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OPERATIONAL RESPONSE OF A SOIL-BOREHOLE THERMAL ENERGY
STORAGE SYSTEM

Tugge Baser, M.S.%, Ning Lu, Ph.D.?2 and John S. McCartney, Ph.D., P.E.2
ABSTRACT: This study focuses on an evaluation of the subsurface ground temperature
distribution during operation of a Soil-Borehole Thermal Energy Storage (SBTES) system. The
system consists of an array of five 9 m-deep geothermal heat exchangers, configured as a central
heat exchanger surrounded by four other heat exchangers at a radial spacing of 2.5 m. In addition
to monitoring the temperature of the fluid entering and exiting each heat exchanger, 5 thermistor
strings were embedded in boreholes inside and outside of the array to monitor changes in ground
temperature with depth. After 75 days of heat injection at a constant rate of 20 W/m,
corresponding to 11.5 GJ of thermal energy, the average ground temperature in the array
increased by 7 °C. However, depending on the storage volume definition, only 2.43 to 4.86 GJ of
thermal energy was stored due to heat losses. After a 4-month rest period the heat storage was
observed to decrease by 60% due to further heat losses. The trends in subsurface temperatures
during heat injection were consistent with results from a simplified heat injection simulation
using the system thermal conductivity estimated from a line source analysis. Although the heat
injection rate of 20 W/m is smaller than that expected in actual SBTES systems (35-50 W/m), an
energy balance analysis indicates the number of boreholes in the array was too few to effectively
concentrate the heat injected within the subsurface. Nonetheless, the results provide an

experimental reference point between a single borehole and a larger SBTES system.
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1. INTRODUCTION

Soil-Borehole Thermal Energy Storage (SBTES) systems are used to store heat collected
from renewable sources so that it can be used later for heating of buildings (Claesson and
Hellstrom 1981; Sibbitt et al. 2007; Chapuis and Bernier 2009; Sibbitt et al. 2012; Zhang et al.
2012; McCartney et al. 2013; Baser and McCartney 2015). They function in a similar way to
conventional ground-source heat exchange (GSHE) systems, where heat is transferred from a
source to a sink via circulation of fluid through a series of closed-loop heat exchangers. Because
SBTES systems are meant to store heat, as opposed to exchanging heat without disturbing the
ambient ground temperature, the spacing of the heat exchangers in SBTES systems is closer than
that in conventional GSHE systems (Baser and McCartney 2015). They also differ from GSHE
systems in that heat is primarily injected from renewable sources such as solar thermal panels
during the summer months, and extracted for building heating during the winter months. During
operation of SBTES systems using solar thermal panels as the heat source, the temperature of the
ground within the array is expected to increase from its ambient temperature (approximately 10-
20 °C) to potentially more than 60 °C (Sibbitt et al. 2012; Bjoern 2013), which is much higher
than that encountered in conventional GSHE systems. One advantage of storing heat in the
subsurface at temperatures around 60 °C is that heat can be transferred to and from the
subsurface via direct circulation of fluid through the closed-loop heat exchangers without the aid
of a heat pump. However, because Sibbit et al. (2007) noted that heat losses from SBTES
systems can be 60% or more due to the high thermal gradients, Chapuis and Bernier (2009)
proposed that the SBTES system store heat at lower temperatures to minimize the thermal
gradient but incorporate a heat pump to help extract the heat from the circulating fluid. An

additional difference between SBTES and GSHE systems is that the borehole heat exchanger
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array in a SBTES system is overlain by a hydraulic barrier to retain pore water within the
subsurface and an insulation layer to minimize heat losses to the atmosphere.

While SBTES systems are gaining popularity throughout the world, a better understanding of
their thermal performance is required as their thermal storage capacity and heat loss highly
depend on the average soil temperature during a heating or cooling period. Heat injection at
temperatures around 30-60 °C may lead to different mechanisms of heat transfer for some soils
than those expected under lower temperatures, with the potential onset of convective heat
transfer in addition to conductive heat transfer (Lu 2001). The heat storage capacity of an SBTES
system depends on the thermal properties of the subsurface and the different modes of heat
transfer. Heat loss will occur from any SBTES system (upward, downward and laterally), and is
dependent on the spacing of boreholes, number of boreholes, heat injection rate, and heat
injection duration, along with the subsurface thermal properties (Baser and McCartney 2015).
The primary mode of heat loss from an SBTES system is laterally to the surrounding subsurface.
The upward and downward heat losses are not as significant because the area of heated soil
around each borehole heat exchanger makes the vertical heat flux values much smaller than the
lateral heat flux. Further, the upper surface of an SBTES system is typically insulated. The
relative importance of heat losses decreases markedly as the size of the system increases, while it
increases with the temperature difference between the storage and undisturbed ground
temperature (Nordell and Hellstrom 2000). This paper investigates a relatively small array of
boreholes forming a SBTES system, including a central borehole heat exchanger surrounded by
four borehole heat exchangers at the same radial spacing. This provides an important reference
point on the scalability of SBTES systems from a single borehole heat exchanger to a larger

borehole array such at that at the DLSC site.
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The operational concept of an SBTES system is shown in Figure 1. Heat is injected at a
relatively constant rate during the summer months. During this time, the soil within the array
increases in temperature. Heat is injected into the central borehole heat exchanger first, then to
the surrounding borehole heat exchangers. Although the heat supply in most SBTES systems is
from solar thermal panels that only produce heat for a certain period of time during the day, the
heat injection rate is stabilized through the use of an intermediary fluid-filled heat storage tank
(Sibbitt et al. 2007). The temperature of the soil increases rapidly due to the high thermal
gradient, and the rate of increase in temperature decreases as the soil reaches its storage capacity.
During the fall months, heat may continue to be injected into the array depending on the climate
setting, or the heat injection may be stopped at the end of the summer. If heat injection is
stopped, a rest period may occur, as shown in Figure 1, during which heat may be lost to the
surrounding subsurface. After heat extraction in the winter, the system may recover some small
amount of heat from the surrounding subsurface before heat is injected again into the array
during the next summer.

Design parameters of SBTES systems include energy injection and extraction rates, borehole
spacing as well as thermal properties of the subsurface. Two commonly used design models
available for predicting the heat storage in SBTES arrays for variable injection and extraction
rates are the duct storage (DST) model developed by Claesson and Hellstrom (1981) and
Hellstrom (1989) and the superposition borehole model (SBM) developed by Eskilson (1987).
As the borehole array investigated in this study was constructed for research purposes, it was not
designed using these models to reach a certain energy storage needed for a building. Claesson
and Hellstrém (1981) also proposed several analytical formulae based on the DST model for

selecting the spacing of the boreholes, and found that the optimal spacing between borehole heat
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exchangers in an SBTES system is 1.5-4.0 m. Baser and McCartney (2015) performed a series of
simplified numerical analyses of heat conduction that indicate that soils with lower thermal
conductivity have less lateral heat loss, and that arrays with smaller borehole spacing permit
more concentrated storage of heat at higher temperatures.

The main objective of this study is to evaluate the temperature distribution in the subsurface
during a heat injection test on a full-scale SBTES system installed in the vadose zone. Although
the modes of heat transfer in the vadose zone are expected to be complex, this study does not
focus on an evaluation of the potential coupled heat transfer and water flow within the array.
Instead, it focuses on the effectiveness of a relatively small SBTES system in storing heat during
a 4-month rest period after a 75-day heat injection period. Although there have been studies on
the system thermal properties of the subsurface defined from short-term heat injection tests on
single boreholes (Beier and Smith 2002; Gehlin and Spitler 2002; Lamarche et al. 2010;
Raymond et al. 2011), the temperature distributions observed during long-term heat injection
into multiple boreholes in this study provide an opportunity to evaluate transient interactions
between heat exchangers in SBTES systems.

2. BACKGROUND
2.1. SBTES Systems

Although there have been several successful SBTES systems in Scandinavia since the late
1970’s (Claesson and Hellstrom 1981), there are two recent examples of successful community-
scale SBTES systems. The Drake Landing Solar Community (DLSC) in Alberta, Canada
includes an SBTES system that has been in operation since 2007. This system supplies heat from
solar thermal panels to an array of 144 borehole heat exchangers that are 35 m-deep and equally

spaced at 2.25 m within a 35 m-wide grid. The SBTES system at this site has provided more than
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90% of the heating requirements to 52 houses (Sibbit et al. 2012). The heat is transferred via
direct of fluid through the borehole heat exchangers. Zhang et al. (2012) performed a numerical
simulation of the heat exchange processes at the DLSC site, and found that the efficiency of heat
transfer defined as the amount of heat extracted divided by the amount of heat injected is
approximately 27%. Although this amount seems low, the thermal energy injected into the
SBTES system is obtained freely from a renewable source and the heat extracted was sufficient
to meet the needs of the community. Another successful SBTES system is in Braedstrup,
Denmark, which also supplies heat from 18,000 m? of solar thermal panels to an array of 50
boreholes with a depth of 47-50 m and 3 m apart from each other installed across an area with a
width of 15 m (Bjoern 2013). This system provides 14000 homes with 20% of their heat. At both
sites, heat is permitted to escape laterally from the SBTES array. The DLSC site includes a
hydraulic barrier to minimize evaporation of water from the soil (the groundwater table is 6 m
below the ground surface).
2.2. Heat Injection Tests

Heat transfer in the subsurface has primarily been studied as a time-dependent heat
conduction problem due to the complexities involved when considering convection. Heat transfer
from a borehole heat exchanger to the subsurface depends on the thermal conductivity of the
ground as well as the heat injection rate and the undisturbed ground temperature. Thus, a proper
design of a ground source energy system requires a good estimation of the ground thermal
properties. The thermal response test (TRT) is routinely used to determine the ground thermal
properties as well as the heat-transfer performance between the ground and the heat exchanger
(Mogensen 1983; Gehlin and Spitler 2002). In a TRT, heat is injected into a vertical geothermal

heat exchanger within a borehole at a constant rate. Specifically, heated fluid is pumped through
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the heat exchanger tubing and the inlet and outlet fluid temperatures are measured as a function
of time, along with the power input to the heater and the fluid flow rate (Gehlin and Spitler
2002). The heat injection rate can be calculated from these variables as follows (Carslaw and
Jaeger 1959):
Q=V;p,C; (T ~Tow) (1)

where Vf is the volumetric flow rate of fluid (m®s), pris the fluid density (kg/m®), Cs is the
specific heat capacity of the fluid (J/(kgK)), and Tin and Tout are the temperatures of the fluid
entering and exiting the heat exchanger loops, respectively (K).

During a TRT, the average of the inlet and outlet fluid temperatures is plotted as a function of
time to evaluate the increase in the ground temperature as a function of time. This data can be
interpreted using solutions to Fick’s equation considering only heat flow via conduction, such as
the infinite line source, finite line source, and cylinder source (Mogensen 1983; Eskilson 1987;
Witte et al. 2002; Gehlin and Spitler 2002). The infinite line source equation is the simplest
solution, where the thermal conductivity A of the soil surrounding an infinite source during

application of a constant heat injection rate Q can be calculated as follows:
_ &Id_TT @)
4al | d(Int)

where L is the length of borehole heat exchanger. The term in brackets is the slope of the change
in mean fluid temperature versus the logarithm of time. This slope is typically calculated after
the slope of the temperature rise curve has stabilized, which typically corresponds with the time
that the heat capacity of the heat exchanger and grout is reached. The line source analysis and the
others mentioned above assume that the subsurface is homogeneous, and provide a system value

of thermal conductivity for the subsurface even if there are multiple strata with different thermal
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properties. Recently, it has been proposed to also measure temperature variations along the
boreholes to determine the thermal properties as a function of depth using the Distributed
Thermal Response Test (DTRT) (Acuna and Palm 2013). Another alternative is to use embedded
instrumentation in the ground around a heat exchanger to measure the temperature gradient and
infer the subsurface thermal properties by assuming the mode of heat transfer (Murphy et al.
2014).
3. FIELD TEST
3.1. Overview

The heat injection test described here was performed on a SBTES system on the Colorado
School of Mines campus in Golden, CO (US) between June-September 2014. The SBTES
system under investigation consists of an array of five 9 m-deep geothermal heat exchangers
installed in vertical boreholes having a diameter of 70 mm (BH-1 to BH-5), configured as a
central heat exchanger surrounded by four others at a radial spacing of 2.5 m, as shown in Figure
2(a). The array is overlain by a hydraulic barrier, an insulation layer, and a layer of site soil to
support vegetation, as shown in Figure 2(b). Thermistor strings were installed in the same holes
as the heat exchangers in BH1 and BH2 to observe the temperature changes at the locations of
the heat exchangers during the heating and cooling periods (T-A and T-C). Three additional
boreholes were drilled at locations inside and outside of the array for installation of thermistor
strings to observe changes in ground temperature (T-B, T-D, and T-E).

The heat exchange tubing consisted of 25.4 mm-inner diameter cross-linked polyethylene
(PEX) tubing having a thermal conductivity of 0.4 W/(m°C), configured in a “U” shape. After
placement of the heat exchange tubing or the thermistor string, sand-bentonite grout with a

mixture ratio of 4:1 sand to bentonite was backfilled into the space between the U-loop tube and



179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

the inner BHE wall. The grout has a thermal conductivity of 1.20 W/(m°C). The top of the
system included a 60 mil (1.52 mm)-thick high-density polyethylene geomembrane hydraulic
barrier to minimize evaporation from the subsurface, and a 60 mm-thick expanded polystyrene
insulation layer to minimize upward heat loss. Before placing the hydraulic barrier and insulation
layer, the heat exchanger tubing coming out of the boreholes was wrapped with foam insulation
then routed below the surface through a 1-m deep trench to the location of the manifold.
3.2. Subsurface Conditions

The subsurface conditions were assessed during drilling of the first borehole, which was
drilled using an air hammer bit. The majority of the subsurface consists of a colluvial deposit of
dry, cemented sandy gravel, extending to a depth of 7 m below the surface. Below this a 1 m-
thick sand layer was encountered, which was underlain by stiff clay. The water table coincided
with the top of the sand layer at a depth of 7 m from the surface. The remaining boreholes were
drilled using the slurry method due to the saturated sand layer. The thicknesses of the soil layers
observed during drilling of the first borehole are presented in Figure 2(b).
3.3. Instrumentation

Temperature variations in the soil inside and outside of the SBTES system were monitored
using five thermistor strings (T-A to T-D) from Geokon Inc. of Lebanon, NH. The thermistor
strings consist of a single cable with four thermistors located at different lengths. The thermistor
strings were inserted into the boreholes shown in Figure 2(a), after which the boreholes were
backfilled with sand-bentonite grout. They were either attached to a metal stinger to hold them in
place during grout placement, or were attached to the heat exchanger tubing with tape. One of
the thermistor strings was installed in a borehole outside of the insulated array to provide a

measure of the surrounding subsurface temperature. Each thermistor string was connected to a
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MICRO-1000 Data logger that has a 32 channel multiplexer. In addition to the thermistor strings,
thermistor pipe plugs (Model TC-J-NPT-G-72 from Omega, Inc.) were used to measure the
temperature of the fluid entering and exiting each borehole heat exchanger, as shown in Figure
2(b). The manifold shown in Figure 2(b) was insulated, but was not in an enclosed building, so
the temperatures measured using the thermistor pipe plugs are slightly affected by daily
fluctuations in air temperature. However, the temperature of the heated fluid is much greater than
these fluctuations so it did not play a major role in interpretation of the results.
3.4. Field Testing Procedures

A Geocube™ heating device from Precision Geothermal of Maple Plain, MN was used to
inject heat into the SBTES array by heating and circulating a 20% mixture by weight of
propylene glycol and water for a total of 75 days during the summer of 2014. The mixture has a
density of 1008 kg/m?® and a specific heat capacity of 3267 J/(kg°C). The heating device has a
maximum heating capacity of 11 kW through the use of four heating elements in series (2x2500
W and 2x3000 W). However, only a single heating element having a capacity of 2500 W was
used in this study to avoid high fluid temperatures that would have triggered the overheating
sensor in the heating device. The SBTES system in this study has a relatively short heat
exchanger length of approximately 100 m (including both legs of the U-tubes) compared to some
GSHE systems that can be tested using the heating device. The fluid was first injected into the
central borehole (BH-1) at an average flow rate of 500 ml/s, after which the return fluid was split
into the other four boreholes at different flow rates, then back into the heating device, as shown
in Figure 2(b). The sequence of the flow paths are numbered in the Figure 2(b), showing that
flow first goes into the central borehole (1), comes out of the central borehole (2), is split at the

location of the manifold into the four surrounding boreholes (3), comes out of the four boreholes
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(4), then is sent back to the heater (5). The flow rate through each of the five boreholes was
controlled using a special ball valve (Model 58A from Apollo, NC) that has a Venturi orifice.
The pressure drop across the Venturi orifice can be measured to estimate the flow rate through
the valve. A differential pressure gage from Differential Pressure Plus, Inc. (Model 200 DPG)
was used to measure the water pressures on either side of the Venturi orifice during testing.
Although the ball valves were adjusted with the goal of equally distributing the flow through the
four outer boreholes, the fluid temperatures, which will be discussed later, indicate that the flow
rate through BH-2 may not have been equal to the others. During the heat injection period, the
inlet and outlet temperatures of the heat exchanger fluid for each borehole were continuously
monitored using pipe plug thermistors installed within the ball valves on the manifold. After the
75 days of heat injection, the ground was left to rest so that the ambient heat loss could be
characterized over a period of 4 months. During this time, the ground temperature was monitored
using the thermistor strings, and there was no fluid flow through the borehole heat exchangers.
4. RESULTS
4.1. Flow Rate and Temperatures of the Heat Exchanger Fluid during Heat
Injection

The actual flow rate supplied as a function of time to the central borehole (BH-1) measured
using the heating device is shown in Figure 3(a). A decrease in flow rate was observed over time,
potentially due to a reduction in efficiency of the circulating pump as the temperature of the fluid
increased. An issue that occurred during the test is that the manifold was rotated 90 degrees
while the test was running due to construction at the site not associated with the experiment. This

can be observed as a sudden reduction in the flow measurement data after 49 days of operation.

11
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The average fluid flow rates before and after the manifold was rotated are summarized in
Table 1.

As mentioned, the differential pressure gage was inserted into the P-T ports to infer the flow
rates through the four outer borehole heat exchangers, and the balancing values were adjusted in
an attempt to split the flow exiting from BH-1 evenly between the others. However, the
balancing was not perfect and BH-2 ended up receiving less flow than BH-3, BH-4, and BH-5.
This was not assessed until the end of the test when physical flow measurements were made for
each of the borehole heat exchangers. It is possible that after the manifold orientation was
changed that the distribution in flow rate through the four outer boreholes could also have
changed, but it is not possible to estimate this quantitatively. Accordingly, the flow rates for BH-
2 to BH-5 were assumed to be fractions of BH-1 estimated from the physical flow measurements
at the end of the test, as shown in Figure 3(a). Despite the unbalanced flow, the flow rates in the
boreholes shown in Figure 3(a) are sufficient to reach turbulent flow conditions (or at least
transitional conditions for BH-2), which maximizes convective heat transfer from the circulating
fluid into the ground.

The temperature of the heat exchange fluid entering and exiting each borehole heat
exchanger may be different due to differences in the flow rate and local variations in the heat
transfer into the ground. The heat exchanger fluid temperatures as a function of time are shown
in Figures 3(b) to 3(e) for the five heat exchangers. The difference in the inlet and outlet
temperatures, ATin-out, IS also shown in these figures, which together with the flow rate in Figure
3(a) reflects the magnitude of heat exchange following Eqg. 1. The positive sign of ATin-out
confirms that the SBTES system is in heating mode. The highest temperature difference was

recorded at BH-2 and the lowest was observed in the center borehole (BH-1). The low
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temperature difference in BH-1 may be due to the greater flow rate through this heat exchanger
that may not have permitted as much residence time for heat transfer into the ground as in the
other heat exchangers. Another issue is that the temperature differences started to rise slowly for
all of the borehole heat exchangers because of decreasing flow rates after the manifold
configuration was changed. Although the trends in the temperature difference changed
throughout the test, the average fluid temperatures can be used to characterize the boundary
conditions for each borehole heat exchanger throughout the test.

For a given flow rate, a higher value of ATinout represents a higher amount of heat injected
into the ground. The value of ATinout ranged from 0.2 to 5.3 °C with an average of 1.8 °C. The
heat injection rates per unit length (using both the downward and upward lengths of tubing)
calculated using Eqg. 1 are summarized in Table 1. The average heat injection rate per unit length
for all of the boreholes is 20 W/m. Although the heat exchange capacity of a GSHE system
depends on the thermal properties of the different materials and geologic strata, groundwater
flow, borehole dimensions, heat exchanger configuration, in deep geothermal systems (i.e., 200
m), the difference between inlet and outlet fluids is typically 2 °C in most systems (Schiavi
2009). This may be higher in SBTES systems, which have a heat injection rate of 35 W/m or
greater (Acuna and Palm 2013).

4.2. Surface Air and Ground Temperatures

The maximum, minimum, and average temperatures of the air in Golden, CO during the
duration of the heat injection and rest periods are shown in Figure 4(a) for reference. Although
there SBTES array is 1 m below the ground surface along with an insulation layer, the air

temperature still may have an effect on the subsurface temperatures around the array. The
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temperature is observed to range from almost 35 °C in the summer to -25 °C in the winter, with a
significant temperature drop in November 2014.

Time series of the ground temperatures during the test are shown in Figures 4(b) to 4(e).
Before the heat injection test, the ground temperatures were monitored for a period of one month
to help ensure that the thermistors were in equilibrium with the ambient ground temperature.
Despite the insulation layer at the surface of the SBTES, the temperature at different depths in
the array still varied between 9 and 13 °C because of the previous seasonal effects on the ground
temperature, with greater temperatures near the ground surface due to the spring heating. This
temperature range is reflected in the initial temperatures shown in the figures for the different
depths.

Heat injection led to an increase in ground temperatures measured by the thermistor strings.
The horizontal dotted lines in Figure 4 denote the “average initial temperature” with depth in
each borehole that was given as a reference line to compare the temperatures with the initial
conditions. It should be noted that the background temperature may fluctuate seasonally up to a
certain depth (approximately 2 m), which can change the amount of heat storage compared to the
ambient ground temperature. The vertical dashed lines denote the end of the heat injection phase.
The ground temperature reached a maximum temperature of 32.5 °C at a depth of 9 m at the
central borehole BH-1, as shown in Figure 4(a). The temperature at the surrounding borehole
heat exchangers increased up to a lesser amount (25 °C) as shown in Figure 4(d) for BH-2. The
soil within the array also experienced an increase in temperature, which was between that of
BH-1 and BH-2, as shown in Figure 4(c). Further, a clear delay in temperature rise was observed
at this location compared to the locations of the borehole heat exchangers. Although T-D was

located outside of the array, and was not covered by the insulation layer, it was still affected by
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the heat injection process, as shown in Figure 4(e). It should be noted that during heat extraction
from the SBTES, the borehole heat exchangers might be able to extract heat from the subsurface
outside of the array as well. This is one reason that Baser and McCartney (2015) defined the
storage volume of the array as 2 radial spacings from the center. Comparing T-D and T-E, which
is at the outside edge of the array, the role of the insulation layer and overlap in heating from
BH-1 and BH-2 is reflected in the slightly higher temperatures at the location of T-E, as shown
in Figure 4(f). Although one of the sensors in thermistor string T-B at depth of 6 m ceased
operating after 49 days of operation, there was good survivability of the thermistors in the
system.

After 75 days of heat injection, the ground was permitted to rest to observe ambient heat loss
from the system. Overall, the highest temperature change was observed at a depth of 2.3 m near
the ground surface, while the lowest was observed at 9 m. Despite the surface insulation layer
(located 1.3 m above the uppermost thermistors), the data from these thermistors indicates that
heat loss will still occur upwards due to the very cold air temperatures observed in Figure 3(a).
The ground temperature at the locations of the borehole heat exchangers decreased drastically at
the start of cooling but stabilized after 60 days in almost all thermistor locations. The same
behavior was observed in the temperature distribution from the thermistors installed between
heat exchangers, which reflects spreading of the heat throughout the array. Outside of the array,
the ground was still on average at least 2.5 °C greater than at the beginning of the heat injection
period. Although this increase in temperature is not significant, it still reflects a substantial
amount of thermal energy (0.65 GJ) across the volume of the array. A heat pump would likely be
necessary to extract this heat efficiently for this small size of array. The SBTES system at DLSC

is different, as the large number of boreholes in the array permits the ground to increase in
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temperature by almost 50 °C above the ambient ground temperature, so only direct circulation is
needed to extract the heat.

Temperature profiles with depth at different times after the start of heating are shown in
Figure 5. Due to the contact between heat exchangers and sensors, the temperatures are more
uniform with depth in T-A and T-C. However, the highest temperature increase was observed in
the center borehole. The soil throughout the height of the soil layer was observed to increase in
temperature steadily over time during heat injection. The highest increases in temperatures were
observed near the top of the array. This could be due to the effect of the insulation layer near the
surface, but it could also reflect upward vapor flow in the soil layer due to phase change. As the
pore water in the soil heats up, it may vaporize and move upwards due to buoyancy, carrying
heat through convection. This is a mode of heat transfer in SBTES systems that will be
investigated in future studies using advanced numerical simulations.

The temperature of the ambient ground outside of the array was not measured, but was

predicted using the analytical model presented by Brandl (2006), given as follows:

AT e™?/d ~

T(z,t)=T, o+ ——H;It( — cos(co(t —£) ; j (3)
where z is the depth from the surface, t is the time, Tmout IS the mean yearly air temperature,
ATout is the amplitude of outside air temperature, o is the frequency of temperature fluctuations,
d is the damping depth of temperature fluctuations, and k is a heat transfer coefficient that
depends on the soil-atmosphere interaction coefficient as. The parameters of the model are
presented in Figure 5(f). The temperature parameters were selected so that the calculated value at
the surface T(0,t) matched the air temperature fluctuations shown in Figure 4(a). The predictions
shown in Figure 5(f) are consistent with the initial temperatures in the site, and indicate that the

temperature should not fluctuate significantly seasonally below a depth of d = 1.65 m.
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Temperatures from thermistor strings T-B through T-D are plotted versus radial distance
from the center borehole for 4 different depths are shown in Figure 6. As observed from the
evaluation of the time series in Figure 4, the greatest temperature was observed at the center of
the array, with a slightly lower temperature at the location of BH-2. The highest increase in
temperature was observed at the depth of 2.3 m inside of the array. The increase in temperature
is greater at T-B than at T-D, as T-B is in between two heat exchangers. As the test proceeds,
while temperatures in the array increase, temperatures outside of the array remain almost
constant except closer to the surface. The increase in temperature inside the array ranged from 4
to 6 °C at different depths, while it was 1 °C outside of the array at the end of heating. This
corresponds to a temperature ratio of about 5 comparing the temperature within the array to the
temperature outside of the array. At the end of heat injection, a rapid decrease was observed in
T-A and T-C because of the contact between the strings and the heat exchangers. However, the
temperature within the array started to become more uniform with radial location from the
center.

5. ANALYSIS
5.1. Evaluation of Subsurface Thermal Properties

Although it is not the primary goal of this paper, the fluid and ground temperature results
presented in the previous section permit an assessment of the subsurface thermal properties.
First, the mean fluid temperatures of the boreholes versus time were plotted in a semi-
logarithmic scale were assessed to calculate the system thermal conductivity using the line
source analysis, using Eg. 2. The system thermal conductivity ranged from 0.52 to 0.57
W/(m°C), which is relatively low but is consistent with the thermal conductivity dry, sandy

gravel conglomerate. As the heating test is longer than a conventional thermal response test,
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thermal conductivity was calculated for three different time intervals as shown in Table 1, at
early times typical of most thermal response tests, at a middle-range of time, and late in the heat
injection test after rotation of manifold caused the change in flow rate. At the later times of heat
injection, it is possible that interaction between the boreholes starts to violate the assumptions of
the line source analysis and affect the thermal properties calculated using this approach. Despite
some minor variations, the thermal conductivity of the subsurface was similar and consistent for
each of the heat exchangers, and an average value of 0.54 W/(m°C) was assumed to be
representative of the system. Although low, Baser and McCartney (2015) found that lower
thermal conductivities are desirable for SBTES systems to minimize heat losses from the system.

Although the ground temperature data shown in Figure 6 may be used to estimate the thermal
gradients to infer the subsurface thermal properties by assuming the mode of heat transfer to be
conduction (Murphy et al. 2014), there are two issues that prevented this analysis from being
performed in this study. The first is that the temperatures at the monitoring boreholes are affected
by multiple heat exchanger arrays. Second, the temperature distribution away from the heat
exchanger is expected to be highly nonlinear leading to inaccuracies in the gradient calculated
between two observation points within the array. This indicates that numerical simulations are
more suited for further evaluation of heat transfer processes within SBTES systems.
5.2. Comparisons with Numerical Simulations

In order to check the magnitudes and trends in ground temperature measured in the field test,
a three-dimensional, transient finite element model developed in COMSOL Multiphysics
(Version 4.4b) was used to predict the temperature distribution within the borehole array.
Although it is possible that phase change and convection occurred in the unsaturated

conglomerate layer, performing a conductive-convective heat transfer analysis requires several
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input parameters outside the scope of this study. Accordingly, heat transfer in the simulation was
assumed to be by conduction alone for simplicity. The model considers the geometry of the
SBTES system in Figure 2 consisting of five boreholes (one at the center) with a depth of 9 m
and with an equal borehole spacing of 2.5 m. The thermal conductivity from line source analysis
(A = 0.54 W/(m°C)) was used in the simulation, along with the other thermal properties listed in
Table 2. The specific heat of the conglomerate was inferred from SH-1 thermal needle probe
measurements at the ground surface, although variations were observed due to the
nonhomogeneous material. The density of the conglomerate near the surface was estimated using
the sand cone test. The thermal properties of the lower layers were assumed based on reasonable
ranges for these materials, but they were not found to have a major impact on the results of the
analysis.

An example of the simulation mesh used in this study was presented in Baser and McCartney
(2015). The boundary heat flux applied on the borehole walls as well as the thermally insulated
layer at the top of the soil layer that represents the insulation layer in the field. The initial
temperature of the system was assumed to be uniform with depth and equal to the average initial
reading of the thermistor strings (12 °C). The temperature distributions at a depth of 7.8 m at the
end of 75 days of heating are shown in Figure 7. Although the magnitude of the numerical
simulations did not match well with the experimental results in all locations, the trends in the
temperature with radial location match those in the experiment. The numerical simulation also
reveals the large gradients in temperature that can occur around the borehole heat exchangers,

which could not be assessed from the thermistor string data.
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5.3. Heat Storage Analysis

The success of a SBTES system depends on the heat stored within the borehole array during
the resting period after heat injection stops. The thermal energy stored (J) is equal to the
difference between the cumulative amounts of thermal energy injected into the subsurface and
the amount of heat lost from the array, which can be expressed as follows:

Qstored = Qinjected ~ Qlost (4)

An energy balance analysis using Equation 4 relies upon estimates of the total thermal energy
injected into the subsurface as a function of time (i.e., using Equation 1), along with estimates of
the heat loss out of the volume of the array (i.e., upward, downward, and laterally), which require
experimental data and some estimate of the volume of the array. The heat loss from an SBTES
system is expected to increase over time during heat injection due to the higher thermal gradient
between the array and the free-field ground temperature. If it is possible for a SBTES system to
reach its thermal storage capacity, the rate of lateral heat loss at this point is expected to
approach the rate of heat injection. It is typically assumed that the heat transfer upward and
downward are negligible compared to the lateral heat loss in this analysis, mainly due to the
relatively small area of heat transfer compared to the lateral heat loss from the system as
reflected in the temperature profiles from the COMSOL analysis in Figure 7. Further, the upward
heat loss is also assumed to be negligible due to the insulation layer placed on top of the array.
Accordingly, the lateral heat loss is assumed to be the primary mode of heat loss from the array.

As it may be difficult to estimate the heat losses from the array using the experimental data
available in this study, the approach of Claesson and Hellstrom (1981) can be used to quantify

the average total thermal energy storage as follows:

Qstored = (Ts _Ta )Cvﬂ'.r2 H (5)
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where (Ts-Ta) is the temperature difference between storage and surrounding subsurface, Cy is
the volumetric heat capacity of the soil (J/m3K), r is the radius of a cylindrical storage volume
(m), and H is the height of the storage volume (m). The challenge of using this approach is that
the volumetric heat of the soil may change with time due to changes in the degree of saturation
of the soil, and may also differ with depth and radial distance within the array. It is also
challenging to define the volume of the array to use in the calculations. Two array volumes were
considered in the analysis, 1 radial spacing from the center (2.5 m) where the average
temperature within the array was taken as a transient average of the measurements from T-B and
T-C, and 2 radial spacings from the center (5.0 m) where the average temperature within the
array was taken as a transient average of the measurements from T-B, T-D, and T-E. The second
spacing is consistent with Baser and McCartney (2015), who defined the storage volume as 1
radial spacing outside of the outermost boreholes (2 radial spacings from the center) because the
heat outside of the outermost boreholes may be able to be recovered during heat extraction. The
baseline temperature in both calculations was assumed to be the initial ground temperature, and
the fluctuations in temperature near the surface observed in Figure 5(f) were not considered. The
calculation of the average ground temperatures within the array using the results from T-B, T-D,
and T-E is conservative, as it does not consider the high temperatures near the boreholes.

The energy balance of the system using this approach is shown in Figure 8. The heat stored
as a function of time follows the trend in internal array temperatures observed in Figures 4(c) and
4(e). The heat loss during heat injection was observed to be higher than the heat storage, which
can be explained by the high gradients. After heat injection stopped, the heat loss still increased,
but at a decreasing rate. Approximately 2.43 to 4.86 GJ were available at the end of the heat

injection period depending on the array volume assumed, and 0.65 to 1.32 GJ were available
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after the end of the resting period. For reference, an energy efficient house with a floor area of
100 m? has a heat demand of 12 GJ/year (Reuss and Mueller 1999), so for this array to be
effective, a greater heat injection rate over a longer period should have been used. Although the
heat injection rate evaluated in this study is lower than that expected in actual SBTES systems,
the amount of heat stored in the soil at the end of the heat injection period is not negligible,
especially considering the fact that solar thermal panels provide an essentially free heat source.
The results from the energy balance calculations indicate that the SBTES array evaluated in
this study was not able to effectively concentrate heat in the subsurface at the same temperatures
encountered in the DLSC site (greater than 60 °C) and counter the effects of lateral heat loss.
This observation could have due to the fact that the array did not have a sufficient enough
number of boreholes. To evaluate this possibility, simple numerical analyses with conduction as
the sole means of heat transfer were performed to assess the impact of the number of heat
exchangers on the temperature distribution within an array. The results are shown in Figure 9 for
a heat injection rate of 20 W/m for the times after heat injection and after a resting period. The
fewer the number of heat exchangers, the greater the amount of heat lost from the array at the
edges. Arrays with a greater number of boreholes will reach an average temperature that may be
greater than the overlap in temperature between two boreholes, as lateral heat loss only occurs at
the edges. The main implication of using an SBTES system with a smaller array is that a heat
pump may be needed to extract a sufficient amount of heat to cover the heating demands of a
structure. This is in contrast to a large-scale SBTES system such as that at DLSC, where direct
circulation of fluid through the heated soil was sufficient to extract heat for heating of buildings

(Sibbitt et al. 2012). It should be noted that Zhang et al. (2012) found that the efficiency of heat

22



494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

extraction at DLCS is only 27% due to the heat loss of approximately 60%, even though the
system is still able to provide 90% of the heating demands of the community.
6. CONCLUSIONS

This study focused on the temperature response of a soil-borehole thermal energy storage
(SBTES) system installed in the vadose zone in Golden, CO. The instrumentation at the site
permitted evaluation of the thermal properties of the subsurface as well as the heat storage
characteristics of the array as a function of time during a heat injection period and a rest period.
The system thermal conductivity estimated from a thermal response test on the group of
boreholes in the array was used in numerical simulations of conductive heat transfer to predict
the temperature distribution in the borehole array, and a good match was obtained. Although it is
possible that combined convective and conductive heat flux may have occurred in the SBTES
system in the vadose zone, further research is needed to quantify the different material properties
that can be used in advanced numerical simulations that capture all modes of heat transfer. A
heat balance analysis performed using the measured field data indicates that a substantial portion
of the injected heat left the array due to lateral heat loss, and that a greater heat injection rate
would be necessary to meet the thermal demands of a typical residence. The SBTES system
evaluated in this study is the next smallest array beyond a single borehole, and the thermal
response of this array permitted an evaluation of the scalability of this type of system. Arrays
with a greater number of boreholes were found to more effectively concentrate heat and
minimize the effects of lateral heat loss.
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TABLE AND FIGURE CAPTIONS

Table 1. Fluid flow rates, average heat injection rates and system thermal conductivity estimates
from the line source analysis

Table 2. Thermal properties for the different soil layers used in the numerical simulations

Figure 1. Typical operational periods for an SBTES system along with ground temperature
trends at the center of the array

Figure 2. Schematics of the SBTES system (not to scale): (a) Plan view; (b) Elevation view

Figure 3. Temperature boundary conditions during the heat injection test: (a) Flow rates for each
BH; (b) Inlet and outlet temperatures of the fluid circulating within the heat exchange
loops in borehole BH-1; (c) BH-2; (d) BH-3; (e) BH-4; (f) BH-5

Figure 4. Temperature time series: (a) Surface air; (b) T-A; (c) T-B; (d) T-C; (e) T-D; (f) T-E

Figure 5. Temperature profiles from thermistors: (a) T-A; (b) T-B; (c) T-C; (d) T-D; (e) T-E;
(f) Predicted seasonal ground temperature fluctuations

Figure 6. Temperature profiles with radius for different depths from surface: (a) 2.3 m; (b) 6.0 m;
(c) 7.8 m; (d)9.0m

Figure 7. Comparison between radial distributions in ground temperatures measured in the
experiment and predicted using the numerical analysis of conductive heat transfer

Figure 8. Evaluation of the thermal energy balance in the SBTES during the heat injection and
resting phases

Figure 9. Examples of heat storage in SBTES systems of different scales after heat injection at a

rate of 20 W/m for 90 days and after the end of a 90 day rest period
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Table 1. Fluid flow rates, average heat injection rates and system thermal conductivity estimates

from the line source analysis at different times

Average Average Average

flowrate  flow rate heat TZerrtr_\aI_ i Tzerrpal_ ¢ TZerrtr_laI_ t
L conductivity conductivity conductivi
Borehole (%:)’/S‘;g (‘(‘ji;‘;)? mection (14 days) (12-17 days) (49-75 days)
(ml/s) (ml/s) (W/m) (W/(m°C)) (W/(m°C)) (W/(m°C))
1 500 300 18.6 0.48 0.52 0.55
2 50 30 18.5 0.45 0.55 0.54
3 150 83 23.1 0.56 0.54 0.66
4 150 83 194 0.55 0.57 0.55
5 150 83 19.3 0.54 0.57 0.55

*After rotation of manifold

Table 2. Thermal properties for the different soil layers used in the numerical simulations

Depth to

layer Thermal Spheeca:flc Total
Layer interface  conductivity capacity density
from(su)rface (W/(m°C)) ((kg"C)) (kg/m?)
m
Expanded polystyrene insulation 0.8 0.03 900 1005
Colluvial deposit (cemented sandy gravel) 1.0 0.54 1200 1650
Alluvial sand deposit 7.0 1.80* 1200* 1650*
Stiff clay deposit 8.0 1.00* 1400* 1700*

*Estimated values
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