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Abstract: Installation costs of ground heat exchangers (GHEs) make the technology based on
ground-coupled heat pumps (GCHPs) less competitive than air source heat pumps for space heating
and cooling in mild climates. A smart solution is the dual source heat pump (DSHP) which switches
between the air and ground to reduce frosting issues and save the system against extreme temperatures
affecting air-mode. This work analyses the coupling of DSHP with a flat-panel (FP) horizontal GHE
(HGHE) and a mixture of sand and phase change materials (PCMs). From numerical simulations
and considering the energy demand of a real building in Northern Italy, different combinations of
heat pumps (HPs) and trench backfill material were compared. The results show that PCMs always
improve the performance of the systems, allowing a further reduction of the size of the geothermal
facility. Annual average heat flux at FP is four times higher when coupled with the DSHP system,
due to the lower exploitation. Furthermore, the enhanced dual systems are able to perform well
during extreme weather conditions for which a sole air source heat pump (ASHP) system would be
unable either to work or perform efficiently. Thus, the DSHP and HGHE with PCMs are robust and
resilient alternatives for air conditioning.

Keywords: shallow geothermal system; dual source heat pump; phase change materials;
numerical simulations

1. Introduction

Ground-coupled heat pumps (GCHPs) are among the general renewable technologies used for
space heating, cooling and hot water supply for buildings, especially in cold climates. Significant
reductions in energy consumption, 30–70% in heating mode and 20–50% in cooling mode, have
been reported when compared with conventional air-conditioning systems [1]. The ground heat
exchanger (GHE), installed vertically or horizontally to exchange heat with the soil, is one of the main
components of the GCHP system. Although GCHPs are more efficient than conventional air-to-water
heat pumps [2], the investment cost of the GHE is high and make GCHPs less competitive than
the more widespread air source heat pumps (ASHPs), especially in mild climates. Thus, despite having
great potential in the future for many countries [3], the presence of GCHPs in countries with mild
climates is currently not very widespread. Some novel and shallow horizontal GHE (HGHE) solutions
take advantage of a better heat transfer from advanced shapes, achieving an energy performance
similar to that obtained by the more thermally stable, though more expensive, vertical configurations.
In this regard, new developments of very shallow geothermal systems combined with different natural
and cheap backfilling materials are currently under assessment at several sites around Europe [4].
However, it seems HGHEs hold some drawbacks regarding land use [5] and payback still remains
too long to justify the initial investment [6]. Yet, given the existing potential and resources, a major
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development is expected on shallow geothermal for HVAC (heating, ventilation and air conditioning)
and GCHP systems [7–9]. In this context, the use of phase change materials (PCMs) may also assist
GCHP technology in the search for making the systems more energetically efficient and economically
viable. Thus, Spitler and Bernier [10] stated that the application of PCMs inside boreholes could be a
viable means to reduce borehole length at peak conditions. Due to its higher thermal capacity and
latent heat release during phase change, PCM is able to improve the energy storage performance of
the GHE and slow down the temperature change of soil. On that basis, Eslami-nejad and Bernier [11]
designed a ring with a mixture of PCM and soil around the borehole, allowing a reduction in borehole
length of up to 9%. From laboratory-scale experiments and numerical models, several authors [12–14]
have shown that the thermal influence radius of the GHE, and consequently the land area needed for
boreholes, can be decreased by utilising PCMs as backfill material. The effect of using PCMs as grout
on the thermal performance of GHEs on their own or coupled with the heat pump have also been
analysed. Results provided by several studies [15,16] showed that a proper mixture of PCM and soil as
grouting material of the GHE was able to smooth the thermal wave generated by the heat pump on
the ground, and to enhance its coefficient of performance (COP). Some authors [17,18] have pointed
out that, in hybrid systems such as dual source heat pumps (DSHPs), which change between ground
and air as heat sources, the use of an air heat exchanger allows a further reduction of the GHE size,
lowering the total cost of the GCHP system. Furthermore, DSHPs can be optimised by switching to
the more favourable source/sink between the air and ground according to their temperature, achieving
higher efficiencies in comparison with ASHPs and GCHPs [19–21]. This solution may also avoid
frosting problems and save the system against extreme temperatures that affect air-mode by using
the ground as an alternative heat source. Due to the spread of heat pump (HP) systems and the
incontrovertible climate change, the resilience of HVAC systems to adverse weather conditions is a key
factor in ensuring internal comfort.

Considering the potential of DSHPs and the advantages of using PCMs in GHEs, the present
work numerically analyses the coupling of a DSHP and a novel flat-panel HGHE [21] with a mixture
of sand and PCMs as backfill material into the trench. This combination, used both for space heating
and cooling, has not been considered or analysed previously in the scientific literature. Thus, one of
the main objectives has been to check the suitability of this system from energy numerical simulations
by comparison with different possible combinations. First, the methodology proposed to assess system
thermal performance is described. Model hypotheses, boundary conditions and the study cases used
for comparison are shown in this section. Secondly, the results from the numerical simulations are
discussed. Finally, the main conclusions of the study are drawn.

2. Methodology

This section describes the methodology followed for the aim of analysing the benefits of the
DSHP coupled with a flat-panel HGHE with a sand-PCM mixture. Basically, by using numerical
simulations, the energy performance of the system was compared with the one obtained by other
different combinations under the same operating conditions. Thus, taking the GCHP as a reference,
these combinations were set up from the inclusion or not of the air source and the sand-PCM mixture.
Furthermore, the effects of varying the trench width and the energy load factor of the exchanger,
estimated from the energy simulation of a real facility, were also checked.

2.1. Description of the Dual System

Although a detailed description of the dual system is given elsewhere (see [21]), its main
characteristics are summarised here. The dual source heat pump combines in parallel connection an
air source, through a supplementary finned tube air heat exchanger, and a ground source, by using
a flat-panel HGHE (Figure 1). Three-way valves are connected at their inlets and outlets in order to
switch the flow on or off. This switching between air and ground heat exchangers, which depends on
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source temperatures and trigger thresholds, has been implemented virtually in the numerical model of
the system.
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Figure 1. Layout of the dual source heat pump (DSHP) system coupled with a flat-panel horizontal
ground heat exchanger (HGHE).

The flat shape of the flat-panel solution allows an easier coupling with PCMs than piping solutions
of other HGHEs, such as straight pipes, slinky coils or baskets. The panel was 1.5 m high, providing
a total heat transfer surface of 3 m2 per metre trench length. The trench, which was 2.8 m deep and
0.6 m wide, was filled with a mixture of wet sand and two different PCMs, whilst the surrounding soil
was assumed as wet clay. Considering cooling and heating modes, the PCMs used were paraffin A8
(PCM1) and paraffin A24 (PCM2) [22], respectively. According to their manufacturer [22], all these
organic PCMs are comprised of long chain molecules, usually with a carbon backbone. The longer the
chain, the higher the melting point. They were selected according to the meteorological conditions,
specifically those related to minimum and maximum temperatures, in the site where heating and
cooling demand were set, and ground temperatures trends of preliminary simulations. Their main
thermal properties are shown in Table 1, as well as those proposed elsewhere [23] for wet sand (trench)
and wet clay (surrounding soil). Volume ratios of PCM1 and PCM2 and sand into the trench were
calculated considering a sand porosity reference (40%), and according to the gross building energy
demand for heating (2/3) and cooling (1/3) throughout the year for the location studied.

Table 1. Physical properties of backfill materials (within trench) and surrounding ground. PCM =

phase change material.

Material
Density Thermal

Conductivity
Specific Heat

Capacity
Latent Heat

Capacity
Melting

Point

(kg/m3) (W/mK) (J/kgK) (kJ/kg) (◦C)

Paraffin A8, PCM1 [22] 770 0.21 2160 180 8

Paraffin A24, PCM2 [22] 768 0.22 2220 250 24

Wet sand (trench) 2100 2.40 1200 – –

Wet clay (surrounding ground) 2100 1.80 1150 – –

2.2. Building Energy Demand and Heat Pump Efficiency

The energy requirements of the building of TekneHub Laboratory (University of Ferrara) for a
one-year period were considered as the heating and cooling demand of the system. TekneHub is
located in the city of Ferrara (44◦50′ N, 11◦37′ E) in Northern Italy. Taking this building as a reference
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case, EnergyPlus building energy simulation program [24] was used to estimate thermal energy
loads (qt, W/m3) every hour for the year 2015 (Figure 2), by using local weather data collected from
a meteorological station operating at TekneHub. The building envelope is well isolated according to
recent Italian regulations on the energy performance of buildings. The air conditioning system consists
of two air-to-air rooftop heat pumps with a capacity of 40 kW each. Further details of the building
components and load calculation can be found in a study by Bottarelli and colleagues [25].
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Figure 2. Heating and cooling loads per unit volume (qt, W/m3) of reference building space for the
year 2015.

Regarding the heat pump, heating and cooling efficiencies were measured by the coefficient of
performance (COP) and the energy efficiency ratio (EER), respectively. These ratios basically depend
on the temperature difference between the condenser and evaporator, which is strictly related to the
heat source temperatures for fixed indoor temperature set points (20 ◦C in winter, 26 ◦C in summer).
The performance curves for the heat pump used by Nam et al. in their research [26] have been
used here:

COP = 0.002T2
e + 0.0597Te + 2.9028 (1)

EER = 0.002T2
c − 0.2351Tc + 8.844 (2)

For simplicity, evaporator temperature (Te) and condenser temperature (Tc) are assumed to be
equal to the temperature of the sources (air, ground heat exchanger) in the following.

2.3. Numerical Modelling and Boundary Conditions

The main aim here is to calculate the variation in the temperature distribution of the ground
source, due to the extraction carried out by a flat-panel HGHE in coupling with a GCHP or a DSHP, and
with or without a PCM mixture filling the trench. This kind of problem is governed by the equation of
heat conduction in a solid (Equation (3)), and it has been numerically solved by using the commercial
software COMSOL Multiphysics [27], in which some equations were implemented to characterise the
PCM mixture according to the equivalent heat capacity method, as further detailed.

ρcp
∂T
∂t

=
→

∇

(
k
→

∇T
)
+ Q (3)

A two-dimensional (2D) computational domain which represents a cross section of the shallow
GHE installation is considered, assuming the following: uniform ground temperature distribution
along the z-axis, a small temperature change between the inlet and outlet along the exchanger,
a negligible thermal resistance of the flat-panel, and no thermal stratification of the working fluid.
Thus, the average temperature at the flat-panel is considered representative of the working fluid
temperature. The simplification of the wall thermal resistance of the GHE could compromise a
direct comparison with the air heat exchanger. However, it should be considered that the flat-panel
prototype is actually made with walls 1.6 mm thick in high-density polyethylene (HDPE) with thermal
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conductivity around 0.48 W/mK). Therefore, its wall thermal resistance is around 0.0033 K/W, which is
comparable with the fouling thermal resistance that affects an air heat exchanger, and even an order
lower if recent techno-polymers (with thermal conductivity greater than 2 W/mK) are used instead of a
standard HDPE.

Figure 3 depicts the domain and its boundary conditions. Due to symmetry conditions, only half
of the domain is simulated. Figure 4 provides ground surface temperature at TekneHub Laboratory for
2015, which is highly correlated with air temperature. Maximum, mean and minimum temperatures
values are 34 ◦C, 16 ◦C and 2 ◦C, respectively. This time series (Ts) has been set on the top of the
domain (first-type boundary condition) instead of developing a more sophisticated energy balance
equation at the ground surface (third-type boundary condition), since both methodologies lead to
similar ground and GHE wall temperature values beyond 0.8 m deep, as reported by Bortoloni and
co-workers [5]. A constant temperature of 16.7 ◦C was set at the bottom of the domain, corresponding
to the annual average temperature measured (Tb).
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The flat-panel GHE is simplified as a boundary heat source/sink (second-type boundary condition),
for which hourly heat flux (qFP, W/m2) is calculated from Equation (4):

qFP(t) =
l f

SFP
qt(t) (4)

where qt is the thermal load per unit volume of building space (W/m3) at time t and described in
Section 2.2; SFP is the heat transfer surface of a flat-panel HGHE per unit of length of the trench (2 sides
times 1.5 m2/m); lf is the load factor calculated as the ratio between the building space volume (m3)
and the length of the trench (m). The parameter lf provides a smart way to parametrically link the
required length of the flat-panel with building energy demand (volume-to-length ratio, [21]). From
the parametric study developed by Bottarelli and co-workers [21], it was concluded that the DSHP
solution offered the best combination of efficiency and opportunity to reduce installation cost when lf
is between 10 m3/m and 15 m3/m. In the present study, lf values varied within the range 10 m3/m to
30 m3/m, with 10 m3/m and 20 m3/m as reference values for the GCHP and DSHP, respectively. Finally,
an adiabatic condition was set to the rest of the side boundaries of the domain.

The problem was solved numerically by using COMSOL Multiphysics [27]. Using the finite
element method, a preliminary grid independence study was carried out. The case with the presence
of PCMs and the dual source functionality was considered to evaluate the average temperature
at the flat-panel in an unsteady state for a period of 40 days and six different meshes. Newton’s
iterative method was selected to solve the system of equations at each time-step. Absolute and relative
tolerances were set to 10−5 ◦C and 10−3, respectively. Figure 5 depicts all resulting values; relative
changes in the estimation of average flat-panel temperature were smaller than 1%. A final mesh
consisting of around 7000 triangular elements (Figure 3b), finer around the GHE trench, was finally
selected to simulate all cases.
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When the mixture of sand and PCMs is considered within the trench, heat transfer is simplified to
heat conduction within an equivalent solid mixture, according to the equivalent heat capacity method.
Thus, the equivalent mixture density and thermal conductivity are calculated as volume weighted
averages according to component volume proportions, ri (Equations (5) and (6)). In contrast with other
studies [16,21], the specific heat of the mixture was calculated as a mass weighted averaged (Equation
(7)). These mixture properties are then calculated as follows:

ρeq =
n∑

i=0

ri · ρi(T) =

1−
n∑

i=1

ri

 · ρs +
n∑

i=1

ri ·
[
(1−Hi(T)) · ρS

i + Hi(T) · ρL
i

]
(5)

keq =
n∑

i=0

ri · ki(T) =

1−
n∑

i=1

ri

 · ks +
n∑

i=1

ri ·
[
(1−Hi(T)) · kS

i + Hi(T) · kL
i

]
(6)
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cPeq =
n∑

i=0
Yi · cPi(T)

=

(
1−

n∑
i=1

Yi

)
· cPs +

n∑
i=1

Yi

·

[
(1−Hi(T)) ·

(
cS

Pi
+ hSL

i · Di(T)
)
+ Hi(T) ·

(
cL

Pi
+ hSL

i · Di(T)
)] (7)

where ri and Yi are the volume and mass fractions of each i component, respectively. These ratios are
related as follows:

Yi =
n∑

i=0

riρi∑n
i=0 riρi

(8)

In the present study, two PCMs are considered, such that n = 2 (i = 0 for sand, 1 for PCM1 and
2 for PCM2). Hi(T) and Di(T) are step and normalised Dirac’s pulse functions, respectively, used to
represent the evolution of the different physical properties during the phase change, similarly to the
approach reported by Bottarelli et al. [16]. Specifically, cPi(T) includes the specific heat capacity in each
phase (cS

Pi
, cL

Pi
) and latent heat fusion (hi) for PCM’s i component. The distribution of latent heat is

approximated by using the Di(T) function, in such a way that the total heat per unit volume released
during the phase transformation equals the latent heat. A transitional interval of 8 ◦C centred at
the melting temperature was considered. As sand porosity is not greater than 40%, the sum of the
PCMs’ volume ratios (r1 + r2) is limited and set to 0.40; only in a single case was this value exceeded.
In addition, according to the ratio of the periods of heating and cooling demand (Figure 2), r1 and r2

were set equal to 0.25 and 0.15, respectively.
Furthermore, a virtual control of the boundary condition at flat-panel was programmed in

COMSOL in order to simulate the switching between air and ground sources in the DSHP case,
as described by Bottarelli and colleagues [21]. The flowchart in Figure 6 describes the performance
routine. In winter, the ground achieves better working conditions when its temperature is higher than
outdoor air temperature. Ground source is used in the model when outdoor air temperature is smaller
than 5 ◦C (Tair limit), and also when ground source temperature (Tg) exceeds air temperature by an
onset temperature differential, ∆T. According to the guidelines for the maximum benefits of DSHPs
reported by Bottarelli and colleagues [21], the corresponding temperature differential was around 5 ◦C
for the range of variation of lf (from 10 to 30 in this study). Both rules (Tair limit = 5 ◦C; ∆T = 5 ◦C) aim to
preserve the ground source for the late winter, because the exploitation of the high ground temperature
at the winter beginning would lead to quick depletion of the underground thermal energy storage.

Energies 2020, 13, x FOR PEER REVIEW 7 of 17 

 

௜ܻ = ෍ ∑௜ߩ௜ݎ ௜௡௜ୀ଴ߩ௜ݎ
௡

௜ୀ଴  (8) 

In the present study, two PCMs are considered, such that n = 2 (i = 0 for sand, 1 for PCM1 and 2 
for PCM2). Hi(T) and Di(T) are step and normalised Dirac’s pulse functions, respectively, used to 
represent the evolution of the different physical properties during the phase change, similarly to the 
approach reported by Bottarelli et al. [16]. Specifically, ܿ௉೔ሺܶሻ includes the specific heat capacity in 
each phase (ܿ௉೔ௌ , ܿ௉೔௅ ) and latent heat fusion (hi) for PCM’s i component. The distribution of latent heat 
is approximated by using the Di(T) function, in such a way that the total heat per unit volume released 
during the phase transformation equals the latent heat. A transitional interval of 8 °C centred at the 
melting temperature was considered. As sand porosity is not greater than 40%, the sum of the PCMs’ 
volume ratios (r1 + r2) is limited and set to 0.40; only in a single case was this value exceeded. In 
addition, according to the ratio of the periods of heating and cooling demand (Figure 2), r1 and r2 
were set equal to 0.25 and 0.15, respectively. 

Furthermore, a virtual control of the boundary condition at flat-panel was programmed in 
COMSOL in order to simulate the switching between air and ground sources in the DSHP case, as 
described by Bottarelli and colleagues [21]. The flowchart in Figure 6 describes the performance 
routine. In winter, the ground achieves better working conditions when its temperature is higher 
than outdoor air temperature. Ground source is used in the model when outdoor air temperature is 
smaller than 5 °C (Tair limit), and also when ground source temperature (Tg) exceeds air temperature by 
an onset temperature differential, ΔT. According to the guidelines for the maximum benefits of 
DSHPs reported by Bottarelli and colleagues [21], the corresponding temperature differential was 
around 5 °C for the range of variation of lf (from 10 to 30 in this study). Both rules (Tair limit = 5 °C; ΔT = 
5 °C) aim to preserve the ground source for the late winter, because the exploitation of the high 
ground temperature at the winter beginning would lead to quick depletion of the underground 
thermal energy storage. 

An operating threshold is finally set for the ground source temperature (Tg lim = −2 °C) to prevent 
working fluid in the flat-panel from freezing. In summer, ground source is on when the difference 
between air and ground source temperatures is higher than the onset differential. 

Air source temperature was defined as that of outdoor air (year 2015) at an hourly time scale. 
The temperature of the ground source was estimated by the model every time step and reported at 
an hourly scale as the average temperature at the flat-panel boundary. 

 
Figure 6. Flowchart of DSHP performance routine for heating and cooling mode. Figure 6. Flowchart of DSHP performance routine for heating and cooling mode.



Energies 2020, 13, 2933 8 of 17

An operating threshold is finally set for the ground source temperature (Tg lim = −2 ◦C) to prevent
working fluid in the flat-panel from freezing. In summer, ground source is on when the difference
between air and ground source temperatures is higher than the onset differential.

Air source temperature was defined as that of outdoor air (year 2015) at an hourly time scale.
The temperature of the ground source was estimated by the model every time step and reported at an
hourly scale as the average temperature at the flat-panel boundary.

The initial temperature distribution in the solid domain was derived from experimental measurements
of ground temperature at different depths (Figure 7). However, all models were initially run for a full year
to achieve an initial condition already affected by their specific yearly exploitation.
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Figure 7. Initial vertical distribution of undisturbed ground temperature (TekneHub Laboratory,
1 January 2015).

2.4. Case Studies

Different case studies have been numerically simulated in unsteady heat transfer conditions in
order to quantify the potential benefits of using both the dual system, specifically a DSHP coupled with
the flat-panel (FP) HGHE, and a mixture of sand and PCM as backfill material. Water to water GCHP
with sand as backfill material was taken as a reference case. Table 2 describes all the cases considered.
Load factor (lf) was increased in relation to the reference case (DP00), for which lf equals 10 m3/m
(building cubic metre over metre FP length), in order to assess the energy performance and capability
of the enhanced systems by using smaller heat transfer surfaces of the flat-panel and PCMs. Indeed,
numerical simulations previously carried out showed that higher values of lf for the DP00 leaded to
temperatures several degrees below zero, which are not compliant with common operating conditions
of this kind of facility. Furthermore, the effect of a reduction of trench width (wt) was also analysed in
case DP11#, as well as higher volume PCM ratios (r1 = 0.50 and r2 = 0.20) and higher thermal PCM
conductivity (k1 = k2 = 1.2 W/mK) in case DP11+.

Table 2. Description of case studies.

Case Heat Pump Backfill Material Load Factor, lf (m3/m) Trench Width, wt (m)

DP00 GCHP Sand 10 0.60
DP01 GCHP Sand and PCMs 10 0.60
DP10 DSHP Sand 20 0.60
DP11 DSHP Sand and PCMs 20 0.60
DP11* DSHP Sand and PCMs 30 0.60
DP11# DSHP Sand and PCMs 30 0.40
DP11+ DSHP Sand and PCMs 20 0.60

Note: *, # cases referring to DP11 as PCMs; + case with higher PCMs thermal conductivity and mass.

In all cases, the novel flat-panel HGHE is coupled with the GCHP or DSHP. The bias between the
experiments and the numerical model implemented in COMSOL of this HGHE is less than 1 ◦C on
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average, as reported by Bottarelli and colleagues [21]. When the DSHP is on, the value of the onset
temperature differential (∆T) was set to 5 ◦C.

3. Results and Discussion

All models were run for a two-year period by repeating weather data of the year 2015 and under
the same boundary conditions, in order to set the typical initial conditions of this kind of facility and
to ensure that all models reproduced their stationary trend according to their different exploitations.
Thus, Figure 8a shows flat-panel temperatures for the second simulation year cases DP00, DP01, DP10
and DP11, together with outdoor air and undisturbed ground temperature (at a depth of 1.7 m).
Similarly, Figure 8b shows cases DP11, DP11*, DP11# and DP11+. As it can be inferred from the series
of undisturbed ground temperature, despite ground thermal exploitation and unlike deep geothermal
systems, thermal drift is avoided by using this shallow HGHE.
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Figure 8. Annual trend of temperatures (a) for cases DP00, DP01, DP10, DP11 and (b) DP11, DP11*,
DP11#, DP11+.

Flat-panel temperature for DSHP cases (DP10 and DP11) is higher than for GCHP cases (DP00 and
DP01), since the dual system is able to switch to the air when ground temperature is lower in winter
(Figure 8a). In this way, the lowest flat-panel temperatures for DP10 and DP11 cases are 2.1 ◦C and
1.7 ◦C, respectively. This issue may avoid the use of anti-freeze (e.g., propylene glycol) in the secondary
loop of the system and reduce or exclude all frosting problems at the air heat exchanger. In contrast,
the lowest flat-panel temperatures for GCHP cases DP00 and DP01 are −1.3 ◦C and −2.4 ◦C, such that
anti-freeze usage is needed. As a consequence, dual strategy leaves a warmer ground at the beginning
of summer which is less advantageous for this period. On the contrary, the lower temperature of GCHP
systems makes the condition disadvantageous in wintertime, but more profitable in summer. When
PCMs are used in the backfill material (DP01 and DP11) a similar behaviour is found, although the
performance of the system is clearly lower in wintertime (minimum temperatures of−2.4 ◦C and 1.7 ◦C).
These results are mainly due to the low thermal conductivity of the mixture in comparison with that of
the sand. However, despite this drawback, the performance is improved in summertime, according to
the higher cold energy stored in the ground, as maximum temperatures of 24.9 ◦C and 25.7 ◦C are
achieved for DP01 and DP11, respectively. In Figure 8b, DP11* and DP11# minimum temperatures
are −0.3 ◦C and −0.6 ◦C in wintertime, respectively, whilst 1.3 ◦C is that of DP11+. In summertime,
the maximum temperatures are 26.1 ◦C, 26.2 ◦C and 24.7 ◦C for DP11*, DP11# and DP11+, respectively.

Overall, dual systems are able to perform well during extreme weather conditions (very low or
very high outdoor air temperatures) for which a sole ASHP system would be unable either to work or
perform efficiently. This makes the dual system a robust alternative in Southern European countries in
which weather conditions are expected to become more severe in the future, with higher inter-annual
increase in summer temperatures and low variability in current winter temperatures [28].

Details of the annual trend are shown at the beginning of the year in Figure 9, and by the middle
of the year in Figure 10; that is, in winter and summer, respectively. When comparing, it should
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be noted that case DP11* has a higher lf factor (30 m3/m), DP11# also includes a narrow trench and
consequently a smaller quantity of PCMs, whilst DP11+ has a standard trench (60 cm wide) and load
factor (20 m3/m), but uses PCMs with higher thermal conductivity.
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Figure 10. Details of summer temperatures (a) for cases DP00, DP01, DP10, DP11 and (b) DP11, DP11*,
DP11#, DP11+.

In Figure 9a, the steady decrease of flat-panel temperature in January due to a continuous ground
exploitation carried out by the GCHP (DP00 and DP01) contrasts with the nearly constant trend shown
by the DSHP (DP10, DP11, DP11*). DP11+ shows the promptest celerity in recovering the exploitation
in comparison with all other DSHPs (Figure 9b). Cases with PCMs show better performance than those
without (Figure 10a), whilst the aforementioned behaviour of DP11+ is confirmed also in summertime
(Figure 10b). Therefore, this last property seems to be the key factor in using PCMs: not to penalise the
improvement of energy storage with a lower thermal conductivity of the backfill material.

In Figure 11, the resulting performance of the GCHP (DP00, DP01) and DSHP (DP10, DP11) are
depicted in terms of COP (wintertime, Figure 11a) and EER (summertime, Figure 11b), according
to the previous Equations (1) and (2). GCHP cases show better COP values than DSHP cases at the
beginning of winter, when the ground temperature is very high due to the previous heating up in
summer. However, the reverse happens late in winter, when the ground has been deeply exploited
by the GCHP operation, and partially saved by the DSHP mode. This inversion does not happen in
summertime (EER), since the lowest ground temperature performs better during the whole summer.
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Figure 11. (a) Coefficient of performance (COP) and (b) energy efficiency ratio (EER) hourly trend.

A summary of the energy exchange and performance of the different systems in winter, summer
and the whole year is shown in Tables 3–5, respectively. The values of thermal (Qt) and electrical (Qe)
energy exchanged per unit length of trench (kWh/m) are given too.

Table 3. Summary of energy performance for the different case studies in wintertime.

Variable Unit ASHP DP00 DP01 DP10 DP11 DP11* DP11# DP11+

lf m3/m (10) 10 10 20 20 30 30 20
wt m – 0.6 0.6 0.6 0.6 0.6 0.4 0.6

Qt DSHP kWh/m – – – −295.1 −295.1 −442.7 −442.7 −295.1
Qt GCHP kWh/m – −147.6 −147.6 −58.5 −60.0 −70.5 −69.7 −69.1
Qt ASHP kWh/m −147.6 – – −236.6 −235.1 −372.2 −373.0 −226.1
Qe DSHP kWh/m – – – 121.3 121.1 184.6 184.6 119.9
Qe GCHP kWh/m – 65.4 65.9 23.8 24.4 29.6 29.3 27.7
Qe ASHP kWh/m 63.8 – – 97.5 96.8 155.0 155.3 92.2
COPDSHP – – – – 3.43 3.44 3.40 3.40 3.46
COPGCHP – – 3.26 3.24 3.46 3.46 3.38 3.38 3.50
COPASHP – 3.31 – – 3.43 3.43 3.40 3.40 3.45

Time h 5228 5228 5228 637 641 504 500 720
q FP_ave W/m – −28.2 −28.2 −91.9 −93.7 −139.9 −139.9 −95.9

Table 4. Summary of energy performance for the different case studies in summertime.

Variable Unit ASHP DP00 DP01 DP10 DP11 DP11* DP11# DP11+

lf m3/m (10) 10 10 20 20 30 30 20
wt m – 0.6 0.6 0.6 0.6 0.6 0.4 0.6

Qt DSHP kWh/m – – – 131.3 131.3 197.0 197.0 131.3
Qt GCHP kWh/m – 65.7 65.7 65.3 63.3 68.5 69.7 66.9
Qt ASHP kWh/m 65.7 – – 66.1 68.0 128.5 127.3 64.4
Qe DSHP kWh/m – – – 26.3 26.4 40.6 40.6 26.2
Qe GCHP kWh/m – 12.4 12.2 12.6 12.2 13.3 13.6 12.8
Qe ASHP kWh/m 14.2 – – 13.7 14.2 27.3 27.0 13.4
EERDSHP – – – – 3.99 3.98 3.85 3.85 4.02
EERGCHP – – 4.31 4.37 4.18 4.20 4.14 4.13 4.24
EERASHP – 3.61 – – 3.81 3.79 3.70 3.71 3.80

Time h 1304 1304 1304 608 604 494 488 635
q FP_ave W/m – 50.4 50.4 107.3 104.8 138.6 142.8 105.4
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Table 5. Annual energy performance for the different case studies. Minimum and maximum GHE
temperatures are also shown.

Variable Unit ASHP DP00 DP01 DP10 DP11 DP11* DP11# DP11+

lf m3/m (10) 10 10 20 20 30 30 20
wt m – 0.6 0.6 0.6 0.6 0.6 0.4 0.6

Tmin ◦C – −1.3 −2.4 2.1 1.7 −0.3 −0.6 1.3
Tmax ◦C – 26.1 24.9 27.3 25.7 26.1 26.2 24.7

Qt kWh/m 213.2 213.2 213.2 426.5 426.5 639.7 639.7 426.5
Qe kWh/m 77.7 77.7 78.2 147.6 147.5 225.2 225.2 146.1

COP/EER – 3.37 3.42 3.42 3.53 3.53 3.48 3.48 3.56
Time h 6532 6532 6532 1245 1245 998 988 1355

q FP_ave W/m – 32.7 32.7 99.4 99.1 139.2 141.1 100.3

In wintertime (Table 3), DP10 and DP11 perform similarly, and better than DP00 and DP01.
Specifically, DP11 shows a higher COP than DP01 (3.44 against 3.24), and also DP10 (COP value of
3.43) compared to DP00 (COP value of 3.26). Furthermore, DP11* and DP11# achieve very similar
performance if compared with DP11, but with a significant reduction of the HGHE size (lf of 30m3/m
against 20 m3/m), and a narrower trench for case DP11# (40 cm against 60 cm).

Due to the much shorter use of the ground heat exchanger carried out by the DSHP cases
(DP10, DP11, DP11*, DP11# and DP11+), very high values of heat flux per metre of trench are
obtained, that range from more than three times for case DP11+ up to almost five times for case DP11*,
when compared with GCHP. This is mainly related to the shorter ground exploitation of the DSHP
cases, for which heat transfer takes from 500 h (DP11#) up to 720 h (DP11+).

This seems to reflect a good performance of the dual system even if coupled with a shorter HGHE,
and that PCMs can improve the system performance only if their thermal conductivities are higher.
Therefore, the common low thermal conductivity of PCMs attenuates their potential good performance
in wintertime related to their underground thermal energy storage.

In comparison with the cheapest ASHP which shows an overall COP value around 3.31, the best
value of a DSHP, around 3.46 (DP11#) does not seem to justify the investment of PCMs and GHE.
However, it should be noted that the air temperature drops below 3 ◦C for 747 h over 5228 h of heating
time, that is, 14.2% of the working period, in which frosting issues are very common at this location.
As a consequence, the ASHP performance given here should be considered overestimated up to a
value around 15%, as reported by Dongellini and colleagues [29].

In summertime, DP01 shows the best performance (EER value of 4.37), as justified by the ground
cooling occurring for long thermal exploitation in wintertime, and the presence of PCMs. The best
DSHP case is DP11# with an EER value of 4.02, resulting from the 4.24 and 3.80 values in ground and
air exploitation, respectively. It is worth noting that DP11# uses a GHE which is three times shorter
than the one used by case DP00. The ASHP performance is the lowest (EER value of 3.61 value) and
a more interesting gap is evident, especially related to a larger exploitation of the GHE. In summer
season, the overall needs of air conditioning cover a period of 1304 h; when the DSHP is used,
the ground exploitation goes from a minimum of 488 h (37.4%, DP11#) to a maximum of 635 h (48.7%,
DP11+). The average heat flux occurring at the flat-panel GHE (qFP_ave) shows a minimum of 50.4 W
per length metre of trench in GCHP cases (DP00, DP01) and a maximum of 142.8 W/m in DSHP
case (DP11#), which demonstrates the high performance of the flat-panel. qFP_ave values are quite
comparable in winter and summer for DSHP cases, while winter values halved those in summer for
GCHP cases. This difference is always attributable to the exploitation time of the ground, unchanged
for DSHP cases (500–700 h) unlike GCHP cases (with more than 5000 h in wintertime against 1300 h in
summertime).

As expected from the annual trend of flat-panel temperature, all DSHP cases show higher
efficiencies than GCHP cases. Yet, they still perform better than the ASHP. Regarding the heat flux
per metre of trench, DSHP cases provide values which are several times those given by GCHP cases.
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During the whole year, DP00 and DP01 show COP/EER values of 3.42, the ASHP of 3.37 and the DSHP
from 3.48 to 3.56. Overall, the average heat flux occurring at the flat-panel, coupled with a DSHP
system, is three to five times higher than that of a GCHP.

Finally, an analysis about how the PCM behaves in the different cases was carried out. Thus,
Figure 12 shows the solid phase time series in terms of mass fraction for the trench. In winter, a more
efficient use of PCM1 is made by DP01 (Figure 12a) than by DP11 (Figure 12b). Hence, PCM1 solidifies
reaching a peak of 100% (DP01), while it is of 80% in DP11. A slight improvement is achieved by
DP11*, while DP11+ gets slightly lower results (Figure 12c,d). In summertime, the fraction of PCM2
that becomes liquid is very similar in all cases. This result could also suggest the advisability of using
backfill materials in the trench with higher thermal conductivity.Energies 2020, 13, x FOR PEER REVIEW 13 of 17 
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Figure 12. Solid phase fraction of the PCM components and overall mixture (MIX) in the trench.
(a) DP01, (b) DP11, (c) DP11*, (d) DP11+.

To complete the results depiction, a sequence of the thermal field at 41.333 days of simulation
time is presented in Figure 13 for different cases. The first two images (DP00, DP01) show the large
exploitation carried out by the GCHP in comparison with the DSHP; no relevant differences are shown
when PCMs are used in coupling with a GCHP. More interesting differences are detectable among
DSHP cases. In the sequence DP10, DP11 and DP11*, the ground temperature rises in the domain from
the bottom to the top, whilst the flat-panel temperature decreases. Temperature distribution for DP11
and DP11# cases are quite similar, while DP11+ shows the highest temperature values among all.
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Figure 13. Thermal field at 41.333 days of simulation for cases DP00, DP01, DP10, DP11, DP11*,
DP11#, DP11+.

4. Conclusions

In this study, the energy performance of the coupling of a DSHP and a novel flat-panel HGHE with
a mixture of sand and PCM backfill material into the trench was analysed numerically. To the authors’
knowledge, this combination, used both for space heating and cooling, has not been considered or
studied previously in the scientific literature. A methodology based on energy numerical simulations,
in which different source heat pumps (GCHP, ASHP and DSHP) and configurations (with and without
PCMs, and different GHEs and trench sizes) were compared under the same real operating conditions,
was developed to check the suitability of the system. The main conclusions of the study are as follows.

� Numerical simulations show that the overall performance of a ground source heat pump is higher,
although not very significantly, than the one given by an air source heat pump.

� The use of shallow HGHEs avoids thermal drift of ground temperature and shows significant
values of heat flux value per unit length of the exchanger, even when compared to vertical
boreholes. The flat-panel shows an annual average heat flux of around 33 W/m when it is coupled
with a GCHP, and more than 140 W/m with a DSHP.

� The dual-source functionality optimises the performance of a heat pump and drastically allows
the reduction of the HGHE length to up to several times that of a full GCHP, causing a significant
reduction in installation costs. Moreover, the value estimated for the lowest working fluid
temperature precludes the use of glycol, with benefits in terms of costs and environmental impact.

� The use of PCMs as backfilling material can improve the overall energy performance only if a
significant increase of their thermal conductivity is carried out, as the common low value of the pure
paraffins’ conductivity reduces the benefit of their high latent heat. Therefore, the improvement
of their thermal conductivity is a key factor for their exploitation in similar applications.

� Summer thermal performance of a DSHP coupled with a flat-panel GHE and a mixture of
enhanced PCMs as backfill material is better than in wintertime, according to the higher
temperature difference between undisturbed ground and GHE.

Therefore, DSHP coupled with a shallow GHE backfilled with PCMs having high thermal
conductivity is an interesting alternative for the air conditioning of buildings, especially in high
latitudes of Southern European countries, where cooling requirements are relevant. This solution may
also avoid frosting problems and save the system against extreme temperatures that affect the air-mode,
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by using the ground as an alternative heat source, which makes the HVAC system more resilient
against the incontrovertible climate change.

A future development of this research will be the experimental validation of the main conclusions
and the assessment of the economic viability of the enhanced system.
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Nomenclature

cP Specific heat capacity, J/(kg · K)
cPeq Mixture specific heat capacity, J/(kg · K)
cPi Specific heat capacity of component i, J/(kg · K)
cPs Specific heat capacity of wet sand, J/(kg · K)
cs

Pi
Specific heat capacity of component i in solid phase, J/(kg · K)

cL
Pi

Specific heat capacity of component i in liquid phase, J/(kg · K)
Di Dirac’s pulse function, K−1

hSL
i Latent heat of fusion, J/kg

Hi Step function
k Solid thermal conductivity, W/(m · K)
keq Mixture thermal conductivity, W/(m · K)
ki Thermal conductivity of component i, W/(m · K)
ks Thermal conductivity of wet sand, W/(m · K)
ks

i Thermal conductivity of component i in solid phase, W/(m · K)
kL

i Thermal conductivity of component i in liquid phase, W/(m · K)
lz Flat-panel height, m
n̂ Normal unit vector
q Heat load for unit building volume, W/m3

qFP Heat flux at flat-panel, W/m2

qt Energy load per unit volume of building space at time t, W/m3

Q Heat source/sink, W/m3

Qe Thermal energy exchanged per unit length of trench, kWh/m
Qt Electrical energy exchanged per unit length of trench, kWh/m
l f Load factor, m3/m
ri Volume fraction of i component, m3 component i/m3 mixture
SFP Flat-panel heat transfer surface per unit of trench length, m2/m
t Time, s
T Temperature, K
Tair Air temperature, K
Tair limit Limiting air temperature, K
Tb Temperature at the bottom of the domain, K
Tc Condenser temperature, K
Te Evaporator temperature, K
TFP Average Flat-panel temperature, K
Tg Ground temperature, K
Tg limit Limiting ground temperature, K
Ts Temperature at ground surface, K
wt Trench width, m
Yi Mass fraction of component i
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Greek Symbols
ρeq Mixture density, kg/m3

ρi Density of component i, kg/m3

ρs Density of wet sand, kg/m3

ρs
i Density of component i in solid phase, kg/m3

ρL
i Density of component i in liquid phase, kg/m3

Acronyms
ASHP Air source heat pump
DSHP Dual source heat pump
COP Coefficient of performance
EER Energy efficiency ratio
FP Flat-panel
GHE Ground heat exchanger
GCHP Ground-coupled heat pump
HGHE Horizontal ground heat exchanger
PCM Phase change material
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