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Highlights

Highlights

The ground temperatures in a field-scale soil-borehole thermal energy storage system
were simulated under the boundary conditions associated with heat collection from
solar thermal panels.

A numerical model for coupled heat transfer and water flow considering enhanced
vapor diffusion and phase change was calibrated using reconstituted specimens and
validated against the measured field temperature data for heating and ambient cooling
periods.

The transient temperature measurements and simulation results indicate the positive
aspects of installing thermal energy storage systems in unsaturated soils in the vadose
zone.

The simulation results indicate that a permanent decrease in the degree of saturation
near the heat exchangers may have occurred. However, the zone of influence was not
significant enough to have an overlapping effect between the heat exchangers for the
conditions considered in this study.

The decrease in degree of saturation led to a decrease in thermal conductivity and
volumetric heat capacity near the heat exchangers that may lead to different transient
responses upon subsequent heat injection events.
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TRANSIENT EVALUATION OF A SOIL-BOREHOLE THERMAL ENERGY STORAGE SYSTEM
by Tugce Baser, Ph.D.! and John S. McCartney, Ph.D., P.E.2

ABSTRACT: This study focuses on the simulation of transient ground temperatures in a field-
scale soil-borehole thermal energy storage (SBTES) system in San Diego, California. The SBTES
system consists of an array of thirteen 15 m-deep borehole heat exchangers installed in
conglomerate bedrock at a spacing of approximately 1.5 m. Heat collected from solar thermal
panels was injected into the SBTES system over a 4-month period, after which the subsurface
was monitored during a 5-month ambient cooling period. The SBTES system is located in the
vadose zone above the water table with relatively dry subsurface conditions, so a coupled heat
transfer and water flow model was used to simulate the ground response using thermo-
hydraulic constitutive relationships and parameters governing vapor diffusion and water phase
change calibrated using soil collected from the site. The simulated ground temperatures from
the model match well with measurements from thermistors installed at different radial
locations and depths in the SBTES system and are greater than those simulated using a
conduction-only model for saturated conditions. Significant overlap between the effects of the
borehole heat exchangers was observed in terms of the ground temperature. Although the
numerical simulations indicate that permanent decreases in degree of saturation and thermal
conductivity occurred at the borehole heat exchanger locations, the zone of influence of these
changes was relatively small for the particular site conditions.

KEYWORDS: Thermal energy storage; Field-scale testing; Vertical boreholes; Unsaturated soil
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1. INTRODUCTION

Soil-borehole thermal energy storage (SBTES) systems are used for storing heat
collected from renewable sources in the subsurface so that it can be used later for space or
water heating. Heat sources such as solar thermal panels generate heat during the day with a
greater energy generation during summer months, so SBTES systems permit storage of the
abundant and free thermal resource (Sibbitt et al. 2012, McCartney et al. 2013). SBTES systems
function similarly to geothermal heat exchange systems, where a carrier fluid is circulated
through a closed-loop pipe network installed in vertical boreholes backfilled with sand-
bentonite. Different from boreholes in conventional geothermal heat exchange systems, the
boreholes in SBTES systems are spaced relatively close together (1-2 m) in an array to
concentrate heat in the subsurface (Claesson and Hellstrom 1981). SBTES systems are a
convenient alternative to other energy storage systems as they are relatively inexpensive,
involve storage of renewable energy (solar thermal energy), and are space efficient as they are
underground (Baser and McCartney 2015a).

Despite the successful use of SBTES systems in community-scale applications (Sibbitt et
al. 2012; Nussbicker-Lux 2012; Bjoern 2013), there are still opportunities for engineers to
improve the performance of SBTES systems by considering the role of the hydrogeological
setting in the subsurface. A goal of this study is to understand the benefits of installing SBTES
systems in the vadose zone, the layer of unsaturated soil or rock near the ground surface that
may extend to depths greater than 10 meters in some locations. The unsaturated porous
material in the vadose zone has a lower thermal conductivity than when saturated, limiting the

transient spreading of heat away the subsurface heat storage system (Choi et al. 2011). The
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volumetric heat capacity of soils in unsaturated conditions is lower than in saturated conditions
but is still greater than in dry conditions. For example, the volumetric heat capacity of a silty soil
is 2.5 MJ/m>K for saturated conditions, 2.0 MJ/m>K for a degree of saturation of 0.5, and 1.2
MJ/m>K for dry conditions (Baser et al. 2016d). One challenge is that the modes of heat transfer
in unsaturated porous materials are more complex than when dry or water-saturated.
Specifically, in addition to coupling between the thermal and hydraulic properties of
unsaturated soils and the effects of temperature on fluid properties (e.g., Lu and Dong 2015),
the modes of heat transfer in unsaturated soils include a combination of conduction,
convection due to the flow of pore water in liquid and vapor forms under thermal and hydraulic
gradients, and latent heat transfer due to phase change. Several studies have developed
models to capture these different mechanisms of coupled heat transfer and water flow in
unsaturated soils, and have applied them to problems associated with radioactive waste
repositories (e.g., Ewen and Thomas 1989; Thomas and Sansom 1995; Gens et al. 1998; Gens et
al. 2009), soil-atmosphere interaction (Smits et al. 2011), energy piles (Akrouch et al. 2016), and
borehole geothermal heat exchangers (Baser et al. 2018). Baser et al. (2018) found that the
zone of influence of temperature changes in silt around a heat exchanger were greater for
unsaturated conditions when considering the impact of vapor phase convection. Previous
simulations of geothermal heat exchangers in unsaturated soil used conduction alone with a
thermal conductivity that varies with the initial degree of saturation (e.g., Choi et al. 2011), but
Baser et al. (2018) found that thermally-induced water flow may lead to significant differences

in the thermo-hydraulic response of the subsurface.
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This paper presents a comparison of transient changes in ground temperatures
measured in a field-scale SBTES system installed in the vadose zone in San Diego, California with
those predicted from a numerical model for coupled heat transfer and water flow. The testing
program involved a 4-month period where heat collected from solar thermal panels was
injected into the borehole array, followed by a 5-month ambient cooling period. Heat transfer
rates into the subsurface measured in the field-scale SBTES system were used to define the
dynamic boundary conditions for heat injection in the model, considering the effects of
fluctuations in surface air temperature. Although the primary variable from the comparison is
the ground temperature, the numerical model also permits evaluation of the effects of thermo-
hydraulic interaction between the closely-spaced boreholes in the SBTES system on the degree
of saturation. This is important as changes in the degree of saturation due to thermally-induced
water flow may lead to associated changes in the subsurface thermo-hydraulic properties of
unsaturated soils.

2. BACKGROUND

Since the concept of borehole thermal energy storage systems was introduced by
Claesson and Hellstrom (1981), several SBTES systems have been installed in Canada and
Europe as part of district-scale heat distribution systems. The Drake Landing SBTES system in
Okotoks, Alberta, Canada supplies heat from solar thermal panels installed on garage roofs to
an array of 144 boreholes in a 35 m-deep, 35-m wide grid (Sibbitt et al. 2012), which is then
used to supply approximately 90% of the heat demand of 52 homes. Catolico et al. (2016)
simulated the response of the Drake Landing SBTES system, which lies in water-saturated sand

deposits overlying glacial till, using a numerical model in TOUGH2 using time-dependent
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injection fluid temperatures measured at the site over six years of operation as the main
boundary condition. Over each year of operation, lateral heat transfer from the borehole array
to the surrounding ground was found to decrease due to a reduction in the thermal gradient
between the center of the array and the surrounding subsurface, meaning that more thermal
energy was concentrated in the center of the array. They found that the annual efficiency of
heat extraction (heat extracted divided by heat injected) increases over time, approaching a
value of 55%. However, the efficiency of heat recovery was found not to be a good
guantification of the SBTES performance because if the demand for heat in a given winter is
lower the the efficiency will decrease. Instead, it may be better to evaluate the fractions of heat
injected, stored, and lost. For example, in the 6" year of operation, 31.5% of the heat injected
into the system was recovered, 21.9% of the heat injected remained in the borehole array, and
46.7% of the heat injected escaped the borehole array. Despite the seemingly high fraction of
heat loss, the heat stored and recovered was sufficient to provide more than 90% of the
community’s annual heating demands. Another successful SBTES system was installed in 2007 is
in Braedstrup, Denmark (Bjoern 2013). This system supplies heat from 18,000 m? of solar
thermal panels to an array of 50 boreholes having a depth of 47 to 50 m installed across a 15 m-
wide area. This system provides 20% of the heat to 14,000 homes. Another commercial-scale
SBTES was installed in 2008 in Crailsheim, Germany involving of a series of 55 m-deep
boreholes that formed a 39,000 m* subsurface storage volume. This system stores heat from
7410 m? of flat plate solar thermal collectors to provide heat for a school and 230 dwellings

(Nussbicker-Lux 2012).
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Although the experience from the commercial-scale systems at Drake Landing,
Braedstrup and Crailsheim indicates that SBTES systems are functional and are sufficiently
efficient to provide heating to different sizes of communities, simulation studies such as that of
Catolico et al. (2016) indicate that the hydrogeological setting is critical for optimizing the
thermal energy storage. Although the Drake Landing SBTES system includes instrumentation to
evaluate changes in ground temperature within the array (Sibbitt et al. 2012), it is in use for
commercial purposes, so the heat injection patterns cannot be varied as part of scientific
studies on the performance of SBTES systems. Accordingly, it is advantageous to install smaller
SBTES systems for demonstration projects in different hydrogeological settings to understand
the roles of different heat transfer processes and heat injection patterns on SBTES system
performance. For example, Baser et al. (2016a) reported the ground temperatures monitored
during a 75-day heat injection experiment into a small-scale SBTES system in Golden, CO, USA
involving an array of 5 borehole heat exchangers. Although the SBTES system in that study was
installed in an unsaturated silty soil layer, observations during installation indicate that the
bottom 10% of the heat exchanger lengths were in a saturated sand aquifer underlying the site.
Transient temperature measurements indicated that a substantial portion of the injected heat
left the array due to lateral heat loss associated with both the higher thermal conductivity of
the saturated sand layer and possible convection effects associated with groundwater flow in
this sand layer. Further, the simulations of Baser and McCartney (2015b) indicate that arrays
should have a greater number of boreholes than those considered by Baser et al. (2016a) to

effectively concentrate heat in the subsurface.
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Although simplified design models for SBTES systems have been developed (e.g.,
Claesson and Hellstrom 1981), modeling the transient heat transfer in SBTES systems can be
complex because of the dimensions of the problem, the geometry and structure of the
borehole network, the process of heat transfer into the ground via circulating fluids in closed-
loop pipe networks, and the nonlinear variations in the thermal and hydraulic properties of
unsaturated soils with degree of saturation. Marcotte and Pasquier (2014) investigated the
effect of the borehole arrangement both analytically and numerically on the thermal response
of a heat storage system for the cases in which boreholes are connected in series, parallel, and
mixed configurations. They reported significantly lower inlet fluid temperatures for the parallel
configuration than for the series configuration, indicating a larger heat transfer to the ground
for this arrangement compared to the series configuration. Besides the geometrical
configuration of the borehole heat exchangers and the fluid circulation configuration (series,
parallel, mixed), there are other factors that affect the thermal response of a storage system,
such as the subsurface temperature profile and ambient air temperature, degree of saturation
profile of soil and the thermal properties. Thomas and Rees (2009) investigated the effect of
water content on heat transfer through unsaturated soils via a series of one and two-
dimensional numerical simulations that consider only conduction as the major heat transfer
mechanism. They reported 60% and 20% increases in heat flux with increasing water content
for one- and two-dimensional models, respectively. Akrouch et al. (2016) proposed an
analytical solution based on cylindrical heat source theory that accounts for variable degree of
saturation on the heat exchange between the heat source and sand soil and the results

indicated a 40% drop in performance of a heat exchanger when the degree of saturation is
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close to residual conditions. Welsch et al. (2015) studied the impact of borehole length,
borehole, spacing, number of boreholes, and the inlet heat transfer fluid temperatures on the
behavior of thermal energy storage in crystalline rock. They observed that there was an optimal
spacing to reach the highest efficiency of heat recovery, with higher and lower values leading to
lower efficiencies. Due to the high thermal conductivity of the crystalline rock, the optimal
borehole heat exchanger spacing was 5 m, which is greater than that observed in similar studies
the focus on lower thermal conductivity soils (e.g., Baser and McCartney 2015a). Welsch et al.
(2015) found that the number of boreholes has a positive influence on the efficiency of heat
recovery because the increasing ratio of the storage volume to the size of the boundary of the
storage volume results in lower heat losses to the surrounding subsurface outside of the array.
Baser and McCartney (2015a) used a conduction-only model to understand the impacts
of borehole array geometry, ground properties, heat injection magnitudes, and heat injection
duration on the temperature distribution in the SBTES system. Baser et al. (2016b) and Baser et
al. (2016c) used a coupled heat transfer and water flow model without considering vapor
diffusion or phase change to understand the roles of incorporating a thermal insulation layer
and the effect of different unsaturated soil properties on the ground temperatures in SBTES
systems, respectively. These studies found that a surface insulation layer does not play a
significant role on the thermal energy storage due to the small area around each borehole heat
exchanger, but that surface temperature fluctuations should still be considered on the ground
temperatures. Bidarmaghz et al. (2016) investigated the effect of surface air temperature
changes on the thermal response of geothermal heat exchangers in the shallow subsurface and

found that considering ambient air temperatures in the simulations increased the total heat
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exchanger length by 11%. A similar study by Nguyen et al. (2017) showed that seasonal
temperature variation of the subsurface increases the outlet fluid temperature causing a
decrease in the heat transfer rate into the ground. Further, they found that burying boreholes
at the certain depth from the surface (1-2 m) is not sufficient to hinder the ambient air
temperature effects on the ground temperature near the surface. Baser et al. (2017) used a
coupled heat transfer and water flow model considering vapor diffusion and phase change to
study the response of a single vertical borehole heat exchanger during a heat injection period
followed by a, ambient cooling periods. They evaluated the role of different heat transfer
mechanisms and observed a permanent drying around the heat exchanger during heat injection
that was not recovered during ambient cooling. This drying led to a decrease in thermal
conductivity that corresponded to a reduction in the amount of heat loss from the soil near the
heat exchanger.
3. NUMERICAL MODEL
3.1. Model Formulation

This study applies the model for geothermal heat exchangers in unsaturated soils used
by Baser et al. (2018), which was originally developed by Smits et al. (2011) and enhanced by
Moradi et al. (2016), to simulate the behavior of a field-scale SBTES system installed in San
Diego, California. The governing equations for the model are summarized in Table 1, while the
key thermo-hydraulic constitutive relationships are summarized in Table 2. Coupling occurs
between the different equations in Table 1 due to the effects of temperature on the different
fluid properties, which are summarized by Smits et al. (2011) and Baser et al. (2018). Simulation

of coupled heat transfer and water flow in unsaturated soils requires simultaneous solution of
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the governing equations for two-phase flow (Equations 1 and 2) along with the heat transfer
based on energy balance (Equation 6). Because liquid and vapor phases are present in
unsaturated soils, flow induced by thermal gradients in both liquid and total gas phases are
considered and formulated as the convection terms in the energy balance equation (i.e., the
second and the third terms in Equation 6). When formulating the model, some assumptions are
made: (a) soil framework is homogeneous, isotropic, and non-deformable; (b) fluid phases are
immiscible; (c) hysteresis in the constitutive relationships is not considered. The model
considers enhanced vapor diffusion described by Equation (4) and a nonequilibrium phase
change rate described by Equation (5) that are incorporated into the water vapor mass balance
equation in Equation (3) and as source terms in the governing equations for two-phase flow
and the heat transfer energy balance. The model was implemented into the finite element-
based software COMSOL Multiphysics® version 5.2a (COMSOL 2015) which solved the
governing equations for the four primary unknowns: pore water pressure, total pore gas
pressure, water vapor concentration, and temperature.
3.2. Model Calibration

The key parameters that must be defined to calibrate the numerical model are the
parameters of the thermo-hydraulic constitutive relationships given in Table 2 and the
parameters a and b from Table 1 that govern the soil-specific enhanced vapor diffusion rate
and the nonequilibrium phase change rate, respectively. The methodology described in this
section for parameter calibration was applied to the subsurface in the SBTES array evaluated in
this study but could also be applied to design SBTES systems in the vadose zone in other

locations.

10



216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

The SBTES system constructed as part of this study was installed in an unsaturated
conglomerate bedrock layer at the Englekirk Structural Engineering Center (ESEC) of the
University of California San Diego. A site investigation from 2003 indicates approximately 1m of
sandy soil overlying the conglomerate bedrock consisting of cemented sand- and gravel-size
particles. An undisturbed core of the conglomerate bedrock was not obtained during
installation of the SBTES system. However, disturbed cuttings from a hole drilled into the
conglomerate using an auger were collected from different depths. Although it is not possible
to reconstitute the cuttings into the same cemented structure as the conglomerate, it is
assumed that the thermo-hydraulic properties of the conglomerate are predominantly
governed by the grain size, mineralogy, and density for the purposes of model calibration so
that laboratory calibration of the model parameters is possible. Laboratory calibration permits
the use of instrumented specimens under carefully-controlled boundary conditions, but future
studies may use inverse analyses from field measurements to consider the role of the
cemented structure on the calibrated model parameters. Specimens used to represent the
conglomerate properties were reconstituted from cuttings obtained from a depth of 16 m from
the surface at the ESEC facility, which were prepared using compaction to a dry density of a
1650 kg/m3 at an initial degree of saturation of 0.49, which corresponds to conditions in the
conglomerate measured using sand-cone experiments performed at a depth of 1.5 m from the
surface.

The thermo-hydraulic constitutive relationships were determined using a modified form
of the transient water release and imbibition method (TRIM) of Wayllace and Lu (2012) that

included the measurement of the thermal conductivity and volumetric specific heat capacity

11
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described by Lu and Dong (2015). Specifically, a specimen was compacted to the conditions
mentioned above into a modified Tempe cell that incorporates a dual thermal needle and a
dielectric sensor, was saturated with water, then dried monotonically in two stages. The soil
water retention curve (SWRC), hydraulic conductivity function (HCF), thermal conductivity
function (TCF), and volumetric heat capacity function (VHCF), described by Equations 7
through 10 in Table 2, were obtained from inverse analysis of the outflow and thermal property
measurements during this drying stage. The SWRC and HCF along with relevant parameters are
shown in Figure 1(a), while the TCF and VHCF along with relevant parameters are shown in
Figure 1(b). Lu and Dong (2015) presented empirical relationships between the parameters of
the thermal constitutive relationships and the hydraulic constitutive relationships, but the
properties measured from the experiments in Figure 1 were used in the simulations.

The properties governing the vapor diffusion phase change rate and diffusion were
calibrated using an evaporation experiment on a reconstituted specimen of the site soil. The
soil was compacted in a plastic modified Proctor compaction mold having a diameter of 152
mm to a height of 179 mm. The mold, developed by lezzoni and McCartney (2015), can
accommodate a dielectric sensor at mid-height of the soil specimen as shown in the cross-
sectional schematic in Figure 2. An evaporation test starting from the initial degree of
saturation mentioned above was performed by heating the bottom of the soil layer using a
heating pad placed below the mold while leaving the surface of the soil open to the
atmosphere. The heating pad applies fluctuating heat pulses to maintain a target temperature.
Thus, a thermocouple was placed at the bottom to monitor the applied boundary temperature

during heating, which is shown in Figure 3(a). Ambient temperatures were also recorded with a

12
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thermocouple so that the ambient air temperatures could be applied as boundary conditions
on the outer surfaces of the specimen during the experiment. A temperature of approximately
42 °C was maintained over a period of 35 h. The measured values of temperature and degree of
saturation at the center of the soil specimen during this period are shown in Figures 3(a) and
3(b), respectively. The model of lezzoni and McCartney (2015) was used to correct the degrees
of saturation inferred from the dielectric sensor to account for temperature effects. This
calibration test was then simulated using the coupled heat transfer and water flow model, and
the parameters a and b in Equations 4 and 5 in Table 1 were varied using a manual parameter
sweep to identify the best combination of parameters to match the measured curves. The
simulated temperature and degree of saturation curves for a =20 and b =2x10" s/m? are
shown in Figures 3(a) and 3(b), respectively, which indicate a good match.
3.3. Simulation Details for the Field-Scale SBTES System

The calibrated model was then used to simulate the response from the field-scale SBTES
system demonstration experiment. A plan view of the SBTES system showing the connections
between the boreholes in the array, a manifold for control and monitoring of the heat
exchanger fluid in the borehole array, a 2400 L water-filled temporary heat storage tank, and a
series of solar thermal panels is shown in Figure 4(a). This figure also shows the location a
reference borehole for monitoring the undisturbed ground temperature profile. Thirteen of the
boreholes in the array include heat exchanger tubing, while four of the boreholes in the array
include thermistor strings that monitor the ground temperature. Two of the boreholes include
both heat exchangers and thermistor strings. The boreholes were backfilled with sand

bentonite after installation of the heat exchangers or thermistor strings. The hexagonal
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configuration of the borehole array was selected for ease of construction, as the boreholes in
the array fall into five co-linear sets that facilitate positioning of the drill rig. The main design
variable used to configure the boreholes was the spacing. Baser and McCartney (2015a) found
that the borehole spacings should be less than 1.5 m to ensure overlapping effects of the heat
exchangers for soil thermal properties and heat transfer rates typical of SBTES systems. The
number of boreholes containing heat exchangers was selected so that the boreholes in the
array would fall into two annuli, greater than the number in the array tested by Baser et al.
(2016a). Although a commercial-scale SBTES system would likely have more heat exchangers in
several more annuli (e.g., Sibbitt et al. 2012), this array is still sufficient in scale to investigate
the transient heat transfer and heat storage in the subsurface within the array associated with
interactions between heat exchangers.

An elevation view of the site is shown in Figure 4(b), which highlights the position of the
15 m-long boreholes beneath a 1 m-deep excavation. After connection of the heat exchanger
tubing following the arrangement shown in Figure 4(a), a thin layer of site soil was placed for
leveling-purposes, which was overlain by a hydraulic barrier, an insulation layer, and a
compacted layer of site soil. The high-density polyethylene (HDPE) hydraulic barrier has a
thickness of 0.01 m and an assumed hydraulic conductivity of 102 m/s, while the EPS geofoam
insulation layer has a thickness of 50 mm, a thermal conductivity of 0.03 W/mK, and a specific
heat capacity of 0.9 MJ/kgK. The lateral extents of the hydraulic barrier and insulation layer
followed the hexagonal boundaries of the array shown in Figure 4(a). Pictures of the SBTES
system are shown in Figure 5, highlighting the 1 m-deep excavation and connection of the

borehole heat exchangers in Figure 5(a), the hydraulic barrier in Figure 5(b), the insulation layer
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in Figure 5(c), and the completed set of solar thermal panels and temporary heat storage tank
in Figure 5(d).

As the hexagonal borehole array is symmetrical, a quarter section was simulated as
shown in Figure 6. The temperatures on either side of the two planes of symmetry are assumed
to be identical. This simulation strategy was also used by Catolico et al. (2016) to reduce
computation times when simulating symmetrical SBTES systems. Figure 6 also includes the
labels used to name the thirteen boreholes that include heat exchangers (boreholes A through
M) and the four boreholes that include thermistor strings (T-1 to T-4). As will be described
below, appropriate fractions of the heat transfer from boreholes A (1/4 of its heat transfer), B
(1/2 of its heat transfer) and E (1/2 of its heat transfer) are applied as boundary conditions. The
model domain is 15 m x 15 m in plan and has a depth of 20 m and includes 5 borehole heat
exchangers. The size of the domain was selected such that the heat exchangers would not
affect the temperatures at the boundaries for the heat injection period under investigation.
This was confirmed by ensuring that the temperature at the boundaries of the array remained
similar to the temperatures from the reference borehole at different depths. The domain was
discretized using 756,667 elements with finer discretization around the boreholes. Triangular
elements were used on the surfaces of boreholes and insulation layer, and tetrahedral
elements were used for the rest of the domain. A maximum element growth rate of 1.4 and a
curvature factor of 0.25 were used in discretization in COMSOL.

The isometric views of the model domain shown in Figures 7(a) and 7(b) highlight the
thermal and hydraulic boundary and initial conditions, respectively. The initial temperature

profile was obtained from the ground temperature distribution measured by the reference
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borehole at the initiation of the heat injection period on April 29" 2016. To define the initial
degree of saturation profile, hydrostatic conditions were assumed. Although the water table
was not encountered in the previous geotechnical site investigation which was performed in
2003, the San Diego County Water Authority reported that the ground water depth ranges in
depth from 14 to 24 m in the area and no groundwater flow was recorded. Accordingly, the
water table was fixed at a depth of 20 m from the surface (i.e., at the base of the domain)
throughout the simulations for simplicity as its actual location during the experiment is
unknown. Although the depth of the groundwater table may be greater than 20 m, this choice
of boundary condition was selected to limit the size of the domain in the simulations. Based on
the hydrostatic profile shown in Figure 7(b), the initial degree of saturation along most of the
length of the heat exchangers was approximately 0.22 which corresponds to residual saturation
conditions. Near the bottom of the heat exchangers, the initial degree of saturation increases
up to 0.49 due to the proximity of the water table.

Neumann boundary conditions of zero mass flux and zero heat flux were assigned for
the outer lateral boundaries of the domain as well as for the planes of symmetry. Dirichlet
boundary conditions for temperature were applied at the bottom and top of the domain. A
constant temperature of 21°C was applied at the bottom of the domain, which corresponds to
the average measured temperature at the base of the reference borehole. The temperature of
the top of the domain was assumed to equal the time-dependent ambient air temperatures
that were measured at the site during the duration of the experiment, shown in Figure 8(a).
Although the EPS geofoam insulation layer is considered in the simulations, it does not provide

a perfect insulation effect so the effects of the ambient air temperature fluctuations on the
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surface temperature must be considered. It should be noted that the surface ground
temperature may differ from the ambient air temperature due to radiative and air convection
effects, so the use of the ambient air temperature as a surface boundary condition may be a
simplifying assumption. A zero-mass flux boundary condition was applied to the surface
boundary. This choice was made to simplify the fluid flow processes in the ground as an
infiltration/evaporation boundary condition can be computationally expensive when combined
with a coupled heat transfer and water flow model considering vapor diffusion and phase
change. However, this assumption is reasonable both due to the relatively low precipitation in
San Diego as well as due to the presence of the hydraulic barrier atop the borehole array.
However, this boundary condition choice is expected to affect the accurate simulation of the
temperature at the location of the reference borehole, as infiltration of water may affect the
thermal properties of the surface soil. As mentioned, Dirichlet boundary conditions were
assumed for the water table at the base of the domain (pore water pressure equal to zero).
Although the heat transfer boundary conditions for geothermal borehole heat
exchangers previous simulations of SBTES systems involved control of the inlet fluid
temperature and considered convective heat transfer associated with fluid flow through the
sequence of borehole heat exchangers in the array (e.g., Welsch et al. 2015; Catolico et al.
2016), this study considered the borehole heat exchangers as cylindrical heat sources and
applied heat flux values to the outer diameters of the cylinders equal to the measured heat flux
values from the site discussed in the next paragraph. The heat transfer boundary conditions
associated with fluid flow through heat exchanger pipes were not considered in this study

because of long computational times associated with solving the governing equations for
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coupled heat transfer and water flow processes in the subsurface given in Table 1, which was
the primary topic of interest in this study. The simplified heat transfer boundary condition for
the borehole heat exchangers still permits validation of the coupled heat transfer and water
flow analyses in the subsurface within the array. However, design simulations for SBTES
systems require control of the inlet fluid temperature and consideration of convective heat
transfer of fluid flow through the heat exchangers as the heat transfer rate will decrease over
time as the soil within the array increases in temperature (e.g., Welsch et al. 2015). Another
assumption in this study is that a uniform heat flux was applied to each of the heat exchangers
based on the measured heat transfer rates in the field. Although the choice of a uniform heat
flux along a heat exchanger connected in series through several boreholes may not be suitable
when simulating a commercial-scale SBTES system with long overall heat exchanger lengths, the
relatively short overall heat exchanger lengths used in this field demonstration project
permitted the use of this simplified boundary condition without major discrepancies in
matching the measured subsurface temperatures.

Eight evacuated tube solar thermal panels having a total area of 33 m? were connected
in series to collect heat during the day, which was then transferred to the water in the
temporary heat storage tank via a coiled copper tube. A second coiled copper tube in the
temporary heat storage tank is used to inject heat into the SBTES system. A second horizontal
SBTES system was also installed at the site and was tested at the same time (Baser et al. 2019).
Although this horizontal SBTES system is not discussed in this paper, it should be acknowledged
as all the heat collected from the solar thermal panels was not injected into the “vertical” SBTES

system under evaluation in this study. Nonetheless, the measured heat transfer rate into the
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subsurface was boundary condition used in the simulations, so the effects of the horizontal
SBTES system is not important. Water was used as the heat exchanger fluid in both the solar
thermal panels and in the SBTES system as freezing temperatures are not expected in San

Diego. The heat transfer rates were calculated as follows:
Q :prwa(Tin _Tout) (11)
where \/Wis the measured volumetric flow rate of the heat exchanger fluid (water), py is the

density of water (1000 kg/m?), C,, is the specific heat capacity of water (4183 J/kgK), and Ti» and
Tout are the measured temperatures of the water entering and exiting solar thermal panels,
respectively. The heat transfer rates for the solar thermal panels over the 120-day period
starting on April 29, 2016 are shown in Figure 8(b). The large fluctuations in heat transfer rate
observed in this figure occur because heat is only collected during the day. To better
understand the transient heat transfer rates from the solar thermal panels and the total heat
injected into the vertical SBTES system during 2 days of operation are shown in Figure 8(c). A
lag is observed between the heat transfer rates collected from the solar thermal panels and
injected into the vertical SBTES, but the temporary water storage tank provides a buffer to
permit heat injection at night as well. A control system has not yet been implemented to ensure
that heat is only collected from the solar thermal panels during the day. Specifically, the
circulation pumps in the solar thermal panels and SBTES system are operated continuously.
Accordingly, fluid is still circulated through the solar panels at night, which may result in a slight
extraction of heat from the temporary heat storage system if the outside air is colder than the
borehole array. The efficiency of heat transfer in the system can be assessed using the

cumulative total energy collected from the solar thermal panels and injected into the vertical
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and horizontal SBTES systems shown in Figure 8(d). Approximately 80% of the cumulative heat
collected from the solar thermal panels is injected into the vertical and horizontal SBTES
systems, with the remaining 20% lost due to the circulation of fluid through the solar thermal
panels at night. Additional experimental testing is underway to investigate other configurations
for flow through the solar thermal panels (series instead of parallel) along with inclusion of a
heat transfer fluid control system in the solar thermal panels to increase the efficiency of heat
collection from the solar thermal panels and injection into the SBTES systems.

As mentioned, the borehole heat exchangers were simulated as cylinder sources having
a uniform heat flux with depth with a magnitude that varied according to the measured heat
flux interpreted from Equation (11) using the entering and exiting fluid temperatures and fluid
flow rates going into the different geothermal loops shown in Figure 4(a). Specifically, the heat
exchanger tubing was split into three closed-loop networks of U-tube borehole heat exchangers
(referred to as Loops 1, 2, and 3). Each loop is connected to a borehole heat exchanger in the
central borehole, which means that the central borehole contains 3 U-tube heat exchangers.
Next, the three loops connect to four other borehole heat exchangers in different zones of the
array, as shown in the photograph in Figure 9 and the schematic in Figure 4(a). It is expected
that the heat exchanger fluid flowing through the loops will be hottest in the center of the
array, and the fluid temperature will decrease as it flows through the surrounding four
borehole heat exchangers and returns to the manifold. However, as noted above, the relatively
short length of the heat exchangers in each loop permits the assumption that the heat flux is
the same from each borehole connected to the loop (except for the central borehole which has

three times the other boreholes). The use of three loops provides flexibility for changing the
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heat transfer into different zones of the array, but in this study all three loops had a balanced
flow. Specifically, the fluid flow rates in each of the loops were controlled and measured
independently to be equal and ensure that heat transfer is balanced into the different zones of
the borehole array. The inlet and outlet fluid temperatures for each loop were monitored so
that Equation (11) could be applied to obtain the heat transfer rate into the subsurface, which
was the main boundary condition applied in the simulations.

A challenge encountered when simulating a quarter domain is that boreholes from
different loops were included in the domain, and the heat transfer rates in each loop were not
the same. Specifically, the borehole heat exchangers that were simulated were A (center
borehole, part of loops 1, 2, and 3), B (part of loop 2), C (part of loop 2), and D (part of loop 3), E
(part of loop 3) as shown in Figure 9 and Figure 4(a). Further, the heat transfer rates calculated
using Equation 11 represent an average heat transfer rate across the five borehole heat
exchangers in each loop. Accordingly, some assumptions had to be made regarding the heat
transfer rates applied to the different borehole heat exchangers being simulated. Because the
different borehole heat exchangers were obtained from different loops, the heat transfer rates
for the different borehole heat exchangers were interpreted from the heat transfer rates of
Loops 1, 2, and 3 calculated from Equation 11 which are shown in Figure 10. Specifically, the
total heat transfer rates from all three loops were first divided by five to represent the heat
transfer rate into the five boreholes in the quarter section domain and the transient heat fluxes
were applied to each borehole individually depending on its associated loop. The heat transfer
rate for the center borehole was equal to the sum of 1/5th of each of the three heat transfer

rates, and the heat transfer rates for boreholes B, C, D, and E were equal to 1/5" of the heat
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transfer rates from the respective loops noted above. Although it is likely that the center
borehole A had a higher local heat flux than the outer borehole E it is assumed that the
gradients of temperature in the center and edge of the array balanced out over time, so the
total heat transfer rate of each loop could be considered as an average of the entire system.
The transient heat transfer rates were converted to heat fluxes which were applied to the
outside area of each borehole in the quarter section domain. At the end of the heat injection
period, the heat flux for each borehole was set to zero to represent the ambient cooling period.
Because the coupled heat transfer and water flow processes in the subsurface are relatively
slow, a time interval of 1800 s was used in the simulations of the 120-day heat injection period
followed by a 155-day ambient cooling period, which was found to lead to sufficiently accurate
results when evaluating the changes in ground temperature.
4. COMPARISON OF NUMERICAL RESULTS AND FIELD MEASUREMENTS

A goal of this study is to present the field measurements in a way that the transient heat
transfer results at different locations in the borehole array could be understood. Second,
because of the simplifying assumptions regarding the subsurface thermo-hydraulic properties
(homogeneity and use of reconstituted specimens), the uncertain location of the water table
below the heat exchanger array, and the use of a uniform heat flux along the boreholes, it is
preferred to show a qualitative comparison between the field measurements and the results
from the numerical simulation without a detailed error analysis.

As could be expected from the large fluctuations in the heat transfer rate into the
geothermal heat exchanger loops due to the variability in the solar thermal heat transfer rate,

the temperature at the locations of the borehole heat exchangers are expected to experience
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significant changes in temperature each day. The temperatures at the center borehole
measured using the thermistor string T-1 along with the simulated temperature from the model
are shown in Figure 11. The temperature at each depth is shown separately in each sub-figure
to differentiate the transient response at the different depths. Although the temperatures at a
depth of 16.00 m were underestimated during heating, the temperatures at other depths were
captured well by the model. The difference at a depth of 16.00 m may be due to the
assumption of the hydrostatic initial conditions based on the assumed location of the water
table, which leads to a higher thermal conductivity of the subsurface in the simulations. The
differences in the daily fluctuations of each depth occur as the temperatures from the model
were obtained in a soil element at the boundary of the heat exchanger, while the measured
temperatures are from the thermistor strings inside the borehole and are in contact with the
geothermal heat exchanger. The sand-bentonite grout backfill in the boreholes was not
considered in the model simulations but may affect the heat transfer process in the field
measurements. During the ambient cooling stage, the transient trends appear to be well-
captured, although the initial temperature at the start of ambient cooling was occasionally
different from that between the measured and simulated values. The two locations closer to
the surface show an increase in the rate of cooling on day 210, likely due to the lower ambient
air temperatures observed in Figure 8(a).

A comparison between the temperatures at the location of thermistor string T-2 shown
in Figure 12 indicates less daily fluctuations than at the location of thermistor string T-1. The
temperature at the location of thermistor string T-2 depends on overlapping effects of borehole

heat exchangers A and B, and heat transfer from these boreholes damps out the daily
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fluctuations. A good match in the trends and magnitudes at the different depths was observed
during both the heat injection and ambient cooling periods, with underestimation of the
temperatures at depths of 16.00 m and 1.82 m. The measured temperature values during the
heating injection period ranged from 29.5 °C near the bottom of the array to 34.2 °C near the
top of the array. The greater increases in measured and simulated temperatures near the
surface of the array may be due to greater heat transfer in initially dryer soils due to greater
water vapor diffusion and latent heat transfer as well as buoyancy-driven upward movement of
water vapor, both of which were observed by Baser et al. (2018) in the simulation of a single
geothermal heat exchanger. The measured and simulated temperatures at the location of
thermistor string T-3 shown in Figure 13 are similar to those for thermistor string T-1 in Figure
11 due to the presence of borehole heat exchanger B, but with lower magnitudes. The lower
magnitude is because the heat flux from borehole heat exchanger B was three times smaller
than the three loops in borehole heat exchanger A. Finally, the measured and simulated
temperatures at the location of thermistor string T-4 shown in Figure 14 show the lowest
increases in temperature due to its larger radial location from the center of the borehole array.
One of the thermistors at a depth of 12.95m was not functional after installation. Like
thermistor string T-2, greater temperatures were noted near the surface.

The differences between the simulated and measured ground temperatures could be
due to the use of reconstituted specimens to obtain the thermo-hydraulic properties, the
possibility that the subsurface does not have homogeneous thermo-hydraulic properties,
uncertainty about the actual depth of the groundwater table (which may have affected the

initial degree of saturation and thermal properties), and the use of simplified heat exchanger
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boundary conditions. A general observation regarding the measured and simulated
temperature time series is that even though the heat transfer was simulated as an average heat
flux at the boundaries of the heat exchangers instead of simulating the heat transfer via
circulation of fluid in the borehole loops, a good match with the ground temperatures during
both heating and cooling was observed. Although the actual location of the water table was not
known a-priori, comparison of the simulation results shown in Figures 11 through 14 at depths
near the middle and bottom of the heat exchangers indirectly reflect the importance of the
initial degree of saturation on the simulation results from the coupled heat transfer and water
flow model. Greater initial degrees of saturation will lead to higher thermal conductivity values
and may lead to greater changes in degree of saturation due to enhanced vapor diffusion and
latent heat transfer (Baser et al. 2018). The differences in simulated and measured
temperatures at the different depths in the soil profile in Figures 11 through 14 could also have
been due to variations in subsurface stratigraphy not observed in the installation of the heat
exchangers, which would have led to variations in thermo-hydraulic properties with depth.
Despite the challenges in validating the numerical model with field data, the numerical model
was found to capture the temperature of the subsurface within the array with good accuracy
within most of the array.

Radial profiles of temperatures at the end of the heat injection period from the
numerical model and the field measurements are shown in Figures 15(a) for the depths that
thermistors were installed. Temperatures were in good agreement, especially at depths of
14.78 and 1.82 m. This figure also includes the ground temperatures from the reference

borehole. The shapes of the radial profiles are like those interpreted from the field
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measurements, although the maximum temperatures at the locations of thermistor strings 1
and 3 due to the daily fluctuations in heat transfer rate were not captured as noted in the time
series in Figures 11 and 13, respectively. Radial distributions in temperature at the end of the
ambient cooling period indicate that some heat (a maximum difference in temperature of 4 °C
from the initial value of 21 °C) is still retained within the array after 5 months of ambient
cooling. This amount of decrease in temperature due to ambient cooling is expected to
decrease if further cycles of heating and cooling were investigated, similar to the observations
of Catolico et al. (2016). Temperature profiles at the locations of boreholes 2 and 4 are shown
in Figures 16(a) and 16(b), respectively. Both the measured and simulated temperature profiles
show an increase in temperature with proximity to the ground surface, likely due to the effects
of natural convection. As the pore fluids are heated, their densities decrease causing them to
rise and transfer heat upward in the subsurface.
5. ADDITIONAL INSIGHTS FROM MODEL SIMULATIONS

Although it was known that the subsurface at ESEC was unsaturated, and that changes
in degree of saturation are expected due to coupled heat transfer and water flow,
instrumentation was not incorporated in the subsurface within the borehole array to monitor
changes in degree of saturation. This was due to difficulty in installing dielectric sensors into the
intact conglomerate through the sides of the boreholes. Installation of these sensors into a soil-
bentonite-backfilled borehole would measure the changes in thermo-hydraulic behavior of the
backfill, not the conglomerate. Nonetheless, it is still possible to infer the changes in degree of
saturation of the subsurface from the numerical simulation results, as well as the effects of

these changes on the heat transfer during the heat injection period and heat retention during
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the ambient cooling period. Time series of the simulated degrees of saturation at the locations
of thermistor strings 3 and 2 are shown in Figures 17(a) and 17(b). Due to the boundary
conditions associated with borehole heat exchanger B next to thermistor string 3, a steady
decrease in degree of saturation was noted during the heat injection period at this location in
Figure 17(a). This decrease in degree of saturation is expected due to enhanced vapor diffusion
from relatively hot regions to colder regions. During the ambient cooling stage, the degree of
saturation at the location of thermistor string T-3 was not observed to recover. A similar
observation was made by Baser et al. (2018) for a single borehole heat exchanger in compacted
silt that had different thermo-hydraulic properties. The main effect of this decrease in degree of
saturation is that the decrease in temperature at this location during ambient cooling should be
slower due to the lower thermal conductivity associated with the permanent decrease in
degree of saturation. An interesting observation is that this same decrease in degree of
saturation during the heat injection period was not observed in Figure 17(b) at the location of
thermistor string T-2, which was between borehole heat exchangers A and B. In fact, a slight
increase in degree of saturation is observed, likely due to movement of water vapor away from
these two heat exchangers to the cooler regions between.

The differences in behavior at the locations of thermistor strings T-3 and T-2 indicates
that for this particular set of thermo-hydraulic soil properties in Figure 1, the zone of influence
of degree of saturation changes is relatively limited in the conglomerate material. The effect of
the changes in degree of saturation with heating can be further investigated using the
numerical simulation results through the radial distributions in degree of saturation, thermal

conductivity, and volumetric heat capacity at the end of the heat injection period shown in
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Figures 18(a), 18(b), and 18(c), respectively. Decreases in all three variables are noticed at the
end of heating, with greater decreases at the locations of the borehole heat exchangers. The
radial distributions for degree of saturation differ from those for the temperature observed in
Figure 15, which reflect a clear overlapping effect between the borehole heat exchangers.
Zones of influence of changes in degree of saturation of approximately 0.3 m is observed
around borehole heat exchanger A and of approximately 0.25 m is observed around borehole
heat exchanger B, which was not sufficient to cause a significant overlapping effect between
the two boreholes. Although not investigated, repeated cycles of heat injection and heat
removal may leader to greater zones of influence. Similar to the observations of Baser et al.
(2018), greater decreases in degree of saturation are observed for the locations with initially
greater degree of saturation and for greater changes in temperature, due to the effects of
enhanced vapor diffusion and phase change. Another interesting observation is that the
percent decrease in the thermal conductivity in Figure 18(b) is greater than the percent
decrease in the volumetric heat capacity in Figure 18(c). This has positive implications on the
performance of the heat storage systems as the lower thermal conductivity is expected to lead
to decrease in the heat loss from the system while the volumetric heat capacity reflects the
total heat that can be stored in the soil for a given increase in ground temperature.

Another comparison that can be made is the difference in the simulations expected for
the subsurface having thermo-hydraulic properties representative of unsaturated and saturated
conditions. When the subsurface is saturated, the governing equations in Table 1 are
significantly simplified. Heat transfer will occur primarily due to conduction, but natural

convection of the pore water will occur due to decreases in the density of water with
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temperature. A comparison of the simulations for saturated and unsaturated conditions along
with the measured ground temperatures are shown in Figure 19 for a depth near the upper-
middle of the array at the location of borehole T-2. The temperature for saturated conditions
are generally lower, although they tend to rise sharply near the end of the heat injection
period, possibly due to upward water flow due to natural convection. Further comparisons of
the model for saturated and unsaturated conditions are shown in Baser et al. (2018) for the
case of a single geothermal heat exchanger.
6. CONCLUSIONS

This study focused on the simulation of transient heat transfer and water flow in a field-
scale SBTES system installed in the vadose zone. A non-isothermal, coupled heat transfer and
water flow model considering enhanced vapor diffusion and nonequilibrium phase change
calibrated in the laboratory using reconstituted specimens collected from the field was
validated by comparing simulated ground temperatures with those from field-scale SBTES
system during both heat injection and ambient cooling. In general, a good match was obtained
between the simulated and measured temperature data, reflecting the importance of
considering coupled heat transfer and water flow when simulating SBTES systems installed in
the vadose zone. During heat injection, ground temperatures were generally greater near the
surface in the borehole array, likely due to heat transfer due to buoyancy-driven vapor flow. At
the end of 5 months of ambient cooling, some heat was still retained within the array,
indicating that further heat injection and cooling cycles would lead to a positive effect on the

performance of this heat storage approach.
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Differences between the simulation and measured data were likely due to differences in
how the heat injection boundary conditions were applied, the assumption of a homogenous
subsurface, the calibration of the model parameters using reconstituted specimens, and the
assumption regarding the depth of the water table (which may vary with time). Heat transfer
led to a clear overlapping effect between the closely-spaced geothermal borehole heat
exchangers in the SBTES system. However, the simulation results indicate that a significant
overlapping effect was not observed in terms of the changes in degree of saturation between
the geothermal borehole heat exchangers. Permanent decreases in degree of saturation were
observed at the locations of the geothermal heat exchangers, corresponding to a decrease in
thermal conductivity, but similar decreases in these variables were not observed in the bulk of
the subsurface between the geothermal borehole heat exchangers for the particular conditions
at the site. Further study on the effects of heating and cooling cycles of SBTES systems in the
vadose zone may better clarify the roles of thermo-hydraulic interaction between closely
spaced geothermal borehole heat exchangers for different subsurface materials.
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TABLE 1. Equations used in the numerical analyses

Equation Number | Reference
Nonisothermal liquid flow governing equation: (1) (Bear 1972;
op dS. op k % Moradi et
ns 7w+npw_rw_c+v. P, _w v(pw+pwgz) = Ryy al. 2016)
w dP, ot Ho
n=porosity (m3/m3), Sw=degree of water saturation (m3/m3), pw=temperature-
dependent density of water (kg/mg) (Hillel 1980), t=time(s), P.=P,-Pg=capillary
pressure (Pa), P, =pore water pressure (Pa), P,=pore gas pressure (Pa),
knw=relative permeability function for water (m/s); k=intrinsic permeability (mz);
p,=temperature-dependent water dynamic viscosity (kg/(ms)) (Lide 2001),
g=acceleration due to gravity (m/sz) Rgw=Phase change rate (kg/mss)
Nonisothermal gas flow governing equation: (2) (Bear 1972;
op ds. ap kK x Moradi et
nS _9+npg Wi |- V(p +p gzj =Ry al. 2016)
rg ot dp, ot g 'ug g g
Sg=degree of gas saturation (m3/m3), pg=temperature-dependent density of gas
(kg/m’) (Smits et al. 2011), kig=relative permeability function for gas (m/s);
pe=temperature-dependent gas dynamic viscosity (kg/(ms))
Water vapor mass balance equation: (3) (Smits et
8(/09 Srg ij al. 2011)
n—at +V~(pgquV—DengWv):RgW
D.=D,t=effective diffusion coefficient (mz/s), D,=diffusion coefficient of water
vapor in air (mz/s) (Campbell 1985), w,=mass fraction of water vapor in the gas
phase (kg/kg), t=n1/3Srg7/3n=tortuosity (Millington and Quirk 1961)
Enhancement factor for vapor diffusion, n: (4) (Cass et al.
3 1984)
n=a+3S (a-1)exp 1+ 26 S
- wo - T Prw
A
a=empirical fitting parameter representing the soil-specific enhancement in
vapor diffusion, f.= clay content
Nonequilibrium phase change rate, Rg,: (5) (Bixler
bS RT 1985;
R —|_w (p —p j Moradi et
Toeom, Nvea v al. 2016)
b=empirical fitting parameter representing the soil-specific nonequlibrium phase
change rate (s/m?), R=universal gas constant (J/molK), p,eq=equilibrium vapor
density (kg/m3) (Campbell 1985), T=Temperature (K), p,=vapor density (kg/m3),
M, =molecular weight of water (kg/mol)
Heat transfer energy balance: (6) (Whitaker
(0C,) L 4 V. (9uCo T +(0,C g i, T —(AVT))= LR, +Q 1977,
) gr Y \Pupw Mul TP g Mo =T w Moradi et
p=total density of soil (kg/ma), C,=specific heat of soil (J/kgK), Cow=specific heat al. 2016)

capacity of water (J/kgK), Cpz=specific heat capacity of gas (J/kgK), A=thermal
conductivity (W/mK), L=Iatent heat due to phase change (J/kg), u,=water
velocity (m/s), u,=gas velocity (m/s), Q=heat source (W/m?)
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TABLE 2. Constitutive models used in the numerical analyses

Equation Number | Reference
Soil Water Retention Curve (SWRC): (7) (van
1 1-1/Ny Genuchten
Srw = Srw,res + (1_ Srw,res N 1980)
L+ (6P (T))"
where S,y e is the residual degree of saturation to water, o, and NvG are
parameters representing the air entry pressure and the pore size distribution,
respectively, and Pc(T) is the temperature-corrected capillary pressure according
to the model of Grant and Salehzadeh (1996)
Hydraulic Conductivity Function (HCF): (8) (van
[ 1-1/Nyg Genuchten
S —S S —5§ Hotine) 1980;
k — rw rw,res _ 1 _ rw rw,res Mualem
rw
1-3 rw,res 1-3S rw,res 1970)
where o, and NvG are the same parameters as in Equation (7)
Thermal Conductivity Function (TCF): (9) (Lu and
1/m-1 Dong 2015
1— //Ldry S m g )
T g 14| e
ﬁ’sat - ﬂ’dry Sf
where Ay, and Ag,c are the thermal conductivities of dry and saturated soil
specimens, respectively, S is the effective saturation, S; is the effective
saturation at which the funicular regime is onset, and m is defined as the pore
fluid network connectivity parameter for thermal conductivity
Volumetric Heat Capacity Function (VHCF): (10) (Baser et
C-C mJYm-1 al. 2016b)
Ty g g 2
CVsat - CVdry Sf

where C,4y and C,s,; are the volumetric heat capacities of dry and saturated soil,
respectively, and are similarly treated as fitting parameters, and St and m are the
same parameters as in Equation (9)
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1. INTRODUCTION

Soil-borehole thermal energy storage (SBTES) systems are used for storing heat
collected from renewable sources in the subsurface so that it can be used later for space or
water heating. Heat sources such as solar thermal panels generate heat during the day with a
greater energy generation during summer months, so SBTES systems permit storage of the
abundant and free thermal resource (Sibbitt et al. 2012, McCartney et al. 2013). SBTES systems
function similarly to geothermal heat exchange systems, where a carrier fluid is circulated
through a closed-loop pipe network installed in vertical boreholes backfilled with sand-
bentonite. Different from boreholes in conventional geothermal heat exchange systems, the
boreholes in SBTES systems are spaced relatively close together (1-2 m) in an array to
concentrate heat in the subsurface (Claesson and Hellstrom 1981). SBTES systems are a
convenient alternative to other energy storage systems as they are relatively inexpensive,
involve storage of renewable energy (solar thermal energy), and are space efficient as they are
underground (Baser and McCartney 2015a).

Despite the successful use of SBTES systems in community-scale applications (Sibbitt et
al. 2012; Nussbicker-Lux 2012; Bjoern 2013), there are still opportunities for engineers to
improve the performance of SBTES systems by considering the role of the hydrogeological
setting in the subsurface. A goal of this study is to understand the benefits of installing SBTES
systems in the vadose zone, the layer of unsaturated soil or rock near the ground surface that
may extend to depths greater than 10 meters in some locations. The unsaturated porous
material in the vadose zone has a lower thermal conductivity than when saturated, limiting the

transient spreading of heat away the subsurface heat storage system (Choi et al. 2011). The
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volumetric heat capacity of soils in unsaturated conditions is lower than in saturated conditions
but is still greater than in dry conditions. For example, the volumetric heat capacity of a silty soil
is 2.5 MJ/m>K for saturated conditions, 2.0 MJ/m3K for a degree of saturation of 0.5, and 1.2
MJ/m>K for dry conditions (Baser et al. 2016d). One challenge is that the modes of heat transfer
in unsaturated porous materials are more complex than when dry or water-saturated.
Specifically, in addition to coupling between the thermal and hydraulic properties of
unsaturated soils and the effects of temperature on fluid properties (e.g., Lu and Dong 2015),
the modes of heat transfer in unsaturated soils include a combination of conduction,
convection due to the flow of pore water in liquid and vapor forms under thermal and hydraulic
gradients, and latent heat transfer due to phase change. Several studies have developed
models to capture these different mechanisms of coupled heat transfer and water flow in
unsaturated soils, and have applied them to problems associated with radioactive waste
repositories (e.g., Ewen and Thomas 1989; Thomas and Sansom 1995; Gens et al. 1998; Gens et
al. 2009), soil-atmosphere interaction (Smits et al. 2011), energy piles (Akrouch et al. 2016), and
borehole geothermal heat exchangers (Baser et al. 2018). Baser et al. (2018) found that the
zone of influence of temperature changes in silt around a heat exchanger were greater for
unsaturated conditions when considering the impact of vapor phase convection. Previous
simulations of geothermal heat exchangers in unsaturated soil used conduction alone with a
thermal conductivity that varies with the initial degree of saturation (e.g., Choi et al. 2011), but
Baser et al. (2018) found that thermally-induced water flow may lead to significant differences

in the thermo-hydraulic response of the subsurface.
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This paper presents a comparison of transient changes in ground temperatures
measured in a field-scale SBTES system installed in the vadose zone in San Diego, California with
those predicted from a numerical model for coupled heat transfer and water flow. The testing
program involved a 4-month period where heat collected from solar thermal panels was
injected into the borehole array, followed by a 5-month ambient cooling period. Heat transfer
rates into the subsurface measured in the field-scale SBTES system were used to define the
dynamic boundary conditions for heat injection in the model, considering the effects of
fluctuations in surface air temperature. Although the primary variable from the comparison is
the ground temperature, the numerical model also permits evaluation of the effects of thermo-
hydraulic interaction between the closely-spaced boreholes in the SBTES system on the degree
of saturation. This is important as changes in the degree of saturation due to thermally-induced
water flow may lead to associated changes in the subsurface thermo-hydraulic properties of
unsaturated soils.

2. BACKGROUND

Since the concept of borehole thermal energy storage systems was introduced by
Claesson and Hellstrom (1981), several SBTES systems have been installed in Canada and
Europe as part of district-scale heat distribution systems. The Drake Landing SBTES system in
Okotoks, Alberta, Canada supplies heat from solar thermal panels installed on garage roofs to
an array of 144 boreholes in a 35 m-deep, 35-m wide grid (Sibbitt et al. 2012), which is then
used to supply approximately 90% of the heat demand of 52 homes. Catolico et al. (2016)
simulated the response of the Drake Landing SBTES system, which lies in water-saturated sand

deposits overlying glacial till, using a numerical model in TOUGH2 using time-dependent
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injection fluid temperatures measured at the site over six years of operation as the main
boundary condition. Over each year of operation, lateral heat transfer from the borehole array
to the surrounding ground was found to decrease due to a reduction in the thermal gradient
between the center of the array and the surrounding subsurface, meaning that more thermal
energy was concentrated in the center of the array. They found that the annual efficiency of
heat extraction (heat extracted divided by heat injected) increases over time, approaching a
value of 55%. However, the efficiency of heat recovery was found not to be a good
guantification of the SBTES performance because if the demand for heat in a given winter is
lower the the efficiency will decrease. Instead, it may be better to evaluate the fractions of heat
injected, stored, and lost. For example, in the 6" year of operation, 31.5% of the heat injected
into the system was recovered, 21.9% of the heat injected remained in the borehole array, and
46.7% of the heat injected escaped the borehole array. Despite the seemingly high fraction of
heat loss, the heat stored and recovered was sufficient to provide more than 90% of the
community’s annual heating demands. Another successful SBTES system was installed in 2007 is
in Braedstrup, Denmark (Bjoern 2013). This system supplies heat from 18,000 m? of solar
thermal panels to an array of 50 boreholes having a depth of 47 to 50 m installed across a 15 m-
wide area. This system provides 20% of the heat to 14,000 homes. Another commercial-scale
SBTES was installed in 2008 in Crailsheim, Germany involving of a series of 55 m-deep
boreholes that formed a 39,000 m* subsurface storage volume. This system stores heat from
7410 m? of flat plate solar thermal collectors to provide heat for a school and 230 dwellings

(Nussbicker-Lux 2012).
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Although the experience from the commercial-scale systems at Drake Landing,
Braedstrup and Crailsheim indicates that SBTES systems are functional and are sufficiently
efficient to provide heating to different sizes of communities, simulation studies such as that of
Catolico et al. (2016) indicate that the hydrogeological setting is critical for optimizing the
thermal energy storage. Although the Drake Landing SBTES system includes instrumentation to
evaluate changes in ground temperature within the array (Sibbitt et al. 2012), it is in use for
commercial purposes, so the heat injection patterns cannot be varied as part of scientific
studies on the performance of SBTES systems. Accordingly, it is advantageous to install smaller
SBTES systems for demonstration projects in different hydrogeological settings to understand
the roles of different heat transfer processes and heat injection patterns on SBTES system
performance. For example, Baser et al. (2016a) reported the ground temperatures monitored
during a 75-day heat injection experiment into a small-scale SBTES system in Golden, CO, USA
involving an array of 5 borehole heat exchangers. Although the SBTES system in that study was
installed in an unsaturated silty soil layer, observations during installation indicate that the
bottom 10% of the heat exchanger lengths were in a saturated sand aquifer underlying the site.
Transient temperature measurements indicated that a substantial portion of the injected heat
left the array due to lateral heat loss associated with both the higher thermal conductivity of
the saturated sand layer and possible convection effects associated with groundwater flow in
this sand layer. Further, the simulations of Baser and McCartney (2015b) indicate that arrays
should have a greater number of boreholes than those considered by Baser et al. (2016a) to

effectively concentrate heat in the subsurface.
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Although simplified design models for SBTES systems have been developed (e.g.,
Claesson and Hellstrom 1981), modeling the transient heat transfer in SBTES systems can be
complex because of the dimensions of the problem, the geometry and structure of the
borehole network, the process of heat transfer into the ground via circulating fluids in closed-
loop pipe networks, and the nonlinear variations in the thermal and hydraulic properties of
unsaturated soils with degree of saturation. Marcotte and Pasquier (2014) investigated the
effect of the borehole arrangement both analytically and numerically on the thermal response
of a heat storage system for the cases in which boreholes are connected in series, parallel, and
mixed configurations. They reported significantly lower inlet fluid temperatures for the parallel
configuration than for the series configuration, indicating a larger heat transfer to the ground
for this arrangement compared to the series configuration. Besides the geometrical
configuration of the borehole heat exchangers and the fluid circulation configuration (series,
parallel, mixed), there are other factors that affect the thermal response of a storage system,
such as the subsurface temperature profile and ambient air temperature, degree of saturation
profile of soil and the thermal properties. Thomas and Rees (2009) investigated the effect of
water content on heat transfer through unsaturated soils via a series of one and two-
dimensional numerical simulations that consider only conduction as the major heat transfer
mechanism. They reported 60% and 20% increases in heat flux with increasing water content
for one- and two-dimensional models, respectively. Akrouch et al. (2016) proposed an
analytical solution based on cylindrical heat source theory that accounts for variable degree of
saturation on the heat exchange between the heat source and sand soil and the results

indicated a 40% drop in performance of a heat exchanger when the degree of saturation is
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close to residual conditions. Welsch et al. (2015) studied the impact of borehole length,
borehole, spacing, number of boreholes, and the inlet heat transfer fluid temperatures on the
behavior of thermal energy storage in crystalline rock. They observed that there was an optimal
spacing to reach the highest efficiency of heat recovery, with higher and lower values leading to
lower efficiencies. Due to the high thermal conductivity of the crystalline rock, the optimal
borehole heat exchanger spacing was 5 m, which is greater than that observed in similar studies
the focus on lower thermal conductivity soils (e.g., Baser and McCartney 2015a). Welsch et al.
(2015) found that the number of boreholes has a positive influence on the efficiency of heat
recovery because the increasing ratio of the storage volume to the size of the boundary of the
storage volume results in lower heat losses to the surrounding subsurface outside of the array.
Baser and McCartney (2015a) used a conduction-only model to understand the impacts
of borehole array geometry, ground properties, heat injection magnitudes, and heat injection
duration on the temperature distribution in the SBTES system. Baser et al. (2016b) and Baser et
al. (2016c) used a coupled heat transfer and water flow model without considering vapor
diffusion or phase change to understand the roles of incorporating a thermal insulation layer
and the effect of different unsaturated soil properties on the ground temperatures in SBTES
systems, respectively. These studies found that a surface insulation layer does not play a
significant role on the thermal energy storage due to the small area around each borehole heat
exchanger, but that surface temperature fluctuations should still be considered on the ground
temperatures. Bidarmaghz et al. (2016) investigated the effect of surface air temperature
changes on the thermal response of geothermal heat exchangers in the shallow subsurface and

found that considering ambient air temperatures in the simulations increased the total heat
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exchanger length by 11%. A similar study by Nguyen et al. (2017) showed that seasonal
temperature variation of the subsurface increases the outlet fluid temperature causing a
decrease in the heat transfer rate into the ground. Further, they found that burying boreholes
at the certain depth from the surface (1-2 m) is not sufficient to hinder the ambient air
temperature effects on the ground temperature near the surface. Baser et al. (2017) used a
coupled heat transfer and water flow model considering vapor diffusion and phase change to
study the response of a single vertical borehole heat exchanger during a heat injection period
followed by a, ambient cooling periods. They evaluated the role of different heat transfer
mechanisms and observed a permanent drying around the heat exchanger during heat injection
that was not recovered during ambient cooling. This drying led to a decrease in thermal
conductivity that corresponded to a reduction in the amount of heat loss from the soil near the
heat exchanger.
3. NUMERICAL MODEL
3.1. Model Formulation

This study applies the model for geothermal heat exchangers in unsaturated soils used
by Baser et al. (2018), which was originally developed by Smits et al. (2011) and enhanced by
Moradi et al. (2016), to simulate the behavior of a field-scale SBTES system installed in San
Diego, California. The governing equations for the model are summarized in Table 1, while the
key thermo-hydraulic constitutive relationships are summarized in Table 2. Coupling occurs
between the different equations in Table 1 due to the effects of temperature on the different
fluid properties, which are summarized by Smits et al. (2011) and Baser et al. (2018). Simulation

of coupled heat transfer and water flow in unsaturated soils requires simultaneous solution of
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the governing equations for two-phase flow (Equations 1 and 2) along with the heat transfer
based on energy balance (Equation 6). Because liquid and vapor phases are present in
unsaturated soils, flow induced by thermal gradients in both liquid and total gas phases are
considered and formulated as the convection terms in the energy balance equation (i.e., the
second and the third terms in Equation 6). When formulating the model, some assumptions are
made: (a) soil framework is homogeneous, isotropic, and non-deformable; (b) fluid phases are
immiscible; (c) hysteresis in the constitutive relationships is not considered. The model
considers enhanced vapor diffusion described by Equation (4) and a nonequilibrium phase
change rate described by Equation (5) that are incorporated into the water vapor mass balance
equation in Equation (3) and as source terms in the governing equations for two-phase flow
and the heat transfer energy balance. The model was implemented into the finite element-
based software COMSOL Multiphysics® version 5.2a (COMSOL 2015) which solved the
governing equations for the four primary unknowns: pore water pressure, total pore gas
pressure, water vapor concentration, and temperature.
3.2. Model Calibration

The key parameters that must be defined to calibrate the numerical model are the
parameters of the thermo-hydraulic constitutive relationships given in Table 2 and the
parameters a and b from Table 1 that govern the soil-specific enhanced vapor diffusion rate
and the nonequilibrium phase change rate, respectively. The methodology described in this
section for parameter calibration was applied to the subsurface in the SBTES array evaluated in
this study but could also be applied to design SBTES systems in the vadose zone in other

locations.
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The SBTES system constructed as part of this study was installed in an unsaturated
conglomerate bedrock layer at the Englekirk Structural Engineering Center (ESEC) of the
University of California San Diego. A site investigation from 2003 indicates approximately 1m of
sandy soil overlying the conglomerate bedrock consisting of cemented sand- and gravel-size
particles. An undisturbed core of the conglomerate bedrock was not obtained during
installation of the SBTES system. However, disturbed cuttings from a hole drilled into the
conglomerate using an auger were collected from different depths. Although it is not possible
to reconstitute the cuttings into the same cemented structure as the conglomerate, it is
assumed that the thermo-hydraulic properties of the conglomerate are predominantly
governed by the grain size, mineralogy, and density for the purposes of model calibration so
that laboratory calibration of the model parameters is possible. Laboratory calibration permits
the use of instrumented specimens under carefully-controlled boundary conditions, but future
studies may use inverse analyses from field measurements to consider the role of the
cemented structure on the calibrated model parameters. Specimens used to represent the
conglomerate properties were reconstituted from cuttings obtained from a depth of 16 m from
the surface at the ESEC facility, which were prepared using compaction to a dry density of a
1650 kg/m3 at an initial degree of saturation of 0.49, which corresponds to conditions in the
conglomerate measured using sand-cone experiments performed at a depth of 1.5 m from the
surface.

The thermo-hydraulic constitutive relationships were determined using a modified form
of the transient water release and imbibition method (TRIM) of Wayllace and Lu (2012) that

included the measurement of the thermal conductivity and volumetric specific heat capacity
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described by Lu and Dong (2015). Specifically, a specimen was compacted to the conditions
mentioned above into a modified Tempe cell that incorporates a dual thermal needle and a
dielectric sensor, was saturated with water, then dried monotonically in two stages. The soil
water retention curve (SWRC), hydraulic conductivity function (HCF), thermal conductivity
function (TCF), and volumetric heat capacity function (VHCF), described by Equations 7
through 10 in Table 2, were obtained from inverse analysis of the outflow and thermal property
measurements during this drying stage. The SWRC and HCF along with relevant parameters are
shown in Figure 1(a), while the TCF and VHCF along with relevant parameters are shown in
Figure 1(b). Lu and Dong (2015) presented empirical relationships between the parameters of
the thermal constitutive relationships and the hydraulic constitutive relationships, but the
properties measured from the experiments in Figure 1 were used in the simulations.

The properties governing the vapor diffusion phase change rate and diffusion were
calibrated using an evaporation experiment on a reconstituted specimen of the site soil. The
soil was compacted in a plastic modified Proctor compaction mold having a diameter of 152
mm to a height of 179 mm. The mold, developed by lezzoni and McCartney (2015), can
accommodate a dielectric sensor at mid-height of the soil specimen as shown in the cross-
sectional schematic in Figure 2. An evaporation test starting from the initial degree of
saturation mentioned above was performed by heating the bottom of the soil layer using a
heating pad placed below the mold while leaving the surface of the soil open to the
atmosphere. The heating pad applies fluctuating heat pulses to maintain a target temperature.
Thus, a thermocouple was placed at the bottom to monitor the applied boundary temperature

during heating, which is shown in Figure 3(a). Ambient temperatures were also recorded with a
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thermocouple so that the ambient air temperatures could be applied as boundary conditions
on the outer surfaces of the specimen during the experiment. A temperature of approximately
42 °C was maintained over a period of 35 h. The measured values of temperature and degree of
saturation at the center of the soil specimen during this period are shown in Figures 3(a) and
3(b), respectively. The model of lezzoni and McCartney (2015) was used to correct the degrees
of saturation inferred from the dielectric sensor to account for temperature effects. This
calibration test was then simulated using the coupled heat transfer and water flow model, and
the parameters a and b in Equations 4 and 5 in Table 1 were varied using a manual parameter
sweep to identify the best combination of parameters to match the measured curves. The
simulated temperature and degree of saturation curves for a =20 and b =2x10" s/m? are
shown in Figures 3(a) and 3(b), respectively, which indicate a good match.
3.3. Simulation Details for the Field-Scale SBTES System

The calibrated model was then used to simulate the response from the field-scale SBTES
system demonstration experiment. A plan view of the SBTES system showing the connections
between the boreholes in the array, a manifold for control and monitoring of the heat
exchanger fluid in the borehole array, a 2400 L water-filled temporary heat storage tank, and a
series of solar thermal panels is shown in Figure 4(a). This figure also shows the location a
reference borehole for monitoring the undisturbed ground temperature profile. Thirteen of the
boreholes in the array include heat exchanger tubing, while four of the boreholes in the array
include thermistor strings that monitor the ground temperature. Two of the boreholes include
both heat exchangers and thermistor strings. The boreholes were backfilled with sand

bentonite after installation of the heat exchangers or thermistor strings. The hexagonal
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configuration of the borehole array was selected for ease of construction, as the boreholes in
the array fall into five co-linear sets that facilitate positioning of the drill rig. The main design
variable used to configure the boreholes was the spacing. Baser and McCartney (2015a) found
that the borehole spacings should be less than 1.5 m to ensure overlapping effects of the heat
exchangers for soil thermal properties and heat transfer rates typical of SBTES systems. The
number of boreholes containing heat exchangers was selected so that the boreholes in the
array would fall into two annuli, greater than the number in the array tested by Baser et al.
(2016a). Although a commercial-scale SBTES system would likely have more heat exchangers in
several more annuli (e.g., Sibbitt et al. 2012), this array is still sufficient in scale to investigate
the transient heat transfer and heat storage in the subsurface within the array associated with
interactions between heat exchangers.

An elevation view of the site is shown in Figure 4(b), which highlights the position of the
15 m-long boreholes beneath a 1 m-deep excavation. After connection of the heat exchanger
tubing following the arrangement shown in Figure 4(a), a thin layer of site soil was placed for
leveling-purposes, which was overlain by a hydraulic barrier, an insulation layer, and a
compacted layer of site soil. The high-density polyethylene (HDPE) hydraulic barrier has a
thickness of 0.01 m and an assumed hydraulic conductivity of 102 m/s, while the EPS geofoam
insulation layer has a thickness of 50 mm, a thermal conductivity of 0.03 W/mK, and a specific
heat capacity of 0.9 MJ/kgK. The lateral extents of the hydraulic barrier and insulation layer
followed the hexagonal boundaries of the array shown in Figure 4(a). Pictures of the SBTES
system are shown in Figure 5, highlighting the 1 m-deep excavation and connection of the

borehole heat exchangers in Figure 5(a), the hydraulic barrier in Figure 5(b), the insulation layer
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in Figure 5(c), and the completed set of solar thermal panels and temporary heat storage tank
in Figure 5(d).

As the hexagonal borehole array is symmetrical, a quarter section was simulated as
shown in Figure 6. The temperatures on either side of the two planes of symmetry are assumed
to be identical. This simulation strategy was also used by Catolico et al. (2016) to reduce
computation times when simulating symmetrical SBTES systems. Figure 6 also includes the
labels used to name the thirteen boreholes that include heat exchangers (boreholes A through
M) and the four boreholes that include thermistor strings (T-1 to T-4). As will be described
below, appropriate fractions of the heat transfer from boreholes A (1/4 of its heat transfer), B
(1/2 of its heat transfer) and E (1/2 of its heat transfer) are applied as boundary conditions. The
model domain is 15 m x 15 m in plan and has a depth of 20 m and includes 5 borehole heat
exchangers. The size of the domain was selected such that the heat exchangers would not
affect the temperatures at the boundaries for the heat injection period under investigation.
This was confirmed by ensuring that the temperature at the boundaries of the array remained
similar to the temperatures from the reference borehole at different depths. The domain was
discretized using 756,667 elements with finer discretization around the boreholes. Triangular
elements were used on the surfaces of boreholes and insulation layer, and tetrahedral
elements were used for the rest of the domain. A maximum element growth rate of 1.4 and a
curvature factor of 0.25 were used in discretization in COMSOL.

The isometric views of the model domain shown in Figures 7(a) and 7(b) highlight the
thermal and hydraulic boundary and initial conditions, respectively. The initial temperature

profile was obtained from the ground temperature distribution measured by the reference
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borehole at the initiation of the heat injection period on April 29" 2016. To define the initial
degree of saturation profile, hydrostatic conditions were assumed. Although the water table
was not encountered in the previous geotechnical site investigation which was performed in
2003, the San Diego County Water Authority reported that the ground water depth ranges in
depth from 14 to 24 m in the area and no groundwater flow was recorded. Accordingly, the
water table was fixed at a depth of 20 m from the surface (i.e., at the base of the domain)
throughout the simulations for simplicity as its actual location during the experiment is
unknown. Although the depth of the groundwater table may be greater than 20 m, this choice
of boundary condition was selected to limit the size of the domain in the simulations. Based on
the hydrostatic profile shown in Figure 7(b), the initial degree of saturation along most of the
length of the heat exchangers was approximately 0.22 which corresponds to residual saturation
conditions. Near the bottom of the heat exchangers, the initial degree of saturation increases
up to 0.49 due to the proximity of the water table.

Neumann boundary conditions of zero mass flux and zero heat flux were assigned for
the outer lateral boundaries of the domain as well as for the planes of symmetry. Dirichlet
boundary conditions for temperature were applied at the bottom and top of the domain. A
constant temperature of 21°C was applied at the bottom of the domain, which corresponds to
the average measured temperature at the base of the reference borehole. The temperature of
the top of the domain was assumed to equal the time-dependent ambient air temperatures
that were measured at the site during the duration of the experiment, shown in Figure 8(a).
Although the EPS geofoam insulation layer is considered in the simulations, it does not provide

a perfect insulation effect so the effects of the ambient air temperature fluctuations on the
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surface temperature must be considered. It should be noted that the surface ground
temperature may differ from the ambient air temperature due to radiative and air convection
effects, so the use of the ambient air temperature as a surface boundary condition may be a
simplifying assumption. A zero-mass flux boundary condition was applied to the surface
boundary. This choice was made to simplify the fluid flow processes in the ground as an
infiltration/evaporation boundary condition can be computationally expensive when combined
with a coupled heat transfer and water flow model considering vapor diffusion and phase
change. However, this assumption is reasonable both due to the relatively low precipitation in
San Diego as well as due to the presence of the hydraulic barrier atop the borehole array.
However, this boundary condition choice is expected to affect the accurate simulation of the
temperature at the location of the reference borehole, as infiltration of water may affect the
thermal properties of the surface soil. As mentioned, Dirichlet boundary conditions were
assumed for the water table at the base of the domain (pore water pressure equal to zero).
Although the heat transfer boundary conditions for geothermal borehole heat
exchangers previous simulations of SBTES systems involved control of the inlet fluid
temperature and considered convective heat transfer associated with fluid flow through the
sequence of borehole heat exchangers in the array (e.g., Welsch et al. 2015; Catolico et al.
2016), this study considered the borehole heat exchangers as cylindrical heat sources and
applied heat flux values to the outer diameters of the cylinders equal to the measured heat flux
values from the site discussed in the next paragraph. The heat transfer boundary conditions
associated with fluid flow through heat exchanger pipes were not considered in this study

because of long computational times associated with solving the governing equations for
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coupled heat transfer and water flow processes in the subsurface given in Table 1, which was
the primary topic of interest in this study. The simplified heat transfer boundary condition for
the borehole heat exchangers still permits validation of the coupled heat transfer and water
flow analyses in the subsurface within the array. However, design simulations for SBTES
systems require control of the inlet fluid temperature and consideration of convective heat
transfer of fluid flow through the heat exchangers as the heat transfer rate will decrease over
time as the soil within the array increases in temperature (e.g., Welsch et al. 2015). Another
assumption in this study is that a uniform heat flux was applied to each of the heat exchangers
based on the measured heat transfer rates in the field. Although the choice of a uniform heat
flux along a heat exchanger connected in series through several boreholes may not be suitable
when simulating a commercial-scale SBTES system with long overall heat exchanger lengths, the
relatively short overall heat exchanger lengths used in this field demonstration project
permitted the use of this simplified boundary condition without major discrepancies in
matching the measured subsurface temperatures.

Eight evacuated tube solar thermal panels having a total area of 33 m? were connected
in series to collect heat during the day, which was then transferred to the water in the
temporary heat storage tank via a coiled copper tube. A second coiled copper tube in the
temporary heat storage tank is used to inject heat into the SBTES system. A second horizontal
SBTES system was also installed at the site and was tested at the same time (Baser et al. 2019).
Although this horizontal SBTES system is not discussed in this paper, it should be acknowledged
as all the heat collected from the solar thermal panels was not injected into the “vertical” SBTES

system under evaluation in this study. Nonetheless, the measured heat transfer rate into the
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subsurface was boundary condition used in the simulations, so the effects of the horizontal
SBTES system is not important. Water was used as the heat exchanger fluid in both the solar
thermal panels and in the SBTES system as freezing temperatures are not expected in San

Diego. The heat transfer rates were calculated as follows:
Q :prwa(Tin _Tout) (11)
where \/Wis the measured volumetric flow rate of the heat exchanger fluid (water), py is the

density of water (1000 kg/m?), C,, is the specific heat capacity of water (4183 J/kgK), and Ti» and
Tout are the measured temperatures of the water entering and exiting solar thermal panels,
respectively. The heat transfer rates for the solar thermal panels over the 120-day period
starting on April 29, 2016 are shown in Figure 8(b). The large fluctuations in heat transfer rate
observed in this figure occur because heat is only collected during the day. To better
understand the transient heat transfer rates from the solar thermal panels and the total heat
injected into the vertical SBTES system during 2 days of operation are shown in Figure 8(c). A
lag is observed between the heat transfer rates collected from the solar thermal panels and
injected into the vertical SBTES, but the temporary water storage tank provides a buffer to
permit heat injection at night as well. A control system has not yet been implemented to ensure
that heat is only collected from the solar thermal panels during the day. Specifically, the
circulation pumps in the solar thermal panels and SBTES system are operated continuously.
Accordingly, fluid is still circulated through the solar panels at night, which may result in a slight
extraction of heat from the temporary heat storage system if the outside air is colder than the
borehole array. The efficiency of heat transfer in the system can be assessed using the

cumulative total energy collected from the solar thermal panels and injected into the vertical
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and horizontal SBTES systems shown in Figure 8(d). Approximately 80% of the cumulative heat
collected from the solar thermal panels is injected into the vertical and horizontal SBTES
systems, with the remaining 20% lost due to the circulation of fluid through the solar thermal
panels at night. Additional experimental testing is underway to investigate other configurations
for flow through the solar thermal panels (series instead of parallel) along with inclusion of a
heat transfer fluid control system in the solar thermal panels to increase the efficiency of heat
collection from the solar thermal panels and injection into the SBTES systems.

As mentioned, the borehole heat exchangers were simulated as cylinder sources having
a uniform heat flux with depth with a magnitude that varied according to the measured heat
flux interpreted from Equation (11) using the entering and exiting fluid temperatures and fluid
flow rates going into the different geothermal loops shown in Figure 4(a). Specifically, the heat
exchanger tubing was split into three closed-loop networks of U-tube borehole heat exchangers
(referred to as Loops 1, 2, and 3). Each loop is connected to a borehole heat exchanger in the
central borehole, which means that the central borehole contains 3 U-tube heat exchangers.
Next, the three loops connect to four other borehole heat exchangers in different zones of the
array, as shown in the photograph in Figure 9 and the schematic in Figure 4(a). It is expected
that the heat exchanger fluid flowing through the loops will be hottest in the center of the
array, and the fluid temperature will decrease as it flows through the surrounding four
borehole heat exchangers and returns to the manifold. However, as noted above, the relatively
short length of the heat exchangers in each loop permits the assumption that the heat flux is
the same from each borehole connected to the loop (except for the central borehole which has

three times the other boreholes). The use of three loops provides flexibility for changing the
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heat transfer into different zones of the array, but in this study all three loops had a balanced
flow. Specifically, the fluid flow rates in each of the loops were controlled and measured
independently to be equal and ensure that heat transfer is balanced into the different zones of
the borehole array. The inlet and outlet fluid temperatures for each loop were monitored so
that Equation (11) could be applied to obtain the heat transfer rate into the subsurface, which
was the main boundary condition applied in the simulations.

A challenge encountered when simulating a quarter domain is that boreholes from
different loops were included in the domain, and the heat transfer rates in each loop were not
the same. Specifically, the borehole heat exchangers that were simulated were A (center
borehole, part of loops 1, 2, and 3), B (part of loop 2), C (part of loop 2), and D (part of loop 3), E
(part of loop 3) as shown in Figure 9 and Figure 4(a). Further, the heat transfer rates calculated
using Equation 11 represent an average heat transfer rate across the five borehole heat
exchangers in each loop. Accordingly, some assumptions had to be made regarding the heat
transfer rates applied to the different borehole heat exchangers being simulated. Because the
different borehole heat exchangers were obtained from different loops, the heat transfer rates
for the different borehole heat exchangers were interpreted from the heat transfer rates of
Loops 1, 2, and 3 calculated from Equation 11 which are shown in Figure 10. Specifically, the
total heat transfer rates from all three loops were first divided by five to represent the heat
transfer rate into the five boreholes in the quarter section domain and the transient heat fluxes
were applied to each borehole individually depending on its associated loop. The heat transfer
rate for the center borehole was equal to the sum of 1/5th of each of the three heat transfer

rates, and the heat transfer rates for boreholes B, C, D, and E were equal to 1/5" of the heat
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transfer rates from the respective loops noted above. Although it is likely that the center
borehole A had a higher local heat flux than the outer borehole E it is assumed that the
gradients of temperature in the center and edge of the array balanced out over time, so the
total heat transfer rate of each loop could be considered as an average of the entire system.
The transient heat transfer rates were converted to heat fluxes which were applied to the
outside area of each borehole in the quarter section domain. At the end of the heat injection
period, the heat flux for each borehole was set to zero to represent the ambient cooling period.
Because the coupled heat transfer and water flow processes in the subsurface are relatively
slow, a time interval of 1800 s was used in the simulations of the 120-day heat injection period
followed by a 155-day ambient cooling period, which was found to lead to sufficiently accurate
results when evaluating the changes in ground temperature.
4. COMPARISON OF NUMERICAL RESULTS AND FIELD MEASUREMENTS

A goal of this study is to present the field measurements in a way that the transient heat
transfer results at different locations in the borehole array could be understood. Second,
because of the simplifying assumptions regarding the subsurface thermo-hydraulic properties
(homogeneity and use of reconstituted specimens), the uncertain location of the water table
below the heat exchanger array, and the use of a uniform heat flux along the boreholes, it is
preferred to show a qualitative comparison between the field measurements and the results
from the numerical simulation without a detailed error analysis.

As could be expected from the large fluctuations in the heat transfer rate into the
geothermal heat exchanger loops due to the variability in the solar thermal heat transfer rate,

the temperature at the locations of the borehole heat exchangers are expected to experience
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significant changes in temperature each day. The temperatures at the center borehole
measured using the thermistor string T-1 along with the simulated temperature from the model
are shown in Figure 11. The temperature at each depth is shown separately in each sub-figure
to differentiate the transient response at the different depths. Although the temperatures at a
depth of 16.00 m were underestimated during heating, the temperatures at other depths were
captured well by the model. The difference at a depth of 16.00 m may be due to the
assumption of the hydrostatic initial conditions based on the assumed location of the water
table, which leads to a higher thermal conductivity of the subsurface in the simulations. The
differences in the daily fluctuations of each depth occur as the temperatures from the model
were obtained in a soil element at the boundary of the heat exchanger, while the measured
temperatures are from the thermistor strings inside the borehole and are in contact with the
geothermal heat exchanger. The sand-bentonite grout backfill in the boreholes was not
considered in the model simulations but may affect the heat transfer process in the field
measurements. During the ambient cooling stage, the transient trends appear to be well-
captured, although the initial temperature at the start of ambient cooling was occasionally
different from that between the measured and simulated values. The two locations closer to
the surface show an increase in the rate of cooling on day 210, likely due to the lower ambient
air temperatures observed in Figure 8(a).

A comparison between the temperatures at the location of thermistor string T-2 shown
in Figure 12 indicates less daily fluctuations than at the location of thermistor string T-1. The
temperature at the location of thermistor string T-2 depends on overlapping effects of borehole

heat exchangers A and B, and heat transfer from these boreholes damps out the daily
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fluctuations. A good match in the trends and magnitudes at the different depths was observed
during both the heat injection and ambient cooling periods, with underestimation of the
temperatures at depths of 16.00 m and 1.82 m. The measured temperature values during the
heating injection period ranged from 29.5 °C near the bottom of the array to 34.2 °C near the
top of the array. The greater increases in measured and simulated temperatures near the
surface of the array may be due to greater heat transfer in initially dryer soils due to greater
water vapor diffusion and latent heat transfer as well as buoyancy-driven upward movement of
water vapor, both of which were observed by Baser et al. (2018) in the simulation of a single
geothermal heat exchanger. The measured and simulated temperatures at the location of
thermistor string T-3 shown in Figure 13 are similar to those for thermistor string T-1 in Figure
11 due to the presence of borehole heat exchanger B, but with lower magnitudes. The lower
magnitude is because the heat flux from borehole heat exchanger B was three times smaller
than the three loops in borehole heat exchanger A. Finally, the measured and simulated
temperatures at the location of thermistor string T-4 shown in Figure 14 show the lowest
increases in temperature due to its larger radial location from the center of the borehole array.
One of the thermistors at a depth of 12.95m was not functional after installation. Like
thermistor string T-2, greater temperatures were noted near the surface.

The differences between the simulated and measured ground temperatures could be
due to the use of reconstituted specimens to obtain the thermo-hydraulic properties, the
possibility that the subsurface does not have homogeneous thermo-hydraulic properties,
uncertainty about the actual depth of the groundwater table (which may have affected the

initial degree of saturation and thermal properties), and the use of simplified heat exchanger
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boundary conditions. A general observation regarding the measured and simulated
temperature time series is that even though the heat transfer was simulated as an average heat
flux at the boundaries of the heat exchangers instead of simulating the heat transfer via
circulation of fluid in the borehole loops, a good match with the ground temperatures during
both heating and cooling was observed. Although the actual location of the water table was not
known a-priori, comparison of the simulation results shown in Figures 11 through 14 at depths
near the middle and bottom of the heat exchangers indirectly reflect the importance of the
initial degree of saturation on the simulation results from the coupled heat transfer and water
flow model. Greater initial degrees of saturation will lead to higher thermal conductivity values
and may lead to greater changes in degree of saturation due to enhanced vapor diffusion and
latent heat transfer (Baser et al. 2018). The differences in simulated and measured
temperatures at the different depths in the soil profile in Figures 11 through 14 could also have
been due to variations in subsurface stratigraphy not observed in the installation of the heat
exchangers, which would have led to variations in thermo-hydraulic properties with depth.
Despite the challenges in validating the numerical model with field data, the numerical model
was found to capture the temperature of the subsurface within the array with good accuracy
within most of the array.

Radial profiles of temperatures at the end of the heat injection period from the
numerical model and the field measurements are shown in Figures 15(a) for the depths that
thermistors were installed. Temperatures were in good agreement, especially at depths of
14.78 and 1.82 m. This figure also includes the ground temperatures from the reference

borehole. The shapes of the radial profiles are like those interpreted from the field
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measurements, although the maximum temperatures at the locations of thermistor strings 1
and 3 due to the daily fluctuations in heat transfer rate were not captured as noted in the time
series in Figures 11 and 13, respectively. Radial distributions in temperature at the end of the
ambient cooling period indicate that some heat (a maximum difference in temperature of 4 °C
from the initial value of 21 °C) is still retained within the array after 5 months of ambient
cooling. This amount of decrease in temperature due to ambient cooling is expected to
decrease if further cycles of heating and cooling were investigated, similar to the observations
of Catolico et al. (2016). Temperature profiles at the locations of boreholes 2 and 4 are shown
in Figures 16(a) and 16(b), respectively. Both the measured and simulated temperature profiles
show an increase in temperature with proximity to the ground surface, likely due to the effects
of natural convection. As the pore fluids are heated, their densities decrease causing them to
rise and transfer heat upward in the subsurface.
5. ADDITIONAL INSIGHTS FROM MODEL SIMULATIONS

Although it was known that the subsurface at ESEC was unsaturated, and that changes
in degree of saturation are expected due to coupled heat transfer and water flow,
instrumentation was not incorporated in the subsurface within the borehole array to monitor
changes in degree of saturation. This was due to difficulty in installing dielectric sensors into the
intact conglomerate through the sides of the boreholes. Installation of these sensors into a soil-
bentonite-backfilled borehole would measure the changes in thermo-hydraulic behavior of the
backfill, not the conglomerate. Nonetheless, it is still possible to infer the changes in degree of
saturation of the subsurface from the numerical simulation results, as well as the effects of

these changes on the heat transfer during the heat injection period and heat retention during
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the ambient cooling period. Time series of the simulated degrees of saturation at the locations
of thermistor strings 3 and 2 are shown in Figures 17(a) and 17(b). Due to the boundary
conditions associated with borehole heat exchanger B next to thermistor string 3, a steady
decrease in degree of saturation was noted during the heat injection period at this location in
Figure 17(a). This decrease in degree of saturation is expected due to enhanced vapor diffusion
from relatively hot regions to colder regions. During the ambient cooling stage, the degree of
saturation at the location of thermistor string T-3 was not observed to recover. A similar
observation was made by Baser et al. (2018) for a single borehole heat exchanger in compacted
silt that had different thermo-hydraulic properties. The main effect of this decrease in degree of
saturation is that the decrease in temperature at this location during ambient cooling should be
slower due to the lower thermal conductivity associated with the permanent decrease in
degree of saturation. An interesting observation is that this same decrease in degree of
saturation during the heat injection period was not observed in Figure 17(b) at the location of
thermistor string T-2, which was between borehole heat exchangers A and B. In fact, a slight
increase in degree of saturation is observed, likely due to movement of water vapor away from
these two heat exchangers to the cooler regions between.

The differences in behavior at the locations of thermistor strings T-3 and T-2 indicates
that for this particular set of thermo-hydraulic soil properties in Figure 1, the zone of influence
of degree of saturation changes is relatively limited in the conglomerate material. The effect of
the changes in degree of saturation with heating can be further investigated using the
numerical simulation results through the radial distributions in degree of saturation, thermal

conductivity, and volumetric heat capacity at the end of the heat injection period shown in
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Figures 18(a), 18(b), and 18(c), respectively. Decreases in all three variables are noticed at the
end of heating, with greater decreases at the locations of the borehole heat exchangers. The
radial distributions for degree of saturation differ from those for the temperature observed in
Figure 15, which reflect a clear overlapping effect between the borehole heat exchangers.
Zones of influence of changes in degree of saturation of approximately 0.3 m is observed
around borehole heat exchanger A and of approximately 0.25 m is observed around borehole
heat exchanger B, which was not sufficient to cause a significant overlapping effect between
the two boreholes. Although not investigated, repeated cycles of heat injection and heat
removal may leader to greater zones of influence. Similar to the observations of Baser et al.
(2018), greater decreases in degree of saturation are observed for the locations with initially
greater degree of saturation and for greater changes in temperature, due to the effects of
enhanced vapor diffusion and phase change. Another interesting observation is that the
percent decrease in the thermal conductivity in Figure 18(b) is greater than the percent
decrease in the volumetric heat capacity in Figure 18(c). This has positive implications on the
performance of the heat storage systems as the lower thermal conductivity is expected to lead
to decrease in the heat loss from the system while the volumetric heat capacity reflects the
total heat that can be stored in the soil for a given increase in ground temperature.

Another comparison that can be made is the difference in the simulations expected for
the subsurface having thermo-hydraulic properties representative of unsaturated and saturated
conditions. When the subsurface is saturated, the governing equations in Table 1 are
significantly simplified. Heat transfer will occur primarily due to conduction, but natural

convection of the pore water will occur due to decreases in the density of water with
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temperature. A comparison of the simulations for saturated and unsaturated conditions along
with the measured ground temperatures are shown in Figure 19 for a depth near the upper-
middle of the array at the location of borehole T-2. The temperature for saturated conditions
are generally lower, although they tend to rise sharply near the end of the heat injection
period, possibly due to upward water flow due to natural convection. Further comparisons of
the model for saturated and unsaturated conditions are shown in Baser et al. (2018) for the
case of a single geothermal heat exchanger.
6. CONCLUSIONS

This study focused on the simulation of transient heat transfer and water flow in a field-
scale SBTES system installed in the vadose zone. A non-isothermal, coupled heat transfer and
water flow model considering enhanced vapor diffusion and nonequilibrium phase change
calibrated in the laboratory using reconstituted specimens collected from the field was
validated by comparing simulated ground temperatures with those from field-scale SBTES
system during both heat injection and ambient cooling. In general, a good match was obtained
between the simulated and measured temperature data, reflecting the importance of
considering coupled heat transfer and water flow when simulating SBTES systems installed in
the vadose zone. During heat injection, ground temperatures were generally greater near the
surface in the borehole array, likely due to heat transfer due to buoyancy-driven vapor flow. At
the end of 5 months of ambient cooling, some heat was still retained within the array,
indicating that further heat injection and cooling cycles would lead to a positive effect on the

performance of this heat storage approach.
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Differences between the simulation and measured data were likely due to differences in
how the heat injection boundary conditions were applied, the assumption of a homogenous
subsurface, the calibration of the model parameters using reconstituted specimens, and the
assumption regarding the depth of the water table (which may vary with time). Heat transfer
led to a clear overlapping effect between the closely-spaced geothermal borehole heat
exchangers in the SBTES system. However, the simulation results indicate that a significant
overlapping effect was not observed in terms of the changes in degree of saturation between
the geothermal borehole heat exchangers. Permanent decreases in degree of saturation were
observed at the locations of the geothermal heat exchangers, corresponding to a decrease in
thermal conductivity, but similar decreases in these variables were not observed in the bulk of
the subsurface between the geothermal borehole heat exchangers for the particular conditions
at the site. Further study on the effects of heating and cooling cycles of SBTES systems in the
vadose zone may better clarify the roles of thermo-hydraulic interaction between closely
spaced geothermal borehole heat exchangers for different subsurface materials.
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TABLE 1. Equations used in the numerical analyses

Equation Number | Reference
Nonisothermal liquid flow governing equation: (1) (Bear 1972;
op dS. op k % Moradi et
ns 7w+npw_rw_c+v. P, _w v(pw+pwgz) = Ryy al. 2016)
w dP, ot Ho
n=porosity (m3/m3), Sw=degree of water saturation (m3/m3), pw=temperature-
dependent density of water (kg/mg) (Hillel 1980), t=time(s), P.=P,-Pg=capillary
pressure (Pa), P, =pore water pressure (Pa), P,=pore gas pressure (Pa),
knw=relative permeability function for water (m/s); k=intrinsic permeability (mz);
py,=temperature-dependent water dynamic viscosity (kg/(ms)) (Lide 2001),
g=acceleration due to gravity (m/sz) Rgw=Phase change rate (kg/mss)
Nonisothermal gas flow governing equation: (2) (Bear 1972;
op ds. ap kK x Moradi et
nS _9+npg Wi |- V(p +p gzj =Ry al. 2016)
rg ot dp, ot g 'ug g g
Sg=degree of gas saturation (m3/m3), pg=temperature-dependent density of gas
(kg/m’) (Smits et al. 2011), kig=relative permeability function for gas (m/s);
pe=temperature-dependent gas dynamic viscosity (kg/(ms))
Water vapor mass balance equation: (3) (Smits et
8(/09 Srg ij al. 2011)
n—at +V~(pgquV—DengWv):RgW
D.=D,t=effective diffusion coefficient (mz/s), D,=diffusion coefficient of water
vapor in air (mz/s) (Campbell 1985), w,=mass fraction of water vapor in the gas
phase (kg/kg), t=n1/3Srg7/3n=tortuosity (Millington and Quirk 1961)
Enhancement factor for vapor diffusion, n: (4) (Cass et al.
3 1984)
n=a+3S (a-1)exp 1+ 26 S
- wo - T Prw
A
a=empirical fitting parameter representing the soil-specific enhancement in
vapor diffusion, f.= clay content
Nonequilibrium phase change rate, Rg,: (5) (Bixler
bS RT 1985;
R —|_w (p —p j Moradi et
Toeom, Nvea v al. 2016)
b=empirical fitting parameter representing the soil-specific nonequlibrium phase
change rate (s/m?), R=universal gas constant (J/molK), p,eq=equilibrium vapor
density (kg/m3) (Campbell 1985), T=Temperature (K), p,=vapor density (kg/m3),
M, =molecular weight of water (kg/mol)
Heat transfer energy balance: (6) (Whitaker
(0C,) L 4 V. (9uCo T +(0,C g i, T —(AVT))= LR, +Q 1977,
) gr Y \Pupw Mul TP g Mo =T w Moradi et
p=total density of soil (kg/ma), C,=specific heat of soil (J/kgK), Cow=specific heat al. 2016)

capacity of water (J/kgK), Cpz=specific heat capacity of gas (J/kgK), A=thermal
conductivity (W/mK), L=Iatent heat due to phase change (J/kg), u,=water
velocity (m/s), u,=gas velocity (m/s), Q=heat source (W/m?)
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TABLE 2. Constitutive models used in the numerical analyses

Equation Number | Reference
Soil Water Retention Curve (SWRC): (7) (van
1 1-1/Ny Genuchten
Srw = Srw,res + (1_ Srw,res N 1980)
L+ (6P (T))"
where S,y e is the residual degree of saturation to water, o, and NvG are
parameters representing the air entry pressure and the pore size distribution,
respectively, and Pc(T) is the temperature-corrected capillary pressure according
to the model of Grant and Salehzadeh (1996)
Hydraulic Conductivity Function (HCF): (8) (van
[ 1-1/Nyg Genuchten
S —S S —5§ Hotine) 1980;
k — rw rw,res _ 1 _ rw rw,res Mualem
rw
1-3 rw,res 1-3S rw,res 1970)
where o, and NvG are the same parameters as in Equation (7)
Thermal Conductivity Function (TCF): (9) (Lu and
1/m-1 Dong 2015
1— //Ldry S m g )
T g 14| e
ﬁ’sat - ﬂ’dry Sf
where Ay, and Ag,c are the thermal conductivities of dry and saturated soil
specimens, respectively, S is the effective saturation, S; is the effective
saturation at which the funicular regime is onset, and m is defined as the pore
fluid network connectivity parameter for thermal conductivity
Volumetric Heat Capacity Function (VHCF): (10) (Baser et
C-C mJYm-1 al. 2016b)
Ty g g 2
CVsat - CVdry Sf

where C,4y and C,s,; are the volumetric heat capacities of dry and saturated soil,
respectively, and are similarly treated as fitting parameters, and St and m are the
same parameters as in Equation (9)
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FIG. 1. Coupled thermo-hydraulic constitutive relationships for the UCSD conglomerate: (a) SWRC and
HCF; (b) TCF and VHCF

FIG. 2. Schematic of the compaction mold used for calibration of water vapor diffusion and phase
change parameters along with the location of the embedded sensor and its zone of influence

FIG. 3. Calibration of the numerical model parameters using the heating test on compacted soil (soil
values at the depth of the dielectric sensor in Fig. 2): (a) Temperature; (b) Degree of saturation

FIG. 4. Experimental setup for the SBTES system: (a) Plan view; (b) Elevation view

FIG. 5. Photos of the SBTES system: (a) Excavation with borehole connections; (b) Hydraulic barrier;
(c) Insulation layer

FIG. 6. Plan view of the BTES and the simulated model domain (temperature sensors in boreholes 1, 2,
3, and 4, heat exchangers in boreholes A through M)

FIG. 7. Initial and boundary conditions on the quarter domain model for a field-scale geothermal heat
exchanger (JC is mass flux, distances in meters): (a) Thermal; (b) Hydraulic

FIG. 8. Thermal input boundary conditions to the SBTES system: (a) Ambient air temperature; (b) Solar
thermal heat transfer rates; (c) Close-up of daily solar thermal heat transfer rates; (d) Energy
balance

FIG. 9. Picture of borehole heat exchanger configuration highlighting heat injection sequence into Loops
1, 2, and 3 (Note: picture taken before inlet/outlet connections to manifold installed);

FIG. 10. Vertical SBTES loop heat transfer rates used in the calculations of the individual borehole
boundary conditions: (a) Loop 1; (b) Loop 2; (c) Loop 3

FIG. 11. Predicted and measured temperature time series from thermistor string T-1 for different depths

(z): (a) 16.00m; (b) 14.78m; (c) 12.95m; (d) 9.29m; (e) 6.85m; (f) 1.82m
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12. Predicted and measured temperature time series from thermistor string T-2 for different depths
(z): (a) 16.00m; (b) 14.78m; (c) 12.95m; (d) 9.29m; (e) 6.85m; (f) 1.82m

13. Predicted and measured temperature time series from thermistor string T-3 for different depths
(z): (a) 16.00 m; (b) 14.78 m; (c) 12.95 m; (d) 9.29 m; (e) 6.85 m; (f) 1.82 m

14. Predicted and measured temperature time series from thermistor string T-4 for different depths
(z): (a) 16.00 m; (b) 14.78 m; (c) 12.95 m; (d) 9.29 m; (e) 6.85 m; (f) 1.82 m

15. Radial temperature profiles at different depths (z): (a) At the end of heating; (b) After 5 months
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