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a b s t r a c t

This article investigates the feasibility of achieving higher performance from ground-source heat-pumps
(GSHP) in space heating mode through the use of solar thermal collectors. A novel simulation tool for
solar-assisted ground-source heat-pumps (SGSHP) is presented with an analysis of the influence of solar
collectors on the improvement of heat pump performance. Solar radiation and climate temperature data
of 19 European cities were used to perform simulations of SGSHP and GSHP systems considering a typical
residential house. Overall performance coefficients (COPsys) varied from northern to southern locations
between 4.4 and 5.8 for SGSHP and between 4.3 and 5.1 for GSHP. Results show that solar collectors
coupling has more impact on performance improvement in regions that benefit from higher irradiance.
However, greater running cost savings are achieved in milder climate conditions. Both heat-pump
systems are able to effectively contribute to carbon footprint reductions for residential buildings,
especially in countries where fossil fuels are the primary source of electricity generation. SGSHP payback
periods are found between 8.5 and 23 years from northern to southern localities, making such heating
system an economic heating option. SGSHPs are best suited for high irradiance and cool climate locations
such as the mountainous regions in southern Europe.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Energy from fossil fuels (oil, gas, and coal) has been identified as
the major cause of the increase of greenhouse gas concentrations in
the atmosphere; a leading contributor to climate change. Energy
efficiency is seen as the cheapest, fastest and cleanest energy
resource, which can be used in response to the growing concerns
about climate change.

Space heating for buildings in residential, commercial and
public sectors has a major impact on worldwide energy
consumption. Globally, buildings are responsible for approximately
40% of total world annual energy consumption [1e5], with space
heating accounting for a majority of this energy, requiring between
61 and 70% of home energy use [6]. Fossil fuels and electricity
account for 37.6% (gas 22.3%; oil 12.9%; coal 2.4%) and 27%,
. Girard), ejadraque@ugr.es
o.caceres@uai.cl (G. Caceres).
respectively of energy consumption in buildings [7], with a high
fossil fuel share for electricity generation (World figures in 2010:
coal 41%, gas 22%, oil 5% and nuclear 13% [8]). Thus, there are great
opportunities for energy efficient equipment to reduce fossil fuel
consumption and space heating demand in buildings.

Heat pumps are one option among available energy efficient
equipment [2,9,10] and their combination with solar thermal en-
ergy is promising. Solar thermal assisted heat pump systems
(SAHPS) are usually powered by electricity and indirectly by fossil
fuel. Such hybrid systems allow a reduction in the consumption of
nonrenewable fuel. SAHPS can help improve the economic and
environmental sustainability of renewable energy systems, and
they also contribute to fulfilling the energy demand [11]. In the past
30 years, several studies concerning SAHPS have been performed
[12e21] [22e31], some of which show promising results for the
design or sizing of real solar-driven heat pump systems [32e39].
In recent years, several companies started offering SAHPS on
the EuropeanMarket; and in 2009 an overviewwas given by Z€orner
W. et al. [40]. Also, several reviews on existing SAHPS installations
were presented in the Task 44 “solar and heat pump systems” by
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Nomenclature

a1 solar collector heat loss coefficient (W/m2.�C)
A surface area (m2)
Cp specific heat (kJ/kg.�C)
COP coefficient of performance
hc convective heat transfer coefficient (W/m2.�C)
HDD heating degree day (�C day)
k thermal conductivity (W/m.�C)
L length (m)
_m mass flow rate (kg/s)
Ncount number of iteration
n ventilation rate (air change/h)
Pr Prandtl number
Q heat energy (kW)
r radius (m)
R thermal resistance (m2.�C/W)
SG slope global radiation (W/m2)
T temperature (�C)
U overall heat transfer coefficient (W/m2.�C)
V volume (m3)
v velocity (m/s)
W work energy (kW)
x interest rate (%)

y service life (years)

Greek symbols
a ground reflectance (albedo) coefficient
DP pressure loss (kPa)
h efficiency (%)
m dynamic viscosity (Pa.s)
r density (kg/m3)

Subscripts
ai internal ambient
ao outside ambient
c or cond condenser
col collector
conv convection
comp compressor
e or evap evaporator
G ground collector
i inlet
o outlet
p pipe
s soil
S solar collector
w water or antifreeze solution

Fig. 1. Global geothermal installed capacity 1995e2010 (direct use). Source: Ref. [50].
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the International Energy Agency Solar Heating and Cooling (IEA
SHC) program [41,42] show the potential of this combination of
technologies.

The energy performance improvement in ground-source heat
pumps (GSHP) has been identified as a way to promote a wider
introduction of GSHP for residential use in the space heating mar-
ket. Yet, studies by Esen et al. [43], Pulat et al. [44] both in Turkey
and by Healy and Ugursal [45] in Canada have demonstrated that
the horizontal-loop GSHP system offers economic advantages over
conventional heating methods such as liquid petrol gas heating,
coal fired heating and diesel oil heating. However it is clear that
there is a lack of in-situ measured data that is available on COP of
solar-assisted ground-source heat-pumps (SGSHP) and their per-
formance. This research investigated the performance of a SGSHP
system at different latitudes in space heating mode of operation for
residential use, and to evaluate the influence of roof-top thermal
solar collectors in achieving higher heat-pump COP compared to
GSHPs alone.

2. Overview of GSHP

A GSHP system extracts heat from the ground through a ground
heat exchanger (GHE). A buried coil with circulating fluid in a closed
loop is used to transfer thermal energy from the ground. The closed
loop can be deposited in vertical boreholes or horizontal trenches.
Boreholes are drilled approximately 45 me150 m deep and
4.5me6m apart to allowminimum interference between the pipes
[46]. The GHE of the horizontal mode consists of using a series of
parallel pipe arrangements laid in trenches. Due to temperature
interference issues, pipes are buried in trenches spaced a minimum
of 1.5m apart and from 1.2m to 1.8m deep. Pipe diameter generally
ranges from 20 mm to 40 mm and their length is about 35 me50 m
per kilowatt (kW) of heating and cooling capacity [46]. Trench and
borehole length greatly depends on soil conditions including
temperature, moisture content, particle size and shape [47].

The principle of GSHP relies on the near stability of the tem-
perature of ground source. At depths of less than 2 m, the ground
temperature showsmarked seasonal variation above and below the
annual average ambient air temperature. As the depth increases,
the seasonal swing in temperature is reduced and the maximum
andminimum soil temperatures begin to lag the temperature at the
surface. At a depth of about 1.5 m, the time lag is approximately one
month. Below 10 m, ground temperature remains effectively con-
stant at approximately the annual average air temperature [48].

Electric plug-in heaters, air-source heat pumps, oil and wood
stoves, and gas-boilers largely dominate themarket of space heating
systems. GSHP have been used for space heating for over 50 years
[49], but GSHP market penetration is still in its infancy. However,
direct use of geothermal energy (i.e. excluding centralized
geothermal plants for electricity generation) presents a constant
growth of installed capacity at a global level [50], as shown in Fig. 1.

3. Study objectives

This study aims to explore the potential increase in COP of a heat
pump by using roof-top thermal solar collectors. The objective of
the research was to develop a novel simulation tool allowing the
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assessment of SGSHP performance for the space heating scenario of
a residential building. Furthermore, the performance of three sys-
tems, i.e. electrical radiant heaters, electrically-operated GSHPs and
SGSHPs are compared with respect to energy use, emissions and
financial costs.

The schematic diagram of the SGSHP process is presented in
Fig. 2. The mathematical model used in the simulation tool is
developed considering the following working requirements of the
SGSHP system. The heat harvested in the solar collectors is used
with priority to provide the heat-pump evaporator with the
maximum operating temperature. The fluid in the ground/solar
circuit is considered as a 35% propylene glycol solution (water-
based liquid mixture) to prevent from the risk of freezing. A high
concentration of propylene glycol increases the electricity con-
sumption of circulation pumps but has very little impact on the
heat-pump performance [51]. The antifreeze liquid at the evapo-
rator outlet is injected into the ground via pipes buried in trenches
at a depth of 2 m. The fluid then reaches solar panels again only if
the radiation is sufficient. Otherwise, heat extracted from the
ground directly enters the heat-pump evaporator without circu-
lating through the solar loop. In that condition, the solar collector
by-pass is used. The buffer tank serves to store the extra solar heat
harvested during the day, which cannot be used instantly due to
operating temperature limits of the heat-pump. The advantage of
this operation is that it contributes to balance the fluid temperature
entering the evaporator, optimizing the use of solar heat provided
by solar collectors and preventing overheating problems. When the
temperature of the antifreeze liquid has reached the maximum
allowed by the heat-pump, and the solar radiation is still high, the
extra solar heat is stored in the buffer tank so that it can be used
when solar radiation decreases at the end of the day. In that con-
dition, the fluid coming out of the ground coil directly enters the
Fig. 2. Schematic of th
buffer tank (cold side), so no fluid circulates through the solar
collector circuit, which avoids heat losses during low solar radiation
or at night.

When space heating is not required, the hot water produced can
be used as domestic hot water and the heat-pump can be reversed
for space cooling if necessary.

For comparison purposes, the study also provides performance
simulations of the GSHP only. In this case, the simulation model
considers that the outlet of the ground circuit is directly connected
to the inlet of the heat pump evaporator. Different numerical
simulations of the proposed model are performed for 19 European
cities at different latitudes for both SGHSP and GSHP systems. The
model integrates identical heat-pump, soil, building characteristics
for each simulation, in order to evaluate the influence of solar ra-
diation, ground and ambient temperatures on the heat-pump en-
ergy performance.

4. Parameters assumption

4.1. Characteristics of the installation

The energy model developed in this study was used to simulate
the working performance of the selected SGSHP for different
climate conditions. The SGSHP technical characteristics were
identical for each simulation, as well as the building's technical
features. It was important to maintain the same installation char-
acteristics for each city simulation in order to compare the effect of
climate conditions on SGSHP performance.

The article is based on a commercially available ground-source
heat-pump [52], and solar system [53]. Table 1 provides the man-
ufacturer's specifications for the selected heat-pump, showing its
working performance for the given evaporator and condenser mass
e studied SGSHP.



Table 1
Manufacturer's specification for the selected heat pump (Dimplex SIH6ME). Source:
Ref. [52].

Heat capacity, Qcond (kW) 5.82
COP 3.9
Wcomp (kW) 1.49
Qevap (kW) 4.342
Evaporator mass flow rate, ṁwe (kg/s) 0.27
Twei (�C) 10
Tweo (�C) 6.06
DPevap (kPa) 20
Area evaporator, Aevap (m2) 0.8
Heat transfer coefficient evaporator, Uevap (W/m2 �C) 1500
Condenser mass flow rate, ṁwc (kg/s) 0.394
Twci (�C) 37.8
Twco (�C) 41.3
Area condenser, Acond (m2) 0.456
DPcond (kPa) 30.3

Table 3
Antifreeze solution characteristics at 10 �C. Source: Ref. [64].

Composition 65% water e 35% propylene glycol
(mass fraction)

Density rw (kg/m3) 1032
Heat capacity Cpw (kJ/kg �C) 3.8
Thermal conductivity kw (W/m �C) 0.42
Dynamic viscosity mw (Pa s) 5.25 � 10�3

Prandtl Number Prw 47.5
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flow rates, the antifreeze solution temperature at the evaporator
inlet (Twei), and the water temperature of the heating radiator cir-
cuit at the inlet of the heat pump condenser (Twci). The selected
heat-pump has temperature operating limits for the antifreeze
solution at the inlet of the evaporator comprised between �5 �C
and 25 �C.

The principal components of the soil are mineral substances
(solid state), organic matter (solid state), water (liquid state) and air
(gas state), which all have different thermal properties [54,55]. It is
necessary to study soil properties in a detailed site survey to accu-
rately predict the thermal behavior of GHEs. Soil component pro-
portions can vary from one site to another, and so can their thermal
properties. Comprehensive research shows that soil thermal con-
ductivity is greatly related to moisture content, density and tem-
perature [56e58]. In this study, the soil type was assumed identical
for all locations and of ordinary density and moisture content. Also
assumed was that the soil was homogeneous of constant density rs
and thermal conductivity ks, as presented in Table 2.

The GHE will be considered as a collector coil horizontally
buried into trenches at 2 m depth. Because the soil is a solid ma-
terial, the ground loop design must consider the building's heating
load, the heat pump running hours and the ground thermal prop-
erties [59e61]. Specific software programs using the International
Ground-Source Heat Pump Association (IGSHPA) method are
generally used to determine the length of the ground collector coil,
such as for instance GLGS, EED, GLD, GLHEPRO and GchpCalc [62,63].
For the purpose of the study, ground collector parameters are
assumed the same for each location (Table 2). Antifreeze solution
characteristics are presented in Table 3.

4.2. Building characteristics

Simulations presented in this study were performed for each
location considering the same two-bedroom one-story residential
Table 2
Ground collector parameters.

Parameter Characteristics

Configuration type Horizontal 2-pipes system
Pipe material Polyethylene high density
Length of pipe L (m) 240
Pipe inner radius r1 (m) 0.008
Pipe outer radius r2 (m) 0.010
Piping depth (m) 2
Pipe distance (m) 0.3
Pipe thermal conductivity kp (W/m �C) 0.4
Soil density rs (kg/m3) 2200
Soil thermal conductivity ks (W/m �C) 1.6
property, whose characteristics are shown in Table 4. This type of
building, with such envelope characteristics (overall heat transfer
coefficient and ventilation rate) has low energy efficiency
compared to modern houses, but represents most individual
houses built in the 1970s and 1980s, which remain very common in
Europe. Heating is assumed to be delivered by the heat-pump to the
building through hot water radiators. The heating schedule used for
model simulations is 6e10 am and 3e9 pm from 1st of October to
30th of April.

4.3. Solar thermal system

To predict energy performance of the SGSHP during the heating
season, the optimum tilt angle at each locationwas chosen in order
to maximize the solar collectors' capacity during winter. There are
various correlations available in the literature to determine the
fixed optimum tilt angle [65]. The study assumes solar collectors
with a fixed tilt angle that is equal to the site latitude plus 15�, as
demonstrated by Duffie et al. [66].

The orientation of the solar panel is southern. For the calcu-
lation of the ground reflection, a ground reflectance (or albedo)
value a of 0.24 was used. Typical ground reflectance values for
different ground surfaces can be found in numerous literature
sources. In Europe, for example, tabulated values for ground
reflectance are included in the European Solar Radiation Atlas
[67,68]. The value taken here is slightly above the average value
of 0.2 given by Liu and Jordan [69] for dry bare ground, free of
snow [70,71].

For each simulation, three high efficiency flat-plate solar col-
lectors of 2 m2 were used, connected in series, Table 5 [53]. The
buffer tank used in the simulation model has 100 L capacity. The
tank is assumed to bewell-insulatedwith a heat transfer coefficient
of 2 W/m2.�C and located at 19 �C air temperature.

4.4. Locations

This article is based on climate data for 19 European cities made
available by the Office of Energy Efficiency and Renewable Energy
of the US Department of Energy [72]. The data files were converted
Table 4
Building characteristics.

Components Characteristics

Building Total heated floor surface: Afloor ¼ 108 m2 (12 m � 9 m);
Total heated volume: Vheated ¼ 302 m3 (108 m2 � 2.8 m);
Total envelope surface: Aenvelope ¼ 330 m2;
Building overall heat transfer coefficient (Ubat) equals
to 0.9 W/m2 �C;
Natural ventilation: air change per hour n ¼ 1;
Air pressure: 1 atm.
Design internal ambient temperature Tai set to 19 �C

Heating system Hot water radiator heaters of 14 kW nominal capacity
Supplied temperature to radiators Twco set to 47 �C

Heating period 6 to 10 am and 3e9 pm from 1st of October to 30th of April



Table 5
Technical characteristics of the solar system. Source: Ref. [53].

Number of solar collectors 3 (6 m2)
Zero loss collector efficiency h0 0.82
Collector heat loss coefficient a1 3.31
Buffer tank capacity (L) 100
Buffer tank heat transfer capacity (W/m2 �C) 2
Solar system total pressure loss (kPa) 20
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in EnergyPlus format by Crawley et al. [73] to ease their use in
building simulation programs. The weather data used in the article
are derived from two different sources: SWEC (SpanishWeather for
Energy Calculations) for Albacete, Murcia and Granada; IWEC (In-
ternational Weather for Energy Calculations) for the other 16 cities.
Hourly data of global and diffuse solar radiation and dry bulb
temperature were collected from SWEC and IWEC database, while
annual average air temperature, heating degree day (HDD)
numbers, and ground temperatures for all locations were collected
from ASHRAE database [74]. Table 6 presents the 19 cities and their
main climate conditions. Global solar radiation is represented as
the yearly sum of direct and diffuse radiations incident per unit area
on horizontal surface.

Table 7 shows ground temperatures at 2 m depth for a sample
of the studied locations (Bergen, Hamburg, Nantes, Madrid
and Granada) [72,75].
Table 6
Climate conditions of the 19 locations. Source: Refs. [72e74].

Latitude Longitude Altitude
(m)

Annual
average
temperature
(�C)

HDD at
15.5 �C
(�C day)

Global solar
radiation
(kWh/m2/
year)

Bergen 60.30
�N

5.22 �E 50 7.1 3191 747

Aberdeen/
Dyce

57.20
�N

2.22 �W 65 8.4 2758 856

Edinburgh 56.00
�N

3.20 �W 41 9.4 2540 928

Belfast 54.65
�N

6.22 �W 81 9.1 2468 888

Hamburg 53.63
�N

10.00 �E 16 9.0 2752 955

Amsterdam 52.30 �N 4.77 �E �2 10.0 2310 982
London/

Gatwick
51.15
�N

0.18 �W 62 10.2 2230 1010

Frankfurt
Am Main

50.05
�N

8.60 �E 113 10.1 2458 1035

Paris/Orly 48.73
�N

2.40 �E 96 11.1 2003 1068

Nantes 47.17
�N

1.60 �W 27 12.2 1723 1184

Lyon 45.73
�N

5.08 �E 240 11.9 1989 1203

Bordeaux 44.83
�N

0.70 �W 61 13.2 1482 1265

Marseille 43.45
�N

5.23 �E 36 14.8 1228 1545

Rome 41.80
�N

12.23 �E 3 15.8 1077 1462

Madrid 40.45
�N

3.55 �W 582 14.3 1494 1617

Valencia 39.50
�N

0.47 �W 62 17.3 747 1634

Albacete 38.95
�N

1.85 �W 704 13.5 1512 1666

Murcia 37.79
�N

0.80 �W 62 16.9 604 1599

Granada 37.18
�N

3.78 �W 559 14.9 1233 1777
4.5. Financial and environmental assumptions

Analysis of the results was based on the financial sustainability
of the studied installation. Electricity prices are different according
to each European country. Thus, an identical electricity price was
assumed of 0.17 V/kWh for each of the locations. At the time of the
study, this was the average price of electricity in the European
Union (EU27) in May 2013 [76]. It included the market price, the
transmission through main and local networks, administrative
charges and all taxes. The study assumed a CO2 emission for
electricity consumption of 0.42 kgCO2/kWh,which is amedian value
[77e80].

According to the manufacturer price list, a total fully installed
cost of 8980 V was found for the selected GSHP (Dimplex SIH6ME)
[81]. This cost included all GSHP components, accessories, trench-
ing costs, as well as delivery, installation, and commission. Table 8
presents the GSHP cost breakdown. Accessories included the
ground coil, circulating pump, antifreeze solution, control and
regulation instruments and sensors, valves and connection
accessories.

An extra cost was calculated of 3800V for the fully installed roof
top 6 m2 solar system and the buffer tank [82]. This cost included
the three solar collector panels, the roof installation kit, expansion
vessel, 3-way valves, pipes and connections, and the installation
cost. A cost of 450 V was used for the buffer tank including its
installation.

The financial analysis took into account the installed cost of the
system components, but also maintenance costs as well as
replacement costs. The yearly replacement cost is calculated from
Equations (1) and (2) as follows.

Interest factor ¼ ð1 þ xÞy � 1
ð1 þ xÞy � x

(1)

Yearly replacement cost ¼ Installed cost=Interest factor (2)

where x represents the interest rate (%) and y is the service life of
the heating system (years).

SGSHP system costs are given as the sum of GSHP and solar
system costs. Table 9 presents the financial data. System compo-
nents, installation and service costs may vary according to market
differences between countries. However, for the purpose of the
study, all costs are assumed identical for each location.

The electricity running cost of a heat pump is directly related to
its coefficient of performance (COP). At equivalent heating
demands, the electricity consumption of a heat pump drops when
COP increases. Table 10 presents the evolution of space heating
costs for the GSHP as a function of heat pump COP using as an
example an annual space heating consumption of 10,000 kWh. It
includes the GSHP maintenance cost, and assumes an electricity
price of 0.17 V/kWh.
5. Mathematical model

Simulations were performed by means of a detailed, novel
model developed by the authors, aimed at predicting performance
of solar-assisted ground-source heat pumps. The mathematical
model was built with Microsoft Excel software. The simulation of
each location provided a generic mechanism for managing input
data sets via a specific worksheet. Microsoft Visual Basic for Ap-
plications (VBA) code was used to for data processing.

Initial research focused on the estimation of the heat-pump
COP depending on evaporating and condensing temperatures
given by manufacturer. Secondary analysis focused on the



Table 9

Table 7
Ground temperatures at 2 m depth (�C) for Bergen, Hamburg, Nantes, Madrid and Granada. Source: Refs. [72,75].

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year

Bergen 5.6 3.7 2.8 2.8 4.2 6.3 8.5 10.4 11.4 11.2 9.9 7.9 7.0
Hamburg 6.9 4.4 3.3 3.2 5.1 7.9 10.8 13.4 14.7 14.4 12.7 10.0 8.9
Nantes 7.6 7.9 9.2 10.6 13.8 15.8 16.8 16.6 15.1 13.0 10.5 8.6 12.1
Madrid 9.1 7.6 7.9 9.1 13.0 16.6 19.4 20.9 20.6 18.6 15.4 12.0 14.2
Granada 10.2 8.9 9.2 10.2 13.7 16.9 19.4 20.8 20.5 18.7 15.8 12.8 14.7
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estimation of each point of the refrigerant cycle. Fig. 3 shows
R410a refrigerant flows on the P-h chart. The COP of the selected
heat pump was obtained for different combinations of evaporator
and condenser temperatures of the R410a using the P-h chart and
Equation (3).

COP ¼ Qcond

Wcomp
¼ ðh2a � h3Þ

ðh2a � h1Þ
(3)

Different combinations of temperatures at the evaporator (from
2 �C to 20 �C) and condenser (from 30 �C to 60 �C) temperatures
were used to calculate different values of COP from the R410a
vaporecompression cycle plotted in the P-h diagram and Equation
(3). The COP variations obtained are reported in Table 11 and in a
graphical format in Fig. 4. Such COP variations were modeled into
Equation (4) as follows.

COP ¼
�
a0 þ a1Tevap þ a2T

2
evap

�
$exp

h
�
�
b0 þ b1Tevap

þ b2T
2
evap

�
Tcond

i
(4)

where the coefficients a0, a1, a2, b0, b1 and b2 calculated from the P-h
chart are as follows: a0 ¼ 11.929, a1 ¼ 1.5964, a2 ¼ 0.07526,
b0 ¼ 0.019235, b1 ¼ 0.002291 and b2 ¼ �5.29$10�5.

Building characteristics are crucial to determine the heating
load (Qheating load). Both heat loss through the building envelope and
heat loss due to ventilation should be considered. Building heating
load was calculated using Equation (5), Tai representing the design
internal ambient temperature and Tao the outside ambient air
temperature (dry bulb temperature).

Qheating load ¼
�
Ubat$Aenvelope þ 0:34$n$Vbuilding

�
$

ðTai � TaoÞ ½kW�
(5)

The building heating load (Qheating load) is the first variable to be
evaluated. It represents the heat energy that needs to be delivered
by the heat pump to the building according to the outside ambient
temperature, and so the thermal capacity of the heat pump (Qcond)
in that condition:

Qcond ¼ Qheating load ½kW� (6)

The heat extracted from the ground is calculated using Equa-
tion (7).

Qground ¼ Uground$Acoil$DTLM ½kW� (7)
Table 8
Cost breakdown for GSHP Dimplex SIH6ME.

Model
no.

Heating
capacity
(kW)

Price
incl.
VAT (V)

Accessories
(V)

Delivery,
installation, and
commissioning (V)

Trenching
(V)

Total
cost (V)

SIH6ME 6 3484 2381 1436 1678 8980
where Uground and Acoil are the overall heat transfer coefficient and
the surface area of the ground coil, respectively. DTLM is the log
mean temperature difference calculated using Equation (8).

DTLM ¼ ðTwGo � TwGiÞ
Ln ðTwGo � TgroundÞ

ðTwGi � TgroundÞ
½�C� (8)

where TwGi and TwGo are respectively the temperature of the anti-
freeze solution at the inlet and outlet of the ground collector, and
TwGi the soil temperature in the ground. The overall heat transfer
coefficient Uground should be determined using the following three
thermal resistance values:

Rconv ¼ 1
2pr1Lhc

½�C=W� (9)

Rp ¼ 1
2pLkp

ln
r2
r1

½�C=W� (10)

Rs ¼ 1
2pLks

ln
r2 þ r3

r2
½�C=W� (11)

where Rconv is thermal resistance due to convection heat transfer
between the antifreeze liquid in the ground pipe and the pipe inner
surface, Rp the thermal resistance due to conduction heat transfer
between the pipe's inner and outer surface. Rs is the thermal
resistance due to conduction heat transfer between the coil outer
surface and the undisturbed soil; r1 is the inner pipe radius, r2 is the
outer pipe radius, and r3 the distance between the pipe outer sur-
face and undisturbed soil, which is assumed to be equal to the
radius of the pipe; L is the coil length; and kp and ks are the thermal
conductivity of the pipe material and the soil respectively.

The convective heat transfer coefficient at the inner pipe surface
in Equation (9), hconv, is a function of Nusselt number, Nu, and
thermal conductivity of the antifreeze solution kw, which can be
expressed by the following expression:

hconv ¼ Nukw
2r1

½W=m�C� (12)

The Nusselt number Nu, determined using fluid mechanics
correlations for forced convection in pipes (the appropriate formula
applies for each laminar or turbulent flow condition), is function of
Details of costs for the selected installation.

GSHP Solar collectors þ buffer tank

Installed cost (V) 8980 4250
Maintenance cost (V/year) 120 60
Bank loan (years) 10 10
Loan interest rate (%) 5 5
Yearly replacement cost (V/year) 1163 550
Service life (years) 30 30



Table 10
Cost of electricity for space heating/annum as a function of COP.

Heat pump COP 1.5 2.5 3.5 4.5 5.5 6.5 7.5 8.5 9.5 10.5
Cost (V/year) 1253 800 606 498 429 382 347 320 299 282
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the antifreeze solution Prandtl number Prw and its Reynolds
number Rew are calculated as follows:

Rew ¼ rwvwL
mw

(13)

where rw and mw are the antifreeze liquid density and dynamic
viscosity respectively, L is the coil length and vw is the fluid velocity
calculated using its flow rate and the pipe section.

Using the three thermal resistance values, Rconv, Rp and Rs, the
overall heat transfer coefficient of ground coil can be estimated
using Equations (14) and (15):

Uground ¼ 1
Rt

½W=�C� (14)

Rt ¼ Rconv þ Rp þ Rs ½�C=W� (15)

The values of the heat pump COP as a function of Tevap and Tcond
calculated in Equation (4) are used to determine the heat provided
to the heat pump evaporator (Qevap), the heat delivered to the house
(Qcond), the temperature changes of antifreeze solution in the
evaporator (Twei and Tweo) and the temperature changes of the
water of the radiator circuit in the condenser (Twci and Twco) using
the following equations. Fig. 5 shows the temperature evolutions in
the different heat exchangers.

The heat absorbed at the heat pump evaporator (i.e. source),
which is the accumulation of the heat extracted from the ground
and the heat harvested from the solar panels is calculated using the
following Equation (16).

Qevap ¼ QcondðCOP � 1Þ=COP ½kW� (16)

where Qcond, calculated using Equations (5) and (6) is the heat
rejected to the house (i.e. load).

The heat source of the heat pump can be written such as
Equation (17), which allows evaluating the inlet and outlet tem-
peratures of the ground/solar circuit antifreeze solution at the heat
pump evaporator (Twei and Tweo). The heat load of the heat pump,
written in Equation (18) is used to evaluate the inlet and outlet
temperatures of radiator circuit water at the condenser (Twci and
Twco).

Qevap ¼ _mewCpwðTwei � TweoÞ ½kW� (17)
Fig. 3. Pressureeenthalpy chart for the heat pump cycle using the refrigerant R410a.
Qcond ¼ _mcwCpwaðTwco � TwciÞ ½kW� (18)

The variable _mew represents the mass flow rate of the antifreeze
solution at the evaporator, _mcw the mass flow rate of the radiator
water at the condenser, while Cpw is the antifreeze solution specific
heat (3.8 kJ/kg.�C at 10 �C for the 35% propylene glycol solution) and
Cpwa the specific heat of the water in the radiator circuit (4.2 kJ/
kg.�C at 45 �C).

The useful heat produced by the solar collector is estimated by
the following Equation (19).

Quseful ¼ Acol$SG$B ½kW� (19)

where Acol is the solar collector area, SG is the slope global radiation
calculated from the hourly global and diffuse solar radiation data
sets, site longitude and latitude, collector orientation and tilt, which
governing equations are described in detail in previous work by the
authors [83e85], and B the solar collector efficiency, calculated as
follows:

B ¼ h0 � a1 � ðTwGo � TaoÞ
SG

(20)

The solar collector technical specifications h0 and a1 are the zero
loss collector efficiency and the collector heat loss coefficient both
given by the product manufacturer, while TwGo represents the
temperature of the antifreeze solution at the exit of the ground coil,
and Tao the ambient air temperature.

The temperature at the exit of the solar collector (TwSo) can be
calculated using Equation (21):

Quseful ¼ _mewCpwðTwSo � TwSiÞ ½kW� (21)

where TwSi is the temperature of the antifreeze solution at the inlet
of the solar collector. It is worth noting that TwSi ¼ TwGo assuming
that connection pipes are well insulated and that no heat is lost
between system components.

The selected heat-pump allows a maximum inlet fluid temper-
ature of 25 �C at the evaporator due to temperature operating limits
set by the manufacturer. When the antifreeze solution at the solar
collector outlet reaches temperatures above 25 �C, the extra heat
energy is stored in the buffer tank so that it can be delivered in later
times when solar radiation lowers. This operation is made possible
through the use of a 3-way valve, that regulates the temperature of
Table 11
Heat pump COP as a function of temperature of evaporator and condenser.

COP Temperature condenser Tcond (�C)

30 35 40 45 50 55 60

Temperature
evaporator
Tevap (�C)

2 8.238 6.955 5.999 5.256 4.658 4.163 3.743
4 8.922 7.443 6.366 5.541 4.886 4.348 3.897
6 9.713 7.999 6.776 5.856 5.135 4.550 4.062
8 10.653 8.638 7.239 6.206 5.408 4.768 4.241

10 11.810 9.398 7.776 6.606 5.716 5.013 4.438
12 13.161 10.250 8.363 7.034 6.042 5.268 4.643
14 14.888 11.288 9.056 7.530 6.413 5.556 4.872
16 17.115 12.550 9.868 8.096 6.830 5.875 5.123
18 20.078 14.104 10.825 8.744 7.298 6.227 5.396
20 24.231 16.076 11.977 9.498 7.829 6.621 5.699



Fig. 4. Evolution of COP versus condensing (a) and evaporative (b) temperatures.
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the solution at the inlet of the evaporator. The temperature of the
tank (Ttank) is calculated as follows.

Quseful ¼ VtankrwCpwðTtank � TwSoÞ
�
3600 ½kW� (22)

When the temperature of the propylene glycol in the tank (Ttank)
is below 25 �C, we assume that the temperature of the solution
entering the heat-pump evaporator Twei equals to Ttank. Otherwise,
Twei remains equal to 25 �C until the heat stored in the buffer tank is
used.

The energy balance on the evaporator heat exchanger can be
written as Equation (23), which is be used to calculate the tem-
perature of the refrigerant fluid in the evaporator (Tevap).

Tweo � Tevap
Twei � Tevap

¼ exp
�
� Uevap Aevap

_mew Cpw

�
(23)

where Uevap is the heat transfer coefficient of the evaporator heat
exchanger and Aevap is its surface heat exchange area.

The power input to the compressor,Wcomp is calculated from the
following Equation (24).

Wcomp ¼ Qcond=COP ½kW� (24)

The power input to the ground/solar circuit pump, Wpump is
calculated using Equation (25).

Wpump ¼ ð _m$DPÞ� (25)

where _m is the mass flow rate of the pumped fluid (antifreeze so-
lution in the ground/solar loop, water in the radiator circuit), DP is
the pressure loss through the pump circuit (accordingly to the
Fig. 5. Evolution of temperatures through each heat exchanger of the SGS
corresponding pump, it includes pressure loss through heat ex-
changers, through ground coil and solar collectors, as well as linear
and local pressure losses through circuit pipes, fittings and valves),
r is the fluid density, and hpump is the pump efficiency.

The computer model integrates a loop process for the calcula-
tions of temperatures and energy rates of the evaporator and
condenser. Firstly, Tevap is assumed to be equal to Tweie 8 (step 1), in
order to set an approximate but plausible starting point of the loop
process. Then Qevap is calculated from the P- h chart (Equation (4)),
using Tevap and assuming Tcond ¼ 52 �C (step 2). The temperature at
the heat pump condenser Tcond is chosen so that the temperature of
the circulating water in the radiator heating circuit can be suffi-
ciently warm. Then the temperature of the antifreeze solution at
the outlet of the heat pump evaporator (Tweo) is calculated from
Equation (17) (step 3), which is used to calculate the new Tevap
from Equation (23) (step 4). Finally the loop process introduced in
the computer model consists of repeating steps 2 to 4 until Tevap
convergence is achieved. The flowchart of the complete computer
model is shown in Fig. 6.

Using hourly weather data, the energy model calculates hourly
performance values of the selected SGSHP during its working time.
Therefore, power values of Qcond, Qevap, Wcomp and Wpump in kW are
converted as energy values in kWh.

The overall heat pump performance coefficient of the system
(COPsys) is calculated using the sum for eachworking hours over the
studied year of the energy delivered by the heat pump (Qcond), the
work energy spent by the heat pump compressor to deliver that
amount of energy (Wcomp) and the work energy consumed by the
ground/solar circuit pump and heating radiator pump (Wpump), as
shown in Equation (26).

COPsys ¼
X

Qcond

.�X
Wcomp þ

X
Wpump

�
(26)
HP (From left to right: ground coil (GC), evaporator, and condenser).



Fig. 6. Flowchart for the computer model.
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6. Results and discussion

Sample simulation results for one day each, in January and April
are shown in Tables 12 and 13 for SGSHP system at the location of
Edinburgh. It is shown that the SGSHP systemworks slightly better
in spring/autumn when more solar heat is available. This is espe-
cially true in northern regions, where solar radiation is less avail-
able during winter days than in southern locations. In Table 13, the
heat-pump COP increases considerably as the temperature of the
antifreeze solution in the storage tank (Ttank) rises, when incident
slope global radiation (SG) reaches significant levels.

Considering identical housing, solar system, heat-pump and soil
characteristics, the effects of different climates in Europe were
investigated from a total of 19 European cities in different regions.
Overall COPsys obtained for both SGSHP and GSHP systems at each
of the 19 locations are presented in Fig. 6.

Southern localities, which benefit from higher outdoor ambient
air temperature throughout the winter obtained higher heat pump
COPsys for both heat-pump systems. Two trend lines of COPsys, one
for each system, are drawn in Fig. 6. Results located above the trend
line were obtained for milder climate locations, while those plotted
below were obtained for cooler climate cities in their respective
range of latitude. This statement is verified considering the loca-
tions HDD values given in Table 6, and confirmed by space heating
demand figures calculated in themodel simulations as presented in
Table 14.

Results given in Fig. 6 show that coupling the selected roof-top
solar collectors and buffer tank to the GSHP had the effect of
increasing the overall heat-pump performance. The color gradient
bars for each location represent the difference of overall perfor-
mance coefficient between SGSHP and GSHP systems. It is clear that
the increase of COPsys between both systems is much higher for
southern localities than for northern ones. Indeed the gradient
slope of the SGSHP COPsys trend line is greater than the one of the
GSHP system. Also, the greater COPsys difference are obtained for
regions that benefit from the mildest climate and the highest solar



Table 12
SGSHP simulation results for the first day of January in Edinburgh.

Hour SG (W/m2) Tao (�C) Ttank (�C) Twei (�C) Tevap (�C) Qevap (kWh) Tweo (�C) Ncount COP Qcond (kWh) Wcomp (kWh) Wpumps (Wh)

1 0.0 2.3 5.8
2 0.0 2.5 5.8
3 0.0 2.6 5.8
4 0.0 2.7 5.8
5 0.0 2.5 5.8
6 0.0 2.5 5.8 5.8 �1.1 5.06 1.3 2 4.32 6.58 1.52 18.4
7 0.0 2.5 5.8 5.8 �1.1 5.06 1.3 2 4.32 6.58 1.52 18.4
8 0.0 1.9 5.8 5.8 �1.3 5.24 1.1 2 4.30 6.82 1.59 19.1
9 0.8 2.6 5.8 5.8 �1.0 5.03 1.3 2 4.32 6.54 1.51 18.3
10 14.6 2.9 5.8 5.8 �0.9 4.94 1.4 2 4.33 6.42 1.48 18.0
11 48.5 2.9 7.3
12 38.9 3.5 7.0
13 29.4 3.7 6.7
14 27.2 3.7 6.6
15 4.9 3.7 5.8 5.8 �0.6 4.70 1.6 2 4.35 6.10 1.40 17.1
16 0.0 3.5 5.8 5.8 �0.7 4.76 1.5 2 4.35 6.18 1.42 17.3
17 0.0 3.4 5.8 5.8 �0.7 4.79 1.5 2 4.34 6.22 1.43 17.4
18 0.0 3.4 5.8 5.8 �0.7 4.79 1.5 2 4.34 6.22 1.43 17.4
19 0.0 2.9 5.8 5.8 �0.9 4.94 1.4 2 4.33 6.42 1.48 18.0
20 0.0 3.2 5.8 5.8 �0.8 4.85 1.5 2 4.34 6.30 1.45 17.7
21 0.0 2.5 5.8 5.8 �1.1 5.06 1.3 2 4.32 6.58 1.52 18.4
22 0.0 2.8 5.8
23 0.0 3.0 5.8
24 0.0 3.3 5.8
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radiation, such as Marseille, Rome, Valencia, or Murcia, which are
situated around the Mediterranean Sea (Fig. 7).

Table 14 compares the performance of three systems for the
selected building (i.e. electrically-operated SGSHP, GSHP and
radiant electrical heater) following three parameters such as en-
ergy use, relative CO2 emissions and payback period. The electricity
consumption field for both heat-pump systems represents the sum
of electrical consumptions of the compressor and circulating
pumps. Payback periods are calculated taking in account replace-
ment costs and maintenance costs given in Table 9.

It is shown that the SGSHP annual electricity consumption is
inferior to that of GSHP in all locations. The relative savings on
billing cost that would be obtained with the SGSHP instead of the
GSHP system are the weakest for the northern localities, where
Table 13
SGSHP simulation results for the first day of April in Edinburgh.

Hour SG (W/m2) Tao (�C) Ttank (�C) Twei (�C) Tevap (�C) Qevap (kWh)

1 0.0 6.4 6.6
2 0.0 5.9 6.6
3 0.0 6.2 6.6
4 0.0 5.8 6.6
5 0.0 4.0 6.6
6 9.8 3.7 6.6 6.6 0.2 4.72
7 59.9 4.0 8.7 8.7 2.4 4.67
8 107.1 5.0 10.8 10.8 4.9 4.38
9 155.8 6.9 13.6 13.6 8.3 3.87
10 281.7 9.4 21.4 21.4 17.0 3.25
11 445.3 11.5 30.4
12 734.9 13.6 44.8
13 543.3 13.5 36.6
14 193.2 13.6 21.9
15 271.3 14.5 26.1 25.0 22.8 1.60
16 154.8 14.6 21.2 25.0 22.9 1.56
17 94.9 14.1 18.2 25.0 22.7 1.73
18 27.4 11.3 12.5 25.0 21.4 2.69
19 0.8 9.7 9.8 9.8 5.8 2.94
20 0.0 9.7 9.8 9.8 5.8 2.94
21 0.0 9.4 9.5 9.5 5.4 3.03
22 0.0 8.9 9.0
23 0.0 9.2 9.3
24 0.0 9.0 9.1
solar radiation is the lowest and climate the coolest. For example, a
13 V/year saving between SGSHP and GSHP in Bergen represents a
2% relative savings on total billing cost. Therefore, only 5% savings
are obtained from SGSHP compared to GSHP in Aberdeen, Belfast,
Hamburg and Frankfurt. Milder climates present the greatest
relative savings, up to a 13% billing cost savings for the SGSHP
compared to the GSHP in Marseille and Rome; and 12% in Valencia,
Albacete, Murcia and Granada.

Shorter payback periods are obtained for cooler regions, in lo-
cations presenting higher space heating demands. This is also the
reason why the difference of payback periods between the two
heat-pump systems is the shortest for northern cities.

In comparison with the electrical radiant heating system (ERH),
both heat-pump systems ensure important savings on energy
Tweo (�C) Ncount COP Qcond (kWh) Wcomp (kWh) Wpumps (Wh)

2.4 2 4.40 6.10 1.39 17.1
4.5 2 4.54 5.99 1.32 16.8
7.0 1 4.65 5.59 1.20 15.7

10.2 2 5.03 4.83 0.96 13.5
18.5 2 6.56 3.83 0.58 10.7

23.6 2 8.96 1.80 0.20 5.0
23.6 2 8.99 1.76 0.20 4.9
23.5 2 8.85 1.96 0.22 5.5
22.6 3 8.14 3.07 0.38 8.6
7.2 2 4.80 3.71 0.77 10.4
7.2 2 4.80 3.71 0.77 10.4
6.8 2 4.77 3.83 0.80 10.7



Table 14
Comparison between the three sources of heating.

Space heating
demand (kWh/year)

Heating system COPsys Electricity consumption
(kWh/year)

Space heating cost
(V/year)

Payback period
(years)

Bergen 15,461 SGSHP 4.430 3490 593 8.5
GSHP 4.338 3565 606 5.8
ERH e 15,461 2628 e

Aberdeen/Dyce 13,486 SGSHP 4.618 2921 497 9.7
GSHP 4.388 3073 522 6.6
ERH e 13,486 2293 e

Edinburgh 12,426 SGSHP 4.822 2577 438 10.4
GSHP 4.490 2768 470 7.2
ERH e 12,426 2112 e

Belfast 12,789 SGSHP 4.762 2686 457 10.1
GSHP 4.511 2835 482 7.0
ERH e 12,789 2174 e

Hamburg 14,490 SGSHP 4.648 3117 530 9.0
GSHP 4.428 3272 556 6.2
ERH e 14,490 2463 e

Amsterdam 12,865 SGSHP 4.906 2622 446 10.0
GSHP 4.536 2837 482 6.9
ERH e 12,865 2187 e

London/Gatwick 12,264 SGSHP 4.814 2547 433 10.5
GSHP 4.484 2735 465 7.3
ERH e 12,264 2085 e

Frankfurt 13,693 SGSHP 4.756 2879 489 9.4
GSHP 4.503 3041 517 6.5
ERH e 13,693 2328 e

Paris/Orly 12,173 SGSHP 4.759 2558 435 10.6
GSHP 4.486 2714 461 7.3
ERH e 12,173 2069 e

Nantes 10,345 SGSHP 5.086 2034 346 12.3
GSHP 4.627 2236 380 8.5
ERH e 10,345 1759 e

Lyon 11,885 SGSHP 4.977 2388 406 10.8
GSHP 4.653 2555 434 7.4
ERH e 11,885 2020 e

Bordeaux 9614 SGSHP 5.221 1841 313 13.2
GSHP 4.687 2051 349 9.2
ERH e 9614 1634 e

Marseille 8748 SGSHP 5.583 1567 266 14.2
GSHP 4.829 1811 308 10.0
ERH e 8748 1487 e

Rome 7375 SGSHP 5.692 1295 220 16.8
GSHP 4.968 1485 252 11.8
ERH e 7375 1254 e

Madrid 9544 SGSHP 5.288 1805 307 13.2
GSHP 4.726 2020 343 9.2
ERH e 9544 1622 e

Valencia 5679 SGSHP 5.764 985 168 21.8
GSHP 5.059 1123 191 15.2
ERH e 5679 965 e

Albacete 10,044 SGSHP 5.308 1893 322 12.5
GSHP 4.665 2153 366 8.8
ERH e 10,044 1707 e

Murcia 5394 SGSHP 5.777 934 159 23.0
GSHP 5.096 1059 180 16.0
ERH e 5394 917 e

Granada 8252 SGSHP 5.424 1521 259 15.2
GSHP 4.797 1720 292 10.6
ERH e 8252 1403 e
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consumption. In locations where the space heating demand is high,
the absolute saving (V/year) is substantial. For instance, Comparing
an SGSHP to an ERH system in Bergen, the absolute savings is
2035V/year, while it is only 758V/year inMurcia. However relative
savings (%) is more important in southern locations, i.e. cities from
Bordeaux to Granada present relative savings from 81 to 83% for the
SGSHP compared to the ERH system, while northern localities from
Bergen toLyonshowrelative savings from77 to80%. Considering the
GSHP, relative savings compared to the ERH system are just under
those obtained by the SGSHP but are also considerable (79e80%
from Lyon to Granada, and 77e78% from Bergen to Nantes).
The same analysis can be done for relative CO2 emission savings.
Identical relative savings (percentage) on CO2 emissions are ob-
tained because electricity consumption and emission factor values
are directly linked. The absolute CO2 savings (mass) depends on
each country's source fuel mix for electricity generation.

7. Conclusion

The present study introduces a novel simulation tool for the
heating mode of operation of SGSHPs. Having assumed identical
heat-pump systems, building and soil characteristics for all



Fig. 7. COPsys comparison for SGSHP (in red) and GSHP (in blue) systems for the 19 studied cities. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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locations, the analysis focused on the influence of solar radiation
and climate factors in the evaluation of heat-pump performance.
Site survey for soil characteristics would be required for more ac-
curate results for each specific location, as well as a market inves-
tigation for systems costs in each country to obtain a more precise
financial analysis.

The results of this feasibility study demonstrate that the use of
solar collectors combined with a ground-source heat-pump helps
in achieving higher overall COP, especially in locations where the
climate is mild and the solar radiation high. In higher latitude
regions, the overall COP improvement is only marginal compared
to expected, however such results are explained by the fact that
solar radiation in northern localities does not give as much heat
energy as it gives in southern ones [86]. Also in cooler climates,
the heat-pump requires more electrical energy input to cover a
higher space heating demand, but in this case payback periods are
shorter.

The SGSHP and the GSHP allow an average reduction of 5.1 and
4.6 times, respectively the building dependence on electricity for
space heating compared to a conventional electrical radiant heating
system. Thus, considering CO2 emission factors from electricity
generation, it has the potential to lower building carbon footprints,
especially in countries where fossil fuel is a major part of the source
fuel mix for electricity generation. For this reason heat pumps can
play a key role in the response to growing environmental concerns
and can efficiently help in decarburizing the grid.

The studied SGSHP and GSHP are then respectively 5.1 and 4.6
times cheaper to run than a conventional electrical radiant heating
system. SGSHPs, which are more efficient than GSHPs alone,
represent an economically attractive low carbon solution compared
to other popular electrical heating systems.

When counting total lifetime costs of each system, payback
periods for both heat pump systems were found in an acceptable
range of time (8.5e23 years for the SGSHP and 5.8e16 years for the
GSHP). In all cases, payback periods remain under the entire system
lifetime, which makes both heat pump systems economic options.
Although the solar-assisted ground-source heat pump has
longer payback periods, such system achieves greater savings in
billing cost and CO2 emission on the long term than the GSHP alone.

The SGSHP system is best suited for cold regions with high
irradiance, in order to obtain the greatest absolute electricity sav-
ings compared to conventional systems, and to allow the most
reasonable and shortest payback time.

Further study investigating the potential of SGSHPs for both
cooling and heating modes and for domestic hot water production
should be included in future research.
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