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Abstract: The performance of very shallow geothermal systems (VSGs), interesting the first 2 m
of depth from ground level, is strongly correlated to the kind of sediment locally available. These
systems are attractive due to their low installation costs, less legal constraints, easy maintenance and
possibility for technical improvements. The Improving Thermal Efficiency of horizontal ground heat
exchangers Project (ITER) aims to understand how to enhance the heat transfer of the sediments
surrounding the pipes and to depict the VSGs behavior in extreme thermal situations. In this
regard, five helices were installed horizontally surrounded by five different backfilling materials
under the same climatic conditions and tested under different operation modes. The field test
monitoring concerned: (a) monthly measurement of thermal conductivity and moisture content on
surface; (b) continuous recording of air and ground temperature (inside and outside each helix);
(c) continuous climatological and ground volumetric water content (VWC) data acquisition. The
interactions between soils, VSGs, environment and climate are presented here, focusing on the
differences and similarities between the behavior of the helix and surrounding material, especially
when the heat pump is running in heating mode for a very long time, forcing the ground temperature
to drop below 0 °C.

Keywords: very shallow geothermal energy; horizontal collectors; thermal conductivity; volumetric
water content; soil

1. Introduction

In a context of societal and economic transformations and growing global interdependencies,
access to energy resources plays worldwide a fundamental role. European countries have few natural
energy reserves and currently they import the majority of their energy requirements. This leads to
high costs for natural gas and electricity supplies, subject to energy market trends. Therefore, to reduce
the energetic dependencies and maintain the standard of living, key efforts are directed to a better
exploitation of green and renewable energy resources (solar, biomass, geothermal, wind, hydro and
ocean energy) [1,2].

According to the European Vision for the Renewable Heating & Cooling (RHC) sector in Europe,
which aims to produce over 25% of heat consumed in the European Union (EU) with renewable
energy technologies by 2020 and over 50% by 2030, geothermal energy is one of the most promising
sources due to its high potential and multiple uses [3,4]. In detail, shallow geothermal energy is a
reliable thermal energy source used mainly for indirect heating and cooling of residential, industrial or
commercial buildings and greenhouse farming [5-7]. It involves the exploitation of low temperature
geothermal resources, as soil and groundwater (temperature range 5-30 °C), abundant around the
world and available at relative small depths (on average around 100-150 m depth), by means of
ground source heat pumps (GSHPs) [8,9]. This technology consists of three main sections: (i) the Earth
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connection, represented by heat exchangers, responsible for extracting (injecting) heat from (into) the
ground; (ii) the geothermal heat pump, able to transfer heat between the ground and the building;
(iii) the heat distribution system, that distributes the heat in the building [10].

When the heat carrier fluid circulates inside heat exchangers and is physically separated from
the rock/soil and surrounding environment, the system is known as a closed loop system [11]. In this
case, the Earth connections can be realized both by vertical and horizontal ground heat exchanger. The
former is preferred when the installation area is limited and is characterized by high installation costs
due to drilling operation. The latter, located slightly below the Earth’s surface (1-2 m depth), known
also as very shallow geothermal (VSG) systems, is attractive due to its merits of low installation cost and
less restricted legal constraints and easy maintenance, even if ample ground areas are required [12,13].

The operating principle in both cases is the same: in winter time (heating mode) the heat exchanger
extracts heat from the ground, taking advantage of the higher ground temperature than the air
temperature; in summer (cooling mode) it reinjects heat into the ground by withdrawing it from the
warmer external atmosphere [14,15]. In order to assess the performance of different GSHPs, properly
size the shallow geothermal applications and estimate cost and payback time of the system, several
heat transfer models are available, according to the geometry of the GSHP selected, the environmental
conditions and the building features [16-18].

To ensure a good thermal exchange with the subsoil, the horizontal loops can assume different
lengths and configurations (linear, helical, spiral) according to local characteristics and building
conditioning requirements [19-21]. The performance is strongly correlated both to technical factors
(i.e., pipe configuration, length, loop diameter, loop pitch, spacing of pipes, fluid flow rate, thermal
loads of the buildings, quality of building envelope ... ) and to the local geological and environmental
conditions [22-25]. Recent works have concluded that helical heat exchangers, known as helix systems,
provide the best thermal performance compared to common horizontal loop systems, even if they
need more tube length [26]. Moreover, they are also a valid alternative to vertical systems installed
at shallow depths (up to 25 m) [27-30]. Anyway, used as horizontal collector, helix requires shorter
trenches and less land space [12], so a great interest in their possible implementation is registered.

Among the geological and environmental parameters, the heat conductivity (A) of the soil around
the tubes plays a key role in determining the VSGs efficiency: an increase in A corresponds to a better
performance. This property is greatly affected by the kind of material at disposal (i.e., grain size,
mineralogical content, density), the soil moisture and temperature variations [31-33]. Once the kind of
material is defined, the moisture migration in soil bodies due to thermal or hydraulic gradients is the
main responsible for changes in thermal conductivity. The heat transfer in soil is led by conduction,
a process driven by temperature gradients and dependent on thermal conductivity, in turn a property
strictly related to water content. Then, the heat transfer in soils tends to decrease as anhydrous
conditions or decreasing temperature are detected [34-37].

Due to the proximity of very shallow horizontal ground loops to the ground surface, the water
content in the first meter of depth is conditioned by meteorological and environmental events, such as
rainfall, solar radiation, albedo, fluctuations in air temperature, vegetation cover, evapotranspiration,
etc. [38—41]. Diurnal, monthly and seasonal variations of climatic data, especially air temperature
and rainfall, can affect the moisture transfer in soils. Even if their contributions is reduced with
increasing depth, the induced variations on soil thermal properties may have significant effects on
the performance of the horizontal GSHP system [42—44]. According to Leong et al. a soil saturation
degree below 12.5%, above 25% and in excess of 50% is responsible respectively for a decrease, an
improvement and an insignificant variation of the performance [45].

Furthermore, we must consider that when the VSG system is running in heating (cooling) mode,
a decrease (increase) of temperature is registered in the surrounding of the Earth connections and that
it is important to take into consideration also the capacity of the thermal energy content of the soil to
regenerate when the heat exchangers are not operating [21].
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Therefore, understanding the relationships between different soils, horizontal collectors and the
above ground environment is fundamental to plan a rational use of soil heat resources over time.

On this regard, the research performed under the Improving Thermal Efficiency of horizontal
ground heat exchangers Project (ITER, http://iter-geo.eu/), funded by the European Union,
is concerned, among other topics, with assessing the performance and the environmental impacts
of helix heat exchangers in VSG systems by directly monitoring over time the environmental and
thermal parameters. The aims of the project are to understand how to enhance the heat transfer of the
sediments surrounding the pipes and to depict the VSGs behavior in extreme thermal situations.

This paper presents the outputs of the ITER Project test site in Eltersdorf (Bavaria, Germany),
where five helices are installed horizontally at 1 m depth surrounded by five different backfilling
materials under the same meteorological conditions and tested under different operation modes.
Measurements of climatic data, soil thermal properties and temperatures of the ground have been
performed for 1 year and a half, from 13 November 2015 till 22 May 2017. In this timeframe the
system runs in heating mode three times (16 March-19 April 2016, 10-28 November 2016 and
2 March—22 May 2017), while in the remaining period the heat carrier fluid is recirculated in the
helix heat exchangers without any heat-extraction (or heat-injection) from (into) the ground [29]. The
primary aim is to monitor the temperature of the soil and the environment during the heating period
and the period of stagnation of ground heat exchanger. Then, the experimental data measured in the
test field, especially those related to thermal conductivity, are compared with the database of thermally
enhanced backfilling material (TEBM)physical-thermal properties already determined in laboratory,
in order to discriminate how the climatic factors can influence the thermal properties of surficial
soil bodies. Finally, the interactions between soils, VSGs, environment and climate, focusing on the
differences and similarities between the behavior of the helix and surrounding material, are observed
especially when the heat pump is running in heating mode for a very long time, forcing the ground
temperature to drop below 0 °C.

2. Materials and Methods

2.1. Test Site

The ITER project test site is located in Eltersdorf, about 6 km south-west from the city of Erlangen
(Bavaria, Germany, Figure 1a). Hosted on the property of REHAU AG & Co company (Eltersdorf,
Bavaria, Germany), partner of the project, it consists of a trench 6.0 m wide, 5.0 m long and 1.1 m
depth, divided in five sectors of the same size (1.2 x 5.0 x 1.1 m, Figure 1b).

In each sector a surface collector system (helix probe, 3 m long, 0.4 m wide) is installed between
0.6 and 1 m depth below the ground level (bgl), equidistant from the boundaries and E-W oriented [46].
The main characteristics of the helix heat exchangers are outlined in Table 1.

The installation depth of the helix, with the bottom lying at 1.0 m and the top at 0.60 m depth,
is deliberately chosen, on one hand, to verify if at 0.60 m depth, according to industrial partner
experience, the effect of soil thermal conductivity is dominant compared to that of the daily temperature
amplitude [26]; on the other, to force the growing and potential merging of the ice radius around the
helix and see the reaction of the surrounding soil. In addition, the selected installation depth allows to
reduce the installation costs.

In order to thermally isolate every trench from the adjacent one and the surrounding ground, the
outer and intermediate walls are made of extruded polystyrene (XPS, 2 cm thick) panels, characterized
by very low thermal conductivity value (A = 0.035 W m~! K~1) (Figure 1b). In this way the thermal
contamination between adjacent trenches is expected to be negligible, even if border effects cannot
be excluded a priori. Moreover, the groundwater flow is not affecting the system because locally the
piezometric level is on average at about 10 m depth.
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Figure 1. ITER Project test site location in Eltersdorf, Bavaria, Germany: (a) location and geological
characterization of the area [47]; and (b) installation of the 5 helix probes covered with different soil
mixtures. Moreover, a top view scheme of the trench and of a single sector, together with the location
of surface measurement points (X1-X2-X3) is shown in (b).

The trenches are filled in with five thermally enhanced backfilling materials (TEBM), tested also

in laboratory (Figure 2a):

)
@)
®)

4)
)

fine sand 0-1 mm (fs);

fine sand 0-1 mm with 15% bentonite (fs15B);

a commercial product (GeoSolid 240HS) in direct contact with the Helix, in turn surrounded by
sand 0-5 mm (s);

sand 0-5 mm + 15% bentonite (s15B);

loamy sand (SC);

The sand bodies used in this research belong to the Burg Sandstone Formation (Trias), have a

dominant quartz composition, and are commonly used in constructions, sieved up to 1 and 5 mm.
Therefore, it is possible to identify two distinctive materials: a grey withe fine sand 0-1 mm (fs) and a
reddish coarse sand 0-5 mm (s). The loamy sand (5C), a quaternary sediment belonging to the Main
terrace formation and characterized by a very high content of silicon oxide and clay minerals (i.e.,
illite, smectite), is the original material available on site [47]. The bentonite (B) used to create the soil
mixtures is a very fine non-calcareous marine clay, belonging to the Holmehus Formation (Denmark),
constituted mainly of montmorillonite (>60%).
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Figure 2. Monitoring system in Eltersdorf: (a) soil mixtures used as backfilling material in each trench
(SC = loamy sand; s15B = sand 0-5 mm + 15% bentonite; GS+s = commercial products surrounded by
sand 0-5 mm; fs15B = fine sand 0-1 mm + 15% bentonite; fs = fine sand 0-1 mm); (b) schematic profile
showing the location of the temperature (A-B-C-D-E-F-D-Tyy-Tgrouna) and moisture (VWC) sensors,
the sampling measurements on surface (X1-X2-X3) and the dataloggers; and (c) from left to right the
hydraulic system, the climatic station, the bulk density sampling, the moisture sensors used at 0.20 and
0.60 m bgl, the thermal properties and time domain reflectometry devices used in situ.

Finally, the commercial product GeoSolid 240 HS (from now on cited as GS), kindly provided
by Fischer Spezialbaustoffe Gmbh (Heilsbronn, Bavaria, Germany), is an enhanced thermal material
(A =24 W m~! K™') generally used as grouting for borehole heat exchangers in agreement with the
current recommendations of Verein Deutscher Ingenieure (VDI), Association of German Engineers)
guideline for the thermal utilization of the substrate [48]. In the framework of ITER, it has been applied
mixed with water all around the helix, creating, once dried, an impermeable solid box completely
covered with coarse sand (Figure 2a).

The five soil mixtures have been selected according to the results of the laboratory measurements
performed on 15 thermally enhanced backfilling material (TEBM) tested under different water content
(complete dry up to complete saturation) and incremental load conditions [36].
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Table 1. Characteristics of the helix probe [28-49]

Helix Value
Spiral height—for transport (m) 1.1
Spiral height—for installation (m) 3
Outer diameter of the helix (m) 0.40
Pipe length (m) 40
Pipe size (mm) 25 x 2.3
Pipe Material High density polyethylene (PE-Xa)
Pipe Outside diameter (mm) 25.0
Pipe Inside diameter (mm) 204
Total length of the helical pipe (m) 40
Pitch between the turns (m) 0.10
Weight (kg) 7.5
Volume (for water/antifreeze) (1) 13
Temperature resistance (°C) up to 95
Estimated average extraction performance (W /helix probe) * 450

* This value is intended for each helix probe, as described in detail in the technical manual of the helix provided by
the manufacturer. The value could vary according to the kind of material and soil water content at disposal [49].

Concerning the hydraulic system, the five helix probes are coupled in a Tichelmann configuration,
each showing the same flow over 24 h, and are connected to an absorber, able to stress the working
condition (heating/cooling) (Figure 2c). A Tichelmann system, also commonly known as a reverse
return system, is a special system for pipe installation in heating engineering offering an equilibrated
system with the lowest possible resistance [50]. The circuits of the five helix collectors are connected to
the same flow and return line and are exposed approximately to equal pressure losses and equal volume
flows, in order to have a uniform heating all over the system. The ground boundary conditions (kind of
material, insulation panels, groundwater flow) have been already described, while the meteorological
effects (outdoor temperature, solar radiation, precipitation etc ... ) are discussed below. A numerical
simulation and related error analysis are not dealt with this work, based on the interactions between
soils, climate and running heat pumps.

2.2. The Monitoring System

Three main data acquisition systems have been conceived in order to collect information directly
from (i) the helix system, (ii) the surrounding environment and (iii) the backfilling material on surface.

Several sensors focused on the helix systems allows one to record every 5 min in two dataloggers
data related to:

e the ground temperature inside and outside each helix (six sensors/helix, 30 sensors in total);

e the undisturbed ground and surface temperature (two sensors) outside the trench;

e the fluid temperature running in and out the helix system (two sensors);

e the speed flow inside the helix (one sensor);

o the speed flow between the helix and the absorber (four sensors);

e the surface temperature of the absorber (two sensors);

e  the volumetric water content (VWC) at 0.60 m depth, that is at the top of each helix (five sensors).

In detail, the temperature sensors are constituted by Pt-1000 class B resistance thermometers
(accuracy of £ (0.30 °C + 0.005 x the reading temperature)). In each sector they are installed (Figure 2b):

(1) at the helix inlet (A), at 0.80 m depth below the ground surface (bgl) and 4 m away from the east
(E) margin;

(2) at the helix center (B), at 0.80 m depth (bgl) and 2.5 m away from E margin;

(3) at the helix end (C), at 0.80 m depth (bgl) and 1 m away from E margin;

(4) at the helix end (D) at 0.80 m depth (bgl) and 0.5 m away from E margin;
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(5) at the helix center (E), at 0.40 m depth (bgl) and 2.5 m away from E margin;
(6) at the helix center (F), at 0.30 m depth (bgl) and 2.5 m away from E margin;
(7)  outside the test site (Tgound), near the datalogger, at 0.60 m depth (bgl);

(8) outside the test site (Tgy,f), near the datalogger, at 0.10 m depth (bgl).

Given that the number of available sensors is limited and the project priority is to understand the
ground reaction to extreme thermal stress, it was decided to increase the number of sensors in different
locations (inside and outside each helix) instead of doubling the measurements in few points (only
inside the helix) in order to better fulfil the research purposes. In the event of one or more sensors
failure, the data collected in other sectors in the same position can provide an idea of the missing
data trend.

The fluid flow rate is measured by electromagnetic sensor (accuracy of 2%) and the volumetric
water content (VWC) at 0.60 m depth by soil moisture sensors (MAS-1 sensor of Decagon Devices Inc.
(Pullman, WA, USA), range 0 to 100% VWC, accuracy of £6%).

The heat carrier fluid is a mixture of water and 25% in volume of ethylene glycol [28]. It enters the
system into the straight pipe placed in the helix center and exited from the helical pipe [29] (Figure 2b).

All measured values are recorded and stored simultaneously by two datalogger systems both
with GigaLog-S logger modules and transmitters (IMC-Ingenieurbiiro MessElektronik, Chemnitz,
Saxen, Germany). The data presented in this paper are registered continuously (every 5 min) from
13 November 2015 till 22 May 2017, while the moisture measurements are available only in the
period 15 November 20167 February 2017. The system is switched on recreating heating conditions
three times (16 March—19 April 2016, 10-29 November 2016 and 2 March—22 May 2017). During the
remaining period the heat carrier fluid is recirculated in the helix without any heat-extraction (or
heat-injection) from (into) the ground [29]. Anyway, temperatures are monitored throughout the test.

A meteorological station, belonging to REHAU AG & Co, located 250 m SW from ITER test
site, provides climatic data acquisition related to light intensity or illuminance (Lux), rainfall (mm),
wind speed (m/s), wind direction (Grad), relative humidity (%), outside temperature (2 m high, °C)
and surface temperature (0 m, °C). The weather station is located 3 m above the ground and data
are collected every 10 min. Furthermore, measurements collected at the nearby weather station in
Nuremberg airport (about 10 km towards SE) by the Germany National Meteorological Service have
been used to validate the hourly and monthly measurement acquired in situ [51].

The time and date attributed to the data are always related to the solar time. In the helix
monitoring system, the hourly and the daily averages are calculated based on 12 measurements per
hour and 288 measurements per day, respectively. In the meteorological station, the hourly and daily
cumulative rainfall is determined based on six measurements per hour and 144 measurements per day.
Concerning the other climatic parameters, the recording is used to determine the average values.

Some malfunctions of the monitoring systems have resulted in limited data loss for certain
parameters, including the complete loss of signal for sensors E and B in sector 5 (E5 and B5) starting
from 8 February 2016 at 22:00 and from 24 May 2016 at 3:45 respectively (Figure 2c).

Monthly measurements of thermal conductivity and moisture content have been collected since
November 2015 till June 2017 on the surface. For each sector under investigation, three series of
data have been collected by thermal properties analyzer (KD2Pro apparatus, Decagon Devices, Inc.)
and time domain reflectometry (TDR) device (TRIME IMKO GmBH, Ettligen, Baden-Wiirttemberg,
Germany) in the first 10 cm below the ground surface (Figure 2c). However, from November 2016 till
February 2017, the presence of frozen soil related to prolonged period of air temperatures below 0 °C
prevented the execution of reliable thermal conductivity (A) measurements, while in September 2016
the data have not been collected, due to the non-availability of the devices. Since July 2016 surface soil
samples have been collected in order to determine the bulk density and volumetric water content of
the mixture, according to the Deutsches Institut fiir Normung (German institute for standardization)
DIN 52102 and DIN 18121 [52,53]. In addition, the VWC at 0.20 m depth is recorder continuously
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(every 5 min) since 15 November 2016 by soil moisture sensors (10HS sensor of Decagon Devices Inc.,
range 0 to 57%, accuracy of +0.5%).

3. Results and Discussions

3.1. Metereological Variables

The possibility to exploit surface geothermal energy by means of geothermal collectors is
essentially determined by the local climatic factors influencing precipitation and temperature. These
two parameters can vary the degree of soil water-saturation in the first meters of depth and, therefore,
according to the kind of sediment at disposal, the thermal properties, influencing the performance
of the helix. In addition, the meteorological variables provide essential information for the energy
consumptions of the buildings in the study area.

Therefore, the climatological data collected in Eltersdorf for over one year, from 1 November
2015 to 10 February 2016 are here presented. Diurnal and seasonal variations in soil temperature
are a function of solar radiation, fluctuations in air temperature, soil textural composition, and soil
depth [34]. On the ITER test site, the effect of type and density of vegetation cover is not considered,
because no plants are foreseen on top of the backfilling material.

During summer the air temperature and solar irradiance present the highest values, in agreement
with the favored seasonal recharge of heat into the ground (Figure 3a,b). Solar irradiance (W/ m?) is
derived by the illuminance data (Lux in lumen/m?) directly recorded by the meteorological station
considering a luminous efficacy of 105 (lumen/W), valid for clear skies and average condition [54].

In late December 2016 and in early January 2017 air temperatures below 0 °C are recorded,
representative of snow and frost events. (Figure 3a). The wind speed shows large short-term
fluctuations, while the relative humidity behavior is characterized by minimum values in early
May 2016 and early January 2017. Throughout the year the latter shows quite high values and
oscillates following air temperature and rainfall variations (Figure 3b).

The average daily air temperature is estimated about 14-15 °C during summer time (from April
to September) and 3—4 °C during winter (October to March). Maximum and minimum values reach
on average up to 24-25 °C and up to —8.5 °C. The undisturbed Tgoung is assumed equal to the
annual mean T,;; value, that is about 9°C according to Germany’s National Meteorological Service [51].
In Eltersdorf a value of 9.24 °C is determined in 2016 (Figure 3a). In general, the Nuremberg area is
characterized by an oceanic climate (Koppen: Cfb) with rather warm summers and mild-cold winters,
with significant rainfall all over the year (644 mm/year).

Precipitation is spread throughout the year, with the driest month in winter time
(December—February) and the wettest in summer (June-July) and autumn (November). During
the observation period, a minimum of 7.2 mm in December 2016 and maximum of 80-90 mm in
November 2015 and June 2016, are collected in Eltersdorf. Due to technical problems at the Eltersdorf
meteorological station, the value between June-August 2016 have been integrated by the data available
at the Nuremberg airport station [51].
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Figure 3. Climatic data between 1 November 2015 and 10 February 2016 in Eltersdorf: (a) daily average
temperature values for air (2 m above ground, Tair om), soil surface (T, gurf) and undisturbed ground
(Tground), together with the cumulative daily precipitation value. The dotted line represents the mean
value for the atmospheric air temperature all over the observation period (Tair 2m mean = 9.24 °C); and
(b) daily mean data for wind speed, relative humidity, and solar irradiance.

3.2. Soil Temperatures

Soil temperatures at 0.30 m, 0.40 m, 0.60 m, 0.80 m depths are collected continuously in all
Eltersdorf sectors from 1 November 2015 to 22 May 2017. The hourly average values are compared
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with temperatures (T) taken on ground surface (Ti; surf) and at 0.60 m depth (Tground) in undisturbed
conditions (Figure 4).

Moving down from the surface, the ground temperature decreases exponentially with depth,
due to the high thermal inertia of the ground: T oscillations are quite completely dumped bgl and a
phase shift can be observed between Tajr surf and Tground [12,15,23,55]. The amplitude of the T waves
is already reduced at 0.60 m depth (Tgyouna), reaching an average value of 7.9 °C, even if seasonal
variations are still visible and shifted in time compared to Tair om (Figure 3a). As expected, Tground is
lower than Ty, gurf (14.9 vs 16.5 °C) during the warmer season (April to September), and higher (3.7 vs
1.5 °C) during the colder months (from October till March).

In order to understand the thermal trend at different depth and in different GSHPs operative
mode (only fluid circulation or extraction/injection of heat) in each sector at disposal, an overview of
the underground temperature data recorded inside the same kind of material is discussed (Figure 4a).

The system is running in heating mode (24 h/day) three times from November 2015 till May 2017
(16 March—-19 April 2016, 10-28 November 2016 and 2 March-22 May 2017), forcing freezing conditions
and a significant decrease of soil temperatures inside the helix (Figure 4). In addition, from 22 December
2016 to 1 March 2017, the heat pump is switched on again in heating mode. However, in this last
period, prolonged intermittent thermal stress (25 cycles), always forcing the system up to freezing,
are artificially induced in the different kind of soils for short periods (generally 2 days on, 2 days off).
In fact, the project is focused on detecting the reaction of soil and collectors to extreme situations,
highlighting differences and similarities between the five sectors under the same climatic conditions in
different VSGs operation modes.

As the T trend at different depths is similar in all sectors, only the measurements performed
in sector 1 (fs) are showed as representative (Figure 4a). The selected interval (15 October 2016-15
December 2016) comprehends the running of the system in heating mode (10-28 November 2016).
During the whole timeframe the external temperature (T, gurf) Naturally decreases from about 12 to
2 °C. The area up to 0.80 m depth, when only fluid circulation is present, is sensitive to short-term
temperature variations, damped with depth (hourly average). However, as soon as the heat extraction
is activated, the sensors inside the helix and near its top show a sudden decrease of temperature, no
more affected by Ty, gurf fluctuations, with the lowest values registered in B.

Sensor E, located 0.20 m above the helix top, is affected by the GSHP system, while sensor F,
only 0.30 m above, shows fluctuations according to air temperature changes. Sensor D, 0.50 m away
from the helix east margin, is completely unaffected by the GSHP activation: its trend follows that of
the undisturbed ground temperature (Tgound) registered outside the trench, at 0.60 m depth (Figure 2).
Therefore, the effects of the helix in the surrounding soil are no longer observable at 0.50 m distance
from the margins and 0.30 m above the top, so it is reasonable to consider the T registered on sensor D
(Tp) as the undisturbed underground temperature for each mixture used as backfilling material.
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Figure 4. Temperature trend registered in the five ITER Project sectors between 15 November 2016
and 15 December 2016: (a) T (hourly average) recorded in sector 1 (fs as backfilling material); (b) daily
average soil temperature differences (°C) between the values collected in the helix center (By) and
the corresponding undisturbed profile (Dx) for each sector. The horizontal line in (b) is included to
distinguish positive and negative temperature differences.

Based on this assumption, the temperature differences between sensor E and sensor D
(AT = Tg-Tp) detected in each sector illustrate more clearly the thermal energy absorbed by the
helix [34]. In fact, the undisturbed soil (Tp) is in thermal equilibrium with its environment. For a
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geothermal collector to absorb heat, its temperature must be below the undisturbed soil temperature.
To allow a heat flow from the surrounding soil to the geothermal collector, a temperature gradient
(AT) is required according to the Fourier law of heat conduction [56]. Negative AT values highlight
that in the same material the area interested by the helix is considerably cooler than that not affected
(reference soil, sensor D, AT ~ —10 °C), when the heat pump is running (Figure 4b). Moreover, when
the heat exchanger is not operational, the soil temperature differences between the inside (Tg) and
outside (Tp) of the helix are negligible (AT ~ 0 °C).
For example, in the heating period considered (10-28 November 2016) (Figure 4):

e  Tp never drops below 0 °C when the heat pump is running, showing a mean value of about 4.5,
5.2,4.3,4.7,4.5 °C in sector 1-2-3-4-5 respectively;

e Tp average values of about —5.3, —5.2, —4.0, —5.0 °C for (fs), (fs15B), (s), (s15B) sectors are
determined. No direct measurements are available for loamy sand (SC) sector, due to sensor B
malfunction, but a value of about 5 °C is considered to be plausible;

e  Tground shows a mean value of about 5.2 °C;

e T, has a mean value of 2.5 °C

Moreover, as the heating mode begins, the ground temperature inside the helix drops suddenly
below 0 °C, reaching and maintaining a constant value (about —6, —5, —2 °C in B, A and C sensors
respectively) during the whole heating period and then recovering a value similar to Tgyoung after
the heat pump shutdown. When T remains constant below 0 °C, the phase change between water
and ice takes place, latent heat is released and the time required to expand the freezing front in
the surrounding ground increases [44-57]. No further drop of temperature is noticed, so complete
freezing is not reached and the helix take advantage from the release of latent heat during the phase
change process [21,58,59]. A greater amount of latent heat to be extracted (latent heat storage capacity)
belongs to the soil with the greater water content that, in this way, could be really promising when
critical conditions are reached [60]. Therefore, even with a low burial depth of installation and a heat
pump operating for a very long time with a flow temperature well below the permissible limit value
according to VDI 4640, the merging of ice radii does not occur.

Given that a strong T decrease is observed along the vertical (Tg, Tg, Tr) and horizontal (T¢c, Tg,
Ta) profiles of the helix when the system is running (10—28 November 2016), it is interesting to verify,
once stopped the GSHP, when the temperature rises again towards the Ty, values, allowing to start
the heat energy potential refurbishment (Figure 5). In the T depth profiles two main behaviors are
identified, typical of non-operating (i.e., 15 October, 5 November, 15 December 2016) and operating
(i.e., 10, 15, 20 November 2016) conditions. Both show an initial increase of T values deepening from
0.30 to 0.40 m bgl as expected in the colder season. Then, a quite stable temperature characterizes the
former, up to 0.80 m depth, while a strong decrease of T between 0.40 and 0.80 m depth identifies
the latter (Figure 5c). Once shutting down the heat pump on 28 November 2016, the non-operating
behavior is completely recovered after one week ( 5 December 2016), while already after three days
(1 December 2016 the temperature difference between 0.40 and 0.80 m depth is annihilated. Moreover,
the ground temperature recorded at all depths at the end of the heat extraction period are lower than
those noticed at the beginning, in agreement with the general Ty;; g trend already described.
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Figure 5. Comparison of temperature and climatological data expressed as daily average in sector 1 (fs)
from 15 October 2016 up to 15 December 2016. (a) Air and ground temperature variations registered at
different depths together with illuminance data; (b) relative humidity, wind speed, precipitation and
soil moisture content variation in the same period; (c) vertical temperature profile connecting sensor B
with the outside temperature; and (d) temperature section changes along the E-W axis of the helix.

Along the horizontal profile all the sensors are located at the same depth (0.80 m), corresponding
to the central axis of the helix oriented E-W. A steady temperature is registered in the four measurement
points during non-operating period. In this case the recorded data reflects the progressive lowering
of the outside air temperature, so before and after running the system the values range respectively
between 9-11 °C and 2—4°C. At the beginning of the heat extraction (10 November 2016), a sudden
drop of T is observed, with the lowest values belonging to B sensor and undisturbed condition in D.
After 3 days (1 December 2016) from the shutting down, the Ts inside the helix begin to be similar again,
but only after 2 weeks (10 December 2016) they reach the same value of the undisturbed condition
(Figure 5d).

During the same period the illuminance trend diminishes over time, even if strong day by day
oscillations are observed, due to cloudy and sunny days following one another. The relative humidity
of the air and the wind speed have average value of 86% and 0.74 m/s, while several precipitation
events are recorded. Moreover, the data related to soil moisture content monitoring at 0.20 and 0.60 m
depth, recorded since 15 November 2016 and 3 November 2016 respectively, are shown. At 0.20 m
depth, the VWC is affected by precipitation: due to the porosity of the material (a fine sand) a small
increase of moisture content is observed instantly on surface during the precipitation event of 19/11,
while in depth no visible effects are noticed (Figure 5b).
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During the heating period, small T variations can be observed also on a daily base. Taking day
15 November 2016 as a reference, the Ty, is lower than Tgoung (cold season), but during the 24 h it
is progressively increasing, ranging from —2.1 °C up to 0.3 °C (Figure 6a). The soil temperature at
different depth, instead, is constant throughout the day, but Tgrounq > Te > Tr >Ts.
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Figure 6. Comparison of temperature and climatological data expressed as hourly average on
15 November 2016 in sector 1 (fs). (a) Air and ground temperature variations at different depths
together with illuminance data; (b) relative humidity, wind speed, precipitation and soil moisture
content collected in the same period; (c) vertical temperature profile and (d) horizontal temperature
section along the E-W axis of the helix.

T depth profiles and sections have the characteristic operating behavior, but, from 0 h to 23 h,
differences of about 0.2-0.3 °C in the former and about 0.5 °C in the latter are observed. The lowest
temperatures are reached at the end of the day, probably as an effect of the air temperature thermal
shift over time (Figure 6¢,d). Moreover, throughout the day the illuminance presents a maximum value
at midday and minimum trend during the night and late evening. The relative humidity of the air is
89% and the wind speed is about 0.6 m/s on average, while a small precipitation event occurs in the
evening. No appreciable changes in soil moisture content, both at 0.20 and 0.60 m depth, are observed
during the 24 h (Figure 6b).
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3.3. Thermal Conductivity and Moisture Content Variation

The monthly measurements of thermal conductivity (1) and moisture content (MC) performed at
the test field in Eltersdorf show how and in which extent, under the same climatic conditions, the soil
mixtures thermal properties are affected by the ability to retain water.

The five mixtures (fs, fs15B, GS+s, s15B, SC) have been placed in situ in nearly dry condition
(volumetric water content ~ 5%) and then have increased or reduced their water content according
to the meteorological variations. On this regard, the time domain reflectometry (TDR) is a reliable
tool to easily detect the moisture content on surface [46], while at greater depth soil moisture sensors
detecting VWC values are used since November 2016.

It is important to remember that the GS compound in sector 3 completely covers the helix,
isolating it from the surrounding sand. The GS, once solidified, is completely impermeable and it is
assumed not affected by water content variation. Therefore, its thermal conductivity is considered
invariant throughout the observation period with a constant value of 2.4 W m~! K~!, as declared
by the producer. However, the data collected in sector 3 can be used to observe thermal properties
variations in the coarse sand.

In detail, the relationship between A and MC clearly identifies the five backfilling materials
(Figure 7a). The coarse (s) and fine (fs) sand are characterized by a rapid increase of A with a limited
increase of MC. In fact, the majority of their values is grouped in a narrow MC interval (0 + 10%). The
average thermal conductivity is 1.1 W m~! K~! for the coarse sand and 1.2 W m~! K~! for the fine
sand. Highest value of heat transfer capacity belongs to the loamy sand (5C), that reaches an average
A value of 2.0 W m~! K~!. Finally, the thermally enhanced backfilling material created for the project
(fs15B, s15B) reveal on surface (first 10 cm depth) a better thermal performance than the corresponding
pure material (fs, s), with an average A value of about 1.4 W m~1 K1, Therefore, summarizing, we
found that on surface /\loamy sand > Abentonite mixtures > /\pure sand-
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Figure 7. Thermal conductivity data and moisture content variations measured monthly at the test field
in Eltersdorf. (a) Relationship between thermal conductivity and moisture content for the five ITER
mixtures used on site; and (b) surface variation of moisture content over time.

This outcome is in agreement with the laboratory results and is related to the MC changes
recorded in situ [34] (Figure 7b). Three main patterns are identified: (i) the lowest MC average values
(MCaverage ~ 2.3% and 4.9%) belongs to the pure sands (s and fs respectively), (ii) an intermediate value
(MCaverage = 11%) is typical of the loamy sand; (iii) the highest records (MCayerage ~ 18% and 19%)
belongs to the sand-bentonite compounds (s15B and fs15B, respectively). A remarkable improvement
in the ability to retain water in the pores is observed when bentonite is added to the pure sand. Instead,
notwithstanding the loamy sand has an intermediate moisture content, it shows the best thermal
performance, thanks also to its prevalent quartz mineralogical composition.
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However, the moisture content decreases with depth, as shown by the data measured by the soil
moisture sensor located at 0.20 and 0.60 m of depth (Table 2). The average VWC values on Table 2 are
calculated from the data recorded continuously from 29 November 2016 up to 7 February 2017.

Table 2. Average value L of the volumetric water content (%) measured in continuous from 29 November
2016 up to 7 February 2017.

Depth (m) Sector 5_SC Sector 4_s15B  Sector 3_GS+s  Sector 2_fs15B Sector 1_fs
-0.20 19.6 15.9 53 28.4 14.1
—0.60 10.1 12.8 10.8 26.7 6.6

1 All values are expressed in %.

Due to the decreasing of VWC, a reduction of A with depth is expected, more effective in pure
sand than in bentonite mixtures. In fact, as seen in Figure 7, a gradual decrease of moisture content
in sands implies a rapid decrease of A, while on bentonite mixtures or loamy sands, the reduction is
more gradual.

4. Conclusions

The long-term investigation of soil temperatures, environmental parameters and soil
characterizations provided by ITER Project and described in this paper contribute to understand
the influence of several factors on very shallow geothermal systems, as helix Earth collectors. In the
ITER project test site in Eltersdorf, the data collected over more than one year in the same environmental
condition allows to recognize the effects of meteorological parameters on five different soil bodies.

At first, the influence of air and soil temperature variation during the heating and stagnation
period of ground heat exchanger is analyzed. In all five soils tested in situ, when the system is not
running, the amplitude of Tg;oung Waves is already reduced at 0.60 m depth compared to Tair om and
Tair_surf- When the heat pump is running, Tgound variations induced by the helix are no longer noticed
at 0.30 m from the top and 0.50 m from the lateral margins of the helix itself and the lowest T values are
always recorded in the middle of the helix (sensor B). Moreover, horizontal and vertical temperature
profiles determined through the helix axes show small T variations on monthly and daily basis, related
to the influence of air temperature fluctuations in depth. On monthly base a non-operating (i.e.,
15 October, 5 November, 15 December 2016) and operating (i.e., 10, 15, 20 November 2016) behavior,
typical of “switching off” and "switching on" mode of the heat pump, are easily identified. They allow
a preliminary evaluation of the recovery time needed to re-establish undisturbed Tg;oynq conditions,
that is about one week along the vertical profile and two weeks along the horizontal section.

Due to the low burial depth of installation (0.60-1.0 m depth) the helix performance is still affected
by daily and monthly temperature amplitude fluctuations, but this effect is limited compared to
thermal conductivity variations induced by different soil moisture content.

In fact, the thermal properties of the soil mixtures measured in situ together with the soil moisture
content show the following pattern Ajpamy sand > Abentonite mixtures > Apuresand- A decrease of water
content with depth is observed (no groundwater flow is present), followed as expected by a reduction of
thermal conductivity. In detail, in coarse sand material a gradual decrease of moisture content implies
a rapid decrease of thermal conductivity, while on bentonite mixtures or loamy sands, the reduction
is more gradual. Then, these materials are promising for a better performance of the helix if initial
adequate moisture conditions (>12.5%) are provided and maintained over time. In fact, according to
literature, a VWC content below 12.5% decreases the performance of a shallow geothermal system
while a VWC over 25% improve it [45]. In ITER Project test site, at 0.60 m depth only (fs15B) overcame
this restraint in a long time and is expected to provide the better performance together with GS, whose
thermal properties are considered invariant.

Finally, the deliberately chosen conditions of low burial installation depth and longtime heat
pump running with a flow temperature well below the permissible limit value according to VDI 4640,
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reveal that, contrary to what expected, the helix is still working in extreme conditions and the merging
of ice crystals does not occur. In all ITER sector the temperature drops well below 0 °C at the beginning
of the heating mode, reaches and maintains a constant value during all the heating period and then
recovers value similar to Tgroung When the heat pump is shutdown. When the temperature is constant,
water is converted into ice and latent heat is released. No further drop of temperature is registered,
so complete freezing is not reached and the helix take advantage from the release of latent heat
during the phase change process. A greater amount of latent heat to be extracted (latent heat storage
capacity) belongs to the soil with the greater amount of water content, that is the fine sand with 15%
bentonite (fs15B), characterized in situ by a VWC equals or greater than 25%. This finding is extremely
interesting and requires further research approaches. Anyway, periods of not operating condition
must be respected to allow soil to regenerate its thermal energy content and thermal properties.

In general, to improve the heat exchange in all the sector, a practical solution could be to increase
the VWC at 0.60 m depth up to 25%. Then, the loamy sand and fine sand are expected to provide
better performances, thanks to the combined presence of quartz minerals and ability to retain water
responsible for the high thermal conductivity measured on surface (A > 2.0 W m~! K~1). However,
bentonite mixtures are expected to play a fundamental role when high content of soil moisture (at least
>30% VWC) are involved, especially if critical operating conditions are reached.

For example, to increase and renew the soil moisture content in order to enhance the performance
of the system and simultaneously improve the recovery time of ground temperature after the heat
pump shutdown, a practical solution could be to bypass with pipes the roof precipitation drainage
into the ground.

Further development of the research foresees numerical simulation to better characterize the
influence over time of all the parameter here described.
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Nomenclature

VSGs very shallow geothermal systems
RHC Renewable Heating & Cooling
GSHPs Ground Source Heat Pumps

A heat conductivity (W m~1 K1)
TEBM thermally enhanced backfilling materials
XPS extruded polystyrene

fs fine sand 0-1 mm

fs15B fine sand 0-1 mm with 15% bentonite
s sand 0-5 mm

GS GeoSolid 240HS

s158 sand 0-5 mm + 15% bentonite

SC loamy sand

VWC volumetric water content (%)

bgl below the ground level

T temperature

Tg temperatures


http://iter-geo.eu/
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Teround temperature of the ground outside the test site at 0.60 m depth (°C)

Tourt temperature of the ground surface outside the test site (° C)

Tair 2m temperature of the air 2 m above the ground surface (°C)

Tair surf temperature of the air above the soil surface (°C)

Tairt temperature of the atmospheric air (°C)

Bx sensor B in each sector

Dx sensor D in each sector

TAB-C.D-E-F temperature measured at sensor A, B, C, D, E, F respectively

MC moisture content detected in situ with TDR device

TDR Time Domain Reflectometry
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