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Abstract

The conventional design of ground source heat pumps (GSHPs) is based on the peak heating and cooling loads. A possible
optimization in GSHP design, including a thermal storage device between the ground exchangers and the heat pump, was already
realized and it was found that a reduced-size geothermal field (-66%) is still able to cover the energy demand. In this paper, the
design of the prototype was used as a starting point to study the potentialities of two possible upgrades for the optimization of the
energy performance (COP) of the system. In the first case, the thermal storing material is water, as in the working prototype, and
the efficiency is improved removing the cylindrical heat exchangers that were designed to separate the ground side from the heat
pump side. In the second case, a completely new and more compact thermal storage was designed using phase change materials
(PCMs). Computational fluid dynamics (CFD) simulations were performed in a transient regime to validate the model against
observed data and to assess the potentiality of the two improvements. The system behavior is studied in terms of driving energy
input and output energy production. Significant improvements of the system COP are observed (up to +20%). In the first case
(water thermal storage), the overall COP is 4.1 during winter and 5.7 during summer, in the second case (PCM thermal storage),
the COP is 4.1 and 5.9, respectively. The PCM thermal storage, in particular, is approximately 10 times smaller than the original
design, and could be easily placed within the technical room.
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1. Introduction

The reduced emissions associated to renewable energy systems [1], such as the exploitation of geothermal energy
[2], makes them the only viable alternative to fossil fuels [3]. As of 2012, the share of geothermal energy in the
world total power production is still very low (0.3%), corresponding to 1.5% if considering renewable resources only
[4]. However, the potential of geothermal energy goes well beyond this value [5]-[7], and a more diffuse exploitation
could be easily obtained if some limitations, mainly due to high investment costs, could be overcome. The United
States have the largest installed capacity of geothermal applications, corresponding to 28.8% of the worldwide share,
and the second largest installed capacity for geothermal direct utilization (24.6%). China is the first country for
direct geothermal utilization (25.2% of the total), with an installed capacity of 17,870 MW, [4]. The exploitation of
high- and medium-temperature geothermal resources is subject to their presence in site as they are not evenly
distributed around the world. On the other hand, low-temperature geothermal resources are almost everywhere and
are more easily exploitable as they are present in the very first layer of the earth crust. However, low-temperature
geothermal resources are not directly exploitable, and they need a heat pump [8] to produce the required temperature
levels. In this context, a common setup is given by ground source heat pumps (GSHPs). GSHPs use a ground heat
exchanger to extract heat from the ground, a heat pump, and the distribution system. Two configuration are usually
available for the ground heat exchangers: in case of exchange of both energy and matter with the ground, the system
is defined as open-loop, requiring a production and a reinjection well; in case of exchange of energy only, the fluid
circulates inside a closed-loop exchanger. Vertical closed-loop heat exchangers can also be referred to as boreholes.

GSHPs are able to efficiently exploit low-temperature geothermal energy in a large range of ground source
temperatures (5 to 30°C) as it is, as a function of the latitude, almost everywhere in the world [9]. The efficiency of a
heat pump is usually measured by the ratio of thermal energy available for heating or cooling use (E;”"8) and the
heat pump driving energy consumption (E./F):
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where COP is the coefficient of performance. As a function of project parameters, such as latitude, soil properties,
heat exchanger layout, and system size, the COP ranges from 3 to 6 for common applications [10]. At moderate
latitudes, GSHPs show higher COPs during cooling cycles, because of the larger difference between air and ground
temperature with respect to heating periods. The production of geothermal energy from GSHPs has shown an
increasing trend (+17.6% per year in the US) in the period 2000-2009 [11].

The main limitation of the use of GSHPs is the installation cost. Borehole drilling alone can contribute up to 50%
of the total investment cost [12]. An innovative approach for the design of GSHPs was already followed to
implement a working prototype in service of a commercial building [13]. The conventional GSHP layout requires a
sizing of the geothermal field (i.e. borehole depth) able to cover the maximum thermal power request during coldest
or hottest periods of the year. In other words, the borehole depth and number must be sized such to produce enough
power to cover load peaks. However, on average, thermal energy is exploited at a rate well below the maximum
capacity, and the system daily duty cycle (e.g. Ew/Eu"*) is well below 100% even during coldest or hottest days.
The proposed layout introduced a heat thermal storage to decouple the heat pump from the borehole field. While
heat is continuously transferred to the storage by a reduced-size geothermal installation, the system is able to cover
maximum power peaks. It is found that the borehole depth can be reduced up to 66%, still preserving the system
energy performance. The first prototype used water as storage component. The presence of heat exchangers within
the storage and the variation of water temperature during the operating cycle caused some limitations to the system
operating performance. In this work, two alternative approaches are proposed to overcome these limitations and their
potentialities are evaluated using a computational fluid dynamics approach.

2. The reference scenario

A working prototype of an innovative GSHP, designed to include a heat-storage device, was used as the starting
point of this analysis. The prototype was realized within the SCER research project, and it has been successfully used
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to satisfy heating and cooling requirements of the building for a 2-year time period [13],[14]. Unlike conventional
GSHPs that are sized to cover thermal peaks, the innovative approach is based on the average daily load and a
continuous exchange of heat with the ground. Ground heat exchangers are connected to a heat storage (a 12 m?
underground tank filled with water) and the heat pump uses the stored heat upon request (Fig. 1). The geothermal
system was specifically designed to respond two different requirements: the test, in real working conditions, of the
performance of the innovative GSHP layout and the possibility to easily switch the system to the conventional layout
in case of malfunctioning. For this reason, water circulating ground heat exchangers and heat pump was separated
from the water in the tank using two cylindrical heat exchangers (Fig. 2). This double-loop configuration was
realized to allow the bypass of the heat storage and revert the system to the conventional layout (heat pump directly
connected to boreholes). For the same reason, a total of three 120-m boreholes were realized even if only 1 borehole
is needed when the heat storage is used. The working logic of the system varies from heating (winter) to cooling
(summer) mode. In winter, the heat pump takes the required heat from the storage. When the water temperature goes
below the set temperature the borehole circulating pump is switched on and it is turned off when the set temperature
is reached back. During part of the daily cycle, when the heating load is maximum, the geothermal power, generated
from 1 borehole only, is lower than the power requested by the heat pump, and the tank temperature decreases. For
the rest of the time, however, the borehole can continue to refill the heat storage, and initial conditions are reached at
the end of the cycle. In cooling cycles, the system works in reverse mode.
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Fig. 1. Prototype layout (i.e. double loop conﬁguration-).

As an example of the system performance measured in the period 2013-2015, the summer COP, including all
the auxiliary apparatuses was 3.87 (May-September 2013), and the winter COPy,x was 3.81 (October-December
2013). The total system COP (equation 2) was found to be less than conventional applications. Even if the system
was proved to be stable from an energy-balance point of view (the initial conditions are reached at the end of the
cycle), the high electric energy consumption deteriorates the COP and makes the system not economically
competitive. Two possible upgrades of the present layout are proposed in this paper, and the performances are
evaluated using CFD simulations.
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3. System upgrades and performance assessment

Two upgrades of the reference layout are proposed to overcome the limitations encountered during the
monitoring period of the prototype. With respect to the original design (double-loop layout), the first upgrade
consists in the removal of the cylindrical heat exchangers from the tank, resulting in a single-loop layout in which
the same water circulates inside the heat pump, the heat storage, and the boreholes. A second upgrade is also
considered using phase change materials (PCM [15],[16]) instead of water as active thermal storage (PCM layout).

A computational fluid dynamics approach was used to estimate the system performance of the heat storage for the
three layouts. The Ansys Fluent version 16.0 software was used to run the simulations. The methodology is split into
four phases: (i) the CFD model is first validated against observed data for heating and cooling cycles; (ii) the
performance of the single-loop layout is simulated using the same boundary conditions as in the previous case; (iii)
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typical operating conditions are used to analyze the single-loop system behavior in standard applications; (iv) the
PCM layout is simulated for the same working conditions.

The double-loop geometry (Fig. 2a) was implemented considering the same design of the prototype [13],[14]. The
heat storage is a quasi-cubic cement tank with 0.12 m walls and a carriageable 0.2 m roof. The inner capacity is 12.5
m?. The system shows, with good approximation, an adiabatic behavior during both heating and cooling modes. Two
inner heat exchangers are connected to the heat pump, on one side, and to the boreholes, to the other side. The
contact surface of each exchanger is 20.15 m?.

The single-loop geometry is the first improvement of the original layout, and it was realized removing of the heat
exchangers (Fig 2b). The main reason for the low COP of the prototype is the temperature shift between the tank
water temperature and the water circulating the two loops (i.e. heat pump and boreholes). In this layout, the tank
water is directly sent to the heat pump and to the boreholes with no temperature shift. A cubic cement tank was
modeled considering a constant wall thickness (0.12 m) and a total capacity of approximately 12.2 m>.

The PCM layout represents the final improvement of the system (Fig. 2c). The completely new design of the heat
storage reduces the storage volume (and the related excavation costs and land use) and furtherly improves the system
COP. Phase change materials are characterized by a large range of possible transition temperatures (solid/liquid),
particularly favourable for this kind of application. The twofold benefit is represented by the very reduced volume
needed for the thermal storage and temperature-stabilization properties. In the transition region, PCMs can exchange
energy in form of latent heat (in general >100 kJ/kg/K [17],[18]) instead of sensible heat, resulting in more than 10
times the energy needed to heat or cool the same mass of liquid water by the same temperature. At the same time, an
appropriate choice of the PCM would guarantee that the temperature of the storage remains more stable during the
entire working cycle, increasing the COP. The sizing of the PCM heat storage was performed considering typical
working conditions: 80 kWh/day in heating mode and 50 kWh/day in cooling mode. Two stack of PCMs with
different transition temperatures are used for the storage. The first (PCMhear) melts at 8.25°C, the second (PCMcool)
melts at 25.25°C. Commercially-available Rubitherm™ paraffins [19] were used to model the thermal properties of
the two PCM stacks considering a transition range of 0.5°C. Minimum PCM volumes to support the heating and
cooling cycles are 0.39 and 0.29 m’, respectively.

Flg 2. (a) double-loop layoﬁt geometry; (b) single-loop geometry; (c) PCM layout geometry.
4. Results
4.1. Model validation

The validation of the CFD model was performed via the comparison of simulation results of the double-loop
configuration and measured data. The same operating conditions observed from a 29-hour heating cycle (January 1,
2014 3:00am to January 2™, 2014 8:00 am) and a 45-hour cooling cycle (August 31%, 2014 3:00 am to September
272014 0:00 am) were used to perform transient-regime simulations using a 300s time step. Results for the heating
cycle are shown in Fig. 3a. The cooling cycle is shown in Fig. 4. Detailed results are shown in Table 1.

The first part of this analysis consists in the simulation of the single-loop layout using same boundary conditions
as in section 4.1. The borehole performance was modeled as a function of inlet water temperature as recorded by the
monitoring system during the period (Fig. 4). A linear interpolation of data was performed. For the heating mode,
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since observed data do not cover the simulated temperature range, an extrapolation to lower temperatures was
performed considering a zero thermal yield at the undisturbed ground temperature (15.5°C).

Table 1. Validation of the double-loop model: comparison with measured data.

Heating mode Cooling mode
Start time 20/1/14 3:00 31/8/14 2:36
End time 21/1/14 8:00 1/9/14 23:59
Indoor thermal energy ~ (kWh) 130.78 -62.20
Heat pump thermal energy  (kWh) -92.08 72.38
Heat pump electric energy  (kWh) 38.71 10.17
Heat pump COP 3.38 6.11
Borehole thermal energy ~ (kWh) 81.15 9.36
Borehole electric energy  (kWh) 6.97 9.36
Borehole duty cycle 0.91 0.78
System COP 2.86 3.18
Heating mode Cooling mode
data sim data sim
Start temperature ~ (°C) 7.80 7.80 24.00 24.00
End temperature  (°C) 725 7.20 23.20 23.29
Min temperature  (°C) 6.20 6.31 21.90 21.90
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Fig. 3. (a) Heating-mode validation and (b) cooling-mode validation: measured (green) and simulated (purple) water temperature.
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Fig. 4. Borehole yield vs inlet water temperature for the heating (a) and cooling (b) modes.

The comparison between heating mode results for double- and single-loop layouts, obtained using real boundary
conditions, is shown in Fig. 5a. Except for the initial period, the temperature of the water in the single-loop storage
tank is constantly higher than the double-loop configuration, while the two systems are providing exactly the same
energy to the building. This difference depends on the average difference in the borehole inlet temperature, which is
lower for the single-loop configuration (7.1°C with respect to 8.4°C of the double-loop case). According to Fig. 4a,
this difference allows a higher power to be extracted from the ground. The system COP, thanks to the higher
temperature of the water sent to the heat pump (4.5°C vs 7.2°C of the double-loop case), increases from 2.9 to 3.4.

A comparison of the cooling-mode results is shown in Fig. 5b. In this case, the water temperature of the single-
loop case decreases more rapidly than the double-loop case. The average borehole inlet temperature in the first part
of the cycle is lower than the double-loop case, producing a higher power dissipation in the ground, as shown in Fig.
4b (right). As a result, the set temperature (21.9°C) is reached approximately 3 hours earlier, the average heat pump
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inlet temperature decreases from 24.0 to 22.7°C, and the resulting COP increases from 3.18 to 3.41. A summary of
results is shown in Table 2. Typical schedules for heating and cooling modes were simulated using the Energy Plus
software package after a recognition of the building characteristics [20]. Average daily heating and cooling loads
during the most severe periods of the year are 80 kWh/day and 50 kWh/day, respectively. The typical thermal yield
of boreholes was also estimated using a larger dataset, considering only those periods when the system was operated
with the heat storage included. Results are shown in Fig. 6. A comparison between the results of single-loop and
PCM configuration using typical boundary conditions is presented in next section.

Table 2. Real case: double-loop vs single-loop layout.

Heating mode Cooling mode
double-loop  single-loop  double-loop  single-loop
Indoor thermal energy ~ (kWh) 130.78 120.82 -62.20 -62.55
Heat pump thermal energy  (kWh) -92.08 -92.08 72.38 72.38
Heat pump electric energy  (kWh) 38.71 28.74 10.17 9.82
Average inlet temperature  (°C) 4.54 7.18 23.99 22.77
Heat pump COP 3.38 4.20 6.11 6.37
Borehole thermal energy  (kWh) 81.15 91.75 -85.89 -81.10
Borehole electric energy  (kWh) 6.97 6.95 9.36 8.52
Borehole performance  (kWhy,/kWhe) 11.64 13.20 9.18 9.52
Average inlet temperature  (°C) 8.36 7.14 22.77 22.78
Borehole duty cycle 091 091 0.78 0.71
System COP 2.86 3.39 3.18 3.41
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Fig. 5. (a) Heating and (b) cooling mode (real-case): double-loop (purple) and single-loop (blue) comparison.
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4.2. PCM simulations

In the PCM layout, water circulates, in counter-flow mode, inside two serpentines that are surrounded by two
stacks of phase change materials. The volume of each PCM stack is approx. 0.5 m’. In the simulation, a difference
between outlet and inlet temperatures of each serpentine reproduces the energy exchanged with the heat pump and
with the boreholes. In heating mode, the borehole is turned on when the heat pump inlet temperature is below
Ton=8.4°C, and it is turned off when it is above Torr=8.5°C. In cooling mode, the logic is reversed: Toy=25.1°C and
TorrF=25.0°C. The time step is 60s. The power exchanged with the ground, as a function of borehole inlet
temperature, is modelled according to Fig. 6. PCMs were modelled as solid materials for which an empirical sensible
heat curve was modelled to take into account the latent heat associated to melting/solidification (approx. 300
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kJ/m3/K within a 0.5°C region) according to data reported in Table 3. The transition of the PCM materials is
reproduced by this modified sensible heat curve within the transition region (+£0.25°C with respect to the reference
transition temperature). The fraction of PCM in liquid phase (f) for Tsoia<Trcu<Tiiguia 1S given by

B = Toen =Tiotia 3)
Tl[quicl - Rolid

With respect to the real case simulation, an alternative and more efficient circulating pump [21] is used for the
borehole circuit. A comparison of heating-cycle results with the single-loop geometry is shown in Fig. 7a. The total
COP is 4.13, the liquid fraction of PCMpeq at the start of the cycle is 0.7 and it reaches a minimum of 0.1. The
cooling mode is shown in Fig. 7b. The total COP is 5.89, the liquid fraction of PCM,, at the beginning of the cycle
is 0.2, with a maximum of 0.7. Detailed results are given in Table 4.

Table 3. Thermal properties of phase change materials used for the PCM layout.

Melting range  Heat of fusion  Sensible heat Density
Name Material o (kJ/kg) (kg/m?)
O (kJ/keg) solid  liquid solid liquid
PCMjcat RT6 8.0-8.5 140 1.8 2.4 860 @ -15°C 770 @ 15°C
PCM.o0l RT27 25.0-25.5 146 1.8 2.4 870 @ 15°C 750 @ 70°C

Table 4. Real case: single-loop vs PCM layout.

Heating mode Cooling mode
single-loop PCM single-loop PCM
Indoor thermal energy  (kWh) 80.00 80.00 -50.00 -50.00
Heat pump thermal energy  (kWh) -60.85 -60.88 58.04 58.01
Heat pump electric energy  (kWh) 18.68 18.65 8.33 8.31
Average inlet temperature ~ (°C) 8.09 8.18 25.27 25.17
Heat pump COP 4.28 4.29 6.00 6.02
Borehole thermal energy  (kWh) 60.27 61.37 -57.30 -59.57
Borehole electric energy  (kWh) 0.75 0.74 0.39 0.39
Borehole performance  (kWhy/kWhe) 80.36 82.93 146.92 152.74
Average inlet temperature  (°C) 7.98 7.83 25.42 25.68
Borehole duty cycle 0.89 0.88 0.47 0.47
System COP 4.12 4.13 5.73 5.89
Start PCM liquid fraction n.a. 0.669 n.a. 0.188
Stop PCM liquid fraction n.a. 0.647 n.a. 0.189
Minimum PCM liquid fraction n.a. 0.094 n.a. 0.129
Maximum PCM liquid fraction n.a. 0.671 n.a. 0.667
T 266
b ﬁg 6.4 ——PCM-to HP ~===-PCM - to BH single-loop
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Fig. 7. (a) heating and (b) cooling cycle: PCM (red) and single-loop (blue) water temperature simulated using the ideal-case schedule.

5. Discussion and conclusions

The dynamic operation of an innovative layout for GSHPs, including a heat storage device, was simulated using a
CFD approach in transient regime. A prototype of the system was already implemented and monitored and it is
currently used for a commercial building. Two possible upgrades of the system, designed to overcome some
limitations to the global performance (COP) are proposed and simulated.
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The CFD model of the prototype was first validated against measured data. Results show a good agreement
between simulations and observations. The first upgrade of the heat storage consists in the removal of the heat
exchangers, required in the original design for safety reasons. In this configuration, the thermal shift between the
water in the tank and the water in borehole and heat pump circuits is removed. As a result, the heating mode
simulation shows a significant increase of the borehole inlet temperature (+2.6°C) and the COP of the heat pump
increases from 3.4 to 4.2. The resulting energy saving is approximately 20%. Similarly, the thermal exchange with
the ground is more efficient (11.6 to 13.2 kWhaw/kWhei), producing a 12% energy saving. The total system COP
increases from 2.9 to 3.4. In cooling mode, the energy saving for the heat pump and the borehole pump is 4%. The
system COP increases from 3.2 to 3.4. The same layout was also used to simulate heating and cooling cycles under
typical working conditions and using a more efficient circulating pump for the boreholes. In this case the system
COP is 4.12 and 5.73, respectively. A further improvement of the system was designed using a PCM heat storage.
Two stacks of PCMs are used, with transition temperatures chosen to maximize the system performance in heating
and cooling mode. Results, using typical working schedules, are consistent with the upgraded layout. Inlet
temperatures are more stable and a slight increase of the system performance in achieved. The COP is 4.13 in
heating mode and 5.89 in cooling mode. The total volume of the PCM heat storage is 10 times smaller than the water
tank, and it could be easily placed indoor.
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