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Abstract

Enhanced thermal response tests (ETRT) enable the evaluation of depth-specific effec-
tive thermal conductivities. Groundwater flow can significantly influence the interpre-
tation of ETRT results. Hence, this study aims to critically evaluate an ETRT with high
groundwater flow (>0.2 m d™"). Different approaches in determining the specific
heat load of an ETRT are compared. The results show that assuming constant electri-
cal resistance of the heating cable with time can account for an inaccuracy of 12%

in the determination of effective thermal conductivities. Adjusting the specific heat
loads along the borehole heat exchanger (BHE) depth, the specific heat loads vary
within 3%. Applying the infinite line source model (ILS) and Péclet number analysis,

a depth-average hydraulic conductivity is estimated to be 3.1x 10~ ms™', thereby,
confirming the results of a pumping test of a previous study. For high Darcy veloci-
ties (>0.6 m d™"), the uncertainty is higher due to experimental limitations in ensur-
ing a sufficient temperature increase for the evaluation (AT > 0.6 K). In these depths,
the convergence criterion of Ad«/Ay < 0.05/20 h for the ILS sequential forward evalu-
ation cannot be achieved. Thus, it can be concluded that time-averaging of the heat
load by monitoring voltage and current during ETRT is essential. Therefore, the spe-
cific heat load adjustment along the heating cable is recommended. To improve

the estimation of depth-specific effective conductivities with high groundwater flow
and to reduce the sensitivity towards temperature fluctuations (AT~ 0.1 K), measures
for applying higher specific heat loads during the ETRT are essential, such as actions
against overheating of the cable outside the BHE.

Keywords: Actively heated fibre optic, Borehole heat exchanger (BHE), Distributed
temperature sensing (DTS), Effective thermal conductivity, Heating cable, Thermal
response test (TRT)

Introduction

For the dimensioning of ground source heat pump (GSHP) systems, knowledge of the
thermal properties of the subsurface is crucial. Not only the effective thermal conduc-
tivity 1. of the subsurface but also the consideration of groundwater flow is important,
since advection can significantly improve the heat transport and, therefore, the effi-
ciency of borehole heat exchangers (BHE) (Stauffer et al. 2014). The thermal response
test (TRT) is an established method to determine in-situ effective thermal conductivities
(Spitler and Gehlin 2015). In a conventional TRT, a defined heat load is injected into
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or extracted from the ground by circulating the heat transfer fluid of the BHE, and the
temperature development is measured at the inlet and outlet of the pipes with tempera-
ture probes (Verein Deutscher Ingenieure 2020). Using analytical solutions of the heat
source equation, e.g., the infinite line source model (ILS), an integral value of the effec-
tive thermal conductivity can be derived (Carslaw and Jaeger 1959; Gehlin 2002; Verein
Deutscher Ingenieure 2020). Elevated groundwater flow (>0.1 m day ') can influence
the interpretation of TRT results (Chiasson et al. 2000; Signorelli et al. 2007). The system
adjusts fast to the applied heat disturbance when advection is present and significant. If
the ILS is applied, higher values of the effective thermal conductivity A ¢ will be evalu-
ated due to the groundwater flow and the results will show sensitivity towards evalua-
tion time (Sanner et al. 2005; Angelotti et al. 2018; Katsura et al. 2006). Other evaluation
models such as the moving infinite line source model (MILS) are, therefore, recom-
mended if groundwater flow is present (Diao et al. 2004; Molina-Giraldo et al. 2011;
Wagner et al. 2013).

In the last years, the TRT setup was further developed (Wilke et al. 2020; Zhang et al.
2021). One development was the application of optic fibre distributed temperature sens-
ing (DTS) for quasi-continuous temperature profile measurement, the so-called distrib-
uted TRT (DTRT) with the advantage of determining depth-specific effective thermal
conductivities (Fujii et al. 2006; Acufia 2013). Another development was the use of
heating cables as a heat source. With heating cables, a more controlled heat load can
be applied to the subsurface with less metrological effort (Raymond et al. 2010). With
an enhanced TRT (ETRT) (Wilke et al. 2020), also described as actively heated fibre
optic TRT (ATRT) (Zhang et al. 2021), fibre optic cables are used along with heating
cables. Thus, the advantages of both implementations are combined. Most ETRT studies
were conducted with a hybrid cable, a composite cable of fibre optic and heating cables
(Huber 2013; Lehr and Sass 2014; Vieira et al. 2017; Galgaro et al. 2018; Maldaner et al.
2019; Dalla Santa et al. 2022; Hakala et al. 2022; Simon and Bour 2022). Hence, tem-
perature measurement and heating were located at the same location. However, some
studies used separate heating cable and fibre optic cable in different shanks of the BHE
pipe (Vélez Mérquez et al. 2018). Thereby, adding the distance between both cables as
an additional parameter of uncertainty. Hakala et al. (2022) used an additional reference
fibre optic cable to measure the temperature in the subsurface apart from the elevated
temperature at the heating cable.

Applying a TRT, the correct determination of the effective thermal conductivity
is proportionally linked to the correct calculation of the applied heat load Q. In an
ETRT, the heat load is induced by an electrical shortcut of the conductor material
of the heating cable. The electrical resistance of the conductor material depends on
temperature (Hacker and Sumereder 2020). During an ETRT, the cable temperature
increases when the cable is heated. Thereby, its electrical resistance also changes. If
the heat load is calculated with a resistance value that is determined before or at the
start of an ETRT, the temperature dependence of the resistance is not considered
(Luo et al. 2015). In contrast, other studies accounted for this by logging not only the
voltage but also the current during the ETRT and then calculating the average heat
load for the entire heating time (Huber 2013; Vélez Mdrquez et al. 2018; Dalla Santa
et al. 2022). Raymond et al. (2010) addressed the problem of temperature-dependent
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resistance by calibrating their heating cable in a circulation bath under varying
temperatures before use. In some studies, the use of a power controller was recom-
mended ensuring a constant heat load over time (Lehr and Sass 2014; Hakala et al.
2022). For several studies, the determination approach for the heat load was not
mentioned specifically (Freifeld et al. 2008; Heske et al. 2011; Riegger et al. 2012;
Bussmann et al. 2015; Vieira et al. 2017; Galgaro et al. 2018; Zhang et al. 2020). Sum-
marising, no distinction between the different ways to calculate the specific heat load
is currently made in the ETRT literature. The overall assumption is that the specific
heat load does not vary along the length of the heating cable (Lehr and Sass 2014;
Maldaner et al. 2019; Dalla Santa et al. 2022; Hakala et al. 2022). However, as implied
by Wilke et al. (2020), during an ETRT the temperature increase in the cable var-
ies along the depth depending on the contact material of the cable (air, unsaturated
soil, saturated soil, groundwater influence) and, therefore, its electrical resistance. For
the application of soil water content determination, Sayde et al. (2014) addressed this
by performing an adjustment of the electrical resistance along the cable length using
fibre optic temperature measurements.

Of the TRT studies applying heating cables, only a limited amount is conducted in
environments with enhanced groundwater flow. For example, Lehr and Sass (2014)
analysed ETRT data from a study site with groundwater velocities of>0.4 m d~! in
various depths. They used Péclet number analysis to derive Darcy velocities from ILS
results. Antelmi et al. (2020) applied the MILS to evaluate temperature data (from wire-
less probes) at a study site with depth-specific groundwater velocities ranging between
0.001 m d~! and 0.26 m d~*. However, the principle of ETRT is analogously applied in
hydrogeology as active distributed temperature sensing (A-DTS) focusing mainly on the
determination of groundwater flow velocity (Banks et al. 2014; Read et al. 2014; Cole-
man et al. 2015; Bense et al. 2016). Instead of a hybrid cable, most often the steel case of
the fibre optic cable is used as the heating element (Ciocca et al. 2012; Read et al. 2014;
Sayde et al. 2014; Del Val et al. 2021; Simon and Bour 2022). Des Tombe et al. (2019)
and Bakker et al. (2015) applied the MILS to evaluate groundwater velocity from their
A-DTS results. Del Val et al. (2021) placed the fibre optic cable between the well cas-
ing and the aquifer. They analysed the temperature data regarding groundwater flow by
separating it into different heating phases. The application of ETRT for the identification
of depths with enhanced groundwater flow is promising. However, due to the limited
amount of studies, further experience and understanding regarding the experimental
issues of ETRT are necessary.

The objective of this study is to critically evaluate an ETRT with high groundwater
flow. Hence, the results of a case study in Biberach an der Rif8 (Germany) are presented.
The evaluation of depth-specific effective thermal conductivities is conducted by apply-
ing the ILS with iterative forward modelling. Furthermore, the hydraulic conductivity is
evaluated with Péclet number analysis and compared to the results applying the MILS
as well as to the results of a pumping test. In addition, different methods for specific
heat load calculations, which are used in the literature, are compared. Thus, for the first
time, the specific heat load during the ETRT is adjusted along the heating cable using
the theory of temperature-dependent resistances. The models are critically discussed
and their suitability is evaluated. Finally, lessons learned are presented from applying an
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ETRT with high groundwater flow. Although mainly site-specific results are discussed,
this study provides useful information for the planning and evaluation of future ETRT.

Materials and methods

Experiment

Study site

The study site is located at the Biberach University of Applied Sciences in Biberach an
der Rif3, Germany (Fig. 1a). This area is part of the Molasse basin. The borehole has
a depth of 24 m below ground level (bgl) and penetrates the entire upper quaternary
aquifer, which is characterised by alternating gravel and sand layers (Fig. 1). The ther-
mal conductivities were measured in the laboratory from bucket samples collected dur-
ing drilling (Reuf3 et al. 2012). They were measured with the hot wire method (Isomet
2104, Applied Precision Ltd.) and range between 1.5 and 2.8 W m ™' K™! (Reuf3 et al.
2012). Table 1 gives a summary of the thermal conductivity values. In a previous study,
the unconfined groundwater level was identified at a depth of about 5.6 m bgl (Reuf3
et al. 2012). The hydraulic gradient was measured to be i=0.002 (Reuf} et al. 2012).
The mean hydraulic conductivity of the aquifer was measured by a pumping test to be
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Table 1 Thermal conductivities A of bucket samples from the drilling at the study site in Biberach an

der Ri3

Sampling depth Thermal conductivity
z[m bgl] AWm— 'K
0.54-1.57 19402
157-2.74 1.5£0.1
2.74-3.00 22401
3.00-3.40 24+£0.1
3.40-4.61 25+£0.1
461-533 21+£01
461-5.33 27+£0.1
5.33-6.62 27401
6.62-7.56 25+01
7.56-8.00 23%0.1
8.00-8.60 26+0.1
8.60-9.64 29+£0.1
9.64-1091 25401
11.00-11.48 28101
11.48-13.00 2701
13.00-13.75 28+0.1
13.75-15.00 28+£0.1
15.00-15.41 26401
1541-15.78 23+£0.1
15.78-17.63 2.7+0.1
17.63-19.00 24401
19.00-19.43 25+£0.1
19.43-19.64 25401
19.64-21.00 26+£0.1
21.00-2343 26+0.1
Average 25+£04

k=3.1x10"ms™! (Reuf et al. 2012). From 23.4 m bgl, the aquifer is limited by tertiary
sediments of the Upper Freshwater Molasse, predominantly marlstones.

Materials

Figure 1b, c presents the experimental setup. The BHE consists of a double U-pipe
with a pipe diameter of 0.025 m. The borehole has a radius of 0.089 m and is grouted
with an enhanced backfill material (ThermoCem® PLUS, HeidelbergCement,
Agrout=2.0 W m~! K™). In addition to 21 resistance temperature sensors (Pt100), the
BHE is equipped with a hybrid cable (Fig. 1d) with an optic fibre for temperature meas-
urements and three copper conductors as heating element (Helukom® A-DSQ(ZN)B2Y,
1 x4 G 50/125+Cu 3 x 0.5 mm?, length=69.1 m). The measuring technique was pre-
assembled at the outside of one U-pipe.

Enhanced thermal response test (ETRT)

The ETRT started on 28th June 2021. The heating time was about 170 h. A constant
voltage of about 75 V was applied to the heating cable with a DC-power supply (Power
Ten Inc., R86 D-200100; 200V/100A). The voltage and the resulting current were logged
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for the entire heating time. The voltage was measured with a multimeter (Ahlborn,
ALMEMO® 2590, measurement uncertainty 4 0.4 V). The current was indirectly meas-
ured by measuring the voltage at a shunt (Ahlborn, ALMEMO® 2590, measurement
uncertainty + 0.5 mV). The temperature was measured using DTS (Agilent, AP Sensing,
N4386B, dual end measurement, measurement uncertainty manufacturer value +0.2 K).
The temperature was measured every 60 s over the entire length of the hybrid cable with
a spatial resolution of 0.5 m and a measurement interval of 1 m. The calibration of the
DTS measurement was conducted by adjusting the offset to the resistance thermom-
eters when determining the undisturbed ground temperature 7). At the beginning, from
minutes 19 to 46, there was a break in heating. For the effective thermal conductivity
evaluation using the ILS model, this is not expected to influence, since the first hours of
temperature data are excluded from the analysis.

Evaluation

Calculation of the specific heat load

For the calculation of the heat load, the electrical power P, [W] is assumed to be equal
to the heat load Q [W]:

P = Q (1)

With Joule’s Law, the heat load is calculated as the product of voltage U [V] and cur-
rent I [A] (Meschede 2015):

Q=ul ()

The specific heat load ¢ [W m™!] is then the heat load per meter length [ of the heating
cable:

g=qQ! (3)

To compare different approaches applied in ETRT studies, Egs. 2 and 3 are calculated
with a single measurement at the beginning of the ETRT, therefore, assuming a con-
stant electrical resistance of the heating cable by time. This value is further referred to as
qr—gr In addition, the arithmetic mean of the specific heat load over the entire heating
time is calculated to an average specific heat load ¢,,,,.

Spatial adjustment of the specific heat load

According to Ohm’s Law, the measured current is related to the electrical resistance
R [Q] of the cable. Electrical resistance is dependent on temperature, as stated in Eq. 4
(Meschede 2015). The resistance at a defined temperature R is calculated using the tem-
perature difference to a reference temperature 7, and the material-specific temperature
coefficient of the resistance (TCR) ar,:

Rr = Ry (1 + a720(T — T20)) (4)

The reference resistance R, is calculated using the literature value of the resistivity
Prao and the length [ and cross section A of the heating cable (Meschede 2015):
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RT = praolA~! (5)

Values for ary, and pry, are taken from Kuchling (2014). Applying Ohm’s law, the spe-
cific heat load can be calculated using the following equation:

q = PR, (1 + ag(T — Tao))l ™! (6)

The optic fibre provides temperature values averaged over the measuring time of 60 s
for every 0.5 m. Considering the heating cable as a serial connection of resistances,
it applies Rioral = > R; and Loy = I;. Thus, the specific heat load can be individually
determined for every length interval of the hybrid cable. The depth-specific heat load is
the sum of the specific heat loads applied to both shanks of the U-pipe. Hence, applying
the principle of temperature-dependent resistances using the depth-differentiated tem-
perature measurement of the DTS, the specific heat load is spatially adjusted along the
heating cable. This value is further referred to as the adjusted specific heat load g,4;

Evaluation of depth-specific effective thermal conductivities

As the hybrid cable is installed in a loop next to an U-pipe of the BHE (Fig. 1d), the
temperature data of two corresponding length intervals of the DTS cable are averaged
for each depth interval. In a preliminary data processing step, a moving average of every
20 measurement values of the fibre optic data is applied to reduce the noise. Then, the
effective thermal conductivity 1. is evaluated using the ILS model as given in Eqgs. 7 and
8 (Carslaw and Jaeger 1959; Gehlin 2002):

T(r,t) — T, 4 p [ ], e 9 (| 2t +qR 7
r,t) — - F.|Z_ ~ — | =
0 4rileg | | 4ot T AT o rp2 4 Ea @
q AT
= dam’ " T Aln() (8)

T(rt) is the temperature at a defined distance r from the heat source and a specific
time ¢t. T, is the undisturbed subsurface temperature at time t=0. E, is the exponential
integral, a is the thermal diffusivity calculated:

Jeff
o = 2 (9)

oy
and assuming a volumetric heat capacity of the subsurface pc, of 2.5 M] m~! K™ (Verein
Deutscher Ingenieure 2010), r, is the borehole radius, Ry, is the thermal borehole resist-
ance, y is Euler’s constant and i is the slope of the linear regression line. The evaluation
time is determined by applying the following theoretical starting criterion (Gehlin 2002):

Pry?
Lstart = b (10)
o

A model error of 5% is accepted by setting P=10. Based on the German techni-
cal guideline VDI 4640-5 (Verein Deutscher Ingenieure 2020), the data are evalu-
ated iteratively with the sequential forward evaluation. The convergence criterion for
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an effective thermal conductivity constancy of Al g/A.4<0.05/20 h is applied. For g,
the values for the different specific heat load calculations are inserted into Eq. 8 (see
Sects. "Calculation of the specific heat load" and "Spatial adjustment of the specific
heat load"). The ILS is only valid for transient heat transport. For the ideal case of
constant unique groundwater flow with equal groundwater temperatures, the temper-
ature approaches a constant value at steady-state conditions. If advection is present
and significant, these conditions can occur during a TRT. Thus, for the evaluation of
effective thermal conductivities, the data are evaluated up to the time when the tem-
perature increase starts to stagnate. Thus, the point, when the effective thermal con-
ductivity starts to approach infinity, is identified. The degree of determination R? and
the convergence criterion are additionally considered. Measurement uncertainties of
the results are considered according to the study by Witte (2013).

Evaluation of hydraulic conductivities with Péclet number analysis

As a simple way to estimate Darcy velocities from TRT results, some studies applied
the Péclet analysis (Lehr and Sass 2014; Pambou et al. 2019). This method assumes a
simple linear relationship between the advective heat flow component and the differ-
ence between effective thermal conductivity 1.4 and thermal conductivity by conduc-
tion only A, as stated in Eqgs. 11 and 12. Péclet number analysis is applied for depth
intervals below the groundwater level of 5.6 m:

/Ieff .

P:
€=

1 (11)

The thermal conductivity A is taken from laboratory measurements (Sect. "Calcula-
tion of the specific heat load"). To attribute the laboratory values to the depth inter-
vals evaluated with DTS, weighted arithmetic mean values of corresponding thermal
conductivities are calculated.

Jeff — 2

cPCp,w
vis the Darcy velocity, [, =r,, is the characteristic length based on similar studies (Fergu-
son 2015) and pc,, ,, is the volumetric heat capacity of water.
Assuming a constant hydraulic gradient of i=0.002 (see Sect. "Calculation of the
specific heat load"), a value for the hydraulic conductivity k can be derived:

rl (13)

Evaluation of hydraulic conductivities with the MILS

With significant groundwater flow, the evaluation of TRT with the MILS is recom-
mended (Diao et al. 2004; Molina-Giraldo et al. 2011; Wagner et al. 2013). Hence, the
data set is additionally evaluated by applying the following MILS (Eq. 14):
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T,(r,0,6) — To = ——exp [W"S(’”} x / " exp [— e u} L R
47 2. 20 2 u

9 is the angle to the groundwater flow direction. Considering the observation point r as
the borehole radius r,, the average temperature at the borehole wall is calculated as the
integral average in all spatial directions (Diao et al. 2004), which can be approximated at
8=m/2. The variable vy, is the effective heat transport velocity and u is the integration
variable. The thermal conductivity A is taken from laboratory measurements (see Sect.
"Calculation of the specific heat load"). Since the MILS also applies for steady-state con-
ditions, in contrast to the ILS the later time data can be also evaluated. The parameter
estimation problem is solved by minimising the root mean squared error (RMSE) by fit-
ting Ry, and vy, with the Nelder-Mead algorithm.

The Darcy velocity v can be calculated using the effective heat transport velocity (vy,)
as follows (Zubair and Chaudhry 1996; Diao et al. 2004):

Yinpes

Ve =
4 PCp (15)

pc, is the volumetric heat capacity of the soil.

Results and discussion
Averaging the specific heat load
The specific heat load, calculated using Eq. 3, is plotted in Fig. 2 about the heating time.
At the start of the heating, the specific heat load equals 22.8 W m™L. This value is rep-
resentative of the specific heat load assuming constant electrical resistance of the heat-
ing cable with time g_g, (Table 2). Within the first minutes of heating, the specific heat
load shows a strong decrease of nearly 10%. Then, the specific heat load varies between
20.5 W m~! and 21.4 W m™! with a time-averaged specific heat load of g,,,=20.8 W m™!
(Table 2). Hence, the results show that although a constant voltage is applied to the heat-
ing cables, the specific heat load shows some variations during the ETRT, which are
most significant at the start of the test. Thus, assuming constant electrical resistance can

. 80 -12 r24 TE
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&~ — 601 T — —
o> ol Lt S
g ad| T| F
) 40' E _q
2. = =
= 30 Topf10 5 200 ©
o O | <
- > 204 Q
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—_— Ji =
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O OI T T T 1 1 T T 1 () -18 c%‘

00102 1 2 3 4 5 6 7

Heating time ¢ [d]
Fig. 2 Average cable temperatures at the surface () and subsurface (T,), voltage (U), current (/) and
specific heat load (g) during the heating time (t)
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Table 2 Specific heat load (g), effective thermal conductivity (A.q), Darcy velocity (v) and hydraulic
conductivity (k) for the different approaches of heat load determination: gs_s, assuming constant
electrical resistance, average g, and adjusted g,

Specificheatload g Aett vy kx103
Wm™] [Wm™'K] [md™ P Ims']P
r=fix 228 (+0.8) 51(£0.2) 0.68 (+0.18) 39(£1.0)
ave 209 (£0.8) 46 (£0.2) 0.57 (+£0.16) 3.2(+0.9)
Qg 202 (£1.1) 45 (4+0.2) 0.53 (+0.15) 3.1(£09)

Measurement uncertainties are provided in brackets. The averages of depth-specific values are calculated by applying the
arithmetic mean

2 From Péclet number analysis

® From vrassuming a constant hydraulic gradient of i=0.002

account for an inaccuracy in the determination of the specific heat load. An average spe-
cific heat load is more representative of the heat load applied during the ETRT.

The change in the specific heat load during the ETRT can be explained by a change in
the electrical resistance of the heating cable. The electrical current is a direct indicator of
the electrical resistance as an integral value for the total cable length (Fig. 2). The change
in the electrical resistance is a consequence of the change in the cable temperature. In
Fig. 2, the average subsurface temperature T, and the average surface temperature T,
are plotted complementary by calculating the arithmetic mean of the respective cable
lengths. The temperature change and thus the change of the specific heat load is most
distinct within the first minutes of the ETRT. The temperatures increase by around 11 K
in the subsurface and by around 28 K at the surface. This first heating phase is attrib-
uted to the cable material, mainly the cable isolation (Fig. 1d). The variation of the spe-
cific heat load for the rest of the heating time can be attributed mainly to the part of
the cable outside the borehole. At the surface, high diurnal temperature variations can
be observed during the test. In the subsurface, these variations are considerably smaller.
Hence, a depth-specific assessment of the specific heat load is suggested (Sect. "Spatial
adjustment of the specific heat load").

Summarised, the assumption of constant electrical resistance is inappropriate for the
calculation of the specific heat load. Prior knowledge of the cable’s electrical resistance
is insufficient to derive the heat load from the applied voltage. Further measurements
of the heat load during the experiment are, therefore, necessary. Then, an average value
can be calculated for the entire heating time. At the same time, the model assumption of
constant heat load during the ETRT for effective thermal conductivity estimation can be
confirmed. The average specific heat load is more representative of the heat load applied
during the ETRT.

Spatial adjustment of the specific heat load

The theory of temperature-dependent resistances for adjusting the specific heat load
along the depth of the BHE (Eq. 6) is applied. The results are plotted in Fig. 3. The spe-
cific heat loads along the entire length of the heating cable range between 20.2 W m™*
and 23.0 W m™! (Fig. 3b). Higher specific heat loads can be found at the surface, whereas
lower specific heat loads are calculated for the installed cable in the ground. Accord-

ing to the theory (Eq. 6), these differences are associated with the differences in the
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Fig. 3 Adjusted specific heat loads (qadj) about the cable length: a plotted for the first 72 h of the ETRT, b
averaged for the entire heating time in comparison with the specific heat load assuming constant electrical
resistance (gp_s,). the average specific heat load (g,,.) and the adjusted specific heat load averaged over
depth <Qadj,ave)

temperature increase along the cable. The different temperature increases along the
cable are associated with varying heat transport along the length of the cable.

Along the heating cable, three representative areas are identified: (1) The upper part
of the heating cable is installed above the surface. Here, heat transfer is mainly charac-
terised by the surrounding air and is expected to be low. Thus, the cable significantly
heats up. Due to the diurnal temperature changes, high variations of the specific heat
load during the heating time can be observed (Fig. 3a), which can also be seen in Fig. 2.
(2). The lower part of the heating cable is installed below the groundwater level. Here,
the heat transfer is characterised by conductive and convective transport and is expected
to be quite good. Hence, the cable shows a low-temperature increase only due to the
applied heat load. Compared to the upper part of the heating cable, only a marginal time
dependency of the specific heat load is apparent. (3) Above the groundwater level, the
heating cable is installed some meters in the vadose zone. Heat transfer is predomi-
nantly characterised by conduction. Moisture content and seepage can have an influ-
ence. Effectively, only the part of the heating cable installed inside the BHE can inject
heat into the subsurface. Along the length of the heating cable inside the BHE, the heat
load only varies within 3% between 20.2 and 20.6 W m ™. Calculating the average of the
adjusted specific heat loads for this part provides an average adjusted specific heat load
of 20.2 W m™! (Table 2). Figure 3b compares this value with the other approaches for
heat load calculation (see Sect. "Averaging the specific heat load": gp_g, and g,q;,.)- The
deviations between gp_g, and g,q; . is 12% and only 3% between g, and g, ye-

In this study, the variations along the depth of the BHE are minor. Overall, the varia-
tions of the specific heat along the cable length mainly depend on the following aspects:



Albers et al. Geothermal Energy (2024) 12:1 Page 12 of 22

(1) It is influenced by the material of the heating cable. The dependence of the electrical
resistance and, therefore, of the specific heat load on the temperature is proportional to
the temperature coefficient of resistance (TCR) of the material (Eq. 4). (2) The influence
of the surface depends on the ambient conditions as well as the percentage of the heat-
ing cable above the surface, which is most often determined by the site-specific condi-
tions. In this study, the ETRT was conducted in summertime with ambient temperatures
above 28 °C during the day. The hybrid cable was exposed to the subsurface with a length
of 24 m, which corresponds to 35% of the total cable length. (3) The heat transport in the
subsurface determines the variation of the specific heat load along the depth of the BHE.
When the thermal properties of the subsurface are very different along the depth, e.g.,
at a study site, where alternating layers of aquifers and aquitards are present, the tem-
perature increase during the ETRT can vary considerably (>30 K) with depth. This can
account for a significant difference (>8%) in the heat load at the different depths. Further
information on the thermal properties of the subsurface in this study can be found in the
following section.

Figure 3b emphasises that by adjusting the heat loads with the DTS measurements,
the variation of the specific heat loads along the heating cable can be calculated. This
method can be easily integrated into the evaluation procedure and is, therefore, highly
recommended for the evaluation of future ETRTs. However, the application of this
adjustment is limited to ETRT using hybrid cables or cables, where the fibre optic is in
direct contact with the heating cable. Only then, the DTS temperature measurements
can be used representatively for the temperature of the heating cable.

Depth-specific effective thermal conductivity evaluation

Table 2 summarises the depth-averaged results for the effective thermal conductivities,
Darcy velocities and hydraulic conductivities applying different specific heat loads. The
deviation in the effective thermal conductivity is proportional to the deviation in the
specific heat load (Eq. 8). Thus, the errors of 3% and 12%, respectively, can also be found
in this comparison. Referring to the results of Sects. "Averaging the specific heat load"
and "Spatial adjustment of the specific heat load", the further discussion of the results
focuses solely on the evaluation of applying the adjusted specific heat load.

With the ILS, the depth-averaged effective thermal conductivity is evaluated to
4.5 W m~! K™, With Péclet number analysis, an average Darcy velocity of 0.53 m d~! is
evaluated. Applying a hydraulic gradient of i=0.002, an average hydraulic conductivity
of 3.1 x 107 m s~ ! is calculated. With the MILS an average Darcy velocity of 0.23 m d !
is evaluated. The average hydraulic conductivity value analysed with the MILS is esti-
mated to be 1.4 x 10~ m s~ 1. Thereby, both hydraulic conductivity values are within the
same order of magnitude as derived with the pumping test (k,) with 3.1 x 103 ms™!
(Reuf’ et al. 2012). Thus, the comparison between the different methods indicates that
the evaluation of the ETRT regarding average Darcy velocity and hydraulic conductivity
is successfully conducted (Table 2).

Over the entire depth of the BHE, heterogeneous thermal properties of the subsurface
can be observed (Fig. 4).

The effective thermal conductivities vary between 1.9 and 9.3 W m~! K~! (Fig. 4b).
Lower effective thermal conductivities are evaluated for the upper part of the borehole
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Fig. 4 Depth-specific results for a the representative transient temperature increase (A7), b the effective
thermal conductivity (A\.s) and ¢ Darcy velocity (v) from the Péclet number analysis applying the different
specific heat loads, and d the borehole profile. Darcy velocities are compared with results from the MILS
analyses (Vo s) and the pumping test (vﬁpt) by Reul3 et al. (2012). Depth intervals where no convergence
criterion (Meg/Aot < 0.05/20 h) is obtained are highlighted in grey (i.e., no convergence)

and between 15.5 and 18 m. High effective thermal conductivities with values above
6 W m~' K™ are evaluated for depths around 9.5, 12.5 and 22 m. According to the
results of the Péclet number analysis, these high effective thermal conductivities can be
attributed to high Darcy velocities in the order of about>0.6 m d~! and, therefore, to
high hydraulic conductivities. The MILS results confirm areas of higher Darcy veloc-
ity (Fig. 4c), however, also indicate that high Darcy velocities are slightly overestimated
with Péclet number analysis. Comparing the results with the borehole profile (Fig. 4d),
elevated effective thermal conductivities and Darcy velocities correlate with zones of
coarser sediments. In addition, the evaluated hydraulic conductivities are between
1.1 x 10* and 8.8 x 102 m s !, which are in the range of typical sand and gravel aquifers
(Domenico and Schwartz 1990).

Discussion
In the following paragraph limitations of this study are discussed. Figure 5 shows the
evaluation procedure for effective thermal conductivity for two representative depth
intervals (5 m and 12.5 m). Complementary, the evaluation of all 45 analysed depth
intervals can be found in the supporting information (Additional file 1: Figs. S1-S45).
The depth interval at 5 m represents a conduction-dominated depth interval. The
entire time data shows a transient temperature increase. Applying forward modelling,
the effective thermal conductivity results converge to a stable value within the conver-
gence criterion of Al.4/1.4<0.05 within 20 h. Contrary, the depth interval at 12.5 m is
advection-dominated. The iterative evaluation indicates strong groundwater influences
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showing an increase in effective thermal conductivities with evaluation time. The later
temperature—time data approaches a steady state value and is not evaluated with ILS.
Hence, no convergence is obtained. In Fig. 4, the areas, where convergence of the effec-
tive thermal conductivity result cannot be achieved are highlighted. Convergence can-
not be achieved for 33% of the evaluated depth intervals, which are associated with high
advective heat transport. In depth intervals with high groundwater flow, the system
quickly approaches steady-state conditions, which reduces the evaluation time. For these
depth intervals, near-steady-state conditions are achieved within 2—-3 days. Hence, fewer
data points can be used for linear regression. The degree of determination R? is lower
(<0.85, for z=12 m and 12.5 m<0.7). Summarised, even though the ILS evaluation is
conducted for all depth intervals, the assumptions of the ILS are invalid for some areas
of high Darcy velocities. This is indicated by the convergence criterion and the overesti-
mation of the Darcy velocities in comparison with the MILS.

In addition, the Péclet number analysis to estimate Darcy velocities from ILS results
has to be examined critically. Applying the Péclet number analysis, several assumptions
are made that contribute to the uncertainty of the estimate. (1) The method defines the
advective heat flow component by the difference between effective thermal conductivity
Ao and thermal conductivity by conduction only A. However, whereas thermal conduc-
tivity A increases linearly with the specific heat load (Eq. 7), the effective thermal con-
ductivity at groundwater-influenced conditions increases non-linearly (Eq. 14). (2) The
characteristic length is an ambiguous number. It depends on the experiment time and
the heat transfer properties of the medium. By defining the characteristic length as a
fixed value equal to the borehole radius, the estimated Darcy velocities are assumed to
be defined mainly by the properties of the borehole. Thereby, a conservative calculation
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approach is chosen, which can result in an overestimation of higher Darcy velocities.
Instead of the borehole radius, the radius of temperature influence would be a more suit-
able value. However, the determination of this value is challenging. (3) Thermal conduc-
tivity values of the subsurface have to be known. In this study, thermal conductivities
from laboratory measurements of disturbed samples are used. Thus, there are uncer-
tainties, e.g., whether the depth-specific laboratory values actually represent the ther-
mal conductivities at in-situ conditions or whether these values represent the considered
soil volume influenced by the TRT. Alternatively, thermal conductivities can be defined
from ETRT results influenced by conduction only, thereby, defining one single value of
thermal conductivity for the entire depth of the BHE. As indicated in Fig. 4b, average
deviations of 14% between the thermal conductivities from laboratory measurements
and ETRT results can be observed (depth interval 2.5 to 5.5 m). Regarding these uncer-
tainties, the Péclet analysis can only be used to give a rough estimate. For a more precise
determination of Darcy velocities from ETRT results the MILS has to be applied. Never-
theless, with the ILS, valid estimates of the average values and qualitative identification
of areas of enhanced heat transport are analysed. Despite a higher uncertainty of the
results, the lower computational effort justifies the application of the ILS.

In depth intervals with high groundwater flow, the heat is transported fast away from
the BHE. Thus, the temperature increase, that can be used for evaluation, is low (<0.6 K,
Fig. 4a). Overall, temperature fluctuations within the DTS data in the order of AT ~0.1 K
are observed. Thus, for depth intervals with a low-temperature increase, the uncertainty
of the calculation increases, too. The applied specific heat load of 20 W m™! for this
highly advective aquifer does not generate a sufficient temperature increase to evaluate
for all depths (Fig. 4a), however, is in the typical range of specific heat loads applied in
TRT studies using heating cables between 6.1 to 48 W m™! with an average of about
25 W m~! (Freifeld et al. 2008; Raymond et al. 2010; Huber 2013; Lehr and Sass 2014;
Vieira et al. 2017; Galgaro et al. 2018; Vélez Méarquez et al. 2018; Maldaner et al. 2019;
Zhang et al. 2020; Minchio et al. 2020; Antelmi et al. 2020; Giordano et al. 2021; Dalla
Santa et al. 2022; Hakala et al. 2022; Simon and Bour 2022).

The duration of the ETRT within this study was about 170 h, which is quite long for
a TRT. Concerning the evaluation of a TRT, the longer the testing time, the bigger the
sample volume of the subsurface. Hence, the effect of the grouting material decreases
with time, as well as the influence of inhomogeneity of the subsurface. Thus, a more
representative evaluation of the subsurface conditions can be conducted, especially by
combining it with the sequential forward modelling (Sect. "Evaluation of depth-specific
effective thermal conductivities"). However, regarding the practical application of ETRT,
a shorter test duration is required. From Additional file 1: Figs. S1-S45, a testing time of
about 80 to 90 h can be recommended that allows for a clear identification of the turn-
ing point, when effective thermal conductivity values start to increase and, therefore,
to evaluate the groundwater effect. Nevertheless, the required testing time depends on
site-specific conditions, such as the subsurface conditions, the grouting material and the
borehole radius.

Figure 6 shows the relation between Darcy velocities and effective thermal conduc-
tivities as evaluated in this study and compared to reported values from other studies
dealing with the determination of groundwater flow velocities from TRT data from TRT
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data (Angelotti et al. 2018, Antelmi et al. 2020, Huber 2013, Huber et al. 2014, Lehr and
Sass 2014, Sakata et al. 2021).

It contains data from different aquifer types with varying properties. In addition,
different TRT methods and evaluation procedures were applied. The data collection
highlights that with increasing Darcy velocities, effective thermal conductivities also
increase. In Fig. 6b, the correlation between these two properties is separately fitted
for three distinct data sets, including the two data sets from this study and the data set
from Huber (2013), where Darcy velocities were experimentally set in sandbox experi-
ments. The power function in the form of y = ax + c is fitted to the data. If the expo-
nent b becomes 1.0 the power function will take the form of a linear equation. Thus,
comparison of linear and exponentiating relationship between the Darcy velocity and
effective thermal conductivities is made easier. The parameter c corresponds to the ther-
mal conductivity A without groundwater flow. Thus, it depends highly on the geologic
conditions of the study site. The average thermal conductivity of this study determined
in the laboratory is 2.5 W m~! K~'. The deviations of c from this value also indicate
the difficulty in distinguishing between the heat transport mechanism of conduction and
advection at low flow conditions. The relationship in Fig. 6b shows that effective ther-
mal conductivity is not significantly affected by groundwater flow up to a Darcy flow
of about 0.2 to 0.3 m d~'. With increasing Darcy velocities, the effective thermal con-
ductivity increases significantly. The highest degree of determination is achieved for the
results of the Péclet number analysis. This is expected, as the Darcy velocities are directly
derived from the effective thermal conductivities based on a linear relationship (Eq. 12).
The deviation from the perfect correlation is mainly due to the variance in thermal
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conductivity derived from laboratory measurements. However, the assumptions made
for the evaluation with the Péclet number analysis result in high uncertainties in the esti-
mation of Darcy velocities with this method, as discussed before in detail. The data set
with the lowest degree of determination is the data set from Huber (2013), which can
be easily explained. On one hand, different measurement methods were applied. The
effective thermal conductivities are evaluated from temperature—time data, whereas the
Darcy velocities are measured with flowmeters. On the other hand, results from several
tests are combined in one data set. The fit calculated for the data set by Huber (2013)
agrees well with the fit for the Péclet number analysis, which supports the assumptions
made for the Péclet number analysis. However, it does not prove that the Péclet number
analysis is the recommended analysis method for this specific case study.

The MILS fit significantly deviates from the best fit of the other two data sets. The plot-
ted MILS data set includes the results of both evaluation methods (ILS and MILS) based
on the same experimental data (Fig. 6). Although, the chosen convergence criterion was
acceptable for evaluation using the ILS. The latter is not the recommended model for
the evaluation of groundwater-influenced TRT. However, uncertainties, therefore, still
remain, which could result in an overestimation of the derived effective thermal con-
ductivities especially for higher Darcy velocities. To address these uncertainties during
the evaluation of ETRTSs, we recommend performing field experiments under controlled
groundwater flow velocities combined with numerical heat transport models.

For the conduct of future ETRTs with high groundwater influence, the knowledge
derived from this study can provide valuable insights. Ensuring a sufficient tem-
perature increase for the evaluation of all depth intervals is crucial for the reliable
determination of effective thermal conductivities and groundwater velocities. This
could reduce the sensitivity of the data towards temperature noise and at the same
time improve the estimation of the regression (Fig. 6) and, therefore, of the depth-
specific effective thermal conductivities. Nevertheless, increasing the specific heat
load for ETRT is not trivial. Depending on the experimental setup and conduct, dif-
ferent aspects have to be considered. In principle, it applies, that the higher the heat
load, the higher the temperature increase. However, the highest possible heat load
is defined by cable specifications. Typically, the maximum temperature allowed for
such cables is 60 to 80 °C. Especially in the upper part of the heating cable, when the
cable is in contact with air, there is a high risk of overheating at high specific heat
loads (Fig. 2). Hence, to increase the heat load during the ETRT, the heat transfer
in the surface area has to be improved. Thus, actions against overheating are neces-
sary, e.g., burying the cable or placing water-filled tubes on it. In the study by Hakala
et al. (2022), they used an air fan to cool the cable. However, practical issues and site
characteristics, such as the duration of the experiment, the available space to bury the
cable, and the necessary length of the cable above the surface have to be considered.
Apart from that, improvements in the material of the heating cable towards the appli-
cation at elevated temperatures are desirable. A compromise between decreasing the
thermal resistance of the heating cable, and at the same time maintaining sufficient
electrical isolation when working with current in a wet environment have to be made.
In addition, the fibre optics have to be protected against moisture. Otherwise, the

temperature measurement becomes inaccurate. Further issues applying a higher heat
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load have to be considered. For ETRTs in open boreholes or with the heating cable
installed inside the heat exchanger pipe induced convection can occur. Regarding
this, Hakala et al. (2022) recommended a maximum specific heat load of 20 W m™!.
However, a grouted cable is used in this study indicating a minor influence. There
are only a few studies, which compare the influence of the heat load on the results of
TRTs. Huber (2013), for example, compared in his ETRT study different specific heat
loads at the same BHE ranging from 6 to 46 W m™'. He observed that less variation in
depth-specific thermal conductivities was resolved by applying a higher specific heat
load. Partly, this could be explained by a lower influence on the accuracy of the tem-
perature measurement due to a higher temperature increase. In addition to increase
the heat load, the uncertainty of the slope can be reduced using temperature meas-
urements with better accuracy than DTS. This includes placing additional punctual
temperature sensors or combining DTS data with temperature profiles from wireless
measurement tools (Schiippler et al. 2021).

Conclusion

In this study, an ETRT is evaluated with significant groundwater flow (>0.2 m d%).
Different approaches for the determination of the specific heat load of the ETRT are
discussed. Evaluations of effective thermal conductivities and Darcy velocities are
conducted by applying the ILS combined with the Péclet number analysis and the
MILS. Depth-averaged effective thermal conductivity and hydraulic conductivity are
evaluated to be 4.5 W m™' K™! and 3.1 x 10 m s, respectively. Considering the
results of this study, the following conclusions can be made:

(1) Assuming constant electrical resistance of the heating cable can account for an
inaccuracy of 12% in the determination of depth-specific effective thermal conduc-
tivities. Thus, this method is inappropriate for the calculation of the specific heat
load. Hence, time-averaging of the heat load by logging voltage and current during
the ETRT is recommended.

(2) Applying the theory of temperature-dependent resistances, the variation of the spe-
cific heat loads along the length of the heating cable can be adjusted. In this study,
variations within 3% were observed along the BHE. For hydrogeological conditions
with varying groundwater flow (i.e., at a study site with alternating layers of aquifers
and aquitards), the variations are expected to be more significant. The adjustment
of the specific heat loads can be easily integrated into the evaluation procedure and
is, therefore, also recommended.

(3) For high Darcy velocities, experimental issues ensuring a sufficient temperature
increase (AT >0.6 K) are shown to increase the uncertainty of the evaluation. To
reduce the sensitivity towards temperature fluctuations, measures applying a higher
specific heat load are desirable. This includes actions against overheating of the
cable outside the borehole heat exchanger and improvements of the material of the
heating cable towards the application at elevated temperatures (>60 °C). In 33% of
the analysed depth intervals, due to a fast adjustment of the system to the applied
heat load, the convergence criterion of Al.4/A.4<0.05/20 h of the ILS sequential
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forward evaluation cannot be achieved. Temperature measurements with bet-
ter accuracy (adding punctual sensors, in combination with profiles from wireless
measurement tools) are expected to also improve the evaluation of ETRT.

Finally, to address the uncertainties during the evaluation of ETRTs with high ground-
water flow, we recommend performing field experiments under controlled groundwater
flow velocities combined with numerical heat transport models.

List of symbols

Latin symbols

A Cross-sectional area [m?]

A-DTS  Active distributed temperature sensing
ATRT Actively heated fibre optic thermal response test
bgl Below ground level

BHE Borehole heat exchanger

DTRT Distributed thermal response test

DTS Distributed temperature sensing

E Exponential integral

ETRT Enhanced thermal response test

GSHP  Ground source heat pump

i Hydraulic gradient
/ Current [A]
ILS Infinite line source model
k Hydraulic conductivity [m s
/ Cable length [m]
I, Characteristic length [m]
m Slope [KIn(s)~"]
MILS Moving infinite line source model
Pe Péclet number
PE Polyethylene
Py Electrical power [W]
Heat load [W]
q Specific heat load [W m™']
Gadi Adjusted specific heat load [W m™']

Gave Average specific heat load [W m™']
Grie  Specific heat load assuming constant electrical resistance [W m™~']

R Electrical resistance [Q]

R? Degree of determination

r Distance [m]

Iy Borehole radius [m]

Ry Electrical resistance at a defined temperature [()]
R Reference electrical resistance [Q)]

Rip Thermal borehole resistance [m KW™']
T Temperature [°C]

T Subsurface temperature [°C]

Tour Surface temperature [°C]

t Time [s]

T, Reference temperature [°C]

TCR Temperature coefficient of resistance
TRT Thermal response test

u Integration variable

U Voltage [V]

VDI Verein Deutscher Ingenieure

vy Darcy velocity [m d~']

Vin Effective heat transport velocity [m s~ ']
z Depth [m

Greek symbols

a Thermal diffusivity [m? s~']

Aty Temperature coefficient of resistance [K™']
y Euler's constant

9 Angle to the groundwater flow direction

A Thermal conductivity [W m~™' K~']
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Aeit Effective thermal conductivity [W m™' K™']
oc, Volumetric heat capacity of the soil [J m™3 K]
0C,, Volumetric heat capacity of water [J m—>K™']
0120 Reference resistivity [Q mm? m™']
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