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Abstract

Mechanical (flexural and uniaxial compressive strengths) and physical (thermal con-
ductivity) properties of two new bentonitic grouts doped with 5 and 10% of graphite
powder are discussed in this work and evaluated for their potential use in low-enthalpy
geothermal applications. The same tests have been also conducted on a pure starting
material (bentonitic grout) already present on the market and used to seal geother-
mal probes into boreholes. Experimental data show that the addition of 5 and 10% of
graphite powder positively alters the mechanical properties of the doped bentonitic
grouts, i.e,, both flexural and uniaxial compressive strengths increased with respect to
those of the pure material. Thermal conductivity also improved up to 60% in the doped
bentonitic grouts. A simple analysis of the cost/benefit ratio suggests, however, that
the bentonitic grouts doped with 5% of graphite powder is more suitable and compet-
itive for a launch on the market and utilization as a sealing material in boreholes aimed
at low-enthalpy geothermal installations. Implementation of thermal properties of the
grout material implicates a reduction of the total borehole length of 15-20%.

Keywords: Low-enthalpy geothermal energy, Flexural strength, Uniaxial compressive
strength, Thermal conductivity, Borehole, Bentonitic grout, Graphite powder

Background

Energy is a fundamental condition for the social growth of the community, being an
essential ingredient for almost all human activities and services. During the past decade,
the energy policy has been working towards more environmental-friendly renewable
power plants in order to achieve maximum advantages and/or fewer impacts from the
exploitation of fossil-fuel resources (Kalaiselvam and Parameshwaran 2014). Efforts have
been concentrated mainly in the field of applied solar and wind energy (generally pro-
moted by many subventions), and geothermal energy played comparatively a less promi-
nent role among renewable sources. Although anomalous geothermal fluxes useful for
exploitation are present in specific geological settings, there is a worldwide incredible
potential related to low-enthalpy geothermal energy that is, at present, scarcely con-
sidered in many countries (Banks 2012 and references therein). In this regard, primary
reasons are the lack of scientific-technical background in the field of low-enthalpy
geothermal resources, coupled with the absence of adequate basic information of
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small-to-medium scale subsoil characteristics that are essential to appropriately manage
feasibility studies.

It is worth to note that the majority of low-enthalpy geothermal systems have neg-
ligible environmental impact, chiefly because energy capture systems are placed into
the ground and they can be fully integrated into the subsurface if planned during the
construction phase of buildings (cf. also Florides and Kalogirou 2007). Low-enthalpy
geothermal systems can, therefore, become of strategic importance in the near future,
especially if technological efforts will point towards an improvement of their cost/benefit
ratio in comparison with other renewable energy systems (Kalaiselvam and Paramesh-
waran 2014 and references therein). Indeed, the ability to produce energy for heating
in winter, cooling in summer and heating water makes low-enthalpy geothermal energy
the ideal alternative to other traditional systems. The advantage is given by the fact that
a single installation includes functions normally delegated to different devices (e.g., boil-
ers, air conditioners, etc.). Also, heating and cooling systems from low-enthalpy geo-
thermal energy seem to be the most acceptable solution in circumstances where solar
thermal or photovoltaic are prevented (e.g., scarce exposure to solar radiation, intense
urbanization, protected natural/archeological sites, historical city centers, etc.).

Low-enthalpy geothermal systems are based on a rather simple technology of heat
exchange with the subsoil (e.g., Florides and Kalogirou 2007). Beside the chemical—phys-
ical characteristics of rocks in the subsurface (which anyhow remain a paramount fac-
tor), the total efficiency of the installation is determined by the following: (1) efficiency
of the Ground Source Heat Pump, which allows the transfer of heat from the subsoil
upward to the surface; (2) efficiency of thermal exchange between probes installed in
boreholes and rocks in the subsurface; (3) chemical-physical characteristics of the ben-
tonitic grout to seal probes into boreholes; (4) efficiency of the heat distribution system
into the environment at the surface. During the past years, technological development
has been pointing with increasing interest towards new materials and solutions able
to enhance the performances of one or more of these components, with particular ref-
erence to the composition of the grout used as sealing material in the boreholes (e.g.,
Smith and Perry 1999; Alrtimi et al. 2009; Wang et al. 2011; Delaleux et al. 2012; Des-
medt et al. 2012; Lee et al. 2012; Borinaga-Trevifo et al. 2013; Kim et al. 2013; Erol and
Francois 2014; Indacoechea-Vega et al. 2015; Blazquez et al. 2017). Some innovative
solutions have also found applications in other related fields of interest of bentonitic
grouts, such as thermal storage (e.g., Sari 2016) or sealing of radioactive wastes (Tang
et al. 2008; Jobmann and Buntebarth 2009).

Sealing the boreholes with mixtures of bentonitic grout should guarantee either per-
fect hydraulic insulation (e.g., among aquifers intercepted during the perforation) or
good heat exchange between the geothermal probes and the subsoil. The permeability,
generally on the order of 107'° cm/s, and the flow ability of the sealing material during
the fresh state of the grout are also important for the hydraulic sealing of the aquifers
and for good performances during pumping into the borehole. In this regard, Fleuchaus
and Blum (2017) put into evidence that the connection of aquifers by leaky annular
space grouting can be the cause of damages to the installation. The use of bentonitic
cements, more than pure cements, also ensures elasticity of the sealing structure, avoid-
ing damages due to contractions ascribable to anthropic and natural solicitations. This
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becomes a crucial factor especially for low-enthalpy geothermal installations placed
in areas affected by recurrent freeze—thaw cycles that cause circumferential effective
stresses (Anbergen et al. 2014; Erol and Francois 2015). Furthermore, the use of bento-
nitic cements is beneficial also for installation in intensely urbanized areas (e.g., vibra-
tions due to heavy traffic, subway, etc.) or in geologically and tectonically areas with high
vulnerability, which can be frequently subjected to elevated risks (seismic, hydrogeo-
logical, etc.) producing continuous mechanical stress on the technological system. Pure
bentonite, however, has very poor thermal conductivity [«1 W/m K; e.g., Tang et al.
(2008); Jobmann and Buntebarth (2009); Kim et al. (2015); Sari (2016)]. This means that
its massive utilization in the mixture produces significant reduction of the thermal con-
ductivity and, therefore, of the thermal exchange into the borehole between probes and
subsoil. In this regard, some authors have already investigated the possibility to improve
the thermal exchange by enhancing the thermal conductivity of the sealing grout in the
boreholes by adding components (e.g., quartz, sands, carbon-based components, etc.) at
high thermal conductivity in the mixture (Delaleux et al. 2012; Lee et al. 2012; Erol and
Francois 2014; Indacoechea-Vega et al. 2015). In these instances, however, the mechani-
cal properties of the obtained grouts were not verified or the experimentally determined
thermal conductivity is too high (>6 W/m K) and far from common values observable
on Earth (average thermal conductivity of rocks in the subsurface is 3.2 W/m K; Eppel-
baum et al. 2014 and references therein). However, experimentation and production of
new materials should always ensure exceptional resistance and flexibility of the grout
in the borehole, together with thermal conductivity capable to assure balanced thermal
exchange with the subsoil. Indeed, thermal conductivity needs to be maintained at val-
ues compatible with those of the surrounding subsurface in order to reduce the occur-
rence of thermal short-circuits in the borehole with the consequent loss of performance
of the whole low-enthalpy geothermal system. This is even more valid for areas charac-
terized by subsoils with very low thermal conductivity (e.g., 0.3-2.3 W/m K for clays,
silt, water saturated and dry sands; Eppelbaum et al. 2014 and references therein), which
can become the main resistance of the whole exchange system. All these aspects lead to
the final consideration that a compromise needs to be found to obtain commercial prod-
ucts characterized by good mechanical and physical properties.

This work presents results coming from the experimental production of two original
bentonitic grouts bearing an additive with high thermal conductivity (pure graphite
powder). With respect to previous literature, this study is aimed at finding an optimum
grout mixture with enhanced properties from both mechanical and thermal standpoints.
Improvement of mechanical properties (flexural and uniaxial compressive strengths)
together with increase of thermal conductivity makes these two mixtures highly suitable
for their use as effective sealing grout into boreholes for geothermal probe installations,
having also the advantage of implementing the thermal exchange between the techno-
logical system and the subsoil.

Methods

A bentonitic grout already launched in the market has been used as starting material.
The grout mixture is composed of fine-grained (<0.1 mm) cement with addition of 4%
of bentonite. Declared density of the fresh starting grout for pumping ranges between



Viccaro Geotherm Energy (2018) 6:4 Page 4 of 13

1.49 kg/dm?® and 1.65 kg/dm?, depending on the water/solid ratio used to prepare the
mixture. Declared fluidity for 1000 ml of suspension is 45 s (Marsh Cone Test with noz-
zle of 10 mm following the UNI 11,152:2005 normative for draining). For the investi-
gated purposes, technical specifications declared for this bentonitic mixture report
flexural strength ~2 N/mm? and uniaxial compressive strength ~3 N/mm? after 28 days
(following the DIN 18136:2003-2011 normative) and thermal conductivity > 1 W/mK.
The additive used for the experimental production of the new bentonitic grouts is pure
graphite powder, with grain size analogous to that of the starting material (i.e., grain
size < 0.50 pm) and thermal conductivity >50 W/mK (cf. Clauser and Huenges 1995).
Mechanical and physical properties have been determined on three typologies of sam-
ples: (1) starting material; (2) starting material plus 5% of graphite powder; (3) starting
material plus 10% of graphite powder. The starting material has been also included in
mechanical and physical tests, just to minimize the possible analytical bias and to evalu-
ate true differences among the three mixtures. All samples have been prepared at the
accredited laboratories of SIDERCEM srl (Misterbianco, Sicily) by using a colloidal
grout mixer. Mixtures have been prepared following the UNI EN 196-1:2016 normative
in 160 x 40 x 40 prismatic molds with proportions reported in Table 1. Drying of sam-
ples has been performed at temperature of + 20 °C and humidity ranging between 95
and 99% into rooms able to monitor continuously the environmental parameters.

Flexural and uniaxial compressive strengths have been determined by a TECNOTEST
KE 72 instrument equipped with 4 reading channels and a digital dynamometer able to
perform tests for compression, flexure, indirect tensile, paving blocks, breaking in load/
deformation control, elastic module up to 999 cycles of loading/unloading for evalua-
tions of creeping or ductility of various building materials. Measurements of flexural
strength have been performed on 1 sample of pure material after 14 days and 2 samples
after 28 days. The same number of samples has been investigated for the starting mate-
rial doped with 5 and 10% of graphite powder after 14 and 28 days. Measurements of
uniaxial compressive strength have been performed on 2 samples of pure material after
14 days and 4 samples after 28 days. The same number of samples has been investigated
for the starting material doped with 5 and 10% of graphite powder.

Experimental determinations of thermal conductivity have been conducted on 4 dif-
ferent samples of starting material and 10 different samples of the doped bentonitic
grouts (5 samples for each mixture with 5 and 10% of graphite powder). Measurements
have been performed through a heat flow meter Shotherm QTM Showa Denko at the
laboratories of Technical Physics of the DIEEI of the University of Catania following
the UNI EN 12664:2002. This instrument uses the non-stationary hot-wire method at

Table 1 Components used for the preparation of the bentonitic grout mixtures
with various proportions of pure graphite powder as additive (G0% no graphite powder;
G5% mixture with 5% of graphite; G10% mixture with 10% of graphite)

Component/weight (g) Mixture G0% Mixture G5% Mixture G10%
Starting material 1000 950 900
Pure graphite powder 0 50 100
Water 600 600 600

Data refer to weights of components reported in grams
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constant heat flow and operates in the temperature range from — 10 to + 200 °C with
precision and reproducibility in the order of 2%. The procedure allows the heat transfer
from the instrument to the sample with consequent temperature increase (fixed at maxi-
mum 20 °C) through generation of coaxial cylindrical isotherms. Heating time is 45 min,
whereas measurement duration is 180 s. This method ensures no significant changes
of the material properties during measurements, as demonstrated in other studies per-
formed on similar materials (Fukai et al. 2000; Karaipekli et al. 2007; Lee et al. 2010).

Results

Mechanical properties

Flexural and compressive strengths of the starting bentonitic grout and of grouts with
the graphite powder additive at 5 and 10% after 14 and 28 days have been reported in
Tables 2 and 3. Flexural strength (R) has been determined from the relation:

Re = (1.5Ff/b3) x I, @)

where F; is the strength applied at the center of the prismatic sample, b is the side
dimension of the resistant section, [ is the distance between the two supports.
Compressive strength has been determined as follows:

R. = Fe/ab, @)

where F,_ is the breaking load, a and b the sides of the resistant section.

Each typology of material displays an increase of both flexural and uniaxial compres-
sive strengths with time, i.e. with measurements performed at 14 and 28 days (Tables 2,
3). Tests performed on the starting material confirm values of the flexural and uniaxial
compressive strengths after 28 days declared in the technical specification of the prod-
uct, being, respectively, 1.99 N/mm? (average on 2 samples) and 3.33 N/mm? (average
on 4 samples). Both the bentonitic grouts with 5 and 10% of graphite powder additive

Table 2 Flexural strengths (R;) at the fracture point obtained on the starting and doped
(+ 5 and + 10% of graphite powder) bentonitic grouts

Fe(N) R¢ (N/mm?)

Pure starting material

June 30,2016 (14 days) 490 1.84

July 14,2016 (28 days) 500 1.88

July 14, 2016 (28 days) 560 2.10
Starting material +5%

June 30,2016 (14 days) 930 3.49

July 14, 2016 (28 days) 980 3.68

July 14,2016 (28 days) 1080 4.05
Starting material + 10%

June 30,2016 (14 days) 820 3.08

July 14, 2016 (28 days) 1060 3.98

July 14,2016 (28 days) 1000 3.75

F¢indicates the load applied at the center of the sample at the fracture point. Dates indicate times between preparation and
realization of the mechanical tests (at 14 and 28 days)

Page 5 of 13
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Table 3 Uniaxial compressive strengths (R.) at the fracture point obtained on the starting
and doped (+ 5 and + 10% of graphite powder) bentonitic grouts

F.(N) R. (N/mm?)
Starting material
June 30, 2016 (14 days) 4370 273
June 30,2016 (14 days) 4680 2.93
July 14,2016 (28 days) 4850 3.03
July 14,2016 (28 days) 4870 3.04
July 14, 2016 (28 days) 5860 3.66
July 14,2016 (28 days) 5740 3.59
Starting material + graphite 5%
June 30,2016 (14 days) 9020 5.64
June 30,2016 (14 days) 8830 552
July 14, 2016 (28 days) 9830 6.14
July 14,2016 (28 days) 9620 6.01
July 14,2016 (28 days) 10,150 6.34
July 14,2016 (28 days) 10,230 6.39
Starting material 4 graphite 10%
June 30,2016 (14 days) 8150 5.09
June 30, 2016 (14 days) 8910 557
July 14,2016 (28 days) 11,520 7.2
July 14,2016 (28 days) 11,320 7.08
July 14,2016 (28 days) 10,630 6.64
July 14,2016 (28 days) 10,750 6.72

F.indicates the load applied at the fracture point. Dates indicate times between preparation and realization of the
mechanical tests (at 14 and 28 days)

display increase of the flexural and uniaxial compressive strengths with respect to the
starting material, either after 14 days from the production or after 28 days (Tables 2, 3).
On the whole, measurements put into evidence comparable flexural strengths for sam-
ples with the graphite powder additive at 5 and 10% after 28 days (average 3.87 N/mm?
for both; Table 2), whereas slight differences have been observed for what concerns the
obtained uniaxial compressive strengths and their evolution during the drying process
(Table 3). Specifically, the bentonitic grout with 5% graphite powder additive shows,
on average, uniaxial compressive strength at 5.58 N/mm? after 14 days and increase
at 6.22 N/mm? after 28 days. The bentonitic grout with 10% graphite powder additive
exhibits, on average, lower values of uniaxial compressive strength after 14 days (5.33 N/
mm?) with respect to the bentonitic grout with 5% of graphite powder additive, but val-
ues are the highest after 28 days (6.91 N/mm?).

Thermal conductivity

Thermal conductivity of the starting bentonitic grout and mixtures with the graphite
powder additive at 5 and 10% on samples after 28 days has been reported in Table 4. The
experimental values of thermal conductivity (1) have been calculated as a function of the
temperature—time curve (7-7) and the heat flow at the input (g) through the following
equation:

4 = lg x In(ra/t)]/[47 (T2—T1)] (3)
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Table 4 Thermal conductivity obtained on the starting and doped (+ 5 and + 10%
of graphite powder) bentonitic grouts

A (W/mK)
Starting material
1st measurement 1198
2nd measurement 1207
3rd measurement 1171
4th measurement 1186
Starting material + graphite 5%
1st measurement 1861
2nd measurement 1819
3rd measurement 1940
4th measurement 1872
5th measurement 1896
Starting material 4 graphite 10%
1st measurement 1917
2nd measurement 1963
3rd measurement 2013
4th measurement 1928
5th measurement 2045

Equation (3) can be implemented according to electrical current and voltage following

the relation:
4 =K x [I* x In(ra/11)]/[4 (V2—V1)] —H, (4)

where K and H are constants for the instrument calibration, I the electrical current and
(V5 — V}) the electric potential.

Measurements performed on the starting material confirm thermal conductivity as
declared in the technical specifications, being the obtained A =1.191 W/m K (Table 4;
average of 4 repeated measurements). Bentonitic grouts doped with graphite powder at
5 and 10% present increase of the thermal conductivity up to ca. 60%. Specifically, the
average thermal conductivity of the bentonitic grout at 5% is 1.878 W/m K and further
increases at 1.973 W/m K for the mixture with 10% of graphite powder (Table 4; average
of 5 repeated measurements for both).

Discussion

Optimum doping rate defined by mechanical vs. thermal properties

The experimental results on bentonitic grouts presented in this work have been only
evaluated for mechanical and physical properties useful for geothermal applications,
which means that experimental materials have not any claim in order to be used as
structural concretes for construction and/or building materials. Results emphasize the
importance of graphite powder as additive in bentonitic grouts. Indeed, graphite powder
is basically inert, so it does not alter the drying/compaction process of the bentonitic
grout. Furthermore, small addition (5-10%) of graphite powder improves the flexural
and uniaxial compressive strengths of the bentonitic grout after 14—28 days (times com-
monly assumed for structural concretes), having also the advantage of increasing its final
thermal conductivity up to 60%. Improvement of the investigated mechanical properties
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suggests that the experimental bentonitic grouts doped with graphite powder can be
even more resistant to various possible damages after the installation (e.g., freeze—thaw
cycles, natural vs. anthropic vibrations, etc.). At identical water/solid ratios, density of
the fresh doped grout (~ 1.7 kg/dm? for the mixture at 5% and ~ 1.8 kg/dm? for the mix-
ture at 10%) is not significantly modified with respect to that of the fresh starting mate-
rial (~ 1.5 kg/dm?®). Fluidity has been evaluated through the Marsh Cone Test (UNI EN
445:2007, nozzle of 10 mm) following indications of the UNI 11152:2005 normative dur-
ing the draining process. Declared fluidity for 1000 ml of the fresh starting material for
pumping is 45 s, whereas measured fluidities of the fresh doped grouts are 65 and 85 s
for the mixture at 5 and 10% of graphite powder, respectively. These values are well in
the range (45-100 s) of other optimized bentonitic grouts generally found on the mar-
ket, which therefore ensure good performances during the pumping process of the grout
into the borehole.

It is worth noting that the amount of graphite powder added to the bentonitic grout
affects the final cost of the experimental product. As a consequence, choice of a mix-
ture with minimal quantities of additive is certainly fundamental to guarantee a com-
petitive commercial strategy, even maintaining improvement of the mechanical and
physical properties of the final product. Looking at the flexural and uniaxial compres-
sive strengths of the starting material and those of the experimental bentonitic grouts
with 5 and 10% of graphite powder, a significant difference between the starting material
and both the doped bentonitic grouts can be observed (Fig. 1). However, the experimen-
tal mixtures doped at 5 and 10% by graphite powder display final values that, although
slightly different, appear rather clustered within the same order of magnitude (Fig. 1).
Similar trends are also recognizable for thermal conductivity (Fig. 2). Reasons to explain
comparable values for the grouts doped at 5 and 10% are not clear. Addition of graphite
can bring to two antagonistic effects: (1) graphite particles have high thermal conductiv-
ity, which finally increases that of the bentonite-graphite mixture and (2) at the same
time, graphite addition could increase the porosity of the whole mixture, having oppo-
site effect on the overall thermal conductivity. These two effects are, therefore, in com-
petition: for a doping rate of 5% the first probably prevails, whilst the second starts to
become important for the mixture at doping rate of 10%. This suggests that the mechani-
cal vs. thermal optimum is at the doping rate of 5% of graphite.

Definition of the cost/benefit ratio is also paramount for the ultimate launch in the
market of a competitive experimental product. Simple commercial considerations lead
to the idea that utilization of bentonitic grouts doped at 10% with graphite powder prob-
ably does not satisfy the cost/benefit ratio. Following evaluations have been, therefore,
conducted considering only the bentonitic mixture with 5% of graphite powder as addi-
tive. Pure graphite powder has rather elevated commercial cost, estimable in 0.0035 €/
gm throughout the European market at the retail level. However, industrial supply of
graphite powder may reasonably undergo to favorable discount up to 30-40% depending
on the requested amounts. The additional cost due to the graphite powder additive can
be, therefore, estimable in ca. 1000—1200 € per ton of bentonitic grout. Principal benefits
resulting from the improved thermal conductivity of the bentonitic mixture are conse-
quent in sizing of the total thermal exchange surface between the geothermal probes and
the subsoil, which is quantifiable taking into account the probe cross-section (diameter)
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Fig. 1 Diagram reporting the flexural (R) and uniaxial compressive (R) strengths at the fracture point for the
starting and doped (+ 5 and + 10% of graphite powder) bentonitic grouts as a function of the load applied
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Fig. 2 Diagram of the repeated measurements of thermal conductivity obtained on the starting and doped
(+ 5 and 4 10% of graphite powder) bentonitic grouts. Symbols are as follows: diamonds for the starting

grout; squares for the grout + 5% of graphite powder; triangles for the grout + 10% of graphite powder

and its total length (function of linear meters of perforation). Abatement of costs are,
therefore, due to considerable reduction of the amount of bentonitic grout used to seal
the borehole, in a way that: (1) fixing the borehole depth, the probe cross-section can
be reduced (common probes diameters are 20, 25, 32 and 40 mm); (2) fixing the probe
cross-section, the final depth of perforation can be shortened. In the former instance,

Page 9 of 13
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savings principally come from lower costs of perforation, geothermal probes and their
related cables/hoses, whereas in the latter chiefly from reduction of linear meters of the
boreholes.

Effects on the total borehole length reduction

Calculations of the borehole length reduction can be performed through the general
equations for sizing of thermal exchangers in the ground accepted by the ASHRAE
(American Society of Heating, Refrigerating and Air-Conditioning Engineers), which
were developed by Ingersoll et al. (1954) and later implemented by Kavanaugh and
Rafferty (1997). Length of the borehole needed for heating (L;,) and cooling (L.) can be,
respectively, obtained from the following equations:

Ly = Qa'Rga+ Qg,hD' [Rb + (PLFm,hD ' Rgm) + (Rgd ' Fsc)}/tg_ [(twi + two)/z)]hD_ tp
(5)

L. = Qa'Rga+ Qg,cD' [Rb + (PLFm,CD : Rgm) + (Rgd . FSC)]/tg_ [(twi + two)/z)]cD_ tp,
(6)

where: Q, is the average heat flux exchanged during 1 year (expressed in W); Ry, is the
equivalent thermal resistance per length unit of the ground (annual pulse, expressed
in m K/W); Qgyp and Qg o are the project heat output at the ground side during the
heating and cooling seasons, respectively (expressed in W); R, is the equivalent thermal
resistance per length unit of the heat exchanger, corresponding to the thermal exchange
between the heat transfer fluid and the borehole surface (expressed in m K/W); PLF_
and PLF  are the monthly part load factors during the heating and cooling seasons,
respectively; R, is the equivalent thermal resistance per length unit of the ground
(monthly pulse expressed in m K/W); Ryq is the equivalent thermal resistance per length
unit of the ground (daily pulse expressed in m K/W); F,. is the loss factor due to possi-
ble thermal short-circuits in the exchanger between input/output pipes; £, is the ground
temperature (in °C) not disturbed by the exchanger; t,; and t,,, are the input and output
temperatures (in °C) of the transfer fluid during the heating and cooling seasons; ¢, is
the penalty temperature (in °C), which evaluates the interference between exchangers.
Results presented in this work put into evidence the effect of changing the parameter

R, in the two Egs. (5) and (6) considering that:
Ry = Rpp + Rgr, 7)

where R, is the total thermal resistance of pipes containing the heat transfer fluid
and R,, is the thermal resistance of the sealing grout (i.e., pipe/ground interface), both
expressed in m K/W. The thermal resistance of the sealing grout (R,,) can be calculated
through the relation provided by Remund (1999), which is valid for a single input/output
circuit as follows:

Rgr = 1/8p - Agrs (8)

where §,, is the short-circuit factor and A, is the thermal conductivity of the sealing
grout. The short-circuit factor (S,) can be calculated as follows:
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Sb=bo- (dp/Dpo)”", ©)

where S, and B, are coefficients depending on the geometry of input/output pipes into
the borehole (cf. Remund 1999 for the list of values), whereas d, is the borehole diam-
eter and D, that of the pipe (i.e., the probe diameter). Sensitivity in changing 1,, on the
total sizing of the low-enthalpy geothermal installation (here evaluated in terms of bore-
hole length) can be, therefore, calculated combing the relations (8) and (9). Indeed, the
total thermal exchange between the heat transfer fluid and the borehole surface (i.e., the
equivalent thermal resistance R,) is strictly dependent on the thermal conductivity of
the sealing material that operates at the probe/ground interface.

Fixing the technical configuration of the thermal exchange system (i.e., geometry
of the input/output probe pipes, borehole and probe diameters), changes of 1,, from
1.191 W/m K (average of the pure starting grout material) up to 1.878 W/m K (average
of the grout material doped with 5% of graphite powder) are able to reduce the final R,
from 0.12 down to 0.07 m K/W. Although small, these variations have important effects
on the final calculation of the total borehole length either in heating or cooling condi-
tions (L, and L, in Egs. 5 and 6, respectively) due to changes of the R, value. A simple
calculation can be obtained by fixing all the environmental parameters and the related
energetic budgets. As a mere example, decreasing of the equivalent thermal resistance
Ry, applied to a small edifice (surface ~ 150 m?, for which ~200 linear meters of borehole
are needed) can entail a total borehole length reduction on the order of 30-40 m (ca.
15-20%). Of course, the larger is the sizing of the low-enthalpy geothermal installation
the higher is the economic benefit due to reduction of the total borehole length.

Conclusions

In this study, two bentonitic grouts doped with 5 and 10% of pure graphite powder have
been considered for what concerns their flexural and uniaxial compressive strengths,
together with thermal conductivity. Experimental results have put into evidence good
perspectives for their possible use in low-enthalpy geothermal applications, especially
as sealing material of probes into boreholes. Both the experimental bentonitic mixtures
display improved mechanical and physical properties, although the cost/benefit ratio
appears more favorable for starting materials doped with low percentages (5%) of graph-
ite powder as additive. Importance of such experimental studies consists in finding new
materials that, through implementation of the thermal exchange between the techno-
logical system and the subsoil, are able to make low-enthalpy geothermal installations
even more competitive in the renewable energy market.
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