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ABSTRACT

This study focuses on the performance of a shallow, horizontal thermal energy storage system in
San Diego. Heat collected from solar thermal panels over a period of 120 days was injected into
a slinky-loop heat exchanger installed at a depth of 1.2 m from the ground surface in compacted
backfill soil, and the evolution in ground temperature was measured using embedded temperature
sensors in the subsurface. Although the heat injection rate used in the experiment was relatively
small, the field test still provides useful data for the validation of design models for horizontal
heat storage systems. For an average heat injection rate of 20 W/m2, the ground temperature
increased to approximately 6 °C greater than the ambient ground temperature expected at the
depth of the heat exchanger.  An analytical model for horizontal  heat exchangers considering
surface  temperature  fluctuations  was  calibrated  against  the  measured  data  and  was  used  to
evaluate  the  impacts  of  design  parameters  on  the  storage  of  thermal  energy  in  the  shallow
subsurface.

INTRODUCTION

A challenge facing society is the storage of thermal energy collected from renewable sources
(e.g.,  solar  thermal  panels,  solar  co-generation  of  heat  and electricity,  etc.)  or  biproducts  of
industrial operations (e.g., heat rejected by power plant operations, etc.) so that it can be used
later  for  space  heating  or  enhancing  industrial  processes.  The  subsurface  soil  or  rock is  an
effective storage medium when combined with geothermal heat exchange system due to its low
thermal  conductivity.  Claesson and Hellström (1981) introduced the concept  of  duct  storage
systems, which consist of closely-spaced geothermal heat exchangers in vertical boreholes within
the  subsurface  installed  for  storing  thermal  energy.  These  systems  have  been  adopted  into
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practice  in  several  locations  and are now commonly  referred  to  as  borehole  thermal  energy
storage (BTES) systems (Sibbitt et al. 2012; Nussbicker-Lux 2012; Bjoern 2013). BTES systems
function similarly to conventional geothermal heat exchange systems, where a carrier fluid is
circulated through a closed-loop pipe network, but with the boreholes spaced relatively close
together (e.g., 1 to 2 m) to concentrate heat. Several demonstration-scale BTES systems have
also been constructed to understand how the efficiency of these systems can be improved (Baser
et al. 2016; McCartney et al. 2017), and the heat transfer processes in BTES systems have been
simulated considering different heat transfer mechanisms (Welsch et al.  2015; Catolico et al.
2016; Baser et al. 2018). McCartney et al. (2013) proposed that BTES systems be installed in
unsaturated soil layers due to their relatively lower thermal conductivity and the potential for
enhancing heat transfer due to coupled heat transfer and water flow. The impact of coupled heat
transfer and water flow on geothermal heat exchangers was confirmed by Baser et al. (2018),
who found that heat transfer may be faster in unsaturated soils because of vapor diffusion and
pore  water  phase  change.  Further,  they  observed  permanent  drying  during  heating  of  a
geothermal  heat  exchanger,  leading  to  a  decrease  in  thermal  conductivity  and  greater  heat
retention in the surrounding soil. 

One  disadvantage  of  BTES  systems  is  the  cost  of  installing  closely-spaced  vertical
boreholes in the subsurface (Reed et al. 2018). An alternative approach is investigated in this
study,  where  horizontal  geothermal  heat  exchange  systems  are  used  as  part  of  a  shallow
horizontal thermal energy storage (HTES) system. Horizontal geothermal heat exchange systems
usually involve pipes placed in a serpentine or slinky-loop fashion within an excavation below
the  local  depth  of  frost  penetration,  Dfrost.  The  performance  of  horizontal  geothermal  heat
exchange systems in different configurations have been evaluated using numerical simulations,
primarily  focusing  on  the  impact  of  geometric  variables  (loop  spacing,  depth),  surface
temperature boundary conditions, soil thermal conductivity, and heat transfer rates (Fujii et al.
2012; Chong et al. 2013; Selemat et al. 2015, 2016; Zhang et al. 2017). Field tests have also been
performed to evaluate their heat transfer performance in single and multiple rows (Fujii et al.
2012; Zhang et al. 2017). Most of these studies focused on diurnal heat exchange, rather than on
monotonic heat injection and retention required for a heat storage system. 

A schematic cross-section view of a HTES system is shown in Figure 1(a), highlighting
the relevant geometric variables and important design variables. The HTES system is formed by
making an excavation, possibly placing a hydraulic barrier, placing the horizontal geothermal
heat  exchangers  having  a  thickness  of  d,  and  then  placing  backfill  soil.  Different  from  a
conventional horizontal heat exchange system, backfill soil may be impounded atop the original
ground surface to increase the depth of insulating backfill, d. The surface can be vegetated and
may require a retention system depending on the value of d. The heat is stored in the subsurface
below the level of the heat exchangers as well as within the insulating backfill,  shown as an
approximate volume Vstorage. Stored heat may be recovered by circulation of room-temperature
water through the system (direct extraction) or using a heat pump. Although less earthwork is
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required for HTES systems compared to BTES systems, they may be affected more by ambient
surface temperature fluctuations. In a HTES system, the heat exchangers may be more closely
spaced,  so  the  insulating  properties  of  the  backfill  soil  and  the  depth  of  burial  are  critical
variables for retaining heat and minimizing heat losses to the surface. HTES systems are more
likely to be in unsaturated soils compared to BTES systems, which extend to a greater depth.

The expected performance of a HTES system is shown in Figure 1(b), in terms of the
temperature at the level of the heat exchanger. As most shallow horizontal geothermal energy
storage systems are installed at a depth that is still affected by the surface fluctuations, there will
be natural ground temperature fluctuations at this depth. For a given heat injection rate, Q̇ (W) or
heat flux, q̇ (W/m2), the temperature at the level of the heat exchanger will be greater than that of
the natural  ground temperature at  that depth. The heat stored would be equal to the average
temperature  difference  from  the  natural  ground  temperature  fluctuations  multiplied  by  the
volumetric  heat  capacity  and the storage volume.  Due to the greater  losses  from the  HTES
systems compared to BTES systems, it is likely that heat injection should continue throughout
the year. The HTES system will store heat for a shorter period than a BTES system, but this time
duration may be sufficient so that thermal energy can be used at other times from when it is
generated.
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Figure 1. (a) Schematic diagram of a HTES system; (b) Expected performance of a HTES

system with reference to natural ground temperature fluctuations. 

SHALLOW HORIZONTAL THERMAL ENERGY STORAGE SYSTEM AT UCSD

A full-scale BTES system and two HTES systems were installed at  the Englekirk Structural
Engineering  Center  (ESEC)  on the  UCSD campus  in  2015.  The  performance  of  the  BTES
system was described by McCartney et al. (2017). The subsurface at the site consists of 1 m of
silty sand underlain by conglomerate bedrock, with a groundwater table more than 30 m deep.
The thermal conductivity of the unsaturated silty sand near the ground surface measured using
the TRIM method (Lu and Dong 2015) and was found to be 1.2 W/m°C for the initial average
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degree of saturation of 0.6 within the top 1 m from the ground surface. The conglomerate has a
relatively high hydraulic conductivity of 10-5 m/s, indicating that infiltration, evaporation, and
coupled heat transfer and water flow will affect the HTES system performance. 

The BTES systems includes a network of 25 mm-diameter  high density polyethylene
(HDPE) tubing installed within 15 boreholes in a hexagonal array with a spacing of 1.5 m as
shown in Figures 2(a) and 2(b). Two HTES systems were installed at the site, referred to as
systems H-1 and H-2 with similar configuration. The HTES were installed in excavations having
dimensions of 3m × 5 m and depths of 1.2m. Both HTES systems incorporated slinky-loop heat
exchangers having a length of 165 m, placed in a tighter configuration than in conventional
horizontal geothermal heat exchange systems so that the thickness of the heat exchanger was
approximately  h  =  0.1 m.  HTES system H-1 included  a  75 mm-thick  expanded polystyrene
insulation  layer  at  a  depth  of  1m from the  surface,  while  HTES system H-2 only  included
backfill soil. The excavations for both systems were backfilled up to the original ground surface,
and a surface  mound was not  installed  as  shown in  Figure 1(a).  Dielectric  sensors  that  can
measure changes in both volumetric water content and temperature were installed at different
depths in the HTES systems as shown in Figure 2(c). A reference borehole 9 m away from the
thermal energy storage systems was used to monitor natural ground temperature fluctuations.
Because the temperature response of both HTES systems H-1 and H-2 were found to be similar,
indicating that the expanded polystyrene insulation layer did not have a major effect, this paper is
focused on the performance of HTES system H-2. A picture of the three systems is shown in
Figure 3.
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(a) (c)
Figure 2.  UCSD thermal energy storage (TES) systems: (a) Plan view, (b) Elevation view of

BTES system; (c) Plan view of the HTES system.

Figure 3.  Picture of the UCSD thermal energy storage (TES) systems before backfilling

The air temperature at the site over an approximately two-year period is shown in Figure
4(a),  while  the  natural  ground  temperature  fluctuations  at  different  depths  monitored  in  the
reference borehole over the same time period are shown in Figure 4(b). The reference borehole
extends to  a  much greater  depth than the HTES system but  it  still  useful  to  understand the
ambient ground temperature fluctuations. Although the sensor at a depth of 1.82 m is slightly
below the depth of the excavations  for the HTES system (1.2 m), it  shows that temperature
fluctuations of ±5 °C with an average temperature of 22 °C may occur at this depth. Below a
depth of 3 m at the site the ground temperature does not fluctuate significantly. Comparison of
the temperatures in Figures 4(a) and 4(b) shows that the ground temperature fluctuations are
much smaller than the air temperature fluctuations due to the insulating properties of the soil.  

(a) (b)
Figure 4. (a) Air temperature fluctuations; (b) Natural ground temperature fluctuations.

The testing program involved a 4-month period where heat collected from solar thermal
panels was injected into the BTES and HTES systems, followed by a 5-month ambient cooling
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period. Because the primary focus of this project was on the performance of the BTES system,
the circulating fluid flow rates into HTES systems were restricted so that the majority of the
thermal energy collected from the solar thermal panels was injected into the subsurface. The heat
transfer rate was calculated from the following equation:

Q̇=V̇ fluid ρ fluid c p , fluid (T ¿−T out ) (1)
where  V̇ fluid is  the  volumetric  flow  rate  of  the  fluid  circulating  through  the  horizontal  heat
exchangers, fluid is the density of the circulating fluid (water), cp,fluid is the specific heat capacity
of water, and Tin and Tout are in temperatures of the fluid entering and exiting the slinky-coil
geothermal heat exchangers, respectively. The heat flux calculated by dividing the heat transfer
rate from Eq. (1) by the gross horizontal heat exchanger area is shown in Figure 5. After an
initial adjustment period where the heat flux was an average of 50 W/m2, the volumetric flow rate
was decreased to impose an average heat flux of 20 W/m2. These correspond to heat transfer
rates of 750 and 300 W, respectively.  For comparison, the heat transfer rates into the BTES
system during the same period were approximately 1500 W. 

0
10
20
30
40
50
60
70
80
90

100

H
ea

t fl
ux

 (W
/m

2 )

SHTES system H-2, 
Horizontal heat 

exchanger area = 15 m2

Figure 5. Heat transfer rates into HTES system H-2.

ANALYTICAL MODEL FOR HORIZONTAL HEAT EXCHANGERS

One of the goals of this study is to use the ground temperatures from the field installation to
calibrate  an  analytical  model  for  heat  transfer  into  a  shallow  horizontal  heat  exchanger.
Specifically, this study applies the model for 2-dimensional shallow geothermal heat exchangers
(GHEs) developed by Ciriello  et  al.  (2015). This model considers the impacts of the natural
ground temperature fluctuations on the temperature in the soil around a heat exchanger for a
given heat flux applied to the area of the heat exchanger.  The natural ground temperature is
represented using the following equation: 
T nat (z , t )=T m−Ae− azcos (ωt−az ) (2)
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where Tm is the mean ground temperature that is constant below a certain depth, A is the yearly
amplitude of thermal oscillations, z is the depth from the ground surface, t is the time in Julian
days,   = 2/365 is the fluctuation frequency,  a = (/2)1/2,   =  soilsoil/cp,soil is the thermal
diffusivity, soil is the soil thermal conductivity, soil is the soil total density, and cp,soil is the soil
specific heat capacity. The temperature at any time t, horizontal location x, and depth z can be
calculated as follows:

T ( x , z , t )=T nat ( z , t )+
1

4 λsoil √
κ
π ∑

i=1

N

T i (x , z , t) (3)

where N is the number of horizontal heat exchangers, and T i(x , z ,t ) is defined as follows:

T i=∫
t0

t q0(τ )
√ t−τ exp [−( x−ξ i)

2

4κ( t−τ ) ]∑j=1

4

υ j erf (
ψ j

2√κ(t−τ ))dτ (4)

where   is a dummy variable for temperature,  i are specific horizontal locations of the heat
exchangers, v1 = v4 = 1, v2 = v3 = –1, 1 = d + z, 2 = d – z, 3 = d + z + h, 4 = d – z + h, d is the
depth of burial of the heat exchanger from the surface and h is the heat exchanger thickness.

COMPARISON OF EXPERIMENTAL DATA AND ANALYTICAL MODEL RESULTS

The analytical model was first calibrated to match the soil and geometrical properties of HTES
system H-2 that has a value d of 1.1 m and a value of h of 0.1 m. The locations of the two
horizontal heat exchangers are shown in Figure 2(a). Subsurface temperatures recorded before
heat injection were used to calibrate the model for natural ground temperature fluctuations given
in Eq. (2). Example comparisons between the measured ground temperatures and the calibrated
Tnat values at two depths are shown in Figures 6(a) and 6(b) for the model inputs in Table 1.
Although the  model  cannot  capture  high frequency  changes  in  temperature  near  the  ground
surface, the temperatures from analytical model agree well with the measured natural ground
temperature fluctuations. 

Table 1. Calibrated model inputs
Total density of soil, soil 1600 kg/m3

Specific heat capacity of soil, cp,soil 1300 J/kg°C
Thermal conductivity of soil, λsoil 1.20 W/m°C

Mean ground temperature, Tm 21.5 °C
Annual amplitude of temperature fluctuations, A 8.0 °C
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Figure 6. Natural ground temperature fluctuation calibration: (a) z=0.15 m; (b) z=0.90 m.

The temperature  responses  at  different  depths  in  the  HTES during  heat  injection  are
shown in Figure 7. The values predicted from Eq. (3) are also shown in this figure for a heat flux
of 20 W/m2 for the full heat injection period, which only permits a qualitative comparison due to
the change in heat flux at the beginning of the experiment. The maximum temperature difference
between the measured ground temperature closest to the heat exchanger (depth of 0.9 m) and that
estimated from the natural ground temperature fluctuation is 6 °C. Despite the use of a constant
heat flux, the analytical model shows a reasonable match to the experimental data. The greater
temperatures near the end of the heat injection period are not well-captured possibly due to the
influence of the value of Tnat on the model predictions and the possibility of thermally-induced
drying  on the  heat  retention  in  the  surface  soil  layer.  The  ground temperature  increased  to
approximately 31 °C at the end of the heat injection period, with relatively uniform increases in
temperature with depth.  The natural ground temperature expected at the end of the injection
period is approximately 25 °C from Eq. (2), so this indicates that the heat injection led to an
increase in ground temperature of approximately 6 °C. Assuming that the volume of heat storage
is 36 m3, equal to the area of the heat exchangers (15 m2) multiplied by a depth of 2.4 m (i.e., 1.2
m above and below the heat exchanger), 450 MJ was stored in the HTES system at the end of
heat injection. 
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Figure 7. Examples of model calibration for the natural ground temperature fluctuations:

(a) Depth of 0.15 m; (b) Depth of 0.30 m; (c) Depth of 0.60 m; (d) Depth of 0.90 m.
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PARAMETRIC EVALUATION

The  calibrated  model  can  be  used  to  evaluate  the  impact  of  different  variables  on  the
performance of HTES systems at the temperatures atop the heat exchanger (z = 1.1 m), using the
same geometry and Tnat(z,t) as the field test. Increasing the heat flux q leads to a linear increase in
ground temperature within the HTES system as shown in Figure 8(a). The thermal conductivity
of the backfill has a small effect on the ground temperature shown in Figure 8(b). This is possibly
because the natural ground temperature fluctuations are also affected by the thermal conductivity
in the model. As the analytical model cannot consider transient changes in thermal conductivity
associated with thermally-induced drying, prediction of temperature response should be bounded
using thermal conductivity  values for saturated and dry soil.  Future studies will  evaluate the
combined effects of the thermal conductivity and the depth of burial of the heat exchanger.
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Figure 8. Effect of different parameters on the temperature within a HTES system having
similar characteristics/location to the site: (a) Heat flux; (b) Backfill thermal conductivity.  

CONCLUSION

This study presents a comparison between the measured soil temperatures in a shallow horizontal
thermal  energy  storage  (HTES)  system  and  those  predicted  from  an  analytical  model.
Reasonable agreement is observed between the predicted and measured values, indicating that
the analytical model can be used for preliminary design of HTES systems. Due to the heat losses
to the ground surface, it is recommended that these systems be used for short-term heat storage
rather  than  long-term  heat  storage  like  in  borehole  thermal  energy  storage  systems.  It  is
recommended to continuously inject heat into these systems so that it may be used a short time
after injection.
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