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Abstract9

Ground source heat pump systems (GSHP) for residential building heating, cooling and hot water are

highly energy efficient but capital intensive when sized for peak demands. The use of supplemental sources

of energy with GSHP systems, enables improved life-cycle economics through reduction in the size and

cost of the GSHP components. This paper investigates the life-cycle economics of hybrid solar-assisted

ground source heat pump systems (SAGSHP) using simulations validated from field data. The economics

and optimal sizing of SAGSHP systems for heating dominant climates in four locations in Australia and

ten locations elsewhere are evaluated in order to explore the suitability and relative merits of SAGSHP

systems in a range of heating dominant climates. In locations having high or moderate levels of solar

irradiation, high electricity prices, and high or moderate gas prices, SAGSHP systems are shown to have

the lowest life cycle cost amongst alternatives, with predicted savings of up to 30%.
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Nomenclature Array Variables and subscripts

A Area (m2) a Atmosphere

C Cost ($) b Borehole

Cp Specific heat capacity (JK−1kg−1) g Ground

E Electric power (W ) hp Heat pump

I Solar irradiation (Wm−2) in In

L Borehole depth (m) out Out

m Mass flow rate (kgs−1) s Storage system

Q Heat exchanged (W ) solar Solar system

r Radius (m) t Time

R Thermal resistance (mKW−1)

T Temperature (oC)

T g
t Average temperature of the ground at the borehole wall at time t (oC)

U Overall heat transfer coefficient (WK−1m−2)

V Volume (m3)

α Thermal diffusivity of the ground (m2s−1)

ρ Density (kg m−3)

η Efficiency

λ Thermal conductivity of the ground (WK−1m−1)
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1. Introduction12

A significant percentage of global energy consumption is due to the heating, cooling and hot water13

systems of the building sector; as a result, the potential use of cost effective and renewable energy systems14

have gained increased attention. Among these, Ground Source Heat Pump (GSHP) systems have a high15

annual average efficiency and lower carbon emissions when compared with conventional systems. A heat16

pump driven by electricity enables GSHP to use the ground as a heat source in winter and a heat sink in17

summer. The heat is exchanged with the ground using a Ground Heat Exchanger (GHE) which circulates18

fluid through pipes built into building foundations, in horizontal trenches or in vertical boreholes [1].19

Vertical boreholes are more common in urban areas due to the reduced land requirement.20

GSHP systems have a long life expectancy ranging from 20–40 years. However, the underground21
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soil temperature will gradually be affected over long term operation if the annual heat extraction, and22

rejection are not balanced. The ground temperature might rise or drop in the long run, reducing the23

performance and efficiency of the system. This challenge can be overcome by integrating the GSHP24

system with a supplementary heat source or heat sink thus forming a hybrid GSHP system. In heating25

dominant climates, solar thermal energy is an auxiliary heat source which can be utilized to combat26

the annual energy imbalance. However, due to the intermittent nature of solar energy, thermal storage27

can enhance the reliability of the overall system. In heating-dominant climates GSHP systems that are28

designed to satisfy the peak demands (which might occur only for a few days per year) may also require29

an unduly large GHE (i.e., an excessively large total length of pipe embedded into the ground through30

boreholes). This degrades the system economics due to the high drilling cost of the boreholes. The hybrid31

GSHP approach has additional advantage that the ground heat exchanger can be designed to supply the32

base load of the energy demand, and a supplemental system such as solar thermal collection and storage,33

can supply the remainder, leading to a system with lower capital cost and better economy overall.34

2. Approaches to the Optimised Design of GSHP Systems35

An optimised GSHP system may provide substantial economic benefits over gas heaters, air source36

heat pumps (ASHP) and other conventional systems. Shonder et al. conducted a comparison between37

GSHP and conventional systems for a school building in Nebraska. The study considered Life Cycle38

Cost (LCC) contributions from installation, annual recurring energy and maintenance costs. The results39

showed that the GSHP system had a LCC 13% lower than the next most economic option [2].40

Studies have been reported which analyse hybrid GSHP systems in different configurations to achieve41

efficient and economic solutions.Dickinson et al. studied the cost-effective sizing of a bivalent heating42

and cooling system comprised of a GSHP system and a conventional system in the UK, and found that43

the optimal hybrid GSHP system resulted in a 60% of capital cost reduction compared to a peak sized44

GSHP [3].45

Furthermore, many studies have explored potential benefits of combining solar thermal collectors with46

heat pumps [4, 5, 6, 7]. Chiasson et al. analysed a GSHP system coupled with solar collectors as a retrofit47

HVAC system for a school building and reported a payback period of less than 10 years. The integration48

with solar thermal collectors was shown to reduce the size of the ground heat exchanger by 34% [8].49
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Farzin et al. compared the performance of a hybrid GSHP system with solar thermal collectors and a50

conventional GSHP system for a house in Milton, Canada. Results indicated that adding optimally sized51

solar collectors have reduced the ground heat exchanger length by 15%. Furthermore, the analysis has52

also shown an economic benefit of 8% for a 20 year life span [6].53

Designers of building energy systems have several conventional options including air source heat pumps54

and, electric and gas heaters available for them. Many studies have tried to establish and quantify the55

economic benefits of GSHP systems over such conventional systems. Typically, LCC is used to evaluate56

the system as it considers all the costs related to installation, maintenance, replacement and operational57

cost through out the system life span. Biglarian et al. [9] compared the feasibility of a SAGSHP system, a58

GSHP system, a natural gas heater and an ASHP system for north western Iran. The analysis shows that59

the natural gas heater has the lowest LCC while a SAGSHP system is more financially attractive than a60

GSHP or ASHP system over a 20 year lifespan. It was found that a SAGSHP system has a discounted61

payback period of 8.6 and 12.1 years compared to GSHP and ASHP respectively (with a discount rate of62

3.2%). Nouri et al. compared three different configurations of SAGSHP systems with a standalone GSHP63

and conventional system. It was found that the optimal SAGSHP system has a payback period of 13 years64

compared to the conventional system that uses natural gas for heating and electricity for cooling. When65

an equivalent cost of the environmental effects of using fossil fuels and natural gas exporting income for66

conventional system is considered, the payback period of SAGSHP system is further reduced to 6 years67

[10].68

Energy savings and environmental criteria including carbon emissions are some of the non-financial69

indicators considered in feasibility studies of energy systems [11]. Various site-specific factors influence70

the performance of these systems. Michopoulos et al. illustrated how residential building topology affects71

the energy, environmental and economic benefits of GSHP systems in Cyprus [11]. Girard et al. analysed72

the performance of SAGSHP systems in 19 European cities with different levels of solar radiation and73

climatic conditions, and found that they are best suited for locations with cool climate and high solar74

radiation [5]. Stuart et al. evaluated the feasibility of GSHP systems for several locations and concluded75

that they are more economically advantageous when the price of electricity is low [12].76

Optimising the size of the solar collector area and the depth of the borehole (i.e., total GHE field77

length) in SAGSHP systems is essential because of their influence on cost and therefore the competi-78
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tiveness with alternative systems. Mixed integer linear programs (MILP), Genetic Algorithms (GA) and79

evolutionary algorithms are some of the optimisation techniques that have been used to optimise energy80

system designs [13]. Somil et al. developed a bi-level multi objective optimisation algorithm consisting81

of a GA and MILP to optimise SAGSHP design and operation [14]. MILP is a convenient method for82

optimisation however the mathematical models of system components are often compromised in order to83

yield a linear optimisation problem. Furthermore, MILP typically provides ‘perfect lookahead’ of time-84

evolving supply and demand. This leads to underestimates of the operational costs of the system. The85

use of GA and other non-linear optimisation methods are therefore more common. Dynamic simulations86

and energy simulation tools such as TRNSYS [15] are also widely used in those studies [16, 17]. Nam et87

al. analysed the performance of a GSHP coupled with solar thermal storage for varying collector area,88

grout material and weather conditions using simulations. It was found that the heat exchange rate and89

the COP of the SAGSHP has improved 28.1% and 9.3% respectively, compared to GSHPS [16].90

Lei et al. addressed the cost-optimal design of a SAGSHP system using a GA, and also applied an91

ANN model to data obtained from the simulation tool TRNSYS so as to predict the performance of the92

system [18]. However, a disadvantage of such methods is that it is mathematically infeasible to proving93

that the solutions obtained are close to global optima [13].94

HVAC systems can be modified during the working life of the equipment, particularly if the original95

design explicitly considers and facilitates future changes and augmentations. The assessment of such96

flexibility requires financial modelling to make future decisions based on new information. Real Options97

Valuation (ROV) enables evaluation of the value that can be unlocked over a sequence of future decisions98

in an uncertain environment [19]. A common ROV technique, Regression MC, uses randomised (Monte99

Carlo, MC) simulations to generate a large number of feasible scenarios of uncertain parameters and then100

uses least squares linear regression to optimise the expected return and to determine a policy for future101

decisions that depend on the emergent system states [20]. When considering design optimisation for102

SAGSHP we can use ROV to assess future incremental system augmentations possibly made in response103

to evolving costs and demand, and through this identify a system design that optimises the expected104

return and is robust to uncertainties.105

This paper addresses the optimisation of the borehole depth and the solar collector area of SAGSHPs106

to minimise the expected lifetime cost. Prior studies in the literature have explored this question but107
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only a subset assimilate real-world system performance data and validate against it, and none have108

investigated the additional financial benefits of systems that can be modified during their economic life109

in response to changing conditions. In this paper, flexibility via the future addition of solar collector110

area is incorporated. We use simulation for the assessment of SAGSHP candidate designs. This avoid111

compromises in the mathematical model that may be needed for linearization, and is in keeping with a112

ROV framework for valuing flexibility. Our simulation models are validated relative to data obtained113

from a SAGSHP system installed in Melbourne, Australia, extending a prior study [21]. The analysis is114

then propagated to 14 geographical locations with different climatic and economic conditions, to prove115

the suitability of the methods and to give insight into SAGSHP system designs and relative merits in a116

range of heating and cooling scenarios.117

3. SAGSHP System Models and Experimental Validation118

The operation and performance of a SAGSHP system depends on the type of components (GHE, solar119

thermal collector, thermal storage) and its configuration. The schematic diagram in Figure 1 shows the120

hybrid SAGSHP system considered in this study that consists of a vertical ground heat exchanger, heat121

pump, evacuated tube solar thermal collectors, thermal storage tank, a conventional electric heater and122

a gas booster for hot water. There are multiple possible ways of configuring SAGSHP systems targeting123

different climatic conditions, some of which are covered in the literature; we use here one of the mostly124

used configurations. We simulate the SAGSHP system using a mathematical model reported in [22] which125

was developed using data obtained from the field [23, 24]. In the field experiment, temperatures and the126

flow rates of the circulation fluid were measured using negative temperature coefficient thermistors and127

flow meters respectively. In addition, power consumption of the heat pump was measured by a power128

meter. Data was collected in five minute intervals over sixteen months. Further details of the experimental129

set up is presented in the Appendix.130
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Figure 1: Hybrid solar assisted ground source heat pump system configuration for space heating, cooling and hot water

The control strategy used in the operation of the system is presented in Figure 2. In heating mode,131

the heat pump uses either the thermal storage tank or the ground as the heat source depending on their132

temperatures. If the temperature of the thermal storage tank exceeds the temperature of the ground by133

5oC, then the heat pump uses the tank as the heat source. The auxiliary heater is used only when the134

temperatures of both ground and thermal storage tank reach their minimum allowed temperatures.135

When the temperature of the tank exceeds the maximum allowed Entering Water Temperature (EWT)136

of the heat pump (i.e. 30oC) during days with high solar intensity, the energy from the solar collector137

is directed to hot water production. During summer, the cooling demand is fully met by the heat pump138

using the ground source as the heat source while the solar collectors are entirely used to produce hot139

water. The daily domestic hot water demand (calculated from the annual usage) has been considered140

instead of a demand profile since the domestic hot water demand depends on the occupants behaviour.141

An additional gas booster is considered to supply the hot water demand for the days with low solar142

intensity.143
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Figure 2: Operation of the hybrid solar assisted ground source heat pump system

In the following we describe the mathematical models used for the simulation studies reported in this144

paper, which are common to [22] where the focus was on operational control, and compare model and145

field-collected data for validation purposes.146

An important measure used to assess the performance of heat pumps is the Coefficient of Performance

(CoP), which is the amount of output energy (Qhp,out) for one unit of electricity consumed (Ehp):

CoP =
Qhp,out

t

Ehp
t

. (1)

The CoP of a heat pump for a given flow rate is a linear function of the EWT which is typically

provided in the manufacturers data sheet. The CoP can be calculated from the following equation where

a and b are constants, and Thp,in is the temperature of the water entering to the heat pump (EWT):

CoPt = a+ bThp,in
t . (2)

Figure 3 represents the distribution of the experimentally measured CoP variation with EWT. The147

central mark on each blue box represents the median, and the upper and lower edges indicate quartiles.148

The extreme data points are plotted individually using the colour red. For temperatures between 8-14.5149

degrees the CoP for this heat pump can be represented as a linear function of the EWT.150
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Figure 3: Distribution of experimentally measured CoP for a location in Melbourne

The demand of the building is expressed in Equation 3 where the total demand must be satisfied by151

Qhp,out
t (energy supplied by the heat pump) and Qaux

t (energy delivered by the auxiliary heater).152

Demand = Qhp,out
t +Qaux

t (3)

A vertical borehole heat exchanger is considered in this study. Pipe U-loops are inserted into boreholes153

drilled to several tens of metres beneath the surface, and water or an anti-freeze solution is circulated in154

the U-loops to transfer heat from to to the ground. The design of the ground heat exchanger is influenced155

by energy demand and ground thermal characteristics. The drilling cost typically accounts for half of the156

total cost of small residential GSHP systems.157

The average ground temperature alteration at the borehole wall ∆T g with the rate of heat extraction158

and rejection qg can be modelled using (4) by approximating the thermal load to a piecewise constant159

function where λ, α, L, rb, are the ground thermal conductivity, ground thermal diffusivity, borehole160

depth and radius respectively. This model was developed based on the Ingersoll and variable line heat161
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source model, one-dimensional heat transfer model and a steady-state heat pump model [25].162

∆T g
t =

1

4πλL

[N−1∑
j=1

(Qg
j+1 −Qg

j )EI
r2b

(4α∆t(N − j))

]
; t = N∆t. (4)

The temperature of the ground at the borehole wall can be estimated using (5), where T g
0 is the

undisturbed ground temperature:

T g
t = T g

0 − ∆T g
t . (5)

The temperature of the circulation fluid at the outlet of the ground heat exchanger, which is the EWT

to the heat pump, is modelled using (6), where Rb is the borehole resistance, m is the mass flow rate,

and Cp is the specific heat capacity of the circulating fluid:

T g,out
t = T g

t − (
Rb

L
− 1

2mCp
)Qg

t . (6)

The variation of the simulated and the actual measured temperatures for the ground temperature at163

the borehole wall and the EWT are presented in Figures 4 and 5 respectively. Actual heat transferred164

to and from the ground are approximated as piecewise constants, and the geometrical and thermal165

properties of the ground heat exchanger were assumed to be homogeneous. These parameters obtained166

from a thermal response test conducted on the site have been considered as the inputs for the simulation.167

Furthermore, in the calculation of the EWT, the pipes to the heat pump have been assumed to be168

perfectly insulated and therefore the heat losses from the pipes have been neglected. This assumption169

seems reasonable because the theoretical values correspond well with the experimental data as shown in170

Figures 4 and 5.171

Figure 4: Comparison of the ground temperature between experimental and simulated data for Melbourne
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Figure 5: Comparison of the Entering Water Temperature (EWT) between simulated and experimental data for Melbourne

Solar thermal collectors can be utilized in the production of hot water and in space heating. Most172

solar water heating systems are comprised of a solar collector, a thermal storage tank and an electric or173

gas booster.174

The efficiency of a solar collector (ηsolar) typically depends on various factors such as the type and the175

configuration of the collector, the hydraulic connection, the circulation fluid, heat exchanger type, solar176

collector temperature, ambient temperature and the solar radiation flux reaching the collector. Many177

studies in literature present the efficiency of collectors as a function of some of these parameters [26], but178

in this study the efficiency is approximated to a constant value, as in [27, 28]. However, a detailed study179

may be carried out in future taking these factors into consideration as it not only affects the efficiency,180

but also the initial cost of the system.181

The useful solar thermal energy Qsolar can be then calculated using (7) where Asolar and It are the

area of the collector and the solar irradiation at time t respectively:

Qsolar
t = AsolarItη

solar. (7)

The energy balance of an insulated thermal storage tank has been modelled according to (8) assuming182

that the stored water has a uniform temperature profile. Euler method has been used to discretise the183

temperature of the thermal storage. The accuracy of the model can be increased by reducing the time184

step size. However, half hour or hourly time intervals have been widely considered in research to reduce185

the computational efforts required [29, 30].186
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V s, ρ, Cp, U , As, T s
t and T a

t are the tank volume, density of the fluid, specific heat capacity, coefficient187

of heat loss, external surface area of the tank, temperature of the tank at time t and temperature of the188

atmosphere at time t, respectively.189

V sρCp
T s
t − T s

t−1

∆t
= Qsolar

t −Qs,out
t − UAs(T s

t − T a
t ). (8)

When the heat pump utilises the thermal storage tank as the heat source, the temperature of the tank

has been considered as the EWT assuming the pipes are perfectly insulated. Figure 6 plots measured

and simulated tank fluid temperature T s
t over a period of one hour. The inputs for the simulations are

Qsolar
t ,T a

t , Qs,out
t , V s, ρ, Cp,U and As. These parameters are part of manufacturers’ specifications except

for Qsolar
t , T a

t and Qs,out
t . Qsolar

t is calculated from (7) using solar irradiation data It obtained from

weather observations. T a
t is directly measured using temperature sensors. Energy balance is used in the

computation of Qs,out
t , via (9) where mt, T

s,out
t and T s,in

t are the flow rate, outlet and inlet temperatures

at the outlet loop of the tank:

Qs,out
t = mtCp(T s,out

t − T s,in
t ). (9)

Figure 6: Variation of thermal storage tank temperature T s for a location in Melbourne

4. Evaluation of SAGSHP for Melbourne, Australia190

Simulations were carried out to explore the performance of the SAGSHP system with varying borehole191

depths and solar collector areas in Melbourne, Australia, where residential applications are typically192

heating-dominant.193

12



A system with a maximum capacity of 10kW is considered (i.e. a peak demand of 10kW). System194

operation in half-hourly intervals was simulated in order to obtain the annual energy consumption and195

to explore system performance. The annual demand to be satisfied by the system is assumed to be the196

same throughout the life span of the system. The project life is considered to be 20 years [31] and costs197

are presented in Australian dollars throughout this paper. (At the time of writing (August 2019) 1 AUD198

is equivalent to 0.68 USD)199

LCC analysis takes into account the costs involved in the system over the entire project life. A

simple LCC can be expressed as the summation of installation cost Cint, operational cost Cop, and the

replacement cost Crep. We consider the Net Present Value (NPV) of these costs over the 20 year period.

NPV is the current value of future cash flows as is calculated using (10) where N , Ck, and i are the

project life, cash flow of year k, and effective interest rate or minimum attractive rate of return:

NPV =

N∑
k=1

Ck

(1 + i)k
. (10)

Cost data for residential properties in Melbourne was collected by the Sustainable Shallow Geothermal200

Energy Research and Demonstration Project under the Sustainable Energy Pilot Demonstration Program201

and it has been considered as the basis for this study [31]. In addition, a detailed description of the202

lifespans, costs of the system, and the economic indicators used in this study can be found in [31].203

Figures 7 to 10 plot the LCC, auxiliary energy use, average CoP and EER respectively for different204

borehole depths and solar collector areas. The optimal system design (minimum LCC) is achieved with205

a 70m borehole depth and 8m2 solar collector area as shown in Figure 7. For shorter borehole lengths206

the lower capital cost is outweighed by increased running costs attributable to greater use of auxiliary207

heating. For longer borehole depths, the LCC is increased by higher drilling capital costs. Solar collectors208

bring a reduction in LCC for shorter boreholes because the solar energy substitutes for auxiliary heater209

use, whereas the capital costs of solar are unfavourable when boreholes are deeper and GSHP are able210

to satisfy more of the peak demand. For the optimal system design 5.5% of the total energy demand is211

satisfied by the auxiliary heat supply as shown in Figure 8. The average CoP and the EER increase with212

borehole depth. Increased efficiency in both heating and cooling stems from larger boreholes being able213

to extract and reject more heat due to their increased heat capacity and the larger contact area of the214

ground being available for the GHE. The simulation results suggest that the CoP increases with solar215

collector area. Combining solar collectors with the heat pump increases the EWT of the heat pump. The216
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resulting high efficiency of the heat pump increases the overall CoP of the system. However, the EER of217

the system has slightly dropped during summer due to the addition of solar collectors that causes a long218

term increase in soil temperature.219

Figure 7: Variation of the LCC for Melbourne, Australia
Figure 8: Percentage of auxiliary energy use

Figure 9: Variation of the CoP Figure 10: Variation of the EER

A system design that is optimised for a particular predicted energy price trajectory may not remain

optimal if the realization of energy prices departs significantly from this forecast. Therefore, design

changes to SAGSHP systems such as increasing the solar collector area need to be considered. Here,

we consider the Real Option of increasing the solar collector area in future. Changing of the borehole

depth is not considered due to the practical difficulty in increasing the depth once the GHE is installed.

Future price changes of solar thermal collectors are neglected because as a technology they are mature

and show only minor price variability and trend [32]. Our interest is in exploring whether the option of

future system augmentation might be valuable if future energy prices deviate in a predictable way from

a forecast. This is important given the uncertainties inherent in predictions of future energy costs. A

14



mean reversion process represented by (11) is used to model annual energy price increments: C is the

price increment, γ is the mean reverting rate, σ is the volatility (standard deviation of the noise), and

WT is a Brownian motion.

∆Ct = γ(Cmean
t − Ct)∆t+ σCt∆W

T (t) (11)

For the ROV we used Monte Carlo simulations to generate multiple scenarios of energy prices using220

(11), randomised the control variable which is the solar collector area increase at each time step, and221

applied least squares linear regression to determine the optimal decision for each system state [20]. A 20222

year horizon was considered and it is assumed that the system augmentation choice was available to the223

decision maker once a month. For the moderate level of energy price uncertainty captured by a mean224

reverting process with realistic parameters, the ROV analysis showed that the optimal initial system225

design (collector size and borehole depth) could not be improved upon by first installing a system with226

fewer solar collectors and then waiting to observe future energy prices. Furthermore, at any future time227

the optimal system for the remainder of the time horizon remained the same as initial optimal system.228

This null result we suggest stems from the assumption of mean reversion in the energy price, and from229

the rather shallow gradient in LCC around the optimal design leading to the advantages from early-230

period operational cost savings from a larger solar collector array outweighing the likelihood-weighted231

avoided capital savings. If we were to admit the possibility of larger and irreversible energy price changes,232

then system augmentation may become favourable. However, such trajectories would be speculatively233

proposed with little or no supporting evidence.234

4.1. Comparison with conventional systems235

The simulated performance of a hybrid SAGSHP system (System 1) of the optimally-sized design236

identified above is compared to predictions for the following three heating and cooling systems:237

• System 2: (GSHP) - GSHP system, with an auxiliary electric heater and instantaneous gas hot238

water. The LCC of GSHP systems is plotted in Figure 7 corresponding to a solar collector area239

of zero. The system designs with the lowest LCC are used for the comparison exercise. In both240

SAGSHP and GSHP cases these are hybrid systems.241

• System 3: (ASHP) - Reversible Air Source Heat Pump (ASHP) with instantaneous gas hot water.242

ASHP systems require less capital cost compared to GSHP systems and have a relatively high243
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energy efficiency.244

• System 4: (ASHP+Gas) - Combination of cooling only ASHP and gas furnace with instantaneous245

gas hot water. Gas furnaces are low cost to install and can be economically effective in heating246

dominant climates. An ASHP is used to fulfil cooling requirements during summer.247

Figure 11 illustrates the breakdown of the LCC including the investments and the operation cost248

for these systems. The investment cost consists of the installation and the replacement costs of the249

components. The operation cost for the Systems 3 (ASHP) and 4 (ASHP+Gas) is calculated based on250

annual heating and cooling demand and approximating the efficiencies of all the components as constants.251

A detailed discussion of the installation costs and other economic parameters of the systems considered252

in this study can be found in [31]. According to Figure 11, hybrid SAGSHP system has the highest253

investment cost compared to other systems. However, it has the lowest operating cost, making it overall254

the most economic system. Operation costs added over the 20 year lifespan of each proposed system are255

the dominant components of cost.256

The energy consumption (i.e., electricity and gas) of the systems and their respective CO2 emissions257

are shown in Figure 12. Melbourne has a relatively high electricity emission factor (EF) of 1.08 kg of CO2258

per kWh related to electricity consumption. This is due to a high percentage of coal in the energy mix of259

this region [33]. Reticulated natural gas has a lower EF compared to electricity, which is 51.4 kg of CO2260

per GJ (i.e., 0.185 kg of CO2 per kWh). Accordingly, the highest CO2 emissions are from the ASHP261

system as it has the highest electricity consumption compared to other systems, although this obviously262

changes if on-site electricity is utilised. The hybrid SAGSHP system has the lowest power consumption263

and the lowest CO2 emissions, making it the best economic option and the best environmental option264

for Melbourne’s current climate.265

5. Impact of Different Climatic Conditions and Energy Costs Evident by the Results266

To investigate the effect of different climatic conditions on performance, simulations were carried out267

for different geographical regions shown in Figure 13 with heating dominant climates since solar collectors268

coupled in SAGSHP are utilized as a supportive heat source. In addition to Melbourne, three other cities269

from Australia and ten cities from around the world with heating dominant climate and different ratios270

of annual heating to cooling load have been selected.271
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Figure 11: Cost comparison of the systems
Figure 12: Annual power consumption and the CO2 emissions

Figure 13: Range of selected climatic conditions including four Australian cities and ten cities in other countries
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The annual atmospheric temperature and the solar radiation used in the simulations for the locations272

were obtained from EnergyPlus [34] which is an open source building energy simulation program.273

The heating and cooling demand of the building is calculated using the bin method which is widely274

used in designing residential thermal systems [31]. In this method, the load profile was established by275

the peak load and the balance point temperatures. For the purpose of comparison, a peak load of 10kW276

is considered for all locations. It is assumed that no heating or cooling is required when the atmospheric277

temperature is above 18 oC during winter, and below 25 oC in summer as been used in previous studies278

[35, 36]. However, those balance temperatures could vary depending on the occupant’s thermal sensation.279

Table 1 presents an overview of the climatic conditions, average COP of ASHP, retail prices of elec-280

tricity and gas, and the CO2 emission factor of electricity for each of the 14 locations [37, 38, 39, 40]. LCC281

of the system may depend on location specific factors such as economic indicators, geological conditions282

and labour costs. However, it is assumed that the parameters used in Table A.3 remain the same for283

all locations. Some of these parameters are common to all locations, and some other parameters are284

obtained from Melbourne due to practical difficulties. Furthermore, Subsidies and rebates that may be285

provided for renewable energy solutions including GSHP systems are ignored.286

Table 1: Climatic conditions and parameters of the 14 locations

Location Undisturbed Annual Annual Annual Electricity Gas Electricity Average
ground heating cooling solar price price emission ASHP

temperature demand demand radiation (AUD (AUD factor COP
(oC) (MWh) (MWh) (MWh/m2) /kWh) /kWh) (CO2 kg/kWh)

Melbourne 16.7 17.7 2.1 1.47 0.28 0.10 1.08 2.06
Sydney 20.4 9.6 1.5 1.77 0.24 0.13 0.83 2.08

Adelaide 19 15.4 3.5 1.81 0.31 0.13 0.79 2.07
Hobart 14.5 24.7 0.2 1.39 0.20 0.13 0.14 2.01
Sapporo 10.8 24.8 0.8 1.17 0.36 0.18 0.46 1.80
Auckland 17.3 13.9 - 1.5 0.27 0.13 0.21 2.08
New York 14.1 18.7 2.7 1.45 0.17 0.05 0.59 1.86
Jilin Yanji 7.4 26.0 1.5 1.26 0.11 0.06 1.07 1.64

Dublin 11.6 24.3 - 0.9 0.38 0.11 0.57 1.95
Geneva 12.4 24.3 0.9 1.18 0.20 0.13 0.003 1.89
Ottawa 7.7 25.5 0.9 1.34 0.12 0.04 0.19 1.68

Punta Arenas 8.3 39.1 - 1.19 0.33 0.14 0.41 1.85
Tashkent 16.6 18.7 0.7 1.71 0.04 0.05 0.57 1.86
Smithers 5.6 23.5 0.2 1.09 0.12 0.04 0.19 1.71

Highest and lowest values are in bold

The LCC variation for the selected cities demonstrated three distinct patterns. Figures 14a, 14b and287

14c are representations of each pattern where they provide insights to the LCC variations of both GSHP288

and SAGSHP systems. In this context, System 1 (SAGSHP) and System 2 (GSHP) are considered as289

hybrid GSHP systems.290

• Consider Figure 14a (Jilin Yanji), the line with the collector area of zero (Red line) represents291
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(a) Auckland (b) Jilin Yanji (c) Geneva

Figure 14: LCC variation with the borehole depth and the solar collector area for Auckland, Jilin Yanji and Geneva

the LCC of GSHP systems. Any system with a collector area greater than zero (anything except292

for the red line) represents SAGSHP systems. According to the figure, there are instances where293

the LCC of SAGSHP is greater than the LCC of GSHP systems. For example, the cost of the294

GSHP system (red line) is lower than the SAGSHP system with a collector area of 2m2 (blue295

line) due to the reduction of the costs involved in solar collectors. However, with the increased296

solar collector area, the LCC is further reduced reaching an optimal point for a specific borehole297

depth. For conditions in Auckland it is evident from Figure 14a that the optimal SAGSHP system298

is more economical than the optimally designed GSHP system. However, this also suggests that299

implementing a SAGSHP system could be more costly than a GSHP system if the optimal design300

parameters are not identified. Among the cities we selected for this study, Dublin and Punta Arenas301

follow a similar pattern to Auckland.302

• For the climatic conditions in New York, the addition of solar collectors always increases the LCC303

of a SAGSHP system (Figure 14b). A GSHP system with a gas hot water system is cheaper than304

a SAGSHP for Jilin Yanji. Ottawa, Smithers and Tashkent also exhibit a similar pattern. The305

common factor among theses cities is that they have a lower gas price, enabling the operational306

cost premium of gas hot water production to be of a lower total value than the capital cost of solar307

collectors.308

• Figure 14c represents the LCC of a hybrid SAGSHP system in Geneva which has a similar pattern309

to Melbourne. Several of the other selected locations (Auckland, Sapporo, Sydney, Adelaide, and310

Hobart) have also followed a similar pattern. For these locations an optimally-sized hybrid SAGSHP311

system has the lowest LCC.312
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The optimal design parameters of the systems and their CoP and EER for each location are presented313

in Table 2. These design parameters are uniquely determined by the climatic conditions and the undis-314

turbed ground temperature for each location as shown in Table 1. It is evident from Table 2 that larger315

borehole depths are required for cities with high heating demands and low undisturbed ground tempera-316

tures. In addition, for locations where hybrid SAGSHP systems are more economical than hybrid GSHP317

systems, the collector area is determined by the availability of the annual solar radiation. For example,318

large solar collectors are required for locations with low annual solar radiation such as Punta Arenas and319

Dublin.320

Table 2: Results of the optimal design for the 14 locations

Optimal Design Parameters Optimal

Location Borehole Depth Solar Collector Average Average HVAC

(m) Area (m2) CoP EER system

Australia - Melbourne 70 8 3.95 4.37 SAGSHP

Australia - Sydney 50 8 4.0 4.16 SAGSHP

Australia - Adelaide 60 8 4.1 4.129 SAGSHP

Australia - Hobart 100 12 3.95 5.27 SAGSHP

Japan - Sapporo 160 16 3.89 5.57 SAGSHP

New Zealand - Auckland 60 12 4.08 - SAGSHP

USA - New York 110 - 3.73 4.95 GSHP

China - Jilin Yanji 150 12 3.79 6.04 ASHP

Ireland - Dublin 130 12 3.88 - SAGSHP

Switzerland - Geneva 130 8 3.80 5.46 SAGSHP

Canada - Ottawa 210 - 3.64 6.2 GAS+ASHP

Chile - Punta Arenas 250 16 3.89 - SAGSHP

Uzbekistan - Tashkent 60 - 3.67 3.77 ASHP

Canada - Smithers 210 - 3.6 6.6 GAS+ASHP

Figure 15 compares the LCC of the systems for the 14 locations. Among all the systems, SAGSHP321

systems have the highest investment cost and the lowest operation cost for all the selected cities. There-322

fore, feasibility of a SAGSHP system for a particular location depends on the ability to offset its high323

installation cost with a low operation cost. Energy prices play an important role in determining this.324

Optimally designed hybrid SAGSHP have the lowest LCC compared to other available options for325

9 out of the 14 selected cities. One of the common factors of these cities is that they have a relatively326

high electricity cost compared to other locations. Therefore, having an efficient heating and cooling327

system would save more money compared to other conventional systems. The high capital cost involved328
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in SAGSHP system is outweighed by the lower operation cost over the system’s life span.329

A GSHP system with gas hot water is a better option than a SAGSHP system for locations with330

low gas prices. However, ASHP+Gas could also be the most ideal HVAC system for locations with very331

low gas prices. Therefore, the feasibility of GSHP system depends on the ability of outweighing the cost332

of ASHP+Gas system with efficient operation which results in a lower operational cost. For New York,333

GSHP system is the most economic solution among the systems due to reasons discussed above.334

For locations with low electricity price, ASHP system is the most economical system among the other335

options. ASHP system has the lowest investment cost compared to other systems. Therefore, it is evident336

that SAGSHP or GSHP systems cannot offset their high investment cost for cities with low electricity337

price if lifetime investment is only considered for 20 years. Accordingly, for Tashkent and Jilin Yanji,338

ASHP systems are the most economical HVAC system due to their lower electricity prices.339

Compared to other systems, a cooling-only ASHP system with gas furnace has the highest LCC for340

majority (9 out of 14) of the locations. The lower efficiency of gas furnaces compared to ASHP and GSHP341

is the main factor in the increased operation cost of the system. In addition, it has a higher investment342

cost compared to ASHP system. Therefore, these systems are less economic compared to other systems343

for location with high and moderate gas prices. However, for locations with very low gas prices, such344

as Ottawa and Smithers, these systems are the most cost effective HVAC system among the selected345

systems.346

Figure 16 compares the LCC of the most economical hybrid GSHP system and the conventional347

system with solid line indicating when the costs are equal. Accordingly, for 10 cities out of 14, hybrid348

GSHP systems are economically more suitable than conventional HVAC systems. For Jilin Yanji and349

Tashkent, ASHP systems have the least LCC and, for Ottawa and Smithers, ASHP+Gas systems are350

the most economic HVAC system among the selected systems. However, for Jilin Yanji and Tashkent,351

hybrid ground source heat pumps would become cheaper than ASHP systems if the electricity prices of352

these cities increase to 0.19$ (72% increase) and 0.07$ (77% increase) respectively. On the other hand,353

for Ottawa and Smithers hybrid GSHP systems would become the most economic system if the gas price354

increases to 0.053$ (32% increase) and 0.062$ (55% increase).355

Figure 17 represents the annual CO2 emissions for systems in the selected cities assuming the use356

of grid-sourced electricity. SAGSHP systems have the lowest annual CO2 emissions followed by GSHP357
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systems, except in Jilin Yanji where ASHP with gas furnace has the lowest emissions. In Jilin Yanji,358

SAGSHP, GSHP and ASHP systems have relatively high amounts of emissions due to the high emission359

factor incorporated with electricity generation. In contrast, Geneva, Auckland and Hobart have very low360

emissions for SAGSHP, GSHP and ASHP due to low electricity emission factors. As electricity systems361

become de-carbonized through displacement of fossil sources in future, the emissions favourability of the362

SAGSHP systems will increase.363

Figure 15: Comparison of the LCC between the selected HVAC systems
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Figure 16: Cost comparison of the LCC between the optimal hybrid GSHP and the most economical conventional system

Figure 17: Annual CO2 emissions
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6. Conclusions364

This study considers the optimal Life Cycle Cost of SAGSHP systems which can be used for heating,365

ventilation, air conditioning and hot water production. Simulations were carried out using a mathematical366

model that was developed in this study and then verified using data from a field experiment site located367

in Melbourne, Australia. A comparison to a hybrid GSHP system, reversible ASHP and a cooling only368

ASHP with gas furnace is also provided. Simulations and comparisons were carried out for 14 different369

locations to study the effect of the climatic conditions and different electricity and gas prices. Based on370

the results obtained in this study, we conclude:371

• Designing a hybrid SAGSHP system to cover a proportion of the total heating demand of a building372

may be more economical than having a SAGSHP that can cover the total heating and cooling373

demand. Finding the optimal design parameters of the system design is important in reducing the374

economic life cycle cost of the system. In addition, the LCC of implementing a SAGSHP could be375

higher than a GSHP system if the optimal design parameters are not found.376

• The design parameters of a SAGSHP system depend mainly on the climatic and geographic con-377

ditions of the location. Larger boreholes may be required for locations with high heating demand378

and low undisturbed ground temperatures, and larger solar collector areas are required for locations379

with low annual solar radiation.380

• The favourability of a SAGSHP system depends mainly on whether it is possible to offset the high381

installation cost. Compared to conventional systems, SAGSHP systems are more economical for382

locations having a higher electricity prices, and high or moderate gas prices. An optimally designed383

hybrid GSHP system can achieve up to 30% LCC reduction compared to the next most economic384

conventional HVAC system. However, for locations with much lower gas prices, GSHP systems385

with an instantaneous gas hot water system are typically a more economically-favourable option386

compared to SAGSHP systems.387

These results support the intuitive notion that when designing a hybrid SAGSHP system it is crucial388

that the design is optimised specifically for the site and that the economics of the system are evaluated389

over the lifespan of the system. In future work, the system will be evaluated for different types of GHEs,390

solar thermal collectors and thermal storages, as the system performance may vary for different types of391
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components. Furthermore, a more accurate model that considers a time varying efficiency will be used392

to model the performance of solar thermal collectors.393
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Appendix A. Parameters519

Table A.3: Parameters

Heat pump fluid water

Specific heat capacity of the fluid Cp 4200 JK−1kg−1

Density of the fluid ρ 1000 kgm−3

Borehole radius rb 0.07 m

Equivalent pipe radius rp,eq 25 mm

*Borehole thermal resistance Rb 0.035 mKW−1

*Grout thermal conductivity λb 2.03 WK−1m−1

*Ground thermal diffusivity α 2.53 ×10−3m2h−1

*Ground thermal conductivity λ 1.90 WK−1m−1

Storage tank volume V s 0.3 m3

*Installation cost of the tank $ 1362

*Average cost of drilling $ 139.45 per meter

*Cost of the ground source heat pump $ 6580

*Other costs related to GSHP installation $ 8860

*Average installation cost of solar collectors $ 547 per m2

*Installation cost of ASHP system $ 8481

Cooling efficiency of ASHP system 2.5

*Installation cost of gas furnace $ 4203

*Heating efficiency of gas furnace 76%

*Electricity inflation 6.2%

*Gas Inflation 6.14%

*Minimum attractive rate of return 3.5%

*Consumer price index 2.58 %

Solar collector life span 20 years

CO2 emission factor for gas 0.185 kg per kWh

*Parameters obtained from Melbourne520
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Figure B.18: Schematic of the SAGSHP system

Appendix B. Instrumentation and Data Collection521

There are 23 GSHP systems installed in metropolitan Melbourne as part of the Sustainable Energy Pilot Demonstration522

(SEPD). One of these properties located in Footscray was modified to a Solar Assisted GSHP system due to its low523

performance during winter. 30 evacuated tube collectors and a thermal storage tank with double heat exchangers were524

combined to the GSHP. A detail description of the SEPD project, instrumentation and data collection can be found in525

[23]. However, this Appendix provides a summary of the instrumentation and data collection of the SAGSHP system526

installation in Footscray, Victoria, Australia.527

A schematic of the system considered in this study is presented in Figure ??. This system consist of a GHE with depth of528

110m, evacuated tube solar collectors with 30 tubes, and a 300L thermal storage.529

In the experiment, temperatures, flow rates of the circulation fluid and the power consumption of the heat pump was530

collected in five minutes interval over sixteen months. The following subsections describes the parameters monitored and531

the instrumentation used.532

Appendix B.1. Temperature Measurements533

Negative temperature coefficient (NTC) thermistors from EmersonTM has been used to measure the temperatures of the534

systems at the following locations. Thermistors are attached to copper pipes before the insulation is installed.535

• Temperature of the water entering and exiting the GSHP536

• Temperature of the inlet and outlet of the solar collectors537

• Temperatures of the inlet and the outlet of the tank to the ground loop538

• Temperature of the tank at two node points539
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Figure B.19: Solar thermal collectors

Figure B.20: Thermal storage tank
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Figure B.21: Temperature measurement of the thermal storage tank

The temperature of the two node points has been monitored as shown in the Figure A.4. The top node has been540

connected to the data logger for the purpose of data collection, and the mid level sensor was connected to the controller.541

Appendix B.2. Flow rate542

A flow meter has been used to measure the flow rate of the ground loop. This is an important parameter to that is543

required to calculate the amount of energy transferred from the ground to the building.544

Appendix B.3. Electricity Consumption545

The electricity consumption of the system was measured by a power meter. This includes the energy consumed by the546

heat pump and the fluid circulation pump of the system.547
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