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Abstract 

In cold climates, borehole thermal energy storage (BTES) 

systems can reduce heating energy-use by allowing 
seasonal storage of solar thermal energy. Here, a semi-
analytical model is developed to investigate the potential 
of a novel BTES integrated with heat pumps and latent 
energy storage. The proposed concept is investigated for 
the case of Drake Landing solar community. This work 

demonstrates that the combined effect of heat pump, solar 
injection and latent energy storage in the ground can 
reduce significantly the complexity of the system and 
solar thermal collector requirement. Furthermore, the 
proposed system improves the performance of solar 
energy storage.  

Key Innovations 

 Innovative borehole latent energy storage 
(BLES). 

 Semi-analytical modelling of freezing/thawing 

of geothermal borefield.  

 Integration of BLES, heat pumps and PV system 
for solar communities.  

Practical Implications 

 Consider integration of heat pumps and BLES 

for more versatile and efficient system operation. 

 Do not underestimate the effect of latent energy 
storage in boreholes with saturated backfill.  

 Be aware of significant contribution of BLES for 

poor ground thermal properties 

Introduction 

Borehole thermal energy storage (BTES) is a promising 
technology that uses the underground structure directly as 
the storage material for long-term solar thermal energy 
storage. It has been proven to address the mismatch 
between consumption and energy supply to a certain 

degree (Xu et al. 2014). Although this technology has 
gained significant attention and number of large-scale 
installations have been installed so far in the world, it has 
several downsides:  

 Due to lower energy storage density of BTES, it 

requires significantly more volume to store thermal 
energy than the water storage system.  

 It takes number of years to reach designed 
performance.  

 High performance buildings in cold climate also need 

cooling demand during a few months in the summer 
for which a separate system (e.g. air conditioner) is 
needed.  

 Relatively complex control and extra equipment is 

used to address both short- and long-term storage 
needs.  

 A relatively large solar thermal installation is 
required to reach an important solar fraction.  

For example, the Drake Landing Solar Community 
(DLSC) in Okotoks (Alberta, Canada) met 90% of the 
community heating demand after five years and with 
2,293-m2 solar collector area. Several attempts have been 
made to explore numerically the improvement of BTES 
by investigating new control strategies (Saloux et al., 

2020) or proposing new configurations (Alkhwildi et al. 
2020).  

In order to address the abovementioned drawbacks a 
novel system is proposed in this paper. The proposed 
system can provide both the heating and cooling demands 
of a community. It integrates seasonal solar energy 

storage using underground short-term latent energy 
storage with heat pumps. In order to enhance the energy 
storage density during high heating demand period, latent 
energy storage occurs in the borehole backfill where 
significant water content exists. Heat pumps are used to 
provide a significant portion of the building demand right 

from the beginning in the first year. Two independent U-
pipes are used for the boreholes to simplify the operation 
and to eliminate above ground short-term energy storage 
system. This system, called borehole latent energy storage 
(BLES), is investigated in this study for DLSC.  

Alkhwildi et al. (2020) examined the integration of 

geothermal heat pumps and above-ground phase change 
storage tanks for multi-family residences in cold-climate. 
Based on their calculations, phase change storage tanks 
can reduce the geothermal borefield length by 50%. A 
single borehole with two independent U-pipes and 
saturated backfill has been investigated numerically in a 

few studies to quantify the effect of freezing/thawing on 
the required borehole length (Eslami-Nejad and Bernier, 
2012). However, to the best knowledge of the authors, a 
cluster of these boreholes interacting thermally with each 
other has not been modelled to this date for solar thermal 
energy storage and district heating and cooling systems.           
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Modelling methodology 

The proposed configuration in this study is a borefield 
connected to both heat pumps and solar thermal collectors 
through separate U-pipe circuits. A mixture of fully 

saturated sand and bentonite is used to backfill the 
boreholes. 30% water content (by volume) freezes and 
thaws frequently during the high heating demand period 
by heat pumps heat extraction and solar heat injection 
respectively.  

A thermal resistance and capacitance model (TRCM) is 
developed to simulate the temperature profile evolution in 
a double U-pipe borehole. It is a three dimensional (3D) 
model, and its cross-sectional geometry is presented in 
Figure 1-a.  

 

 

(a) (b) 

Figure 1: a) Borehole cross-sectional geometry, b) 
TRCM  network of a single layer. 

The orange pipes and the blue pipes are connected to the 
solar collector circuit and heat pump circuit, respectively. 
This work uses the scheme proposed by Minaei and 
Maerefat (2017) to model a double U-pipe configuration. 
It consists of four nodes representing the fluid in each 

pipe, one node representing the backfill, and one node 
representing borehole wall temperature. Figure 1-b shows 
the TRCM network of a borehole cross-section. Here, Rff,1 
is the thermal resistance between two fluid nodes in the 
adjacent pipes, and Rff,2 is for the pipes positioned 
diagonally. Both Rff,1 and Rff,2 are calculated using the 

multipole method of Bennet et al. (1987). Rfg is the 
thermal resistance between the fluid and the backfill. Rgb 
represents the resistance between the backfill and the 
borehole wall. The resistances connected to the backfill 
node are calculated using the method proposed by Minaei 
and Maerefat (2017). The 3D model consists of multiple 

layers that are stacked vertically. The TRCM network in 
Figure 1-b represents each layer. The layers are connected 
vertically through four fluid nodes to account for the 
vertical flow in the borehole. One layer per meter of 
borehole is used in this study.   

The heat balance equation for the fluid node in pipe i and 

layer j is given as follow: 
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where C is the thermal capacitance of the fluid  [J/K], T is 
the temperature [K], �̇� is the fluid mass flow rate [kg/s], 
and Cp is the heat capacity of the fluid [J/(kg.K)]. The first 

two terms on the right side of the equation represent the 
heat exchange between the fluids in the adjacent pipes, 
and the third term accounts for the heat transfer between 
the pipes positioned diagonally. The last term accounts for 
the advection heat transfer in the pipe.  

For the backfill node in layer j, the governing equation is 

written in enthalpy format to account for the phase change 
of its water content: 
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where Vg is backfill volume  [m3], ρg is the backfill density 
[kg/m3], and Hg is the enthalpy of the backfill [J/kg]. The 
first term on the right hand side of equation (2) represents 

the summation of the heat exchanges between the backfill 
and all the pipes. The last term accounts for the heat 
transfer between the borehole wall and the backfill. The 
thermophysical properties of the backfill vary when the 
phase of its water content changes. It is assumed that the 
thermophysical properties change linearly as a function of 

its liquid fraction during the phase transition. The 
temperature of the grout is calculated at each time step as 
a function of its enthalpy using Equation (3): 

𝑇𝑔 =

{
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 (3) 

where Tmelt is the melting temperature of water (0 °C), φw 
is the water fraction of the grout, and Lat is the latent heat 
of the water [J/kg]. It is assumed that during the phase-

change process the sensible heat is negligible. It is also 
assumed that the specific heat capacity of the grout does 
not vary as a function of temperature when the grout is 
completely solid or liquid.   

The last node in each layer is the borehole wall node, a 
given Dirichlet boundary condition to the model. The g-

function model developed by Lamarche (2017) is 
employed to calculate Tb at each time step based on the 
borefield arrangement, borehole dimensions, and its heat 
flux to the ground. It is assumed that Tb does not vary 
alongside the depth of the borehole. 

The model is programmed in a compact MATLAB code 
script and solved using a sequential process in 
conjunction with the implicit numerical differentiation 
formulas (NDF) method of order 1-to-5 in terms of 
backward differences for initial value problems, 

implemented in the function ode15s. This implementation 
allows computing T and H at every node and time step. 
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Backfill (grout)

Tb

________________________________________________________________________________________________

________________________________________________________________________________________________ 
Proceedings of the 17th IBPSA Conference 
Bruges, Belgium, Sept. 1-3, 2021

 
208

 
 

https://doi.org/10.26868/25222708.2021.30418



To ensure a high resolution of the solution, a maximum 
step size of 3600 seconds was set. 

Case study 

System description 

The proposed concept (BLES) is investigated for the case 
of the DLSC in Okotoks (Alberta, Canada). This 
community hosts a district heating system that provides 
space heating to 52 detached homes by using solar energy. 

In operation since 2007, solar fractions over 90% were 
consistently achieved after 5 years of operation (Mesquita 
et al., 2017). In this system, solar energy is harvested 
using 2,293-m2 solar collectors mounted on the roofs of 
house garages and is sent to a short-term thermal energy 
storage (STTS) composed of two 120-m3 water tanks. 

This energy is sent either to the community via a district 
loop or to a seasonal BTES consisting of 144 (24x6) 
boreholes for use later in the year. A back-up natural gas 
boiler is used if required. For more information, see 
Saloux et al. (2018, 2020). 

The proposed configuration, shown in Figure 2, aims to 
replace both the STTS and BTES by geothermal heat 
pumps using the novel BLES and PV panels. 

Table 1 provides borefield specifications, which are 
similar to those in DLSC except the backfill material and 
the borehole fluid flow rate. The DLSC system 
parameters have been reported by Verstraete (2013).    

 
Figure 2: Proposed system schematic. 

Table 1: Borefield specification 

Specifications Value 

Number of boreholes 144 

Diameter x depth 0.15 m x 35 m 

Shank 0.05 m 

Borehole pitch 2.25 m 

Pipe external/internal radius 0.01 m / 0.0125 m 

Flow rate per borehole 0.04-0.3 L/s 

Pipe thermal conductivity 0.41 W/m-K 

Backfill composition water, sand and bentonite 

Backfill thermal conductivity 2.55 (l)1-3.18 (s)2 W/m-K 

Ground thermal conductivity 1.68 W/m-K 

Ground heat capacity 3406 kJ/m3-K 
1 water content is in liquid state, 2 water content is in solid state. 

Load and weather data 

Operational data from the community were used to design 

the new system. The heating demand of the community 

(804-MWh, 440-kW peak), the outdoor air temperature 

and the solar radiation at 45° were directly obtained from 

on-site measurements. Since there is no district cooling in 

the existing system, in turn, the cooling demand of 9-

MWh with 75-kW peak was estimated by using heating 

load equation (Quintana and Kummert, 2015) with a 24°C 

balance point. 2016-17 data were used as they show 

similarities with the design year outdoor conditions. The 

heating and cooling load profiles are shown in Figure 3.  

 

Figure 3: Community heating and cooling load profiles. 

Solar collector model  

The solar collector equation was obtained from previous 

work and validated with data (Sibbitt et al., 2012). The PV 

power generation at the maximum power point was 

estimated using the model developed by Saloux et al. 

(2011) and specs from a 1.984-m2 commercial solar panel. 

Heat pump model 

Commercially available water-to-water 15-ton heat pump 

modules are used to provide both heating and cooling to 

the community in this study. The coefficient of 

performance (COP) and capacity curves are derived from 

manufacturer data for 48GPM of 50% propylene glycol 

on both source and load sides of each heat pump module. 

The performance curves are as follows: 

𝐶𝑂𝑃𝐶 = 0.0025𝑇𝑜𝑢𝑡,𝑏𝑜𝑟𝑒
2 + 0.234𝑇𝑜𝑢𝑡,𝑏𝑜𝑟𝑒 +7.91      (4) 

𝐶𝑂𝑃ℎ = 0.0002𝑇𝑜𝑢𝑡,𝑏𝑜𝑟𝑒
2 + 0.0345𝑇𝑜𝑢𝑡,𝑏𝑜𝑟𝑒 + 2.51    (5) 

𝐶𝐴𝑃𝑐 = 𝑛 ×(−0.37 × 𝑇𝑜𝑢𝑡,𝑏𝑜𝑟𝑒 + 52.40)                (6) 

𝐶𝐴𝑃ℎ = 𝑛 ×(0.74 × 𝑇𝑜𝑢𝑡,𝑏𝑜𝑟𝑒 +34.24)                (7)  

Where CAP is the heat pump total capacity in kW, n is 

number of installed heat pump modules and 𝑇𝑜𝑢𝑡,𝑏𝑜𝑟𝑒  is 

the returning temperature from the borefield.  

Heat pump sizing and scenarios  

Based on the heat pump fraction (the desired building load 

coverage using the heat pump), nominal heat pump 

capacity is determined. For given heat pump capacity, 
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total borehole required length is calculated so that the 

minimum fluid temperature returning from the field never 

drops beyond the limit. Solar collector area is determined 

to have balanced ground load and therefore system 

performs constantly over years of operation. In other 

words, there is no gradual reduction or increase of the 

ground temperature year after year. Other parameters 

such as electricity and auxiliary energy-use values are 

calculated using hourly simulations. In order to quantify 

the effect of heat pump capacity on different parameters 

of the BLES, number of installed heat pump modules 

varies from 2 to 14 in 11 scenarios listed in Table 2.        

As mentioned earlier, 15-ton nominal capacity heat pump 

modules are used. In order to use same heat pump 

performance curves (equations 4-7) to simulate all 

scenarios, each heat pump module is supplied with 48 

GPM of 50% propylene glycol on both load and source 

sides. 50% propylene glycol is required to protect the 

pipes against very cold outdoor temperatures in winter. 

Based on the number of installed heat pump modules and 

the desired fluid flow rate of each module (48GPM), the 

fluid flow rate to the boreholes is calculated.  

In all scenarios, heat pumps are able to cover 100% of the 

cooling demand. However, except when 14 heat pump 

modules are used, the heat pump capacity is not sufficient 

to satisfy 100% of the heating demand and therefore an 

auxiliary heating system (back-up natural gas boiler) 

compensates the deficit.     

For all scenarios, 144 boreholes are assumed and 

configured in a square shape of 12 by 12 with 2.25 meters 

pitch. All boreholes are connected in parallel for creating 

uniform temperature and freezing-melting distributions in 

the whole field. The total borehole length is calculated so 

that the minimum returning temperature from the field 

(𝑇𝑜𝑢𝑡,𝑏𝑜𝑟𝑒) does not fall below the cut-off temperature of 

the heat pump (here -4°C).  

Results and discussions 

Total required borehole length 

Hourly simulations are carried out to calculate the total 

required borehole length; the values are listed in Table 2.  

Table 2: Scenarios. 
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Number 

of HP 

Total 

required 

borehole 

length (m) 

Number 

of HP 

Total 

required 

borehole 

length (m) 

1 2 2016 7 8 6480 

2 3 3024 8 9 7200 

3 4 3888 9 10 7920 

4 5 4608 10 12 8784 

5 6 5184 11 14 9648 

6 7 5904  

It is obvious that the more heat pump modules are 

installed, the more borehole length is required. For 

example, installing six heat pump modules requires 5184 

meters of total borehole length (144 x 36 meters) which is 

almost equal to the borehole length installed at DLSC. 

The required solar thermal collector area is calculated so 

that the net annual heat exchanged with the ground is zero. 

This means that the total heat extracted from the ground 

in heating mode using the heat pump is equal to the total 

heat injected into the boreholes (ground) by both the heat 

pump (in cooling mode) and the solar thermal collectors. 

Therefore, the system performance does not vary from 

year to year as the ground load is balanced.  

System energy-use        

Figure 4 presents the annual energy-use values of the 

system including heat pump, auxiliary, pump and total 

energy. As the number of heat pump modules increases, 

the heat pump and circulating pump energy-use increase. 

However, the average annual auxiliary consumption 

decreases. Installing 14 heat pumps does not require any 

auxiliary heating, as the heat pump modules are able to 

cover 100% of the heating load. However, for this 

scenario the pump energy-use reaches a maximum due to 

the higher fluid flow rate and longer total required 

borehole length. As shown in Figure 4, the heat pump 

energy-use increases slightly after using 8 heat pump 

modules. Furthermore, since the reduction of auxiliary 

heat is not as significant as the increase of the pump 

energy-use when more than 9 heat pump modules are 

used, the total system energy-use tends to increase for 

scenarios with 10, 12 and 14 heat pump modules. 

 
Figure 4: Average annual energy-use. 

Latent energy storage  

Figure 5 presents the latent energy storage and solar 

injection during 3 months of high heating demand (mid-

January to mid-April) approximately. During this 3-

month window, latent heat exchange does not occur. Total 

latent energy exchange includes the latent energy released 

x x x x x x x x x
x

x

Depth of each borehole in 12x12 configuration (m)

Total required borehole length (m)

A
v
er

ag
e

an
n
u
al

en
er

g
y
-u

se
(M

W
h
)

10 20 30 40 50 60 70

2000 4000 6000 8000 10000

0

100

200

300

400

500

600
Heat pump energy-use

Total energy-use

Auxiliary_Natural gas

Pump energy-usex

98 14121072 6543

Number of heat pumps

________________________________________________________________________________________________

________________________________________________________________________________________________ 
Proceedings of the 17th IBPSA Conference 
Bruges, Belgium, Sept. 1-3, 2021

 
210

 
 

https://doi.org/10.26868/25222708.2021.30418



when backfill freezes and the latent energy stored when 

frozen backfill melts using the available solar heat 

injected into the borehole. 

Figure 5 shows that installing 6 heat pump modules 

maximizes the latent energy storage (39-MWh). This is 

due to the maximum heat extraction per meter of 

boreholes during the high heating demand period in 

winter. 39-MWh represents storing almost 40% of 

available solar energy in close vicinity of the U-pipes in 

the backfill. However, installing more than 6 heat pump 

modules decreases the latent energy storage. As shown in 

Figure 5, no freezing-melting occurs for the scenario 

where 14 modules are installed. Based on the amount of 

the latent energy, the scenario with 6 installed hat pumps 

is the most efficient BLES system to fulfil the high 

heating demand period in winter.         

 

Figure 5: Latent energy and solar heat exchanges 
during peak load. 

Figure 6 presents the percentage of the borehole latent 
energy storage of the scenario with 6 installed heat pumps 
that occurs between time 5000 hr and 7000 hr (simulation 
starts on July 1st). It is the evolution of the enthalpy ratio 
of the backfill at time=t and the latent heat of freezing 
(1− 𝐻@𝑡/𝐻𝑙𝑠) × 100. 

 

Figure 6: Borehole latent energy storage (6 heat pumps) 
modules). 

As shown in this figure, the boreholes use almost 90% of 
the latent energy storage capacity at peak. 

In order to quantify the effect of latent energy storage on 

the total required borehole length of the scenario with 6 

heat pump modules, an imaginary case in which the water 

content of the backfill does not freeze is simulated. 

If the water content of the backfill does not freeze, the 
backfill temperature drops to below 0°C and therefore 

𝑇𝑜𝑢𝑡,𝑏𝑜𝑟𝑒  to below -4°C during the peak. To keep 𝑇𝑜𝑢𝑡,𝑏𝑜𝑟𝑒 
above -4°C, a 30% longer borehole is required. However, 

using 30% longer boreholes, in the absence of the latent 
energy exchange, does not contribute to noticeable heat 
pump energy-use reduction (total energy-use reduces by 
less than 0.3%). 

PV and solar thermal collectors 

Figure 7 presents the total solar thermal collector area 

required to balance the annual ground load as a function 
of borehole required length and number of heat pumps. 
Similar to heat pump energy-use, the collector area 
increases as the number of heat pump modules increases 
and reaches a plateau by using 8 modules and more. 
Required PV panel area is also calculated and presented 

in Figure 7. PV panels are used to produce total annual 
electricity consumed by the heat pumps and the 
circulating pumps. It is assumed that the surplus 
electricity generated is transferred to the grid and the 
electricity is taken from the grid when there is a deficit 
(no battery storage is considered for this study). The 

electricity does not supply the auxiliary energy though. 
Therefore, the scenario with 2 heat pumps has the 
minimum required PV area, 518-m2, as more than 50% of 
the load is satisfied using the back-up natural gas boiler.   

 

Figure 7: Required solar thermal collectors and PV 
panels. 

Figure 7 also presents the percentage of the electricity 
produced by PV that happens at the same time as the 
electricity consumed by the heat pumps and the pumps. 

The percentage decreases as the number of installed heat 
pump modules increases until it reaches 8 installed heat 
pumps. Based on the simulation results and due to the 
solar radiation and heat pump electricity consumption 
profiles, scenarios with 7 and 8 heat pump modules have 
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the minimum simultaneous PV generation and system 
electricity consumption percentage (17.5%). 

System performance and heat pump fraction 

Figure 8 shows system COP values and the heat pump 
fraction of the building load. As shown in this figure, 
scenarios 2 and 11 satisfy 45% and 100% of the building 
load respectively. 

As shown in Figure 8, heat pump average annual COP is 
relatively constant (2.55) and independent of the number 

of installed heat pump modules. However, by taking into 
account the auxiliary and the pump energy-uses, overall 
and heating/cooling COP values vary significantly as the 
number of installed heat pumps changes. 

 

Figure 8: System coefficient of performance (COP). 

By installing more than 9 heat pump modules, the overall 

system COP decreases due to a significant increase of the 
pump consumption and a marginal reduction of the 
auxiliary energy-use. Since the scenario with 14 heat 
pumps does not require backup and heat pumps fulfil the 
entire load, the average annual heat pump COP is equal to 
the system heating/cooling COP. 

Peak energy-use 

 

Figure 9: Peak electricity and auxiliary consumptions. 

Figure 9 presents linear relations between number of 
installed heat pumps and auxiliary (natural gas) and 
electricity consumption peaks. 

Installing 14 heat pump modules satisfies 100% of both 
heating and cooling demands and requires 200-kW peak 
electricity consumption and zero auxiliary. Installing 7 
modules satisfies 92.4% of the heating demand and 100% 
of the cooling demand with 98.2-kW and 220-kW 
electricity and auxiliary peak respectively. Peak 

consumption is crucial to size the equipment and evaluate 
the grid capability and electricity pricing. 

Parametric analysis 

In this section, the effect of ground and backfill thermal 
properties is investigated on borehole required length and 
latent energy storage. Ground volumetric heat capacity 

(𝜌𝐶𝑝) of DLSC is relatively high (3406-kJ/m3-K). To 

investigate the effect of ground thermal capacity, a 
smaller value (1970-kJ/m3-K) is used to simulate the 
scenarios. Furthermore, in a separate simulation set, the 

effect of using 100% water (no sand and bentonite) as a 
backfill is also investigated. Water has a relatively low 
thermal conductivity (0.75 (liquid)-1.56 (ice) W/m-K); 
however, it can increase the latent energy storage capacity 
significantly. 

 

 

Figure 10: Effect of (10a) ground and (10b) backfill 

thermal properties. 
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Figure 10a and 10b summarize results of the latent heat 
exchange during peak and required borehole length 
increase compared to the reference case for the new 

ground (Figure 10a, Ground-II) and the new backfill 
(Figure 10b, Backfill-II). Solar heat injection during the 
high heating demand period is nearly equal (within 1%) 
to that of the reference case (Figure 5). 

As shown in Figure 10, similar to the reference case, both 
Ground-II and Backfill-II experience peak of the latent 

energy exchange with 6 installed heat pumps. However, 
the value is almost double compared to the reference case. 
In these conditions (lower ground thermal capacity and 
higher backfill water content) with 6 installed heat pumps, 
more than 70% of the available solar energy during peak 
is stored by melting the frozen backfill. However, due to 

poor thermal properties of the ground (in 10a, Ground-II) 
and the backfill (in 10b, Backfill-II) borehole required 
length is increased by 27% and 36% respectively. 

The effect of the latent energy storage is clear for the 
scenario where 14 heat pumps are installed. For Ground-
II, latent heat exchange is still significant (35.5-MWh) 

while it is zero for reference case. Despite poor thermal 
storage property of Ground-II almost the same borehole 
length as the reference case is required. 

When 14 heat pumps are installed, for Backfill-II, latent 
energy exchange is zero similar to the reference case. 
Therefore, due to poor thermal conductivity of Backfill-

II, this case requires over 50% more borehole length while 
the difference between the reference case and the backfill-
II is less than 30% in presence of the latent energy storage 
(e.g. with 6 installed heat pumps). 

Comparing BLES and BTES in the DLSC 

To compare the existing BTES characteristics in the 

DLSC and the proposed configuration (BLES), the 
scenario with 7 installed heat pumps is selected. In this 
scenario, the heat pump fraction is 92.4% which is quite 
similar to solar fraction in DLSC. The total required 

borehole length of this scenario is 12 ×12 ×41 meters 
compared to 12 × 12 × 35 meters in the DLSC. To reach 
93% solar fraction after 5 years, 2,293-m2 of thermal solar 

collectors were installed in DLSC. In contrast, the BLES 
requires 412-m2 solar thermal collectors to achieve 92.4% 
heat pump fraction since the first year. 1,123-m2 PV is 
also required to compensate the whole annual electricity 
consumption. It is worth mentioning that for BLES, two 
U-pipes are used for each borehole whereas the STTS 

(two 120-m3 water tanks) is not required anymore. Since 
the building load coverage is approximately identical, 
same amount of auxiliary heating (62-MWh) is required 
for both systems. 

The other scenario that is selected to compare against the 
DLSC is the scenario with 6 heat pumps. The heat pump 
fraction is 88% since the first year and nearly the same 

borehole length as that of the DLSC is required (12 ×
12 × 36 instead of 12 × 12 ×35 in DLSC). However, 
only 393-m2 of solar thermal collector is used to balance 
the ground load. 1,056-m2 PV is also required to 
compensate the whole annual electricity consumption. In 
this scenario, the borehole latent energy storage is 

maximized (39-MWh) during the high heating demand 
period. 100 MWh back-up heating is required to cover the 
rest of the building load heating demand. The cooling 

demand is satisfied at 100% by using the heat pumps.           

Conclusion 

A novel borehole latent energy storage (BLES) system 
integrated with heat pumps and solar injection is 
proposed. The model developed in this paper is used to 
investigate the proposed concept as an alternative to the 
current BTES installed in DLSC. The effect of heat pump 

sizing on the borehole required length and the latent 
energy storage are investigated.  

Results show that: 

 Implementing BLES integrated with heat pump 

leads to efficient solar energy storage 
particularly during high heating demand period 
when backfill freezes and thaws. 

 40% of available solar energy during high 
heating demand period is stored in the form of 

latent heat by melting the frozen backfill formed 
from the last heat pump operation cycle.    

 The maximum latent energy storage capacity 
occurs for a certain heat pump installed capacity.  

 The proposed system enhances significantly the 

energy storage density of the system particularly 
when the ground has poor thermal capacity. 

 The combined solar thermal collector and PV 
area is reduced by more than 30% for BLES 

configuration in comparison with the currently 
installed solar collector area in the DLSC.  

For future work, the cost effectiveness of the BLES can 
be investigated based on the system and the energy costs. 
Investigation on the size of a battery system to store the 
electricity generated by PV can be also performed. In 

order to improve the model, more nodes inside the 
backfill will capture more accurately temperature changes 
inside the borehole and freezing/melting occurrences. 
Furthermore, different approach for generating g-
functions would capture more  precisely non-uniform 
freezing distribution in the borefield.        
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Nomenclature 

Parameters  

C Thermal capacitance [J/K] 

Cp Specific heat capacity [J/(kg.K)] 

CAP Heat Pump Total Capacity [kW] 

COP Coefficient of Performance 

H Enthalpy [J/kg] 

Lat Latent heat [J/kg] 

�̇� Mass flow rate [kg/s] 

R Thermal resistance [K/W] 
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T Temperature [K] 

t Time [s] 

V Volume [m3] 

Subscripts  

adj. Adjacent pipe 

b Borehole wall 

c Cooling 

dia. Diagonally positioned pipe 

f Fluid 

ff Between two fluid nodes 

fg Between fluid and backfill (grout) 

g Backfill (grout) 

gb Between backfill (grout) and 
borehole wall 

h Heating 

i Pipe number 

j Layer 

l Liquid 

melt Melting 

out,bore Out of bore field 

s Solid 

w Water 

Greek Symbols  

ρ Density [kg/m3] 

φ Volume fraction 

Abbreviations  

BLES Borehole Latent Energy Storage 

BTES Borehole Thermal Energy Storage 

DLSC The Drake Landing Solar 
Community 

TRCM Thermal Resistance and 
Capacitance Model 

STTS Short-term Thermal Energy Storage 
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