coaxial, single
and double U-pipes (geothermal gradient set to 0.02 K/m).

The results reported in Figure 2 clearly show that the Tyj(r) profile related to the center inlet
configuration of the coaxial case changes much more at late times than the 7Ty j(t) profiles related to the
annular inlet, single and double U pipe (for the same borehole length of 800 m). While the 75 ,(z) functions
related to the inlet and outlet nodes assume a value close to being a constant for the single and double U
pipes for almost the entire duration of a TRT, it can be noticed how the Ty j(z) functions related to the inlet
and outlet nodes assume a slight slope in the case of the coaxial center inlet case. According to [8] and
contrary to what the ILS model assumes, for a DBHE in presence of a non-zero geothermal gradient, the
thermal equilibrium temperature 7« between the fluid and the surrounding ground reached at the end of
the circulation period does not correspond to the mean value along the BHE active depth H of the
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undisturbed ground temperature, especially for the coaxial center-inlet case. This is symptomatic of the
almost nil contribution of additional heat input rate related to the available geothermal heat flux within
the BHE length H in the case of the single and double U pipes, while a positive natural extra heat
contribution in the case of the center inlet case. This confirms also that the 7, (7) functions incorporate the
contribution of an additional heat input rate related to the available geothermal heat flux within the BHE
length H, then influencing the slope of the resulting 7%j(z) fluid profiles if not corrected through the proper
choice of the best external heat transfer rate Q during the TRT. The go,(z) functions have an effect during
the entire TRT duration (also during the heat input phase). In the case of graio lower than 1 the goj(7)
functions can modify the slope of the fluid temperature profiles, especially for the coaxial BHE. Also the
Annular inlet case in Figure 2 shows a slight slope having a lower magnitude than the one of the center
inlet case for the overall duration of the TRT. This represents another perspective that allows
understanding why in the case of graio <1, the annular inlet configuration confers better ILS-based kr
estimation than the center inlet one (for both heat injection and heat extraction scenarios) as reported in
[8].

The smaller changes of Ty j(z) with time in Fig. 2 for the U-pipe configuration can be explained as
follows. Picture a stationary elemental fluid volume of thickness dz in one of the U-pipes. If the flow is
downward through the pipe, the geothermal gradient tends to cause cooler fluid from above to enter the
elemental volume. On the other hand, for upward flow in the other side of the U-pipe, the geothermal
gradient tends to make warmer fluid enter the elemental volume from below. The effects on the fluid in
each pipe are likely to have similar magnitudes but oppose each other (source/sink). They are more likely
to cancel each other. In the coaxial BHE, the fluid in the annulus has a more direct pathway to heat
exchange with the ground than the fluid in the center pipe. In order for the fluid in the center pipe to gain
or lose heat with the ground, the heat must travel through the annular fluid. Thus, the heat transfer is
indirect between the ground and the center-pipe fluid. Without the symmetry of the U-pipe arrangement,
the effects are unbalanced on the two flow streams. Thus, the opposing effects (source/sink) are more
likely to have different magnitudes and do not cancel. This unbalance makes the net effect larger in the
coaxial borehole.

According to Pasquier and Marcotte [39,40] the convolution products (f*g;)(t) and (fo*go,)(1) in
Eq. (9) are computed in the frequency domain using the spectrum of f and g; (fo and go,); this is much
faster than the standard convolution in the time domain. According to Eq. (7), the expressions (f*g;)(t)
and (fo*go,)(t) in Eq. (9) are computed through Eqgs. (10) and (11):

(f *g;)(® = FX(F(f) - F(g;)) (10)
(fo * 90;)(® = F7Y(F (fy) - F(go,))) (11)

For more details on the FFT method, the Reader is addressed to read [40,41]. The present approach
exploiting the specific strengths of the FFT method in handling different types of boundary conditions
(i.e. variable heat input rate above the ground and an undisturbed ground temperature profile which can
be uniform or variable along the depth) saves a lot of the computation CPU time to run each simulation
(provided that f; fo, g and go; have been obtained). This is because any change of the external heat input
rate involves only the external excitation function f{z) that is convolved with each evaluated and invariant
dimensionless g (7) function and superposed with the (fo*go,)(7) convolution product (for each node, for
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any time). On the other hand, the go(7) functions are derived by simulating the model (or performing the
real test) with no thermal inputs to properly take into account the effect related to the undisturbed ground
temperature profile which is particularly important in the case of a non-zero geothermal gradient. The FFT
method adopted in this work for computing the convolution products incorporates concepts based on the
studies by [39,40,41,50].

2.1 Methodology

Three Fortran90 programs implementing the FD Models related to coaxial, single and double U-
BHE geometries presented in [4,20,21] are exploited to evaluate the gj(r) and go,j(7) functions related to
each j» node of fluid volume. These models have been proved and validated against available literature
TRT measurements, showing very accurate thermal profiles which overlap those related to the
experimental data as reported in [4,20,21]. The Reader is directed to those papers for a complete model
description. A dedicated Fortran90 program, whose results have been successfully cross-checked with
those provided by an independent Matlab solver, implements the routine for performing the FFT
computation used to reconstruct the 7Trj(z) temperature profiles from the FD Models. The dedicated
Fortran90 code allows the choice of subgroups of nodes for the reconstruction of the 7%j(z) for each ju-
node. The go;-function in the term (fo*go,)(z) is the only term on the right-hand side of Eq. (9) with
information about the geothermal gradient. The g;-function in the term (f*g;)(t) is evaluated by ignoring
the geothermal gradient. The evaluation of the gj-function in the term (f*g;)(7) uses a uniform undisturbed
ground temperature (constant with depth) profile whose value is imposed everywhere equal to
0 °C=273.15 K (assumption proper of the method to evaluate the g; for each node). To evaluate the values
related to g;j for each fluid node, it is needed to run an entire numerical simulation with one of the three
complete FD Models considered in the present study, with a 0 °C assigned to all the nodes. This is obtained
by imposing a zero-geothermal gradient in the fluid and ground domain as the initial condition and
applying the desired value of the external heat input rate (it is possible to adopt whatever value of external
heat input rate to evaluate the g; function for each node because the boundary condition related to the
external heat transfer rate is in any case handled by the f{z) function). According to what is described in
Pasquier and Marcotte [40,41] the dimensionless g; functions are derived using the Eq.(12) reported
hereafter:

s;(™)

PHOE (12)

The Sj(z) term in the numerator is the solution computed by the complete FD numerical Model related to
each node in the time domain (Sj(z) in general can also represent the experimental temperature profile in
a real test; in this last case, the Sj(z) would already incorporate also the geothermal gradient effect, thus
the go,(z) function) suitably converted in °C, according to the method described by Pasquier and Marcotte
[41], while f is the constant for which gj(t= Tsar heat input rare)=1, then:

ﬁ — Qstart heat input rate [o C] (13)

mey
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The value related to the constant f depends on the choice of the Ostart heat input rate Value; therefore the
choice of the value of external heat transfer to evaluate the gj-functions can be arbitrary since the solution
Si(7) is in any case affected by this choice and made dimensionless by dividing by the constant £.

The f{(r) excitation function incorporates the effect related to the external heat input rate in terms of the
temperature difference between the BHE inlet and outlet sections, in particular:

(1) = 4000z [°C] (14)

me

In a standard TRT, since the external load Q should be typically kept constant (around 90-100 hours of
heat injection at constant power) the f{(z7) assumes the values (for each time step included in the defined =
window):

_ Qstart heat input rate
f(T) - [ mcf ’ 0' 0' 0' 0' ---:0] v Tstart heat input rate <7< Tend experiment (15)

To evaluate the values related to go; for each fluid node, in the present study the entire 94-h TRT simulated
with the complete FD Model for coaxial BHE has been run taking into account the geothermal gradient
thus the actual values of the undisturbed ground temperature profile imposed in the whole domain as the
initial condition without considering any external heat input rate for all the entire duration of the
experiment.

According to what is described in Nguyen et al. [S0] the dimensionless go,; functions are derived using the
Eq.(16) reported hereafter:

So’]' (T)

9o (D) = 4 (16)

So,j(7) is the solution in the time domain computed by the complete FD Model without taking into account
any external heat input rate for the entire duration of the experiment. So,j(7) is related to each node (So ()
can also represent the experimental temperature profiles in a real test of complete circulation) suitably
converted in °C, while f is the constant that makes go,j(7) dimensionless but numerically equivalent to the
So,j(t) solution, then f =1 °C.

The fo(7) excitation function assumes the values reported in Eq.(17) so that the convolution product
To,j(t) =(fo*go)(t) coincides with the numerical solution Sy () conferred by the FD Model (for each time
step included in the defined T window):

fO (T) = [1; 0» 0» 0, 0: ] vists< Tend experiment (17)

2.2 Validation of the method

As the validation of the FFT spectral method implemented in the dedicated Fortran90 program, it has
been verified that the 7%j(7) solution provided by Eq. (9) coincides with the complete solution given by the
FD Model run for the entire 94h simulated TRT related to the “Case 800/40” (non-zero geothermal
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gradient characterizing the undisturbed ground temperature profile imposed in the whole domain as the
initial condition and conferring the proper external heat input rate starting from the 4" hour of the
experiment). The fluid temperature profiles related to the coaxial center-inlet case simulated by the FD
Model and reconstructed by the FFT method have been reported in Figure 3. During the pre-circulation
phase of 4 hours without any external heat input rate (and the geothermal effect during circulation) only
the (fo*goj)(7) term in Eq. (9) provides a numerical contribution (the contribution related to the convolution
product (f*g;)(z) is zero when the external heat input rate is 0 W). When the external heat input rate starts
both the terms in Eq. (9) provide a numerical contribution. Under these assumptions, Eq. (9) produces the
temperature profile reported in Figure 3 related to the inlet node of the 800 m coaxial center-inlet case
whose input data are reported in [8] and collected in Table 1. In this case, Grario 1s lower than 1 and the
geothermal gradient is 0.02 K/m.

T, (O=(g) 0+ To (0=(0)(0+(Ts "o (D

T;[°C]
o

/
10 {r
/____—

0 Tf inlet [°C] as computed by FD Model M
o Tf inlet [°C] as computed after FFT
-5 - = (f*g) inlet node [°C]

= (f0*g0) inlet node [°C]

-10

0 10 20 30 40 50 60 70 80 90 100
Time [h]
Figure 3: Fluid temperature computed by the FD Model as reconstructed by the superposition of the
(f*gj)(t) and the (fo*go)(t) profiles (for the inlet node, geothermal gradient set to 0.02 K/m,
graiio <1) related to the Center inlet Coaxial DBHE of Case 800/40.

From Figure 3 inspection, it is straightforward to notice that the profile related to the inlet node
computed by the FD Model overlaps with the one obtained from Eq. (9) during the whole test of 94h.

3. Application of the method for TRT analysis in the case of single-layer subsurface for coaxial,
single and double U BHEs

The numerical results plotted in the Figures of the present section are aimed to explain how the
present method related to the FFT technique is applied to reconstruct the fluid temperature profiles
computed by the complete FD Models. For the sake of clarity, only the temperatures resulting from the
application of the FFT method have been reported in the Figures of the present section since are the same
as the FD model. Furthermore, the profiles related to the convolution product (f*g;)(7) have been reported
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in the Figures of the present section (while the Toj(7) profiles are those reported in Figure 2 of the present
paper). The results reported in the present section also graphically explain how the go(7) function can
influence the ground thermal conductivity estimation when the ILS model is employed in the TRT
analysis. This is shown through simulations related to coaxial deep BHE of 800 m in presence of a single-
layer subsurface with a non-zero geothermal gradient compared to the same case with an undisturbed
ground temperature profile perfectly uniform along the depth.

According to Eq. (9), adding the convolution product (f*g;j)(z) to the Ty () profiles (those related
to the Case 800/40 reported in Figure 2 of the present paper) produces the fluid temperature profiles shown
in Figure 4. These temperature profiles are related to the inlet node of the 800 m coaxial (annular inlet and
center inlet) and U-pipes (single and double U) BHEs in the case grario 1s lower than 1, the geothermal
gradient is 0.02 K/m, and a single layer subsurface having ground thermal conductivity value of 3 W/mK.
The input data details related to these simulated cases are reported in Table 1, those denoted with “Case
800/40”. For these cases, the external heat input rate per unit length is 40 W/m competing against the
available natural geothermal heat rate of 48 W/m along the BHE depth (gra:io lower than 1).

Ty (0=(G)(0+To (=(Fg) (0)+(Fs*go ) (1)

30
25 /—__-—:_—_
o %
o
— f———
- T ——
= 15
10
o Tf inlet [°C] annular inlet as computed by Eq. (9)
Tf inlet [°C] center inlet as computed by Eq. (9)
5 > Tf inlet [°C] single U as computed by Eq. (9)
» Tfinlet [°C] double U as d by Eq. (9)
0
-5
-10
1 10 100
Time [h]

Figure 4: Fluid temperature from the superposition of the (f*g;)(z) and the (fo*go,j)(t) profiles (for the
inlet node, geothermal gradient set to 0.02 K/m, gario <1) related to the coaxial and U - pipes of
“Case 800/40”.
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Figure 5: (f*g;)(t) profiles (for the inlet node) related to the coaxial and U - pipes of “Case 800/40™.

The (f*g;)(z) profiles related to the Case 800/40 have been reported in Figure 5. As it is easy to
notice, the (f*g;)(t) profiles reported in Figure 5 are almost overlapped for all the BHE types and hydraulic
configurations. This is because the g;-function in the term (f*g;)(7) is evaluated by ignoring the geothermal
gradient and a value equal to 0 °C= 273.15 K (constant with depth) is imposed in the fluid and ground
domain as the initial condition. Figure 4 together with Figure 5 are aimed to show the effect due to the
go,j(t) functions (that is the geothermal gradient effect) embedded into the Ty j(7) functions related to each
BHE type and hydraulic configuration. In particular, Figure 4 confirms what is highlighted by Figure 2 on
how the Ty j(t) functions and the T/, value reached at the end of the pre-circulation phase of 4 hours, prior
to the start of heat injection (or extraction) of a TRT, do not coincide among the coaxial and U-pipes cases
when the geothermal gradient is 0.02 K/m. If the geothermal gradient would have been perfectly 0.0 K/m
all the fluid temperature profiles shown in Figure 4 would almost coincide as they would differ from those
shown in Figure 5 for a constant equal to 7o that is the uniform ground temperature profile over the
domain’s height (zero geothermal gradient). The present investigation at grario <1 (Whose resulting profiles
are shown in Figure 4) graphically confirms that, as opposed to both coaxial cases, the U-pipes are less
influenced by the absolute value of graiv Wwhen the ILS model is used for the ground thermal conductivity
estimation from TRT data. This is graphically shown by the almost equal slopes characterizing the late
time of the test for the U-pipes and the different slopes assumed by the coaxial arrangements in Figure 4.
As well as the Ty, value reached at the end of the pre-circulation phase of 4 hours is almost equal for the
U-pipes while differs between the coaxial configurations (as confirmed by [8]). The Ty (t) functions and
in particular the goj(t) functions incorporate the main numerical reason for which the coaxial cases are
more sensitive to the gruio parameter (to the geothermal gradient effect) than the U-pipes when the ILS
model is used to estimate the ground thermal conductivity, as confirmed by the ILS-based k&, estimation
results reported in [8] and collected in Table 2. The FOA-ILS-based analysis has been made for different
Fop intervals in the range 10<Fo0,,<66.12 by varying the starting Fo,, from 10 to 55 in increments of 5.
For the sake of brevity, the k; FOA-ILS-based estimated values from Eq. (A.9) in the range
10<F01,<66.12 have been reported in Table 2. The definition of Fo is given in Eq. (A.4). The reader is
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addressed to [8] for a complete and detailed description of the ILS-based analysis and related results
briefly reported in the present section.

Table 2
Ground thermal conductivity estimated values considering the /0<F0,,<66. 12 interval compared to the kg,
value (3.0 W/(mK)) imposed in the single layer subsurface, geothermal gradient set to 0.02 K/m.

Case ker (ILS-estimated value) |% Error|

800/40 Center inlet 2.593 [W/mK] 13.55 %
800/40 Annular inlet 3.177 [W/mK] 5.90 %
800/40 single U 2.905 [W/mK] 3.16 %
800/40 double U 2.917 [W/mK] 2.77 %
800/213.33 Center inlet 2.937 [W/mK] 2.10 %
800/213.33 Annular inlet 3.058 [W/mK] 1.94 %
800/213.33 single U 2.904 [W/mK] 3.20 %
800/213.33 double U 2.941 [W/mK] 1.96 %

The same numerical simulations have been performed in the case of a geothermal gradient of
0.0 K/m. For the sake of brevity, only the fluid temperature profiles related to coaxial cases have been
presented and reported in Figure 6. In these cases, the T, value reached at the end of the circulation
phase corresponding to the previous simulations reported in Figure 4 for each coaxial case (annular inlet
and center inlet) is directly imposed uniformly along the ground depth from the beginning of the test. As
previously, these temperature profiles are related to the inlet node of the 800 m coaxial (annular inlet and
center inlet). The profiles related to the convolution product (f*g;)(t) are the same reported in Figure 5 (in
this case the T,j(7) profiles are not plotted since they are related to a geothermal gradient of 0.0 K/m, thus
invariant in time and equal to the 7. constant value corresponding to the uniform in-depth initial
condition).
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Figure 6: Fluid temperature from the superposition of the (f*g;)(z) and the (fo*go,)(z) profiles (for the
inlet node, geothermal gradient set to 0.0 K/m) related to the coaxial DBHE of “Case 800/40”.

Since the geothermal gradient is 0.0 K/m all the fluid temperature profiles shown in Figure 6 differ
from those shown in Figure 5 for a constant equal to 7p which is the uniform ground temperature profile
over the domain’s height (zero geothermal gradient), a different constant between the coaxial cases. In
this case, the go () functions related to the inlet and outlet nodes do not influence the slope of the resulting
Tj(t) fluid profiles (nil contribution of additional heat input rate related to the available geothermal heat
flux within the BHE length H since the geothermal gradient of 0.0 K/m). Therefore the corresponding
ground thermal conductivity estimation from the ILS model will result very close to each other (regardless
of the choice of the hydraulic configuration). This is also observed by similar fluid temperature profiles
obtained from simulated TRTs with a zero geothermal gradient reported in [20] and the related k. ILS-
based estimations.

According to the “800/213.33” coaxial case reported in [8] and presented in Table 1, Figure 7
graphically shows how in presence of the geothermal gradient of 0.02 K/m and graio >>1, the fluid
temperature profiles can assume the slope (in the semi-logarithmic time scale) compatible with the ground
thermal conductivity value of 3 W/mK imposed in the program input file also in case the center inlet
configuration is adopted (see Table 2). This case for which g0 1s greater than 1 has been reconstructed
by the FFT according to the present method synthetically represented by Eqgs. (9), (10) and (11). The fluid
temperature profiles related to gruio >>1 for the inlet node have been reported and compared with those
related to grario < 1 in Figure 7.
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Figure 7: Fluid temperature from the superposition of the (f*g;)(z) and the (fo*go,)(z) profiles (for the
inlet node, geothermal gradient set to 0.02 K/m, graio >>1) compared with those obtained for
qraiio <1 related to the Center inlet case of Case 800/213.33.

From Figure 7 inspection, it is straightforward to notice how in the case of graiio >>1 the contribution of
heat input rate related to the Ty j(z) function is too lower compared to the one provided by the external heat
input rate imposed (external heat input rate per unit length of 213.33 W/m against the available natural
geothermal heat rate of 48 W/m along the BHE depth). In this case, the effect of the external heat input
rate on the fluid temperature profiles greatly overrides the relatively small contribution related to the
natural geothermal one. For the single-layer subsurface case, the condition related to grario >>1 guarantees
the correct ground thermal conductivity estimation for both the hydraulic configurations when the ILS
model is used in TRT analysis, as confirmed by the ILS-based k, estimation results reported in Table 2.

4. Application of the method for TRT analysis in the case of multiple ground layers of equal
thickness with geothermal gradient

A series of simulations has been carried out to investigate if the gruio 1s the dominant parameter
when the ILS model is used to estimate the ground thermal conductivity, also in presence of different
ground layers of equal thickness with different thermal conductivity values imposed along the depth. In
particular, the numerical simulations reported in the present section aimed to demonstrate the influence of
qrario along with the impact of other dimensionless parameters specific to TRTs. The results for ground
with multiple layers are of particular interest because no previous research systematically studies these
effects. The investigation reported in the present section is mainly focused on the coaxial case, which is
the most likely configuration for deep boreholes and, as shown in the previous sections, the most affected
by the effects due to g,aio. Any changes in the r/H and m/H ratios are not able to mitigate the influence
related to the gruio parameter on the ground thermal conductivity estimation when the ILS model is
employed. The results reported in the present section have been graphically explained and clarified also
in terms of go j(7) functions. The analysis considers different ground layers of equal thickness with different
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thermal conductivity values imposed along the depth and corresponding geothermal gradients. The
condition related to graio >>1 has to be satisfied in an ILS-based TRT analysis in order to override the
additional heat input rate (particularly prominent for coaxial DBHESs) provided and incorporated into the
go,(t) functions. The graio >>1 condition guarantees the ILS-based kg estimation moving closer to the
mean kg value among the layers.

The main input parameters are reported in Table 1 according to those reported in Beier et al. [24]
while the grid properties characterizing the numerical simulations related to the 800 m coaxial DBHE case
are reported in Table 3. The k,, values and geothermal gradients for each layer follow the list in Table 4,
also reported in [24]. According to Eq. (2.2), the ground thermal conductivity k- increases with depth as
listed in Table 4 while the geothermal gradient d7, ./dz decreases as their product remains constant in
each layer and equal to 0.04 W/m?. For layered ground, the (0.04 W/m?) value of the density of natural
heat flux has been adopted in each layer according to [24]. The k,, values of the ground surrounding the
simulated borehole are not specific to the geology related to any location but generically represent a range
of possible physical values. In the DTRT simulations reported in the present study, the ground is made of
four layers, each having a different k., value. The heat extraction rate per meter from the ground is kept at
40 W/m. The case 800/(-40) is named “CASE 3A” in the present section and, according to [24], can serve
as a base case because the heat extraction rate (W/m) is in the typical range.

Table 3
Grid properties characterizing the numerical simulations related to the 800 m coaxial DBHE (base case).
Input type Value
Domain end radial r-coordinate 32m
Domain end axial z-coordinate 840 m
Number of partitions along the r-direction 30
Number of partitions along the z-direction 80
Finite increment Az 10.5m
Time step At 10.51's
Table 4

Thickness, ground thermal properties and geothermal gradient of ground layers.

Layer Depth kerp Ogr,p (pC)er,p Geothermal
interval (W/(m*K)) (m?/s) (J/m’K) gradient
(m) (K/m)
1 0to 200 1 3.33x 107 3.0 x 10° 0.04
2 201 to 400 1.7 5.66 x 107 3.0x 10° 0.0235

3 401 to 600 2.4 8.0x 107 3.0x 10° 0.0167
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4 601 to 800 3.1 1.03x 10° 3.0x 10° 0.0129

A series of simulations for the coaxial pipe adopting the same main input data related to the 800 m
base case (named “CASE 3A”) has been performed by varying the borehole depth (100 m to 800 m,
“CASE 3B” to “CASE 3A BIS”) while keeping the thickness of each layer equal to % of the total depth.
The TRT simulations for both the hydraulic configurations of the coaxial BHE have been performed for
each case. The main input and pre-processing data which distinguish and identify each case are
summarized in Table 5. Note as the depth decreases the magnitude of g.ui, increases since the heat
extraction rate per meter is kept at 40 W/m. It has to be specified that the values related to the natural heat
rate per unit length reported in Table 5 have been computed according to Eq. (2.1) where the ground
thermal conductivity is the arithmetic average value among the layers, in this case, equal to 2.05 [W/mK].
The product between the ground thermal conductivity &, and the geothermal gradient d7,,./dz is constant
for each layer (this product was chosen equal to 0.04 W/m?) and used in Eq. (2.1). For layered ground, the
average is the effective ground thermal conductivity for parallel heat conduction through layers with
boundary conditions of uniform temperature at each end. In the case of layers with equal thickness, the
average is the simple mean.

Table 5
Main input and pre-processing data identifying the center inlet and annular inlet cases.

Case m [kg/s] m/H H [m] External Natural heat Gratio [-]
[kg/ms] heat rate per unit

extraction  length [W/m]

rate Q [W]
3B 0.32 0.0032 100 4,000 4 10
3C 0.64 0.0032 200 8,000 8 5
3D 0.95 0.0032 300 12,000 12 3.33
3E 1.27 0.0032 400 16,000 16 2.5
3F 1.59 0.0032 500 20,000 20 2
3G 1.91 0.0032 600 24,000 24 1.66
3H 2.23 0.0032 700 28,000 28 1.43

3A 2.55 0.0032 800 32,000 32 1.25
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3A BIS 2.55 0.0032 800 170,667 32 6.66

The mass flow rate varies among the cases in order to keep the fluid temperature difference (7in-Tou)
constant at the top of the BHE, while % remains constant (except for the CASE 3A BIS). This case has

been purposely simulated and reported to show the corrective effect provided by the grario >>1 on the ILS-
based kg estimation in comparison to CASE 3A. The simulations and analyses reported in the present
section for multiple ground layers indicate that the ILS-based kg estimation changes with gasio. Figure 8
shows the results for cases as the borehole depth decreases (800 m to 100 m), which increases grario.
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Figure 8: Effective ground thermal conductivity estimation from the FOA of the ILS model
compared to the reference value (horizontal line).

Figure 8 compares the FOA-ILS-based k,, estimation with the weighted-thickness average for the ground
layers. In this case of layers with equal thickness, the average is the simple mean (the horizontal line is
the reference value). The starting time of the time window for the ILS model is Fo,»=10. The results
indicate that as g,qrio decreases the ILS-based kg, estimation departs from the arithmetic average. The same
investigation has been carried out also considering different Fo,, dimensionless time windows, producing
the graph reported in Figure 9 (for the center inlet) and Figure 10 (for the annular inlet) configurations.
The Fourier number Fo,;, corresponds to the starting time for the ILS model fit.
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Figure 9: Effective ground thermal conductivity from the ILS model as estimated for different Fo,,
windows for the center inlet configuration.
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Figure 10: Effective ground thermal conductivity from the ILS model as estimated for different Fo.,
windows for the annular inlet configuration.

The analysis has been made for different Fo,; intervals in the range 10<Fo01,<66.12 by varying the
starting Fo,» from 10 to 55 in increments of 5. The Fo,, value of 66.12 at the end of the TRT remains
fixed, which is related to the end of the 90-h period of heat extraction. The kg estimated values have been
obtained for each Fo,, window according to the FOA-ILS-based Eq. (A.9). From Figures 9 to 10
inspection, it is interesting to notice that, as one can expect, as the starting Fo,; is varied becoming closer
to the Fo,, value of 66.12 at the end of the TRT, the &, estimations from the FOA-ILS-based Eq. (A.9)
tend to move towards the mean kg value among the layers, especially for the cases characterized by a grasio
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close to 1. This is because the effect related to the thermal transient characterizing the first hours of the
TRT tends to weigh less when Fo,» windows closer to the end of TRT are considered in the analysis.

As in the previous papers by the Authors [8,24], the ratio % has been kept constant among the cases

by adjusting m. The simulations demonstrate that when a strong geothermal gradient exists the difference
between the FOA-ILS-based kg estimation and the mean kg, tends to decrease as the total depth decreases.
The parameter g,asio 1S an indicator of this difference because as the total depth decreases, the g asio increases
since the heat extraction rate per meter is kept at 40 W/m. The simulations demonstrate that as the depth
decreases the estimated effective kg from the line-source model moves closer to the mean k. This is due
to the grario parameter, as clearly demonstrated by the additional simulation (CASE 3A BIS) for the 800 m
case with the heat extraction rate per meter from the ground set to 213.33 W/m. The additional simulation
(CASE 3A BIS) demonstrates that the estimated effective kg- from the ILS model moves closer to the
mean kg when graio >>1. This demonstrates once more how ¢rauio iS the most relevant among the
parameters characterizing the TRT analyses, also in presence of multiple ground layers of equal thickness
with different thermal conductivity values imposed along the depth. For the coaxial BHEs, the estimated
kgr from the ILS model moves closer to the mean kg value among the layers only if graio >>1 regardless
of the kgr variations among the layers. The simulations demonstrate also that the movement in the line-
source estimates of the effective kg from the mean is less for the annulus inlet configuration. The
corresponding cases with the annulus as the inlet have significantly smaller deviations from the average
kgr (compare Fig. 10 to Fig. 9). The movement in the line-source estimates from the mean kg are expected
to be in general less also for single and double U-tube configurations for ground with layers of equal
thickness.

Other parameters related to the coaxial geometry have been varied with the dimensionless groups
reported in Morchio et al. [8] exploiting the cluster of simulations reported in the present paper. The list
includes the parameter N; related to the short-circuit thermal resistance, R;, between each node placed in
the center and annular pipe:

_ H
1= meRl

(18)

The N> and N, are the other dimensionless parameters in the list that include the % ratio:

H
N2 T Cf Ry (19)
_ 2mkgrH
Nor = S (20)

The parameter N: is related to the thermal resistance, Rz, between each node placed in the annular
pipe and the borehole wall node. The parameter Ng, is the dimensionless conductance of ground, according

to [8]. In the simulations whose results are reported in Figures 8, 9 and 10 of the present paper the % ratio

is constant. The parameters N;, N2 and Ng- remain almost constant among the cases since containing i

(slight variations are due to R; and R> variations among the cases because of the fluid velocity variation
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caused by different mass flow rate values). The study has been expanded by varying % with respect to the
previous cases while keeping the graio values constant and equal to those corresponding to the cases
reported in Table 5 of the present paper. Cases in Beier [35] for uniform kg, indicate changes of % has little

influence on the estimate of kg, from a 1D radial model until % becomes small. In the present paper, the

effects of N, N> and N, have been studied by varying %for multi-layer ground. The other dimensionless

parameters reported in [8] are area ratios and thermal property ratios, which would tend not to change for
a given borehole under various TRT conditions.
Additional simulations for the same cases reported in Table 5 of the present paper have been performed

adopting the half value of the % reported in Table 5 varying the mass flow rate among the cases in order

to keep the (7in-Tour) constant at the top of the BHE, while % remains constant except for the CASE 3A

BIS). For the sake of brevity, the graphs reporting the results of this simulations cluster have not been
reported since the trends are not too dissimilar to those reported in Figures 8, 9, 10.

Another cluster of simulations has been performed at a third flow rate for each case in order to verify
and consolidate if grasio is always the dominant parameter in the ILS estimation of the kg, for more different

% values (for both the center and annular inlet configuration of the coaxial cases). In particular, the mass

flow rate related to the 200 m CASE 3C has been imposed on the 100 m and 300 m cases (3B and 3D
respectively) while the cases from 400 m to 800 m (3E to 3A BIS respectively) adopt the mass flow rate
related to the 600 m CASE 3G, as reported in Table 6. In this manner, 7 of the 9 cases are characterized

by a different % value and the fluid temperature difference between the BHE inlet and outlet sections is

kept included between 1.5°C and 4.5°C except for the CASE 3A BIS. The related results are reported in
Figures 11, 12 and 13.

Table 6
Main input and pre-processing data related to the center inlet and annular inlet cases varying %

among the cases.

Case m [kg/s] m/H, Hy [m] External Natural heat Gratio [-]
[kg/ms] heat rate per unit
extraction  length [W/m]
rate Q [W]
3B 0.64 0.0064 100 4,000 4 10
3C 0.64 0.0032 200 8,000 8 5
3D 0.64 0.0021 300 12,000 12 3.33

3E 1.91 0.0048 400 16,000 16 2.5




3F 1.91 0.0038 500 20,000 20 2

3G 1.91 0.0032 600 24,000 24 1.66
3H 1.91 0.0027 700 28,000 28 1.43
3A 1.91 0.0024 800 32,000 32 1.25
3A BIS 1.91 0.0024 800 170,667 32 6.66
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Figure 12: Effective ground thermal conductivity from the ILS model as estimated for different Fo,
windows for the center inlet configuration (the results at a different % value for each case).

2.15
X
% X CASE 3A
0 x X X CASE 3B
— ] X X X X X X
X . u " CASE 3C
E * L | | n
£ 2.1 * * py L ] [ ] u u CASE 3D
= * * . . . *
CASE 3E
=
[0 & CASE3F
=
g N\ X X X X X X X X X X ® CASE3G
= CASE 3H
w 2.05
(o)) CASE 3A BIS
xa - Reference value
2
0 10 20 30 40 50 60 70 80

Fo,, start
Figure 13: Effective ground thermal conductivity from the ILS model as estimated for different Fo,;

windows for the annular inlet configuration (the results at a different % value for each case).

Figures 8 and 11 show that the parameter g,.io is an indicator of when the effective k- departs from
the thickness-weighted average of the layers' &k, values. For shallow boreholes and large grario the ILS
estimate is near the weighted average. As graiio decreases the departure increases as illustrated in Figures
8 to 13. For simplicity, the value of graio = 1 is a tempting value to choose as the dividing value for when
ker departs from the weighted-thickness average. Identifying an exact value of gasio for the transition may

be difficult because the regions of transition change somewhat depending on the choice of the % and rH—b

specific values. A departure of 10% is for graio included between 2 and 2.5 for the coaxial center-pipe inlet
cases considered and the departure increases with decreasing ¢rario. The original definition of Grasio

expressed by Eq. (1) proves that gario 1s not sensitive of the %’ variation. Additional simulations verify that
varying %’ has little influence on the kg ILS estimation.

A new cluster of simulations varying rH—b demonstrates that the influence of the value assumed by grasio
on the ILS-based k&, estimation has more weight than the one due to the specific value assumed by ;—b. In

the new cluster of simulations, the % value has been varied from the value reported in Table 1 (r» has

increased from 0.07 m to 0.14 m). For the sake of brevity, the graphs reporting the results of this
simulations cluster have not been reported since their trends are very similar, especially for what concerns
Figures 8 and 11. The simulation results highlight that the ILS-based k,, estimations are sensitive mainly

to the value related to g,ario regardless of the specific value assumed by the %’ ratio. The %’ 1s likely to have

a minor influence on the ILS model estimate of the effective ground thermal conductivity. The rH—b ratio
enters the problem when the borehole is treated with a finite length and/or multiple boreholes interacting
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with each other. The typical duration of TRTs is too short for axial heat conduction in the ground and the
finite length to have significant effects. Therefore, any change of ;—b has little effect on the estimate of k.

The results reported in the present section related to the coaxial cases have been graphically
explained and clarified also in terms of goj(z) functions. The condition related to graio >>1 has to be
satisfied in an ILS-based TRT analysis in order to override the natural heat input rate related to the go,j(7)
functions. This makes the ILS-based k;, estimation not sensitive to the effect related to the geothermal
gradient incorporated into the goj(z) functions, therefore closer to the mean kg value regardless of the kg
variations among the layers. The g;- function approach of the present study has been applied in the case
of a ground characterized by multiple layers of equal thickness with different thermal conductivity values
imposed along the depth and corresponding geothermal gradients. Recall that the inlet and outlet
temperature profiles in Figures 14 and 16 decrease with time because are related to TRTs in heat extraction
mode. Figures 14, 15, 16 and 17 compare the go,; curves related to two different cases of different H active
depths (800 m and 100 m related to the center-inlet CASE 3A and 3B respectively), thus of extremely
different graio (respectively the lowest and the highest among the multilayered cases considered). In
particular, the go; curves related to different nodes placed in the annulus at different depths have been
compared while the ground thermal conductivity in the corresponding layer still follows the value reported
in Table 4. This would make the approach related to the go(7) functions analysis feasible also for DTRT
analysis. The node numbered 87 is placed in the annulus and is related to the depth of 94.50 m and 11.81
m for CASE 3A and 3B respectively. The node numbered 107 is placed in the annulus and is related to
the depth of 304.50 m and 38.06 m for CASE 3A and 3B respectively. The node numbered 127 is placed
in the annulus and is related to the depth of 514.50 m and 64.31 m for CASE 3A and 3B respectively. The
node numbered 147 is placed in the annulus and is related to the depth of 724.50 m and 90.56 m for CASE
3A and 3B respectively.
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Figure 14: Fluid temperature inlet-outlet from the superposition of the (f*g;j)(z) and the (fo*go,)(t)
convolution products and the Ty () profiles for the 4 nodes placed in the annulus at different depths
related to the Center inlet Coaxial 800 m DBHE (CASE 3A).
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Figure 15: Focus on the Ty () related to the inlet and outlet nodes and the 4 nodes placed in the annulus
at different depths related to the Center inlet Coaxial 800 m DBHE (CASE 3A).
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Figure 16: Fluid temperature inlet-outlet from the superposition of the (f*g;)(z) and the (fo*go,)(t)
convolution products and the Ty () profiles for the 4 nodes placed in the annulus at different depths
related to the Center inlet Coaxial 100 m BHE (CASE 3B).
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Figure 17: Focus on the Ty j(z) profiles related to the inlet and outlet nodes and the 4 nodes placed in the
annulus at different depths related to the Center inlet Coaxial 100 m BHE (CASE 3B).
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The graphs reported in Figures 14, 15, 16 and 17 compare the go; curves related to two different cases of
different H active depths (extremely different graio, 1.25 and 10 for the CASE 3A and CASE 3B
respectively). The go; curves related to the inlet and outlet nodes for each same case are necessarily
identical. Similarly to Figure 2 for the single-layer subsurface case, the results reported in Figures 14, 15,
16 and 17 for the multilayer case clearly show that the 7y (z) profile related to the center inlet configuration
of the coaxial 800 m (grario = 1.25) center inlet CASE 3A changes much more at late times than the 7y (t)
profiles related to the coaxial 100 m (graio = 10) center inlet CASE 3B. Therefore, especially for the
coaxial BHE, the go; functions can be used as an indicator similar to the one represented by grario also in
the case of multiple ground layers (go,; functions and graio are directly linked, being affected both by the
geothermal gradient dT,«/dz). In particular, the condition related to graio >>1 has to be satisfied in an
ILS-based TRT and DTRT analysis in order to override the additional available heat input rate related to
the go,j (1) functions. This makes the ILS-based k- estimation not sensitive to the effect related to the goj(7)
functions, therefore closer to the mean k,, value regardless of the kg variations among the layers.

5. Conclusions

In the present study, the modeling of shallow and Deep BHEs with a geothermal gradient in cases
of single and multiple layers of different ground thermal conductivities imposed along the depth has been
conducted. In particular, a sensitivity analysis on how specific parameters affect the &, estimation when
the FOA of the ILS model is applied to interpret the TRT data. To this aim, three in-house built Fortran90
codes implementing the FD Models related to coaxial, single and double U-BHE geometries have been
exploited to evaluate the dimensionless g-transfer functions related to each fluid volume. A suitable
spectral method based on the use of the FFT technique and implemented in another dedicated Fortran90
program allows the reconstruction of the fluid temperature profiles computed by the FD Model. The
reconstruction of the fluid temperature profiles is obtained by superposing two separated convolutions in
the time domain for the entire simulated TRT and serves as the validation of the method. The present
method verifies that gr.. 1s the dominant parameter when the ILS model is used to estimate the effective
ke¢rin TRT data analysis. The conclusions of this study are the following.

1. When graio 1s lower than 1, the go(7) function is able to modify the slope of the general
solution T¥;(t) for each fluid node. The gy () function incorporates the geothermal gradient
and can influence the kg estimation when the ILS model is employed in the TRT analysis.

2. The investigation at g4i, <1 graphically confirms that, as opposed to the coaxial cases, the
U-pipes are less influenced by the absolute value of grui, when the ILS model is used for
the ground thermal conductivity estimation from TRT data.

3. In a single-layer subsurface when the geothermal gradient is 0.0 K/m, the nil contribution
of additional heat input rate related to the available geothermal heat flux within the BHE
length H assures that the kg, can be correctly estimated from the ILS model. For the coaxial
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case and geothermal gradient 0.0 K/m, the ILS-based k,, estimations are very close to each
other (regardless of the choice of the hydraulic configuration).

In the case of a single-layered subsurface, the condition related to grurio >>1 assures the
correct ILS-based kg, estimation for any BHE geometry and hydraulic configuration.

In the case of the coaxial center-pipe inlet case with a single-layered subsurface and
Graiio<l, the ILS-based kg estimation when the go-function is taken into account can differ
by -14 % from the correct ILS-based kg, estimation without taking into account the go-
function.

The Grasio 1s the dominant parameter when the ILS model is used to estimate the ground
thermal conductivity, also in presence of different ground layers of equal thickness with
different thermal conductivity values imposed along the depth. Any changes in the ry/H
and m/H ratios are not able to mitigate the influence related to the gr.io parameter on the
ground thermal conductivity estimation when the ILS model is employed.

In the case of a multilayered subsurface, the results for the coaxial BHEs indicate that as
Graiio decreases the ILS-based kg, estimation departs from the arithmetic average. The
simulations demonstrate that when a strong geothermal gradient exists the difference
between the ILS-based kg, estimation and the mean kg, tends to decrease as the total depth
decreases. The parameter g..io 1S an indicator of this difference. The grui, parameter
indicates when the effective kg, estimated by the ILS model departs from the weighted-
thickness average. A departure of 10% 1is for grui, included between 2 and 2.5 for the
coaxial center-pipe inlet cases considered and the departure increases with decreasing gazio-

In presence of different ground layers of equal thickness with different thermal
conductivity values imposed along the depth and corresponding geothermal gradients, the
condition related to g,.:io >>1 has to be satisfied in an ILS-based TRT analysis in order to
override the additional heat input rate (particularly prominent for coaxial DBHEs) provided
and incorporated into the goj(r) functions thus obtaining the ILS-based k, estimation
moving closer to the mean k,, value among the layers. For the coaxial BHEs, the estimated
kgr from the ILS model moves closer to the mean k. value among the layers only if
Graiio >>1 regardless of the kg, variations among the layers. The simulations demonstrate
also that the cases with the annulus as the inlet have significantly smaller deviations from
the average kg,. The errors in the line-source estimates of the mean kg, are expected to be
in general less also for single and double U-tube configurations for ground with layers of
equal thickness.
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9. The g;- function approach has been applied in the case of a ground characterized by
multiple layers of equal thickness with different thermal conductivity values imposed along
the depth and corresponding geothermal gradients. This would demonstrate how the
approach related to the goj(7) functions analysis can be feasible also for DTRT analysis.

10. For the coaxial BHE, the go; functions can be used as an indicator similar to the one
represented by grario also in the case of multiple ground layers. In particular, the condition
related to grario >>1 has to be satisfied in an ILS-based TRT and DTRT analysis in order to
override the additional available heat input rate related to the go, (1) functions. This makes
the ILS-based kg estimation not sensitive to the effect related to the goj(r) functions,
therefore closer to the mean kg, value regardless of the kg, variations among the layers.

The present study is the first that highlights the generalization provided by Eq.(9), where the term
Toj(t)=(fo*g0,)(t), contrary to Tpin Eq. (8), is not necessarily constant and the geothermal gradient is taken
into account. The present paper could represent the basis for further studies on deconvolution techniques
in the time domain aimed to evaluate the gy function from any TRT recorded data in order to understand
how the go function weights its influence on the ILS-based kg estimations from a TRT analysis for single
and multiple ground layers. The evaluation and removal of the gy function from any TRT recorded data
through deconvolution techniques (or simply by performing a real complete test of the same duration of
the TRT with no heat input rate and only fluid circulation, recording the data, and then detracting these
data from the heat injection/extraction TRT) will be of great importance in order to remove the geothermal
gradient influence (that is particularly prominent when g,a:io <1) and obtain the correct kg estimations from
any TRT analysis based on the ILS model (for single and multiple ground layers).
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Appendix A. The thermal response test data analysis with the Infinite line-source (ILS) model

Among the different models that can be applied for achieving the k. estimation from a TRT, the
present study is focused on the ILS model [22,42] which is the first and the simplest for estimating k.
The ILS model involves the following main assumptions: a constant heat transfer rate in time and space
from a linear source, pure heat conduction in an infinite medium, and uniform ground thermal properties.
The temperature variation at a point located at a distance r of an infinite linear source that injects (or
absorbs) a constant heat transfer rate per unit length Q' into an infinite medium in which is embedded is
given by:

oy () (A1)
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X = o (A.3)
The thermal equilibrium temperature 7, between the fluid and the surrounding ground reached at the
end of the circulation period prior to the start of heat injection (or extraction) of a TRT, according to the
ILS model, is assumed to be the mean value along the BHE active depth H of the undisturbed ground
temperature.

The definition of the Fourier number based on the radial coordinate Fo, is:

Fo, = =2~ (A.4)

In the TRT analysis, the medium is represented by the ground while kg and a,, are the ground
thermal conductivity and diffusivity respectively, T is the time coordinate. The exponential integral
expression E;(x) can be suitably evaluated by formulas or its convergent series expansion. The polynomial
expressions presented by Abramowitz and Stegun [43] represent an accurate approximation of E;(x)
within 1% for Fo, higher than 0.145 according to Fossa [44]. Among the different series expansions to
approximate E;(x), the expression as truncated at the logarithmic term is the most common:

Ei(x) = =y —In(x) (A.5)
where vy is the Euler constant, y = 0.5772.

Assuming a 2-resistances model (ground and borehole thermal resistances in series) by introducing
the effective borehole resistance, R, to the right-hand side of Eq. (A.1) and exploiting the approximation
in Eq. (A.5), it can be easily demonstrated that the time-varying average fluid temperature (as computed
at the inlet and outlet section of the TRT-machine), Trave, is:

Ty ave(T) = Typen + Q' [R;; + @El (ﬁ)] = Tyroo + Q’{R;; + ﬁ |-v—in (4;@)]} (A.6)

where:

[Tf,in(D+T f,ouet ()]
2

Tf,ave () = (A.7)

It can be easily demonstrated that Eq. (A.6) can be rearranged assuming the linear form in a
semilogarithmic time scale expressed by Eq. (A.8). In this form, Eq. (A.8) is referred to as the simplified
line-source model (FOA of the ILS model):
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Tf ave (1) = min(t) + b (A.8)

where m is the logarithmic slope and the constant b contains R"j. The kg, value is estimated from computing
the slope m inside an appropriate Fo,» window (Fo»>10, according to Eskilson [38]):

_«
kgr = o (A.9)

For the sake of completeness, it has to be highlighted that in a TRT analysis with the ILS method, the
effective borehole thermal resistance R”) (in turn related to kg,) is usually calculated after the kg, has been
estimated according to the following expression:

% [T ave(®)—Tgr 00l 1
(i) < Temesl [

)] (A.10)
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