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Abstract

Increased attention has been given to energy efficient, renewable energy systems for

Heating, Ventilation and Air Conditioning (HVAC) in buildings as these often account

for 40% or more of the total building energy consumption [1]. Among them, Ground

Source Heat Pumps (GSHP) are becoming increasingly attractive due to their reliability,

low environmental impact and high efficiency when compared to conventional HVAC

systems. However, their uptake has been limited due to the high initial cost involved in

the drilling of boreholes for exchanging heat with the ground via HPDE (high density

polyethileine) pipes. In addition, their system performance may also decline over long

operating horizons if the annual heating and cooling loads are severely unbalanced. The

application of hybrid ground source heat pump systems have therefore been proposed as

an effective alternative approach that can mitigate these challenges and improve overall

system performance.

Hybrid systems offset some percentage of the demand with the use of a supplemental

source or a sink of heat. Solar thermal or conventional resistive heaters can be used as

supplementary heat sources, thus forming a hybrid ground source heat pump system for

heating-dominant climates. However, finding optimal design parameters when designing

these systems is crucial to minimize the total life cycle cost and to improve overall system

performance. In addition, due to their high initial cost, it is also important to conduct

a feasibility study considering the full life cycle cost in comparison to conventional sys-

tems. Furthermore, the effect of local climatic conditions and economic structures on

the system design and performance needs to be evaluated and understood to be able to

select the most economical HVAC system for a given geographical location.

Implementing an intelligent control strategy can further improve the system performance

by delivering the energy demanded efficiently. A significant percentage of the operational

cost can be reduced by integrating the peak and off peak electricity prices into the

controller. In addition, studies have shown that a substantial amount of cost and energy

can be saved by incorporating weather and occupancy predictions into the controller.

However, due to the uncertain nature of these variables, an effective controller must

consider the uncertainties of the system dynamics.

This thesis explores optimisation of the system design for heating dominant climates

while assessing their feasibility over conventional systems. The results suggest that op-

timally designed hybrid GSHP systems can achieve significant cost savings (up to 32%)

compared to conventional heating and cooling systems. In addition, efficiency improve-

ments in the operation of hybrid GSHP systems are also investigated to overcome the

barriers associated with these systems and to make them a cost effective, attractive
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technology for building heating and cooling systems. The study demonstrated a con-

siderable amount of operational cost reduction by incorporating uncertainty into the

HVAC controller.
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Chapter 1

Introduction

The global demand for energy is substantially increasing due to rapid urbanization,

and economic and population growth. Currently, the primary sources of world energy

continue to be fossil fuels including oil, coal and natural gas. The depletion of fossil

fuels and greenhouse gas emissions from the burning of fossil fuels have created new

challenges, such as energy security and global warming. Therefore, renewable energy

technologies are becoming more attractive due to their environmental sustainability and

economic competitiveness.

The building sector is one of the major consumers of world energy, accounting for ap-

proximately 40% of total global energy consumption. In buildings, Heating, Ventilation,

and Air Conditioning (HVAC) systems are the largest energy end use in both the non-

residential and residential sectors. Due to the ever growing demand for thermal comfort

in buildings, there has been an increasing interest in exploring renewable, energy efficient

technologies for HVAC systems in buildings.

The use of renewable energy sources and high efficiency compared to other conventional

systems have made Ground Source Heat Pump (GSHP) systems an attractive choice for

HVAC and domestic hot water systems. A significant amount of energy consumption

and greenhouse gas emissions associated with building heating and cooling systems can

be reduced by using these systems instead of conventional HVAC systems.

GSHP systems exploit the abundant, free energy storage in the ground. The tem-

perature of the ground, some metres below the surface, is not affected by the seasonal

1
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changes and remains approximately constant at the annual average atmospheric temper-

ature throughout the year. This undisturbed temperature is lower than the atmospheric

temperature in summer and higher in winter. Ground source heat pumps utilize the rel-

atively stable temperature of the ground to achieve efficient heating and cooling using

the earth as a heat source in winter and heat sink in summer. Ground heat exchangers

(GHE) with circulation fluid, built into building foundations, in vertical boreholes or, in

horizontal trenches are used to extract and reject heat from and to the ground. Vertical

boreholes are identified as the most widely used GHE type in urban areas due to reduced

land requirement [2]. Therefore, this thesis only concentrates on vertical GHEs.

The performance of a heat pump is assessed using the Coefficient of Performance (CoP)

which is defined as the amount of heating or cooling delivered per one unit of electricity

consumed by the heat pump. This CoP is a function of the water (fluid) temperature

that enters the evaporator of the heat pump which is also known as the Entering Water

Temperature (EWT). The values of CoP for different flow rates are typically provided

by the heat pump manufacturer.

Despite the high efficiency compared to conventional systems, GSHP systems can some-

times be difficult to justify due to their high initial cost and the annual thermal im-

balance. Typically, in many systems, the annual energy extraction and rejection from

and to the ground are not balanced. In an occurrence of thermal imbalance or excessive

heat exchange, the ground temperature might rise or drop over the long-term operation

influencing the performance and efficiency of the system [3]. This effect can be moder-

ated by having larger boreholes. However, designing a GSHP system that can cover the

peak demand – which usually occurs only for a few days of the year – may result in a

significant borehole depth. This can further increase the installation cost thus increasing

the payback period.

An alternative solution to this issue could be assisting the system with a supplementary

heat source or a sink thus forming a ‘hybrid’ system [4]. In heating dominant climates,

solar thermal collectors or a conventional heating system can be used to assist the GSHP

system by supplying the deficit heat. A GSHP system combined with a solar thermal

system is typically known as a Solar Assisted Ground Source Heat Pump (SAGSHP)

system. This thesis focuses on hybrid GSHP systems that can be utilized for heating

dominant climates.
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Figure 1.1: Configuration of a SAGSHP system

For hybrid GSHP systems, the system design, configuration and their respective control

strategies play a critical role in delivering cost effective, efficient heating and cooling for

buildings. Optimising the system design and operating methods can overcome the bar-

riers associated with the application of these systems. This has been the key motivation

behind the work of this thesis, and it focuses on the following three questions.

1.1 Research Focus

This section presents the main research questions that have been addressed in this thesis.

1.1.1 Research Question 1

a. What are the most suitable conditions and design parameters to achieve the lowest

life cycle cost for Solar Assisted Ground Source Heat Pump systems?

b. What is the optimal and most economical way of satisfying the residential heating,

cooling and domestic hot water demand?

Motivation

The design of a hybrid GSHP system, that consists of thermal collectors, thermal stor-

age, boreholes and a conventional system, requires consideration of many design criteria.
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Finding the optimal design parameters and trade-offs between the hybrid GSHP and the

conventional system is important to reduce the total life cycle cost of the system. Fur-

thermore, understanding the effects of climatic conditions and different cost structures

on the optimal system design and performance of hybrid GSHP systems is also a crucial

factor when designing these systems for different locations. Once the optimal design is

established for hybrid GSHP systems, the feasibility of these systems over conventional

heating and cooling systems has to be evaluated to find the most economical system

that can be used to meet the heating and cooling demands of buildings.

1.1.2 Research Question 2

Are there better ways to operate a Solar Assisted Ground Source Heat Pump that could

lower the operating cost of the system?

Motivation

For SAGSHP systems, the integration of thermal storage systems plays an important role

in delivering a stable and flexible energy supply due to the intermittent nature of solar

energy. The combination of multiple energy sources such as solar thermal, geothermal

energy, and storage systems enable multiple possible operating modes for these systems

due to the functional diversity of the system. The system efficiency and the operational

cost may depend on the operating mode of the system. Optimising the operation of

the system according to timely energy demand, and time of use electricity price may

reduce the operational cost significantly. Therefore, it is important to explore different

operating modes of SAGSHP systems that can accommodate the changing conditions of

the system to minimize the operational cost of the system.

1.1.3 Research Question 3

How can the inherent uncertainty be taken into consideration in the optimal operation

of a Ground Source Heat Pump systems?

Motivation

Integrating intelligent controllers in HVAC systems is a key factor for efficient operation.

Improvements in the controller can save a significant percentage of cost and energy while
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improving the comfort of the building occupants. Incorporating weather and occupancy

forecasts into the controller can reduce the energy consumption of the system substan-

tially. However, the real world conditions of these parameters need to be modelled as

closely as possible for better performance. Therefore, integrating information on the

variability of these parameters is a key factor due to the stochastic nature of weather

and occupant behaviours.

1.2 Thesis Outline

This chapter provides a broader introduction to the thesis and describes the motivation

for these research questions. The background and a literature review in the context of

the thesis are presented in Chapter 2. The literature review has mostly focused on the

design and control optimisation of GSHP systems.

Chapter 3 presents the optimisation of system design and a feasibility study for hybrid

GSHP systems that can be used for both heating and cooling. An economic and envi-

ronmental evaluation is presented for a range of heating dominant locations to explore

the effect of different geographical cost structures and climatic conditions.

Chapters 4 & 5 present the optimisation of heating operation of hybrid GSHP systems.

These chapters focus only on the heating operation during the cold season since a sig-

nificant proportion of the total annual demand is heating due to the heating dominant

climate. In Chapter 4, the performance of two possible system configurations are eval-

uated in detail, and the operation of the system is optimised considering the time of

use electricity price. However, in this Chapter, a deterministic demand with access to

perfect forecasts is assumed, neglecting the uncertainty. In Chapter 5, the inherent

uncertainty in the control of a hybrid GSHP systems is considered. In this Chapter,

the ambient temperature and the heat interactions of the occupants in the building are

considered as the uncertain parameters.

Chapter 6 presents a summary of the key findings of the research and directions for

further extension of the work.



Chapter 2

Background and Literature

Review

Consideration of the design, configuration and operation plays a key role in integrating

a hybrid GSHP system that combines multiple energy sources for heating, cooling and

domestic hot water production. This section presents the background and a literature

survey in the context of these areas.

2.1 Hybrid GSHP System Components

This thesis focuses on hybrid GSHP systems that are used for space heating, cooling

and domestic hot water production in heating dominant climates. These systems gener-

ally consist of many components including Ground Heat Exchanger, Heat Pump, Solar

Thermal Collectors, Thermal Storage, and conventional heating systems. This section

will provide a discussion on the main components of a hybrid GSHP system and math-

ematical models that are widely used in the literature to describe their dynamics.

2.1.1 Heat Pump

Heat pump technologies are identified as one of the most efficient and sustainable choices

for building heating and cooling systems. They typically exhibit a longer life span

6
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Figure 2.1: Heating cycle of a heat pump

compared to conventional systems, often ranging between 15-25 years [5]. In addition,

they require minimum maintenance.

They are typically driven by electricity and they use mechanical work to transfer heat

from a cool location to a warmer one. The heat is transferred by circulating a refrigerant

in a cycle of evaporation, compression, condensation and expansion.

There are two main heat pump categories based on the placement of the external heat

exchanger: Air source heat pumps and ground source heat pumps. Air Source Heat

Pumps extract heat from the air while Ground source heat pumps exchange higher

quality heat from the ground. The extracted heat is then heated up more from the heat

pump and distributed to the building through a distribution system. This process is

reversed to operate in the cooling mode.

The efficiency of a heat pump is the most significant factor that determines the savings

achieved by the system. There are several measures in the literature that have been

used to calculate the efficiency of the system [5].

• Coefficient of performance (CoP)

The coefficient of performance is one of the widely used measures that present the

amount of heating or cooling produced per unit of electricity consumed.

CoP =
heating or cooling produced (W )

electricity consumed by the heat pump (W )
(2.1)

• Energy Efficiency Ratio (EER)
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The American standards introduced by Air-Conditioning, Heating & Refrigeration

Institute (AHRI) measures the efficiency using the Energy Efficiency Ratio that

is measured in Btuh−1 (British thermal unit (Btu) is defined as the amount of

heat required to increase the temperature of one pound of water by one degree

Fahrenheit).

EER =
Heating or cooling produced (Btuh−1)

electricity consumed by the heat pump (W)
(2.2)

Therefore, the relationship between the CoP and the EER can be presented in

Equation 2.3.

EER =
3600(sh−1)

1055.06(BtuWh−1)
× CoP = 3.41 × CoP (2.3)

However, in some studies, EER is used to measure the efficiency in the cooling

mode while the CoP is considered to measure efficiency during heating mode [6].

• Seasonal Performance Factor (SPF)

The seasonal performance factor is also another type of measure that is used to

evaluate the average annual performance of HVAC systems. This can also include

the electricity consumption of all the components of the system including the

auxiliary heaters and circulation pumps.

The efficiency of a heat pump depends on the temperature difference between the heat

source and the heat sink. The efficiency can be maximized by minimizing this temper-

ature difference between the ground and the air inside the building. The CoP of a heat

pump therefore, depends on the temperature of the fluid entering into the heat pump.

This is also known as Entering Water Temperature (EWT). Even though the heat pump

manufacturers are obliged to publish a single value of CoP, typically they provide several

values of CoPs for different EWT values. Many studies in literature present models to

calculate the CoP as a linear or quadratic function of EWT [5, 7, 8].

2.1.2 Ground Heat Exchanger

Two general types of GHEs are widely used in literature: open loop, and closed loop.

Open-loop systems directly extract water from sources such as wells, rivers, aquifers,
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ponds and springs. Despite their lower installation cost, these systems face challenges

such as limited availability of resources, corrosion due to acidity and impurities, and

government regulations [5, 9]. In addition to these challenges, one of the major dis-

advantages of these types is low reliability due to the effect of weather conditions on

surface water [9].

Closed loop GHEs circulate water or antifreeze fluid in pipes embedded in boreholes,

trenches, or building foundation. The pipes are closed loop and the circulation fluid is

never discharged from the system. Among the two types of GHEs, closed loop systems

have become more attractive due to the high reliability and efficiency [9, 10]. The

closed loop GHEs can be further categorized based on their configuration: horizontal

and vertical.

Horizontal GHEs can be used when there is sufficient land footprint available. In these

systems, pipes configured as horizontal trenches are usually laid in shallow depths of

1-2 m from the surface [11]. On the other hand, vertical GHEs insert pipe U-loops into

boreholes drilled up to several tens of meters beneath the surface. The boreholes are

usually filled with a grout material for better thermal conductivity and to avoid the

contamination of groundwater from the circulation fluid [12]. The vertical GHEs are

identified as the most suitable type for urban areas due to the reduced land requirement

and benefit of the constant deep ground temperature [13, 14]. Therefore, this thesis only

focuses on vertical type ground heat exchangers. However, they are more expensive to

install compared to the horizontal type due to the high cost involved in drilling versus

trenching.

GHE is one of the most important components that determine the effectiveness of a

GSHP. Therefore, understanding and modelling their thermal behaviour is important in

the design as well as the operation of the system. The performance of a GHE strongly

depends on the ground thermal properties (thermal capacity and thermal conductivity)

and geometrical and thermal properties of the borehole (borehole depth, radius, and

thermal resistance). The values of these parameters must be known to accurately predict

the thermal behaviour of the boreholes. The borehole parameters are known from the

grout material properties and the design, and the ground properties can be measured

experimentally from conducting an in-situ thermal response test.
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Many studies in the literature focus on modelling the thermal behaviour of vertical

heat exchangers [15–17]. These models can be generally categorized into analytical and

numerical models. The following are some of the widely used classical methods in the

literature that have been used to model borehole heat exchangers.

• Analytical Solutions

- Infinite line source model

This model provides one of the classical solutions for the heat transfer of a borehole.

In this model, the borehole which is a heat source is assumed to be a line with

an infinite length, surrounded by an infinite amount of medium. The line source

is assumed to provide a constant heat output and the surrounding medium is

considered to be homogeneous [18]. The constant heat flow assumption was relaxed

by subsequently published work by considering multiple time intervals, each with

a constant heat flow [19]. This method is more suitable to predict the thermal

response of a borehole for medium and long term time horizons.

- Cylindrical source model

This approach considers the borehole as a cylinder with a constant heat flux at

the outer boundary. Similar to the previous model, it assumes an infinite length

covered with an infinite homogeneous medium.

These two models are widely used in studies due to their simplicity and reasonable

accuracy. However, these models overlook the thermal properties of the circulation

fluid and the grout of the borehole [20].

• Numerical Solutions The numerical models are generally more complex and

require computer based software or simulation tools to be solved.

- Finite length line source model

This method numerically models the thermal behaviour of a borehole using non-

dimensional thermal response functions, also known as g-functions. The borehole

thermal response to a unit heat input is converted into non-dimensional temper-

ature response factors. The response to any amount of heat interaction can then

be determined by converting it to a superimposed series of step functions [21, 22].

There are many other mathematical models in the literature that have been devel-

oped from these classical methods. Yavuzturk et al. developed a short time step
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non-dimensional temperature response factors based on transient two dimensional fi-

nite volume numerical model [16]. Li et al. developed a dynamic coupling model to

simulate the ground temperature variation and the performance of ground source heat

pump systems. This was done based on a one dimensional variable heat line source

model and a dynamic heat pump model. The coupling of the two methods has enabled

interactions between the heat pump performance and the heat transfer in the ground

due to the change in heating and cooling capacity [23].

2.1.3 Supplementary Heat Source

For heating dominant climates, a GSHP system can be augmented with an auxiliary

heat source such as an electric heater, solar energy, or a conventional heater to form a

hybrid system. This section presents some of the commonly used supplementary heat

sources for GSHP systems.

• Solar Thermal Energy

Solar thermal collectors utilize solar energy through solar water heating. There

are several types of collectors in literature such as flat plate collectors, evacuated

tubes, and concentrating parabolic collectors [24].

Solar thermal collectors can be generally classified into two groups: direct and

indirect systems. In direct systems, the fluid that circulates through the collectors

and the fluid in the storage is the same and they are allowed to mix in the storage.

On the other hand, in indirect systems, the fluid in the collectors and the storage

are separated, and a heat exchanger is used to transfer heat from the collectors to

the thermal storage. The amount of useful energy harnessed by a collector mainly

depends on the intensity of solar irradiation, and the efficiency of the collectors.

The intensity of solar radiation mainly depends on the geographic location, the

position of the sun, climatic condition, and the time of days [25]. The efficiency

of a solar collector typically depends on the solar collector temperature, ambient

temperature and the solar radiation flux reaching the collector. Many studies

in literature present the efficiency of collectors as a function of these parameters

[26, 27]. However, in some studies, the efficiency has been considered as a constant

value for simplicity [28].



12

• Gas Heaters

Compared to heat pumps, gas furnaces are economically attractive in terms of the

initial cost. However, these systems have lower efficiency, therefore may have a

high operational cost compared to other alternative heating systems.

A gas furnace can be generally fuelled with piped natural gas. Liquefied Petroleum

Gas (LPG) can also be used, especially for locations without piped gas. For some

locations such as Melbourne, Australia, gas furnaces may have a lower operational

cost compared to other heating systems despite their low efficiency, due to low gas

prices [29].

• Electric Resistance Heaters

Electric resistance heaters are assumed to be 100% efficient since all the electric

energy is converted to thermal energy (equivalent to a COP of 1). This ideal

case assumes that the areas to be heated are line-of-sight (radiative) or there is

sufficient natural convection from the resistive coils. However, the efficiency might

be lower if there are extra loads and losses in transporting the electric energy via

fluids or fans.

There are several types of electric heaters available in the market such as electric

baseboard heaters, electric furnaces and electric wall heaters. These systems are

more attractive in terms of the initial cost. However, their operational cost may

be higher due to the low efficiency compared to heat pumps that have an average

COP of 3.5 under standard conditions [5].

2.1.4 Thermal Storage

There are many studies in the literature that have integrated thermal storage systems

with GSHP systems to increase the overall system performance. It can be used as

a solution for the energy imbalance between the generation and demand, as well as to

increase efficiency [30]. Simple insulated hot water tanks are one of the most widely used

methods that can store energy in the form of sensible thermal energy (no changes in the

phase) [31]. In addition, there is also a degree of storage in heating fluids (water, oils)

in hydronic heating systems. Other methods such as borehole thermal energy storage

[32, 33], Phase Change Material (PCM) [34, 35] and building thermal capacity, also exist

in studies.
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Due to the uncertain nature of solar energy, storage systems play a major role in

SAGSHP systems. Storage systems can be used in conjunction to improve the over-

all system performance [31]. A thermal storage tank or the ground can be used as

potential heat storage. Injection of solar thermal energy to the ground can reduce the

required borehole depth thus reduce the initial cost. Cimmino et al. showed that solar

thermal energy injection has reduced the required borehole depth by 29% thus result in

less expensive ground loop installations [33]. In addition, it can also result in long term

thermal equilibrium of the ground [36].

In addition, seasonal storage systems can also be utilized to improve system performance.

In seasonal storage, the abundance of solar thermal energy that is available during

summer is stored to use during winter. Typically these systems use water tanks for

storage. However, for a single residential system, seasonal storage may not be effective

as for community scale due to significant heat losses.

Yu et al. conducted simulations of three system configurations to evaluate the effect

of thermal storage in the system. In this study, a simple water tank is used to store

solar thermal energy from the collectors. According to the results, the highest source

temperature and the best CoP was obtained from the system with the thermal storage

tank [31].

In addition, excess electricity generated from PV can also be stored in the form of

thermal energy in the ground. This stored heat can later be utilized for heating of

buildings. Yasameen et al. investigated how electricity can be stored in the form of

thermal energy for later use in insulated boreholes using electric resistive cables [37]. In

addition, a comparative study has also been presented to investigate the effectiveness

of heat storage in boreholes for seven types of soil. The results showed that Leighton

Buzzard Sand and Gravel have better thermal properties to store heat for longer periods.

The efficiency of the system was shown to be 78% and 58% for the two types respectively.

Phase change materials such as molten salts can be used to store energy in the form

of latent heat that exchanges heat when there is a phase change in a material [38, 39].

This method is attractive among researchers due to the very high heat storage capacity.

Dehdezi et al. enhanced the thermo-physical properties of the soil using PCM to increase

the volumetric heat capacity of the soil [35]. The results from numerical simulations
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Figure 2.2: Examples of Parallel Configuration

revealed a reduction of the temperature variation of the modified ground by up to 3 oC

compared to conventional soil, thus leading to an improved CoP by more than 17% .

2.2 Hybrid GSHP System Configuration

Due to multiple energy systems and components, hybrid GSHP systems can be con-

figured in multiple possible ways. For solar assisted ground source heat pumps, Solar

energy can be integrated into heat pump systems in a variety of configurations [40]. It

can be used to recharge the ground, increase the evaporator temperature and also for

the production of hot water [33, 41, 42]. Due to this flexibility, the configuration of the

system plays an important role in system performance.

The system configuration can be categorized into two; parallel and series.

Parallel - In this configuration, the solar thermal system and the ground heat exchangers

are connected in parallel. In this mode, the heat pump can operate in the alternate mode

by utilizing one source at a time or the circulation fluid can circulate through the two

sources simultaneously and then converge into the heat pump.



15

Figure 2.3: An Example of Series Configuration

Series - In the series arrangement, the solar thermal collectors and boreholes are con-

nected in series and it can be used to increase the evaporator temperature for the heat

pump. These systems can also be utilized for seasonal storage systems by storing solar

thermal energy in the ground during summer. In addition, during days with high solar

radiation, it can be used to supply the load directly bypassing the heat pump. These

systems are known as solar augmented heat pump systems.

Yang et al. studied the performance of a solar-earth source heat pump system operated

at alternate mode and combined mode. For the alternate mode, optimum operation

time proportion of solar assisted heat pump and a GSHP was found using a novel Earth

Temperature Resuming Rate method. The preferable Earth Temperature Resuming rate

was selected as 30-60% considering the system economy and efficiency, which resulted

in the operation time of the solar assisted heat pump as 10-14 h per day. Three other

configurations were selected for the combined operation mode. The solar collector and

the borehole were coupled in series for Mode 1 and 2 and in parallel for Mode 3. In

Mode 1, the heat carrying fluid is sent through the ground first and then through solar

collectors and in Mode 2, the flow is reversed. The highest CoP was resulted in the

series mode when the circulation fluid is first sent through the solar collectors and

then the ground. Another simulation was done to find the effectiveness of adding a

thermal storage tank which resulted in an energy savings of 4.1%. These simulations

were carried out for continuous 20 days in the heating season. However, to evaluate

the overall performance of the system a detailed analysis has to be done including the

cooling season. in addition, the efficiency could be reduced if the annual loads are not
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balanced. Therefore it is important to consider long term operation when evaluating

operating modes of these systems [43].

Kjellsson et al. (2010) conducted computer simulations to analyse different system com-

binations of solar collectors, a conventional electric heater and GSHP systems for cold

climates. Space heating and hot water demand of a dwelling in Sweden are consid-

ered in this study. Five operating modes were considered to investigate the variation

of system CoP and electricity consumption. The best system configuration is when the

solar thermal is used for hot water production in summer and it is directed to recharge

the ground in winter. It was also found that the net annual heat extraction from the

ground has reduced by recharging the ground with solar thermal energy. However, the

electricity demand may increase in this mode due to the increased operating time of

circulation pumps [41]. Reda et al. (2014) tried to solve this barrier by adding a level

of temperature difference between the solar collector and the ground source to drive the

solar energy to the ground. Results have shown that this temperature has to be selected

carefully as it is a function of the borehole depth and the solar field size [44].

Emmi et al. carried out computer simulations to analyse long term thermal behaviour

of a GSHP system coupled with solar collectors, for six different cold locations. Ten

year computer simulations were performed with the same parameters and boundary

conditions for each location and in addition to the control strategy, the effect of the

borehole length on the efficiency of the system was also considered. The efficiency of the

heat pump was increased by 10% for all the locations when the solar thermal collectors

are integrated into the system. It also shows that the seasonal energy efficiency of the

heat pump is not affected when the total borehole length is halved. The study highlights

the importance of selecting a suitable control strategy for solar assisted ground source

heat pump systems [32].

Dai et al. has conducted an experimental study to explore the variation of performance

of a SAGSHP system with different operating modes. The experiments were conducted

during the cold months in Dalian, China for heating loads. As in previous results,

the performance was increased when the solar collector and the ground are connected

in series. In addition, results show that the volumetric flow rate of the system has a

significant effect on the electricity consumption of the system. Therefore even though

solar heat can be used to recharge the ground, this study also suggests that the amount
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of heat transferred should be optimised to avoid excess electricity consumption of the

circulation pump [42].

2.3 Optimisation of the System Design

There have been several methods developed to design GSHP systems based on ASHRAE

(American Society of Heating, Refrigerating and Air conditioning Engineers) articles.

These calculations are often carried out considering the peak demand of the system.

However, the cost of installation typically accounts for more than 30% of the total cost

of a GSHP system [45]. Therefore, designing a GSHP to handle the peak demand which

occurs only for a few days per year may not be economically reasonable. A hybrid

system that has a ground heat exchanger to handle the base load, and a conventional

system to use during peak days may have the potential to make these systems more cost

effective [46, 47]. Dickinson et al. considered the sizing of a bivalent ground source heat

pump system with a conventional system in the UK. The optimal system has shown

more than 60% of capital cost reduction while still covering 77% of operational cost and

67% Carbon emission reduction compared to the peak sized GSHP system [46].

A system that is designed to handle the base load may cover a very high percentage of

the total energy demand as the peak demands only occur for a short period of time.

Masih et al. designed a hybrid GSHP system that meets 70% of the peak demand and

showed that the designed system is still able to provide more than 90% of the total

energy demand for many cases [47].

Many studies in the literature suggest different design strategies for hybrid GSHP sys-

tems. Most studies use rule of thumb design methods that are developed from practical

experience. As an example, Canadian Standards Association suggests that residential

hybrid GSHP systems should be designed to meet 70% of the peak demand and the

rest of the 30% can be supplied by an auxiliary system [48]. However, these rules of

thumb may not guarantee the optimality of the design for all the residential buildings as

the heating and cooling load patterns of the buildings may widely vary. In addition, it

may also not be applicable to commercial buildings and sometimes result in oversized or

undersized systems. For example, Ni et al. found the optimal heating load distribution

for a GSHP and a gas boiler as 60% and 40% respectively for a building in China [49].
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Furthermore, shave factors for heating or cooling demand can also be introduced to find

the optimal GSHP capacity in hybrid systems [47, 50]. A shave factor simply represents

the ratio of the peak demand that is supplied by the GSHP.

When designing hybrid systems with multiple systems, finding the optimal sizes of the

components is important since over-sizing may incur high costs while under-sizing may

result in inadequate performance. Due to the combination of multiple energy systems,

the optimisation of hybrid systems becoming more complex. Various techniques that

have been used in literature to optimise the system design are discussed below.

2.3.1 Optimisation algorithms

Optimisation algorithms are used to compute the maximum or minimum of a mathemat-

ical function under given constraints. Optimisation of energy systems often considers

maximization of system efficiency, minimization of the cost or combination of both.

There are several types of optimisation methods that can be used depending on system

dynamics and the objective function.

• Classical techniques

Classical optimisation techniques such as Linear Programming, Dynamic Program-

ming or Non-Linear Programming can be used to find optimal solutions for dif-

ferentiable and continuous functions [51–53]. These models solve optimisation

problems in a deterministic manner and they are able to find the global optimum

of the objective function. However, due to the linearity requirement, mathemati-

cal models of complex components must be often simplified which might affect the

accuracy of results.

Zhao et al. developed an optimisation model for a serially connected ground-solar

heat pump system. The constrained variable metric method was used to optimise

the system considering both performance and economics of the system. The results

indicated that the optimal solution leads to a performance improvement of 17%

annual cost reduction of 12% [53].

• Metaheuristic techniques

Metaheuristic techniques are often used to optimise non-linear complex systems

using randomization and local search. Genetic Algorithm (GA), particle Swarm
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Optimisation (PSO) and Ant Colony (AC) algorithm are some of the metaheuristic

techniques used and these methods are often inspired by the behaviour of nature.

However, the solutions found using these techniques cannot be proven to be opti-

mal, and in practice may be quite sub-optimal depending on the problem difficulty,

starting solutions, the efficiency of the algorithm, and the time duration afforded

for solving an instance of the problem.

Lei et al. presented a model based design optimisation for a SAGSHP system.

A dimension reduction strategy is initially used to determine the key design pa-

rameters. Then a genetic algorithm was used as the optimisation technique to

identify the optimal values of these parameters to minimize the life cycle cost of

the system. The results indicated that the optimised system reduces the LCC of

the system by 20% and 10% compared to two baseline systems respectively [54].

Hoseyn et al. developed a multi objective optimisation model considering the ther-

modynamics and thermoeconomic of a vertical GSHP system with eight decision

variables. These decision variables include temperature profiles of heat pump com-

ponents and pipe diameter of the GHE. Evolutionary algorithm has been used as

the optimisation method to solve the system. A Pareto frontier is presented to se-

lect the suitable solution from available optimal points depending on the preference

for the objectives [55].

• Hybrid techniques

To overcome the limitations of individual techniques, hybrid techniques that com-

bine two or more methods are also widely used in the optimisation of energy

systems.

Miglani et al. developed an optimisation model using a bi-level multi objective op-

timisation approach. The model is solved using mixed integer linear programming

and genetic algorithm at the operational level and the design level respectively.

Many studies consider constant CoP values in the design process neglecting the

ground temperature variation. However, this novel approach enables consideration

of changing temperatures in the ground during operation [56].

Retkovski et al. used a mixed-integer non-linear programming approach to find

the optimal design of a vertical GSHP system. The design focused on finding the

borehole depth, amount of boreholes, mass flow rate and size of the heat pump, and



20

the objective function considered the combination of financial and thermodynamic

aspects of the system. To investigate the effectiveness, solutions obtained from

Generalized Reduced Gradient (GRG) and a hybrid method that combines GRG

and evolutionary algorithm were also compared. It was found that the GRG

method was able to provide a more stable and optimal solution much faster. It

was also able to improve the total annual cost more than 10%. On the other hand,

the optimality of the solution cannot be guaranteed for the evolutionary algorithm.

[52].

2.3.2 Simulations

In addition to optimisation techniques, simulation approaches are much more commonly

used in practice to optimise the design of hybrid energy systems. Simulations evaluate

the behaviour of the system for a number of alternative system designs selected by the

decision maker, whereas optimisation techniques find the best input variables without

explicitly evaluating each possibility. Therefore, simulations may further the under-

standing of the system behaviour with stronger analysis than optimisation methods.

Simulations can be carried out using numerical models [49, 57] or software tools such as

TRNSYS [58], EnergyPlus [59] and eQUEST [60].

TRNSYS is one such system simulation software tool that is widely used in studies

[36, 40, 61, 62]. In addition, there are optimisation programs that can be integrated

with simulation software. GenOpt is one such generic optimisation program that can be

used to optimise a function that is evaluated using an external simulation software such

as TRNSYS [63].

Farzin et al. used TRNSYS to compare the performance of a hybrid GSHP system

with solar thermal collectors and a conventional GSHP system for a house in Milton,

Canada. Results indicated that adding optimally sized solar collectors have reduced

the ground heat exchanger length by 15%. Furthermore, the analysis has also shown a

slight economic benefit of 8% for a 20 year life span. However, this study has considered

the same configuration of the system for both heating and cooling seasons, thus leading

to failure of the system during summer. The study has suggested possible solutions

such as not using solar collectors during summer, using a different heat pump and

increasing ground heat exchanger length. However, to utilize abundant solar thermal
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energy available during summer, it can be directed to hot water production or seasonal

thermal storage to use in winter. For better results, the performance needs to be re-

evaluated after modifying the system accordingly [61]. Si et al. also conducted TRNSYS

simulations to optimise the design and operation of a SAGSHP system [64]. The results

indicated that the variations of borehole depth had more influence on the CoP than

variations of the collector area.

Robert et al. used numerical simulations to find the optimal number of boreholes, their

depth, spacing and the size of the heat pump by minimizing the total cost of the system

[57]. In addition to the optimal parameters, they have also identified the number and

the depth of the boreholes as the most influential parameters by conducting a sensibility

analysis.

The parameters that were considered when designing the system such as environmental

conditions and energy prices can be changed throughout the project life, due to the

uncertain nature. The system can still be modified throughout the system life to perform

well in a constantly evolving environment. However, the possible modifications to an

installed GSHP system in an uncertain environment are not properly assessed in the

literature.

2.4 Comparison and feasibility studies of hybrid GSHP

systems

Building HVAC designers have many popular options available such as air source heat

pumps, electric and gas heaters. Therefore conducting a feasibility study for hybrid

GSHP systems is important to quantify the economic and environmental benefits over

such conventional systems [4, 29, 40, 65–69].

If properly designed, GSHP systems can provide substantial economic benefits than

conventional systems. Rice et al. conducted a feasibility study for a GSHP system

compared to conventional systems including ASHP and resistance water heater for five

locations in the U.S. Results indicated that GSHP systems performed best compared to

other conventional systems for all five locations with an average annual energy savings

of 55% [69].
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Biglarian et al. conducted a feasibility study of a SAGSHP system for heating in north-

western Iran. The economic and environmental aspects of the system are evaluated

against a GSHP, an Air Source Heat Pump (ASHP) and a natural gas heater. Results

indicated that for a 20 year life span, the natural gas heater has the lowest life cycle cost

followed by SAGSHP, GSHP and the ASHP. It is also found that both SAGSHP and

GSHP would become more economical than conventional systems if an incentive of 30%

is provided for the initial cost. Furthermore, the lowest carbon emissions were achieved

by the SAGSHP making it the most environmentally friendly heating system among the

selected systems [66]. Nouri et al. evaluated three different configurations of a SAGSHP

system with a standalone GSHP and conventional system [40]. Thee results indicated

that the SAGSHP has a payback period of 13 years compared to conventional systems.

However, the payback period is further reduced to 6 years when the environmental

effects of using fossil fuels and natural gas exporting income are taken into account. The

environmental effects were considered by way of a shadow price for carbon emissions.

Several economic metrics including simple payback period, internal rate of return [29],

net present value [29, 46, 68, 70], annual worth [29], external rate of return [29] and

discounted payback period, and environmental matrices such as carbon emissions [70]

have been used to evaluate energy systems. Life Cycle Cost (LCC) analysis is also an

effective way of determining the most cost effective system among several options since

it considers the cost of the system over the entire project life including installation,

maintenance, replacement and operational costs.

Lu et al. conducted a detailed economic analysis for GSHP systems in Melbourne

using various evaluation methods including Present Worth, Annual Worth, Internal

Rate of Return and External Rate of Return. The analysis found that ASHP systems

are marginally more attractive for a project life of 20 years. However, it was found

that an incentive of 8% of the tax credit on the capital cost can make GSHP systems

financially more attractive [29]. In addition, the long term heating and cooling demand

variation due to climate change can also be taken into account. However, Lu et al.

observed only minor effects when climate change is factored into their economic analysis

[29].

Most studies consider constant CoP values ranging between 3-4 when calculating the

operational cost of GSHP systems [29, 70, 71]. This might affect the accuracy of results
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since CoP varies as a function of EWT. In addition, the long term variation of the

ground temperature, and its effect on the CoP can be taken into consideration for better

accuracy.

Other factors such as building topology, environmental effects, and costs structure may

also have a direct influence on the feasibility of these systems. Michopoulos et al. demon-

strated how residential building topology affects the energy, environmental and economic

benefits of GSHP systems in Cyprus. Two types of typical residential buildings, a single-

family and a multi- family buildings are selected. Results indicated that buildings with

a lower A/V ratio (i.e. area to volume ratio) such as multi-family buildings benefit more

from GSHP systems than those with a higher A/V ratio such as single-family buildings

[68]. Girard et al. investigated the feasibility of a SAGSHP system for 19 cities in Eu-

rope with different solar radiation and climate temperature. The results indicated that

these systems are well suited for locations with high solar radiance and cooler climates.

However, greater operational cost savings were achieved by milder climatic conditions.

Larger variations of payback periods for the SAGSHP systems were seen ranging from

8.5 and 23 years from northern to southern localities [72]. Stuart et al. conducted a

feasibility study for GSHP systems in terms of net present value and carbon emissions.

The study was conducted for several locations with different energy costs and found that

GSHP systems are economically advantageous for locations with low electricity prices

[70].

In addition to deterministic methods, probabilistic methods based on Monte Carlo sim-

ulations can also be used to analyse the uncertainty in data. Zhu et al. performed a

comparison of a deterministic and a probabilistic method of analysing the life cycle cost

to evaluate the impact of data uncertainties. the results indicated that the probabilistic

method delivered more reliable results with critical information than the deterministic

method [73].

2.5 Optimising the Control of GSHP Systems

Besides the system design optimisation, integrating an efficient control for the GSHP

system is another effective way of offsetting the high initial cost of the system. Set point

control based on simple rules is the most commonly used control method in HVAC
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systems. Furthermore, near-optimal design will explicitly consider the effect of near-

optimal operation.

2.5.1 Model based control in HVAC systems

In addition to set point control, model based approaches such as Model Predictive

Control, fuzzy logic and Proportional Integral Derivative (PID) are also used in building

thermal control [74–76].

Mary et al. proposed a novel control for HVAC systems in multi-zoned shared spaces.

The model was developed using Interval Type 2 Fuzzy Logic System considering the

varying dynamics of the occupants in time and space. The results suggested that the

performance of Type 2 fuzzy logic is better than the type 1 fuzzy logic system in terms

of energy consumption [75].

Consideration of thermal comfort is also necessary for a quality living environment for

the residents. Therefore, an effective controller not only takes cost and energy savings

but also considers the thermal comfort of the occupants. However, in extreme weather

conditions, some building standards allow the room temperature to occasionally leave

the comfort bounds [77].

Attia et al. investigated the performance of a fuzzy logic control for an efficient HVAC

system control while maintaining comfortable conditions. The performance was then

compared with a conventional PID controller. They have found that the proposed

method satisfies the load and comfortable levels while the PID controller fails to fails to

maintain the room temperature at part loads [76].

Model Predictive Control (MPC) is also a widely used control method that has been

employed in many studies across many different application domains. MPC can be

used to take appropriate actions by taking the changing conditions into consideration.

This control method is performed iteratively. The optimal operation of the system is

determined for a finite horizon using step ahead predictions. At each iteration, the first

set of solutions are implemented, and solutions for next time intervals are calculated

again with newly available information using a moving horizon.

MPC is a widely used control strategy in building heating systems to improve the per-

formance of the system [78–80]. Mehdi et al. proposed a model based hierarchical
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controller for a HVAC system to balance the energy consumption and thermal comfort.

The building was model as a thermal network and MPC was implemented as the control

method. The results showed a reduction in building energy consumption by 73% for

MPC [80].

In addition, significant savings can be achieved by employing MPC to control heating

systems integrated with storage systems, since the storage systems can be utilized as

flexible energy consumers [81]. Active storage methods such as thermal energy reservoirs

and building thermal capacity, i.e., the passive thermal storage in the structure of the

building can also be used as a thermal storage to shift the energy consumption of HVAC

systems [82–84].

James investigated the utilization of building thermal capacity to reduce the operation

cost of a HVAC system while maintaining thermal comfort for residents [84]. The cooling

loads were shifted from daytime to night time using the building capacity for several

reasons including reduced peak demand and low night time electricity price. Results

indicated that significant energy savings and reduced peak demand can be achieved by

utilizing the thermal storage within the building structure. However, the percentage of

savings strongly depends on several factors such as electricity price structure, weather

conditions, occupancy schedule and the building thermal capacity.

In the operation of a heat pump, the COP is used to determine the amount of electricity

consumed by the system. The COP depends on the evaporator inlet temperature of the

heat pump. Therefore, model base controllers can be used to increase the efficiency of

GSHP systems by controlling EWT, ultimately controlling the COP [82, 85, 86].

In addition, anticipating weather conditions can also increase the efficiency of the heating

system significantly. Candanedo et al. employed weather forecasts in MPC to control

a photovoltaic thermal system in a house in Canada [81]. The available solar fraction

was utilized over a 48 hour horizon to reduce the backup energy source for the heating

system. They found out that the energy consumption of the heat pump was reduced

by 23.4% by using MPC and the photovoltaic thermal system was able to supply 70%

of the heating needed for a house in Canada. Henze et al. investigated a model based

predictive controller for active and passive thermal storage control incorporating short

term weather conditions. The results indicated a cost saving of 17% is achieved by the
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proposed methods even with imperfect forecasts and a mismatch between the building

model used for the controller and the actual building [83].

Building occupants are one of the main factors that influence the thermal behaviour of a

building. There are heat gains, heat losses and constraints on comfort requirements that

arise due to occupant’s behaviour and preference. Incorporating occupancy prediction

into the controller can also improve the performance of HVAC systems [75, 87, 88]. Jin et

al. proposed an occupancy based controller to improve the efficiency of a HVAC system.

A comparison of three mathematical models that are used to model the occupancy is

presented to evaluate the accuracy of the prediction. All three models are shown to have

an accuracy of 70%. In addition, a 20% energy saving can be achieved by the occupancy

based control algorithm while still maintaining thermal comfort for the occupants.

Optimising the system conditions according to electricity price profile can further reduce

the energy consumption and operational cost by shifting the electricity consumption to

periods with lower electricity prices [83, 86]. In this context, the price profile typically

refers to the pricing differentiation between peak (more expensive) and off peak (less

expensive) times. Reducing the peak demand benefits the consumer by lowering the

electricity cost during times with high electricity prices. On the other hand, it is gener-

ally seen as beneficial to network operators or retailers due to the reduced spiked in the

demand thus reducing the strain on the electricity network or the wholesale electricity

costs needing to be met by the retailer. Tahersima et al. optimised the operation of an

air/ground source heat pump system using a two level hierarchical control structure. A

proportional - derivative controller is used at the bottom level to maintain the temper-

ature set point of the room while a MPC is used at the top level to maximize the CoP

of the heat pump by controlling the supply water temperature. The prior knowledge of

weather forecast and electricity price is utilized to minimize the electricity cost of the

system while maintaining the comfort levels for the residents. The results of this study

suggested that prior knowledge of weather conditions turned out to have a negligible

effect on the cost savings despite the improved comfort for the residents. On the other

hand, the utilisation of a electricity price forecast resulted in a significant saving in

electricity cost [86].

There can be many challenges in the actual implementation of model based controllers
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for heating systems. There could be performance reductions resulting from model simpli-

fications and due to forecast errors. Furthermore, there may be errors in load predictions

due to the influence of occupants, particularly for public buildings.

The practical implementation of MPC may require data acquisition, optimisation, and

software and hardware implementation. In addition, setting up the database, main-

tenance of sensor systems, prediction and optimisation in a complex controller would

be more costly and time consuming than setting up a simple rule based set point con-

troller. Therefore, a comprehensive study has to be undertaken to explore the risk in

implementing a complex controller and if the savings it offers outweigh the investment

cost.

There are no indications in the literature on optimising the intermittent use of heat

sources considering the time of use electricity price. Controlling the heat source of a

SAGSHP system to minimize the peak electricity demand and operational cost is also

poorly investigated.

2.5.2 Optimisation methods

Several optimisation techniques are used in literature to optimise the mathematical mod-

els developed for HAVC system control. These studies explore the optimisation of control

strategies and set points of HVAC systems to improve overall system performance.

Optimisation techniques can be considered as an effective tool to identify optimal control

strategies within an energy system. This section describes a few deterministic techniques

that have been used in literature to optimise HVAC operation.

Optimisation algorithms

Sivasakthivel et al. proposed a methodology to optimise the operating parameters in-

cluding condenser inlet and outlet temperature, evaporator inlet and outlet temperature

and dryness fraction of a GSHP system using Taguchi method [89]. Taguchi optimisation

is an experimental optimisation method that has standard orthogonal arrays to form the

matrix of experiments. This matrix can be then used to obtain maximum information

from a minimum number of experiments and the most optimal parameters.
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Zeng et al. optimise the operation of a hybrid system that includes a GSHP system to

minimize the CO2 emissions and the cost of the system. This control problem is solved

using a multi population genetic algorithm. However, in this study, a discussion on the

variation of the ground temperature is not presented. When optimising the control of

the GHE, the variation of the ground temperature and resulting CoP variation has to

be considered for better accuracy.

Ikeda et al. developed a methodology to optimise the control of a hybrid GSHP system

considering the dynamic temperature variation of the ground [90]. The problem was

solved using a meta-heuristic (epsilon-constrained differential evolution with random

jumping) that can handle the non-linear behaviours of the system. This algorithm

showed a reduction of the operational cost for the system by up to 12.5%.

Dynamic programming is also a well known method that can be used to optimise non-

linear systems. However, solving some control problems of GSHPs using dynamic pro-

gramming may not be suitable due to the requirement of multiple combinations of dis-

crete decision variables. It may need a high computational cost to solve the problem.

In addition, this discretization of variables may also affect the accuracy of the model.

To develop optimisation algorithms and to accurately predict the system behaviour,

the dynamics of the system components need to be modelled as accurately as possible.

GHE is one of the complex components in GSHP systems. Several mathematical models

developed for the borehole have been discussed in Section 2.1.2. However, limitations

and constraints of optimisation algorithms such as linearity requirements and running

time, have to be considered when developing or selecting a suitable mathematical model

for the GHE.

Simulations

Simulations have also been used to explore the system behaviour and analyse various

operating strategies. These are often used to compare different operating strategies.

The simulation tool TRNSYS has the ability to design, simulate and analyse controls

strategies of energy systems [64].

Yavuzturk et al. conducted a comparative study on three operating modes of a hybrid

GSHP with a cooling tower for a cooling dominant climate. Simulations were carried out

for 20 years to determine the best control strategy among the selected methods. Results
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suggested that using a different control strategy leads to a lower initial and operational

cost [91].

2.5.3 Optimisation under uncertainty

The heating and cooling demand of a building with a given structure and fabric primarily

depend on the weather conditions and the behaviour of the occupants. Due to the

inherent uncertainty about weather and occupant behaviour, an effective controller must

consider these uncertainties in decision making.

Uncertainty can be considered as two forms: endogenous and exogenous [92].

• Exogenous uncertainty - The uncertainty is independent of the decisions made by

the decision maker

• Endogenous uncertainty - The uncertainty depends on processes occurring within

the system and for which system management decisions have influence

In a HVAC system, the decision maker has the ability to decide on optimal decision

controls such as building indoor temperature and humidity settings. Weather conditions

such as ambient temperature and solar radiation are uncontrollable, exogenous variables

as they are independent of the decisions made by the residents. On the other hand, the

endogenous occupancy uncertainties may be predictable and controllable if the building

occupants react according to the building climate control such as room temperature and

humidity. However, it can also be considered as an exogenous variable if the occupants

behave independent of these control decisions.

Approaches in the literature that can handle uncertainty in energy systems include

those based on dynamic programming and mixed integer programming techniques. In

this thesis, the focus is on stochastic dynamic programming because it can account for

optimal future decision making and all possible realisations of the uncertain exogenous

variables.

The optimal decision of a temporal process at a given time can be obtained from stochas-

tic dynamic programming by solving the Bellman value function (Equation 2.4) pre-

sented by Richard E. Bellman [93].
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Y (X,α) = max
α∈C

f(t,X, α) + S(αt, αt−1) + Φ(t,X, α) (2.4)

where f is the value of selecting the control α at time t, S is the switching cost from

control αt−1 at time t − 1 to control α at time t, and Φ is the conditional expectation

function at time t for being in state X and selecting the control α. The use of Bellman’s

equation avoids needing to explicitly visit many combinations of the state variables of

the problem.

Stochastic dynamic programming is a widely used approach in solving sequential decision

making problems under uncertainty. It provides the optimal decision policy that can

be applied to any given situation. The use of dynamic programming in this way in the

finance domain is often for Real Options valuation. It is a powerful tool in evaluating

the flexibility of decision making under dynamic uncertainties.

The application of dynamic programming may have drawbacks in some problems. It

requires exploration of all feasible combinations of state variables across the entire state

space. This will require extensive computational power and may become unmanageable

if the number of states increases. This is referred to as the ‘curse of dimensionality’ [94].

Therefore, there may be a trade off between the accuracy and the required computa-

tional power when deciding the resolution of the state space. However, approaches have

been considered to manage a large number of states in a problem to avoid the curse of

dimensionality of this method.

Powell et al. [95] presented Approximate Dynamic Programming (ADP) to overcome the

curse of dimensionality of large and complex problems by using approximations of the

classical Bellman’s value functions. In additions, methods such as ‘Least Square Monte

Carlo’ (LSMC) and ‘Control Randomisation’ have also been introduced to alleviate this

issue [96, 97].

In LSMC, a large number of Monte Carlo simulation paths for uncertain parameters

are generated. Control Randomization can also be integrated by randomly choosing the

control for each path at each time step. It has also been extended to general regression

methods and to more general stochastic control problems [98].

The regression-based LSMC approach is a versatile simulation based approach that

has the ability to handle complex non linearities in a system. It consists of a forward
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and a backward loop. In the forward loop, multiple realizations have been generated

for the uncertain parameters. During the backward loop, a conditional expectation

approximation is computed for a time interval by regressing the path’s future cost-to-go

against the corresponding state variables and of the next control.

This approximation is then used to find the best control strategy by computing the future

cost-to-go for each path for each control decision. The regression predicted, lowest cost

to go is used to select the next control decision. The cost-to-go for each path is then

updated by adding the cost of the current time step to the future cost-to-go for the

selected optimal control. This process is repeated until the first time step, to find the

best control with the lowest cost-to-go.

Recent work published has extended the traditional LSMC approach in various ways.

Langren et al. [98] implemented a memory reduction method by storing the seeds of

the random number generator during the forward loop as a solution for the memory

requirement of the traditional method. Furthermore, Machine Learning techniques such

as reinforcement learning and neural networks have also been integrated to solve the

drawbacks of the traditional approach [99–101] that severely limit the number and levels

of the state variables, but at a cost of extended computational times. The convergence

time of algorithms has been improved by using Neural Networks to approximate the

optimal control decision in the spirit of deep reinforcement learning.

This approach has been used in a wide variety of applications including management

of resources, investment in infrastructure, and developing stochastic control policy [98,

102, 103]. In energy systems, the ROV approach has been used to determine the optimal

timing of investment, optimal operation under uncertain conditions and inventory con-

trol [104–107]. However, the application of this approach in optimal control of a HVAC

system has not been investigated in the literature.

Other optimisation methods have also been used to control HVAC systems optimally in

the literature under uncertain conditions. Zhang et al. investigated a novel controller

for a building HVAC system that takes predictions of weather (outside air tempera-

ture, wet bulb temperature, and solar radiation) and internal gains into consideration

[77]. Randomized Model Predictive Control based on scenario approach is developed

to consider the uncertainty of these parameters. The proposed method considered the

uncertainties by basing the control actions on a given number of sample scenarios. The
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absence of a probabilistic disturbance model makes the handling of uncertainty straight

forward compared to existing methods even if they are non-Gaussian or non-additive.

This approach was found to outperform the deterministic MPC that makes the control

decision assuming that the forecasts are perfect.

Oldewurtel et al. developed a stochastic model predictive controller that takes the

uncertainty of weather conditions including atmospheric temperature, wet bulb tem-

perature and the solar radiation into consideration [108]. A stochastic bilinear model

was developed with time varying probabilistic constraints and simulations were carried

out to explore the performance of the developed model. Results showed that the de-

veloped model significantly outperformed both rule based controller and the predictive

non stochastic controller. However, they have not considered the effect of occupancy on

building climate control.

Chen et al. developed a two layer optimisation model which aims to minimize the

electricity consumption while maximizing thermal comfort [109]. The upper optimisation

layer that takes the uncertainty of the temperature of the day into account is developed

based on chance-constrained programming. The lower optimisation model is used to

optimise the heat pump unit for different performance curves of multiple heat pumps

using the PSO algorithm. The results showed an improved energy efficiency with a lower

cost of electricity while maintaining the thermal comfort of the occupants.



Chapter 3

Optimised Design and

Performance Evaluation of

Hybrid Ground Source Heat

Pump Systems

Using a combination of multiple energy systems is often considered when each of the

individual systems has drawbacks. However, finding the optimal system design for hybrid

systems that combine multiple energy sources may be difficult due to the complexity of

these systems. This work focus on finding the optimal system design and performance of

a residential hybrid GSHP system that consists of a borehole, solar thermal collectors,

thermal storage and a conventional heater.

In this study, a mathematical model was used to simulate and explore system perfor-

mance. The developed mathematical model was verified using real data collected for

over 16 months in a residential SAGSHP system in Footscray, Victoria, Australia.

The design of hybrid GSHP systems requires knowledge of the building energy demand,

heat pump characteristics and thermal properties of the ground, solar thermal collectors

and thermal storage tank. The heating and cooling demand of the building is calculated

using the bin method which is widely used in designing residential thermal systems [29].

The characteristics of the heat pump, thermal storage and solar collectors have been

33
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obtained by the manufacturer’s data sheet and from collected data. Furthermore, the

ground thermal properties have been measured experimentally using a thermal response

test. A detailed description of mathematical models of components is presented in

Section 3.2 of this chapter.

The contributions of this work are presented in a published manuscript and a manuscript

that has been submitted for publication.

The first conference paper explores the optimal design variables of a hybrid SAGSHP

system that is used only for space heating and cooling. The subsequent journal paper

presents a comprehensive investigation of the performance of a hybrid GSHP system

that is used for both space conditioning and hot water.

3.1 Published Conference Paper

This paper focuses on finding the most economic system design for a hybrid GSHP

system that has been utilized for space heating and cooling. Borehole depth, solar

collector area and the size of the thermal storage tank have been considered as essential

design criteria.

H. Weeratunge, J. d. Hoog, S. Dunstall, G. Narsilio and S. Halgamuge, ”Life Cycle

Cost Optimization of a Solar Assisted Ground Source Heat Pump System,” 2018 IEEE

Power & Energy Society General Meeting (PESGM), Portland, OR, 2018, pp. 1-5. doi:

10.1109/PESGM.2018.8586063
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Abstract—There has been an increased interest in reducing the
cost and environmental impact of building heating, ventilation,
and cooling systems by using hybrid renewable energy systems.
Among them, heat pumps which combine geothermal and solar
thermal energy have gained attention due to their high efficiency
and reliability. However, such systems can have high install costs.
It is therefore important to design them in an economically
optimal way, and to evaluate and compare them to conventional
solutions over the full system life cycle. This paper presents
a detailed study into the optimal system operation and design
of a Solar-Assisted Ground Source Heat Pump system. The
design variables include solar collector area, borehole depth and
volume of the thermal storage tank. The operation and design
methodology is demonstrated using data gathered from a real
system in Melbourne, Australia. For this system and location, the
outcome is that an optimally designed Ground Source Heat Pump
system should cover approximately 90% of the total heating
demand, with the remainder covered by conventional sources.
The approach can be applied in the same way to other systems
and other geographies.

I. INTRODUCTION

The potential use of renewable energy systems in buildings
has received increased attention in recent years due to the sig-
nificant energy consumption by the building sector. Geother-
mal energy is increasingly recognized as a potential alternative
energy source for heating, ventilation and air conditioning
(HVAC) of buildings, particularly given that HVAC systems
are typically responsible for nearly 40% of total building
energy demand. The advantages of geothermal systems over
conventional systems are that they typically have a lower
environmental impact, higher efficiency, lower operating cost,
and are technically straightforward to implement and run.

Shallow vertical geothermal systems, which are also known
as Ground Source Heat Pump (GSHP) Systems, use the ground
as a heat source in winter and as a heat sink in summer. Water
or another solution is circulated through pipes in boreholes,
drilled to depths of tens of metres. At these depths, the ground
temperature is close to the mean annual atmospheric tem-
perature, which is warmer than the atmospheric temperature
in winter, and cooler in summer. Therefore in winter the
circulating fluid extracts the heat from the ground and delivers
it to the building via a heat pump, and in summer the system
may be reversed and heat can be rejected from building to
ground [1].

However, when excessive heat exchange takes place over
long operating horizons, the surrounding ground temperature

may gradually be affected, reducing the effectiveness of the
system [2]. Therefore, a supplementary heat source or sink
must sometimes be used to overcome this challenge. For
heating-dominant systems, one promising way to address this
has been to introduce a solar thermal system alongside the
geothermal system, resulting in a so-called Solar Assisted
Ground Source Heat Pump (SAGSHP) system [3]. This hybrid
approach can reduce the risk of long-term changes in ground
temperature, and lead to an increase in total system efficiency
and reliability.

HVAC systems are typically designed to handle peak loads
which may only occur on a few days per year [4]. For
geothermal systems (where there is a significant initial install
cost that is based to a large part on borehole depth) this can
lead to an oversized, uneconomic design. In particular where
conventional HVAC systems (such as reversible air source heat
pump systems, gas heating or electric heating) may also be
available, the optimal size of the geothermal system may be
to only provide a certain percentage of peak load.

In designing a SAGSHP system it is important to consider
such design criteria as the borehole depth, area of the solar
collectors, and volume of the thermal storage tank. Finding the
optimal set of these design parameters, as well as finding the
optimal trade-off between SAGSHP and conventional HVAC,
are important research questions. Since the initial cost of a
SAGSHP system is quite high relative to conventional HVAC,
it is important to conduct a feasibility study over the full life
cycle of the system. While several existing studies explore
the design variables of SAGSHP systems, to date this full life
cycle analysis of the cost and performance for different system
capacities and design parameters has not been extensively
considered. In addition, the full life cycle comparison to
GSHP-only systems remains an important question.

This paper aims to contribute to the literature addressing
these questions, by (i) conducting a full life cycle cost analysis
of a SAGSHP system for different capacities and sizes of
components using numerical simulation, and (ii) conducting
a life cycle cost comparison of a SAGSHP system to a GSHP
system. The basis for the comparisons is a dataset using real
data sourced from a SAGSHP system installed in Melbourne,
Australia, as well as solar irradiation data from the Australian
Bureau of Meteorology.



II. RELATED WORK

Several studies have been conducted on the optimal design
of SAGSHP systems using TRNSYS [5], a dynamic energy
simulation software [3], [6], [7]. Optimization methods such
as mixed integer linear programs, evolutionary algorithms
and genetic algorithms have been used to select the optimal
component sizes of energy systems. Mixed integer linear
program can be effective at finding globally optimal solutions
of linear and convex problems, but in this area of study many
of the relevant systems are best modelled non-linearly, so
the application of evolutionary or genetic algorithms is more
common. However, for these methods one possible drawback
is the inability to prove the solution is globally optimal or even
close to it [8], [9].

There have been numerous recent studies comparing the
economic feasibility of GSHP systems to conventional HVAC,
using many different methods. Simpler methods include
present value [10], internal rate of return [4], [10], and
simple payback period [3], [10], [11]; more advanced methods
include external rate of return, annual worth and discounted
payback period [12]. Lu et al. [12] conducted a detailed
comparison of GSHP systems to conventional HVAC systems
for climate conditions in Melbourne, Australia for all of the
above methods and found that for a design life of 40 years,
GSHP systems are financially more attractive than alternative
systems. However, most existing work uses constant values of
efficiencies to compute the operational cost of systems, which
may significantly differ from the actual values which vary with
factors such as ground temperature [10], [12].

Many studies have been conducted to compare the feasi-
bility of GSHP systems with different active heating system
configurations [4], [12]. Girard et al. have compared the per-
formance of GSHP and a solar coupled GSHP systems for 19
locations [11]. It was found that the payback periods of solar
coupled GSHP for those locations are between 8.5 - 23 years
and that these systems are most suitable for locations with high
solar irradiation and cool climates. Zhua et al. have compared
the life cycle cost of a GSHP systems using deterministic and
probabilistic analysis based on Monte Carlo simulation and
concluded that the probabilistic method delivers more critical
information than the deterministic method [13].

However, much of the work to date has focussed on
optimising the design and economic feasibility analysis of
GSHP systems. Full life cycle assessment and comparison of
SAGSHP systems to GSHP systems and alternative HVAC

Fig. 1. System configuration

 

Solar 
collector 

model 

  𝑇𝑇𝑡𝑡𝑠𝑠 > 𝑇𝑇𝑠𝑠,𝑚𝑚𝑚𝑚𝑚𝑚 
Or Cooling mode

Yes 

No 

Domestic 
 hot water 

(Not Considered) 

𝑄𝑄𝑡𝑡𝑠𝑠𝑠𝑠𝑠𝑠𝑚𝑚𝑠𝑠 
  

Ground 
model 

𝑇𝑇𝑡𝑡
𝑔𝑔

Tank 
model 

𝑇𝑇𝑡𝑡𝑠𝑠 

Start 

Heating Cooling 

  𝑇𝑇𝑡𝑡
𝑔𝑔 > 𝑇𝑇𝑔𝑔,𝑚𝑚𝑚𝑚𝑚𝑚 
𝑇𝑇𝑡𝑡𝑠𝑠 > 𝑇𝑇𝑠𝑠,𝑚𝑚𝑚𝑚𝑚𝑚 

Yes 

Solar 
source mode 

Ground 
source mode 

  𝑇𝑇𝑡𝑡𝑠𝑠 − Δ𝑇𝑇 > 𝑇𝑇𝑡𝑡
𝑔𝑔 

No Yes 

No 

Auxiliary 
heating 
mode 

Fig. 2. Operation of the system

systems remain open questions, that we hope to contribute to
in this paper.

III. DESIGN VARIABLES AND SYSTEM ANALYSIS

The SAGSHP system under consideration in this study is
shown in Figure 1. This system consists of solar thermal
collectors, a thermal storage tank, a ground heat exchanger and
a heat pump. Borehole depth (L), area of the solar collectors
(As) and the volume of the thermal storage tank (V ) are
considered to be the main design variables of this system.
While this is not the only way that a SAGSHP may be
configured, we consider this a commonly used design [6], [14]
and reasonably representative of most such systems in terms
of the economic analysis we conduct.

A mathematical model was developed for this system based
on experimental results. The air temperature and ground
properties were obtained from locally measured data, the solar
irradiation values were obtained from the Australian Bureau of
Meteorology, and both heating and cooling demand under real
conditions were investigated. Half-hour intervals over a period
of one year were considered in the following simulations.

A. System Description

The operating mode and the control strategies of this
SAGSHP system are presented in Figure 2. In this scenario,
we assume a heating-dominant environment (heating demand
exceeds cooling demand), and therefore assume that cooling
demand in summer can be fully met by the ground source (this
assumption is able to be verified using data for the climatic
conditions of Melbourne). For heating demand, however, the
heat pump may use either the ground or the thermal storage
tank as the heat source, depending on their respective temper-
atures. When the temperature of the tank exceeds the ground



temperature by 5oC, the heat pump utilises the tank as the heat
source. When both ground and tank temperatures reach their
minimum allowed temperatures, the auxiliary heater is used to
provide additional heating. When the solar radiation intensity
is high, the temperature of the water in the tank may exceed
the maximum allowed entering water temperature of the heat
pump. In that case, the heat gained from the solar collectors
is directed to domestic hot water production, which we do not
consider further in this study. During the cooling season, all
heat from the solar collectors is directed to domestic hot water
production.

B. Heat Pump

The efficiency of a heat pump is typically measured by the
Coefficient of Performance (COP) for heating, and Energy
Efficiency Ratio (EER) for cooling. These values simply
represent the amount of output energy (heating demand Dh

t

and cooling demand Dc
t ) per one unit of electricity (Ehp

t ):

COP =
Dh

t

Ehp
t

EER =
Dc

t

Ehp
t

The COP and the EER of a heat pump depend on the Entering
Water Temperature (EWT) of the heat pump, and the variations
of those values are generally provided by the heat pump
manufacturer. The energy balance of the heat pump at a given
time t can be modelled as:

Ehp
t +Qhp,in

t = Qhp,out
t

where Qhp,in
t is the heat exchanged with the heat sources

over interval t and Qhp,out
t is the demand which needs to

be provided by the heat pump (i.e. Dh
t −Dc

t , considering the
direction of heat transfer).

C. Ground Heat Exchanger

The most important design factor in a GSHP system is
the depth of the borehole because the majority of the in-
stallation cost is typically due to its drilling. The borehole
heat exchanger is used to extract and reject heat from and
to the ground. The temperature response of the ground has
been investigated in many studies [15]. The thermal alteration
(∆T g

t ) for a time varying thermal load (Qg
t = Qg,in

t −Qg,out
t )

can be expressed by the following equation approximating the
thermal load to a piecewise linear function:

∆T g
t =

1

4πλL

[
N−1∑

j=1

(
Qg

j+1 −Qg
j

)
EI

(
r2b

4α∆t(N − j)

)]

where t = N∆t. The ground temperature at the borehole
(T g

t ) can then be obtained knowing the undisturbed ground
temperature T g

0 :
T g
t = T g

0 + ∆T g
t

The fluid temperature of the outlet of the borehole (T g,out
t )

can be determined by combining the heat transfer of the fluid
and the borehole thermal resistance (Rb) [15]:

T g,out
t = T g

t −
(

1

2mCp
− Rb

L

)
Qg

t

where Cp and m are the specific heat capacity and the
mass flow rate of the circulation fluid. Finally, the borehole
resistance can be calculated using [15]:

Rb =
1

2πλb
log(

rb
rp,eq

)

The above equations depend on the thermal properties of
the ground (thermal conductivity λ, thermal diffusivity α),
properties of the grout (thermal conductivity of the grout
material λb) and the geometry of the borehole (equivalent pipe
radiusrp,eq , borehole radius rb and borehole depth L).

D. Solar Collector Area

The useful solar gain by the collector (Qs
t ) is obtained by

assuming the efficiency of the collector (ηs) is a constant.
Even though the efficiency actually depends on many factors
such as collector temperature, ambient temperature and solar
irradiation (I), for the simplicity of mathematical model this
is a widely used assumption in this area of study [16].

Qs
t = AsItη

s

E. Thermal storage tank

A fully mixed model of a typical insulated direct hot water
tank has been applied, which assumes a constant temperature
throughout the tank. The governing equation of the thermal
storage is obtained taking the energy balance of the tank into
consideration:

V ρCp
T s
t − T s

t−1

∆t
= Qs,in

t −Qs,out
t − UAst(T s

t − T a
t )

where V is the tank volume, ρ is the density of the fluid, Cp

is the specific heat capacity, U is the coefficient of heat loss,
Ast is the tank’s external surface area, T s

t is the temperature
of the tank, and T a

t is the atmospheric temperature.

F. Auxiliary Heater

The given HVAC load depends on geography and local
climate conditions. We have for our use-case a system in
Melbourne, Australia, for which heating load is approximately
4.5 times the cooling load (ie, a heating dominant load).
Therefore, an additional auxiliary heater is used as a backup
system for heating when the ground and thermal storage
tank has reached the minimum temperature. In particular we
consider the use of a gas heater as the auxiliary heating method
since gas is currently a cheaper and more common form of
heating than electricity in Melbourne. Therefore the gas usage
is obtained from the following equation.

Qaux
t ηaux = Dh

t

where Qaux
t is the thermal energy provided by the heater, its

efficiency is ηaux, and Dh
t is the heating demand at time t.



TABLE I
PARAMETERS

Heat pump fluid water
Specific heat capacity of the fluid Cp 4200 JoC−1kg−1

Density of the fluid ρ 1000 kgm−3

Heat pump fluid mass flow rate m 0.28 kgs−1

Collector efficiency ηs 70%
Borehole radius rb 0.07 m
Equivalent pipe radius rp,eq 25 mm
Borehole thermal resistance Rb 0.035 moCW−1

Grout thermal conductivity λb 2.03 W oC−1m−1

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

Ground thermal conductivity λ 1.90 W oC−1m−1

Undisturbed ground temperature T g
0 16.7oC

Gas efficiency ηAux 70%

G. Economic Evaluation

Life Cycle Cost (LCC) is one of the most suitable evaluation
methods for building energy systems since it considers both the
initial cost (size) and the operation (efficiency) of the system
[7]. The LCC in terms of net present value is considered as
follows where Cin, Cop, Crep are initial cost, operation cost
and the replacement cost of all the components:

LCC = Cin + Cop + Crep

A 30-year project life is considered for the analysis. The
economic values and Present Value calculation used in this
study are described in detail in [12] which is a detailed
economic analysis of vertical GSHP systems in Melbourne.
Other parameters used in this study are presented in Table I.

IV. RESULTS

Figure 3 illustrates the variation of the LCC of a SAGSHP
system that also has an auxiliary gas heater available. Each
surface represents one of two tank sizes (250 L, 500 L). It can
be seen that minimal LCC is achieved for a bore hole depth
of 70m. For depths shorter than this, the decreased borehole
capital cost (less drilling) is outweighed by the increased solar
capital cost, and the increased operational cost (more need for
conventional HVAC to support demand). For depths longer
than this, the decreased operational cost is outweighed by the
increased capital cost (more drilling).

At short borehole depths the LCC is reduced for larger solar
collector sizes. Since less of the load is met by the ground
source, there are benefits to meeting the load with additional
solar energy (instead of HVAC). However, for longer borehole
depths, the LCC is reduced for smaller solar collector sizes.
This is due to the fact that most of the heating load is being
met by the ground source, and less solar energy is required. We
do not at this stage consider the additional benefits that solar
hot water might provide to the domestic hot water system; if
we did, then we anticipate that larger solar collectors would
be attractive at all borehole depths (since solar hot water is
known to be an economically attractive option in any case).

As seen from the figure the most economic SAGSHP system
has a borehole depth of 70m and solar collector area of 2m2.
The 30-year LCC of this system is approximately AU$ 81,800.
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The remaining results are shown for the 250 L tank only,
since this has a lower LCC than the 500 L tank. Figure 4
represents the variation of the average COP in heating mode,
and shows that it increases for both greater collector area and
longer borehole depth. This is due to the fact that additional
energy from both ground and solar increases the entering
water temperature of the heat pump, which in turn has higher
efficiency at higher temperatures. Figure 5 shows the fraction
of the auxiliary heat supply required by the SAGSHP system.
For the optimal system selected from Figure 3, an auxiliary
heat supply of 7% is required. For the SAGSHP system to
supply all heating demand (i.e., no auxiliary heat), a borehole
depth of at least 110m and a solar collector area of at least
6m2 would be needed.

To further understand the benefit of adding solar energy
to the system, we show the Life Cycle Cost of a GSHP-only
system with an auxiliary gas heater in Figure 6. For an optimal



borehole depth of 70m, the auxiliary heat source would have
to cover 8.8% of the total heating demand.

Table II represents the most economic system designs
for various systems. For buildings without existing heating
systems, a ground source heat pump system which can supply
the total demand is the most economic choice, with the lowest
30-year LCC at AU$ 74,200. For a retrofit building which
already has gas heating, the LCC is calculated omitting the
initial cost of gas heaters and keeping the replacement cost the
same. In such a case it is more economic to design a GSHP
system which covers only a proportion (91.2% for this case
study) of the total heat load. This has reduced the borehole
length by 50m.

We emphasise again that the above results do not consider
the additional value that solar thermal collectors provide to a
secondary system, domestic hot water, which we have not con-
sidered here. It is well known that solar hot water is typically
a good economic choice with a relatively short payback period
[16]. If a solar hot water system can additionally be connected
to a SAGSHP there are likely to be additional benefits which
we intend to study in future work. For now we provide the
comparison to an SAGSHP system that does not consider the
cost of solar collectors in the LCC calculation: this would be
the most economic system with an LCC of AU$ 71,300.

V. CONCLUSION

This study presents an optimization of the 30-year Life
Cycle Cost of a SAGSHP system for building heating, ven-
tilation, and air conditioning. A comparison to a GSHP-only
systems is provided. A case study is shown for a real system
in Melbourne, Australia. The results will change for other
systems in other locations, but the general approach is relevant
to any SAGSHP system. Based on the results obtained in this
study, the following conclusions can be drawn:

• If a retrofit building already has a conventional heating
system, the life cycle cost can be reduce by designing
the SAGSHP (or GSHP) system to cover a proportion of
the total heating demand. This proportion depends on the
heating pattern of the building and climate conditions.

• SAGSHP systems for heating and cooling are economi-
cally beneficial if they can be integrated with domestic
hot water systems

These results suggest that there is significant value in con-
ducting a full LCC analysis when designing GSHP systems
as the optimal design will be heavily affected by the load
pattern of the building and climate conditions of the location.
In future work, we intend to fully include the domestic hot
water production for the analysis. In addition the comparison
of ground source heat pumps with conventional systems will
be studied.
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TABLE II
SUMMARY OF RESULTS

System LCC (AU$) Optimal Design Parameters
SAGSHP System 78,100 L=110m, As=6m2, V =250L
SAGSHP System
(discounting hot water)

71,300 L=110m, As=8m2, V =500L

SAGSHP System + Gas
(if already exists)

77,600
L=70m, As=2m2, V =250L

SAGSHP System + Gas 81,800
GSHP System 74,200 L=120m
GSHP System + Gas
(if already exists)

73,500
L=70m

GSHP System + Gas 77,800
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3.2 Drafted Journal Paper

This paper presents a comprehensive investigation of the optimal system design and 

performance of a hybrid GSHP to provide HVAC and domestic hot water. In addi-

tion, the influence of different design parameters on the overall performance was also 

explored. The economic and environmental performance of the system was evaluated 

by calculating the life cycle cost using the net present value approach, and carbon emis-

sions respectively. Once the optimal system is designed, it is also important to conduct 

a feasibility study of the system since these systems have a high initial cost compared 

to conventional systems. Therefore, a comparison of the hybrid GSHP system with 

commonly used conventional HVAC systems was presented to find the most economical 

system that can be used for HVAC and domestic hot water provision.

The optimal system designed for the current structure may not be optimal if the con-

sidered trends differ from the real conditions. Therefore, the modifications that can be 

done to the installed system to adapt to uncertain energy prices throughout its life span 

is further explored.

The geographic location, weather conditions and cost structure may have a direct in-

fluence on designing HVAC systems. Therefore, the impact of different climatic and 

cost structure conditions on the design and performance of hybrid GSHP systems was 

investigated for fourteen locations with heating dominant climates.



Feasibility and performance analysis of hybrid ground
source heat pump systems in fourteen cities

Hansani Weeratunged,∗, Gregorius Riyan Adityaa, Simon Dunstallc, Julian de Hoogd,b, Guillermo
Narsilioa, Saman Halgamuged

aDepartment of Infrastructure Engineering, The University of Melbourne, Parkville, Australia
bIBM Research Australia, Melbourne, Australia

cCSIRO Data61, Docklands, Australia
dDepartment of Mechanical Engineering, The University of Melbourne, Parkville, Australia

Abstract

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 field data and simulations. The economics

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

and elsewhere globally are evaluated. 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 32%.

Keywords: Ground source heat pumps, Solar thermal, Hybrid systems, Life cycle cost, Optimisation

∗Corresponding author
Email address: hansaniweera@gmail.com (Hansani Weeratunge)

Preprint submitted to Elsevier August 28, 2020



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)

1. Introduction

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

2. Approaches to the Optimised Design of GSHP Systems

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

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

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

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

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

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

efficient and economic solutions. Chiasson et al. analysed a GSHP system coupled with solar collectors

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

The integration with solar thermal collectors was shown to reduce the size of the ground heat exchanger

by 34% [3]. Dickinson et al. studied the cost-effective sizing of a bivalent heating and cooling system

comprised of a GSHP system and a conventional system in the UK, and found that the optimal hybrid

GSHP system resulted in a 60% of capital cost reduction compared to a peak sized GSHP [4].

Designers of building energy systems have many options available to them. Popular options include

air source heat pumps, electric and gas heaters. Many studies have tried to establish and quantify the
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economic benefits of GSHP systems over such conventional systems. Typically, LCC is used to evaluate

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

cost through out the system life span. Biglarian et al. [5] compared the feasibility of a SAGSHP system, a

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

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

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

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

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

GSHP and conventional system. It was found that the optimal SAGSHP system has a payback period

of 13 years compared to conventional systems. When an equivalent cost of the environmental effects of

using fossil fuels and natural gas exporting income for conventional system is considered, the payback

period of SAGSHP system is further reduced to 6 years [6].

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

indicators considered in feasibility studies [7]. Various site-specific factors influence of the performance of

these systems. Michopoulos et al. illustrated how residential building topology affects the energy, envi-

ronmental and economic benefits of GSHP systems in Cyprus [7]. Girard et al. analysed the performance

of SAGSHP systems in 19 European cities with different levels of solar radiation and climatic conditions,

and found that they are best suited for locations with cool climate and high solar radiation [8]. Stuart

et al. evaluated the feasibility of GSHP systems for several locations and concluded that they are more

economically advantageous when the price of electricity is low [9].

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

length) in SAGSHP systems is essential because of their influence on cost and therefore the competi-

tiveness with alternative systems. Mixed integer linear programs (MILP), Genetic Algorithms (GA) and

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

system designs [10]. Somil et al. developed a bi-level multi objective optimisation algorithm consisting

of a GA and MILP to optimise SAGSHP design and operation [11]. MILP is a convenient method for

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

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

evolving supply and demand. This leads to underestimates of the operational costs of the system. The
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use of GA and other non-linear optimisation methods are therefore more common. Dynamic simulations

and energy simulation tools such as TRNSYS [12] are also widely used in those studies [13, 14]. Lei

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

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

[15]. However, a disadvantage of such methods is that it is mathematically infeasible to proving that the

solutions obtained are close to global optima [10].

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

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

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

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

in an uncertain environment [16]. A common ROV technique, Regression MC, uses randomized (Monte

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

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

decisions that depend on the emergent system states [17]. When considering design optimisation for

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

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

return and is robust to uncertainties.

This paper addresses the optimisation of SAGSHP systems to minimise the expected lifetime cost.

Prior studies in the literature have explored this question but only a subset assimilate real-world system

performance data and validate against it, and none have investigated the additional financial benefits of

systems that can be modified during their economic life in response to changing conditions. In this paper,

flexibility via the future addition of solar collector area is incorporated.

We use simulation for the assessment of SAGSHP candidate designs. This technique evaluates the

behaviour and the LCC of the system for a number of selected alternative system designs and finds the

optimal design, i.e. the design with the lowest LCC. Simulations may further the understanding of the

system behaviour with stronger analysis than optimisation methods. This also avoid compromises in the

mathematical model that may be needed for linearization, and is in keeping with a ROV framework for

valuing flexibility. Our simulation models are validated relative to data obtained from a SAGSHP system

installed in Melbourne, Australia, extending a prior study [18]. The analysis is then propagated to 14
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geographical locations with different climatic and economic conditions, to prove the suitability of the

methods and to give insight into SAGSHP system designs and relative merits in a range of heating and

cooling scenarios.

3. SAGSHP System Models and Experimental Validation

The schematic diagram in Figure 1 shows a hybrid SAGSHP system consisting of a ground heat

exchanger, heat pump, solar thermal collectors, thermal storage tank, a conventional electric heater and

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

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

used configurations. We simulate the SAGSHP system using a mathematical model reported in [19] which

was developed using data obtained from the field. In the full field experiment, temperatures and the flow

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

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

Data was collected in five minute intervals over sixteen months.

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,

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

their temperatures. If the temperature of the thermal storage exceeds the temperature of the ground by
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5oC, then the heat pump uses the tank as the heat source. The auxiliary heater is used only when the

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

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

of the heat pump during days with high solar intensity, the energy from the solar collector is directed

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

ground source as the heat source while the solar collectors are entirely used to produce hot water. An

additional gas booster is considered to supply the hot water demand for the days with low solar intensity.

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 this

paper, which are common to [19] where the focus was on operational control, and compare model and

field-collected data for validation purposes.

The efficiency of a heat pump is measured by 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
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Figure 3: Distribution of experimentally measured CoP for a location in Melbourne

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. The

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

extreme data points are plotted individually. For temperatures between 8-14.5 degrees the CoP for this

heat pump can be represented as a linear function of the EWT.

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

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

t (energy delivered by the auxiliary heater).

Demand = Qhp,out
t +Qaux

t (3)

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

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

in the U-loops to extract or reject heat with the ground. The design of the ground heat exchanger is

influenced by energy demand and ground thermal characteristics. The drilling cost typically accounts for

half of the total cost of small residential GSHP systems.

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

and rejection qg can be modelled using (4) where λ, α, L, rb, are the ground thermal conductivity, ground
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thermal diffusivity, borehole depth and radius respectively:

∆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 at

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

and from the ground are approximated as piecewise constants, and the geometrical and thermal properties

of the ground heat exchanger were assumed to be homogeneous. These parameters were obtained from

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

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

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

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

Figures 4 and 5.

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. Most

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

gas booster. The efficiency of a solar collector (ηsolar) depends on several factors but in this study the

efficiency is approximated to a constant value, as in [20, 21]. The useful solar thermal energy Qsolar can

be then calculated using (7) where Asolar and I are the area of the collector and the solar irradiation

respectively:

Qsolar
t = AsolarItη

solar. (7)

The realistic behaviour of stratified thermal storage tanks can be modelled using complex mathemat-

ical models that considers multiple nodes across the tank. These kinds of models are typically used in

detailed simulation environments and will require a higher computational time depending on the complex-

ity. However, in this study the energy balance of the insulated thermal storage tank has been modelled

according to (8) assuming that the stored water has a uniform temperature profile. V s, ρ, Cp, U , As, T s
t

and T a
t are the tank volume, density of the fluid, specific heat capacity, coefficient of heat loss, external

surface area of the tank, temperature of the tank at time t and temperature of the atmosphere at time

t, respectively.

V sρCp
T s
t − T s

t−1

∆t
= Qsolar

t −Qs,out
t − UAs(T s

t − T a
t ). (8)

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
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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, Australia

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

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

heating-dominant. The analysis presented in this section includes the LCC, variation of the annual

average CoP, average energy efficiency ratio (EER) which is the ratio of the output cooling energy and

the electricity input, and the percentage of auxiliary energy use.

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

in designing residential thermal systems [22]. A system with a maximum capacity of 10kW is considered

(i.e. a peak demand of 10kW). System operation in half-hourly intervals over a one year period was

simulated in order to obtain the annual energy consumption and to explore system performance. The

annual demand to be satisfied by the system is assumed to be the same throughout the life span of the

system. The project life is considered to be 20 years [23] and costs are presented in Australian dollars

throughout this paper.
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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 Geothermal

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

and it has been considered as the basis for this study [23]. In addition, a detailed description of the

lifespans, costs of the system, and the economic indicators used in this study can be found in [23].

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

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

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

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

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

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

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

to satisfy more of the peak demand. For the optimal system design 5% of the total energy demand is

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

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

to extract and reject more heat due to the increased heat capacity of and there being more ground in

contact with the GHE. The simulation results suggest that the CoP increases with solar collector area.

Combining solar collectors with the heat pump increases the EWT of the heat pump. The resulting high

efficiency of the heat pump increases the overall CoP of the system. However, the EER of the system has

slightly dropped during summer due to the addition of solar collectors that causes a long term increase

in soil temperature.

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,
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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

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 [24]. 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

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 using

(11), randomized the control variable which is the solar collector area increase at each time step, and
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applied lease squares linear regression to determine the optimal decision for each system state [17]. A

20 year horizon was considered and assumed that the system augmentation choice was available to the

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

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

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

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

time the optimal system for the remainder of the time horizon remained the same as that which was

optimal initially. This null result we suggest stems from the assumption of mean reversion in the energy

price, and from the rather shallow gradient in LCC around the optimal design leading to the advantages

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

weighted avoided capital savings. If we were to admit the possibility of larger and irreversible energy

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

speculatively proposed with little or no supporting evidence.

4.1. Comparison with conventional systems

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

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

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

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

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

SAGSHP and GSHP cases these are hybrid systems.

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

ASHP systems require less capital cost compared to GSHP systems and have a relatively high

energy efficiency.

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

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

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

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

for these systems. The investment cost consists of the installation and the replacement costs of the
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Figure 11: Cost comparison of the systems Figure 12: Annual power consumption and the CO2 emissions

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

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

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

in this study can be found in [23]. The hybrid SAGSHP system has the highest investment cost compared

to other systems. However, it has the lowest operating cost, making it overall the most economic system.

Operation costs are the dominant component in sum over the 20 year lifespan of each proposed system.

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

are shown in Figure 12. Melbourne has a relatively high electricity emission factor (EF) of 1.08 kg of CO2

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

this region [25]. Reticulated natural gas has a lower EF compared to electricity, which is 51.4 kg of CO2

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

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

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

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

for Melbourne’s current climate.

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

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

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

coupled in SAGSHP are utilized as a supportive heat source. In addition to Melbourne, three other cities
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Figure 13: Range of selected climatic conditions including four Australian cities and ten cities in other countries

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

of annual heating to cooling load have been selected.

The annual atmospheric temperature and the solar radiation used in the simulations for the locations

were obtained from EnergyPlus [26] which is an open source building energy simulation program. For the

purpose of comparison a peak load of 10kW is considered for all locations. It is assumed that no heating

or cooling is required when the atmospheric temperature is above 18 oC during winter, and below 25 oC

in summer as been used in previous studies [27, 28]. However, those balance temperatures could vary

depending on the occupant’s thermal sensation.

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

tricity and gas, and the CO2 emission factor of electricity for each of the 14 locations [29, 30, 31, 32].

However, it is assumed that the parameters used in Table A.3 remain the same for all locations. Some of

these parameters are common to all locations, and some other parameters are obtained from Melbourne

due to practical difficulties. Furthermore, Subsidies and rebates that may be provided for renewable

energy solutions including GSHP systems are ignored.

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

and 14c are representations of each pattern where they provide insight to the LCC variations of both

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

considered as hybrid GSHP systems.

• Consider Figure 14a (Auckland), the line with the collector area of zero (Red line) represents the

LCC of GSHP systems. Any system with a collector are greater than zero (anything except for the
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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

(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

red line) represents SAGSHP systems. According to the figure, there are instances where the LCC

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

(Red line) is lower than the SAGSHP system with a collector area of 2m2 (Blue line) due to the

reduction of the costs involved in solar collectors. However, with the increased solar collector area,

the LCC is further reduced reaching an optimal point for a specific borehole depth. For conditions

in Auckland it is evident from Figure 14a that the optimal SAGSHP system is more economical than

the optimally designed GSHP system. However, this also suggests that implementing a SAGSHP

system could be more costly than a GSHP system if the optimal design parameters are not identified.

Among the cities we selected for this study, Dublin and Punta Arenas follow a similar pattern to

Auckland.

• For the climatic conditions in Jilin Yanji, the addition of solar collectors always increases the LCC

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

than a SAGSHP for Jilin Yanji. New York, Ottawa, Smithers and Tashkent also exhibit a similar
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pattern. The common factor among theses cities is that they have a lower gas price, enabling the

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

cost of solar collectors.

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

to Melbourne. Several of the other selected locations (Sapporo, Sydney, Adelaide, and Hobart)

have also followed a similar pattern. For these locations an optimally-sized hybrid SAGSHP system

has the lowest LCC.

The optimal design parameters of the systems and their CoP and EER for each location are presented

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

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

depths are required for cities with high heating demands and low undisturbed ground temperatures. In

addition, for locations where hybrid SAGSHP systems are more economical than hybrid GSHP systems,

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

collectors are required for locations with low annual solar radiation such as Dublin.

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 4.0 4.3 SAGSHP

Australia - Sydney 50 8 4.1 4.1 SAGSHP

Australia - Adelaide 60 8 4.1 3.9 SAGSHP

Australia - Hobart 90 10 3.9 4.8 SAGSHP

Japan - Sapporo 140 12 3.8 5.4 SAGSHP

New Zealand - Auckland 60 11 4.1 - SAGSHP

USA - New York 90 - 3.7 4.7 GSHP

China - Jilin Yanji 190 - 3.6 6.1 ASHP

Ireland - Dublin 100 12 3.9 - SAGSHP

Switzerland - Geneva 100 8 3.8 5.3 SAGSHP

Canada - Ottawa 190 - 3.7 6.1 GAS+ASHP

Chile - Punta Arenas 200 4 4.0 - SAGSHP

Uzbekistan - Tashkent 60 - 3.7 3.8 ASHP

Canada - Smithers 170 - 3.6 6.5 GAS+ASHP

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

systems have the highest investment cost and the lowest operation cost for all the selected cities. There-
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fore, feasibility of a SAGSHP system for a particular location depends on the ability to offset its high

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

Optimally designed hybrid SAGSHP have the lowest LCC compared to other available options for 9

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

electricity cost compared to other locations. Therefore, having an efficient heating and cooling system

would save more money compared to other conventional systems. The high capital cost involved in

SAGSHP system is outweighed by the lower operation cost over the system’s life span.

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

systems.

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

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

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

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

the most economic HVAC system among the selected systems. However, for Jilin Yanji and Tashkent,
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hybrid ground source heat pumps would become cheaper than ASHP systems if the electricity prices of

these cities increase to 0.16$ (45% increase) and 0.061$ (53% increase) respectively. On the other hand,

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

increases to 0.048$ (20% increase) and 0.054$ (35% increase).

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

of grid-sourced electricity. SAGSHP systems have the lowest annual CO2 emissions followed by GSHP

systems, except in Jilin Yanji where ASHP with gas furnace has the lowest emissions. In Jilin Yanji,

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

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

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

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

SAGSHP systems will increase.

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. Conclusions

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

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

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

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

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

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

the results obtained in this study, we conclude:

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

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

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

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

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

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

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

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

with low annual solar radiation.

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

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

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

hybrid GSHP system can achieve up to 32% LCC reduction compared to the next most economic

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

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

compared to SAGSHP systems.

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

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

over the lifespan of the system.
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Appendix A.

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 Melbourne
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3.3 Summary and Contributions

This chapter presents an optimisation of the system design and feasibility study for a

hybrid GSHP system. The key design parameters considered are the borehole depth,

solar thermal collector area, and the thermal storage tank size.

In Section 3.1, the design variables were optimised and the feasibility of a hybrid

SAGSHP system for space heating and cooling systems was evaluated. The possible

use of the system for the provision of domestic hot water demand was not considered in

this section. The results suggested that the hybrid approach is not economically feasible

for GSHP systems if the domestic hot water is not taken into account. Therefore, the

study was extended to consider both space conditioning and domestic hot water demand.

In Section 3.2, a comprehensive investigation was presented for the optimisation of

system design and feasibility study for a hybrid GSHP system that was used for both

HVAC and domestic hot water. The economic and environmental performance of the

system was evaluated using life cycle cost and the CO2 emissions respectively. Once the

optimal system was established, the modifications that can be done to the system to

adapt according to changing energy prices were then explored. A feasibility study was

then carried out comparing the performance of the hybrid GSHP system with widely

used conventional heating systems. Furthermore, a detailed investigation was carried out

to find the impact of different climatic and economic conditions on the performance of

the system. It was found out that, for locations with high or moderate solar irradiation

and high energy prices, SAGSHP systems were the most economic option for HVAC and

the provision of hot water.

The key contributions of this chapter are as follows:

• developing a mathematical model to simulate the behaviour of a hybrid GSHP

system, and validating the model using real data,

• optimising the system design and conducting a feasibility study of a hybrid GSHP

system that is used only for space conditioning, and a system that is used for both

space conditioning and domestic hot water production,
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• presenting a feasibility study on hybrid GSHP systems considering economic and

environmental performance and comparing it with widely used conventional sys-

tems,

• presenting a comprehensive investigation on the impact of different climatic and

economic conditions on the system design and performance,

Besides the optimisation of system design, implementing an efficient controller is also

another way of offsetting the high initial cost involved in hybrid GSHP systems. There-

fore, the next chapter focuses on improvements in the operation of SAGSHP systems to

lower the operational cost of the system.



Chapter 4

Model Predictive Control for a

Solar Assisted Ground Source

Heat Pump

Implementing an efficient controller is another way of offsetting the high initial cost of

GSHP systems. In hybrid GSHPs, the combination of multiple energy sources increases

the functional diversity of the systems. The efficient control of the thermal storage

also plays an important role in the stable and flexible operation. Therefore, exploring

better configurations and their respective control strategies for hybrid ground source

heat pump systems that have multiple energy systems is crucial for efficient operation.

This chapter focuses on optimizing the operation of a hybrid ground source heat pump

system that consists of solar thermal collectors and a ground heat exchanger. Two

system configurations have been considered to explore the effect of integrating a thermal

storage tank to the system.

In addition to efficiency improvements, the operational cost can be further reduced by

minimizing consumption during peak times with a higher electricity price. Therefore,

the peak and off peak electricity prices were taken into consideration in minimizing the

operational cost of the system.

The contributions of this chapter are presented in a published manuscript.
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a b s t r a c t

There has been an increased interest in cost and energy efficiency for heating, ventilation, and air
conditioning systems for buildings since these are responsible for between 25% and 40% of total building
energy demand. Solar assisted ground source heat pump systems which combine solar and geothermal
energy are gaining attention due to their higher efficiency and greater functional diversity when
compared with conventional systems. This paper presents a mixed integer linear programming approach
to minimize the operational cost of a solar assisted ground source heat pump system, considering time-
of-use electricity price (peak, off peak). Two types of system configurations are investigated in order to
examine the effect of thermal storage in the system. Two different objectives are explored: minimizing
electricity consumption and operational cost. The results indicate that the system having integrated
thermal storage leads to improved peak shaving, which reduces the need for expensive peak electricity
production for the grid, and has a reduction of operating cost by 7.8% when it is optimized for minimal
cost.

Crown Copyright © 2018 Published by Elsevier Ltd. All rights reserved.

1. Introduction

A ground source heat pump (GSHP) system is a well-established
way to exploit the large thermalmass of the ground to deliver space
heating and cooling in an efficient manner [1]. GSHP systems use
the ground within a few tens of metres of the surface as a heat
source in winter and a heat sink in summer for heating and cooling
buildings. The ground temperature at these depths is typically close
to the mean annual atmospheric temperature: the ground is
warmer than the ambient air in winter, and cooler, in summer;
therefore the ground is inherently more efficient to act as a source/
sink of heat than the air is. The technology involves using ground
loops and heat pumps. Water (or a solution) is circulated through
the ground loops, which comprise pipes built into building foun-
dations, or in specifically drilled boreholes or trenches. In winter,
heat contained in the circulating fluid is extracted and upgraded by

a GSHP and used to heat the building. The cooled fluid is re-injected
into the ground loops to heat up again to complete the cycle. In
summer, the system is reversed with heat taken out of the building
and rejected to the ground. In populated urban areas, the use of
vertical borehole ground heat exchangers (ground loops) is com-
mon. However, over long operating horizons, the ground temper-
ature may gradually be affected, particularly in systems with
undersized boreholes. This can lead to lower efficiency and per-
formance, and ultimately result in failure of the GSHP system [2]. In
order to overcome this challenge, a supplementary heat source or a
sink could be used to maintain or even enhance system
performance.

Combinations of different sustainable energy sources and stor-
age systems have been widely studied to maximize the use of
renewable energy supply, and improve total system performance.
For heating-dominant climates, as a renewable and green energy
source, solar thermal energy could be the ideal auxiliary energy
source which can be used in such a system. Solar thermal collectors
are used to absorb thermal energy from the sun and a GSHP system* Corresponding author.

E-mail address: saman.halgamuge@anu.edu.au (S. Halgamuge).
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which uses such a solar thermal system is typically known as a
Solar Assisted Ground Source Heat Pump (SAGSHP) system. In a
SAGSHP system, solar heat can be used to recharge the ground or to
increase the evaporator temperature [3] in the heat pump.
Furthermore excess electricity generated from solar PV panels can
also be stored in the form of thermal energy using electric cables
[4].

However, due to the intermittent and unstable nature of solar
energy, integrating a thermal storage system plays a key role in
enabling a stable and flexible heat supply. The ground heat ex-
changers, that form part of the GSHP system can be used to store
thermal energy in the ground layers [1]. In addition, another cost
effective storage option which could be integrated into the system
is a simple insulated hot water tank. It can store energy in the form
of sensible thermal energy (temperature difference with no
changes in the phase) [5]. Other storage solutions exist such as
borehole thermal energy storage, building mass, and phase change
materials [6], however, this study focuses on the most common
solution used in practice. Furthermore, using of auxiliary heating
methods including gas heater or electric heater to provide a small
component of the load can avoid over design of the system [7].
These auxiliary heaters can be used to cover the additional load
during winter time where the highest heating loads are required.

The configuration of SAGSHP systems and their respective
control strategies play critical roles in delivering efficient space
heating and cooling [8]. Several SAGSHP systems operated under
various configurations and control strategies can be found in the
literature.

Several studies have been conducted to develop optimal control
strategies and set points to improve the efficiency and performance
of SAGSHP systems. TRNSYS [9], which is an energy simulation
software has been widely used to simulate and analyse these sys-
tems because of its ability to simulate complex energy systems
which have various conditions and control strategies [10]. Experi-
mental studies have also been carried out to validate the results
obtained from the simulations [10]. Furthermore, numerical sim-
ulations have been done to provide theoretical basis for engineer-
ing design, operation and management of these systems [11]. Many
studies compare the operation of SAGSHP systems with and
without a thermal storage tank [10]. Comparisons have been done
for series and parallel connection of the tank and the ground [12]
while some have used the temperature difference between the tank
and the ground as the set point to select the heat source [13]. It is

clear from existing studies that the addition of a thermal storage
tank to the system is beneficial for stable operation of the system as
a whole [12] and can be used to increase the Coefficient of Perfor-
mance (COP) and the average temperature of the heat source [5].

In addition, the ground can also be used as a thermal storage:
solar energy can be stored in the ground to increase the ground
temperature [14] and acquire long term thermal equilibrium of the
ground [15]. Injection of solar heat into the ground could also
reduce the required total borehole length and the percentage of
reduction could depend on the borehole depth [16].

Most of the studies have tried to increase the system efficiency
and to reduce the electricity consumption with various configura-
tions and operation methods. Optimizing the operating conditions
according to timely energy demand could reduce the operating cost
significantly [17]. However, using and controlling these compo-
nents to reduce peak electricity usage which minimizes the elec-
tricity cost is poorly investigated. Reducing the peak electricity
demand is beneficial for both consumer and the network operator.
It could lower the electricity bill of the consumer, and it also re-
duces spikes in the electricity demand and strain on the electricity
network.

Model Predictive Control (MPC) is awidely used control strategy
which has been employed in many studies to control energy sys-
tems in a smart grid. The main advantage of MPC is the ability to
accommodate changing conditions as they arise and take appro-
priate actions accordingly.

MPC has been widely used in heating systems to maximize ef-
ficiency by controlling the temperatures of system components.
The operation of heating systems integrated with storage systems
can be improved with MPC, as storage systems can be used as a
flexible energy consumer. The thermal capacity of buildings as a
passive storage [18] and thermal energy storage as an active storage
method [19], are widely used to shift the energy consumption of
heating systems. However, the savings MPC offer may depend on
various factors including the size of the thermal storage [18].

An important value used to assess the performance of heat
pumps is the Coefficient of Performance which is defined as the
amount of heating capacity per one unit of input electricity power
consumed by the heat pump itself. COP is a function of the inlet
temperature to the heat pump evaporator which is also known as
Entering Water Temperature (EWT) [20]. Therefore, in GSHP sys-
tems MPC can be used to control the EWT to ultimately control the
COP [21]. Furthermore, anticipating weather conditions could

Nomenclature

A Area (m2)
C Cost ($)
Cp Specific heat capacity (JK�1kg�1)
e Electric power (W)
E Electric consumption (Wh)
I Solar irradiation (Wm�2)
L Borehole depth (m)
m Mass flow rate (kgs�1)
q Heat exchanged (W)
Q Thermal energy (Wh)
rb Radius of the borehole (m)
Rb Thermal resistance of the borehole (mKW�1)
T Temperature (�C)
Tg
t Average temperature of the ground at the borehole

wall at time t (�C)
U Overall heat transfer coefficient (WK�1m�2)

V Volume (m3)
a Thermal diffusivity of the ground (m2s�1)
r Density (kgm�3)
h Efficiency
l Thermal conductivity of the ground (WK�1m�1)

Array variables and subscripts
a Atmosphere
b Borehole
e Auxiliary electric heater
g Ground
hp Heat pump
in In
out Out
p Circulation pump
s Storage system
solar Solar system
t Time
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reduce the need for auxiliary energy sources substantially by uti-
lization of available energy optimally [19].

In addition, consideration of the electricity price profile to
alleviate the cost of electricity of heating systems using MPC is also
widely studied since it has the ability to shift the power con-
sumption load to periods with low electricity prices [22]. The term
price profile has been used in this context to refer to time-based
pricing differentiating between peak (more expensive) and off-
peak (less expensive) electricity use. Studies have concluded that
prior knowledge of electricity price has a vastly greater impact on
potential savings than the knowledge of weather conditions [20].

However, there could be challenges in the application of MPC in
SAGSHP systems. In order to model the dynamics of the SAGSHP
system, a mathematical model needs to be developed for the
ground heat exchanger including the borehole. A number of
mathematical models exist in literature to model the borehole in
detail, but those are too complex to incorporate in the control.
Therefore, a simple and an accurate dynamic model needs to be
developed. In addition, in the long run, the objective function
should also consider the long term effect on the ground tempera-
ture [23] as the dynamics of the ground could vary from hours to
multiple years. There could also be performance losses resulting
from simplifications of the COP and forecast errors. Furthermore,
predictions of heating and cooling load may also have errors due to
the influence of occupancy and disturbances, particularly for public
buildings. In addition to the above challenges, the practical
implementation of MPC requires extensive knowledge in mathe-
matical modelling, software and hardware implementation, data
monitoring and optimal control. Setting up a database as a central
storage for monitored data, predictions and control of the system
and setting up sensors to monitor ground temperatures would be
costly and time consuming. Hence, the application of MPC implies a
considerable additional investment than implementing a simple
set point control method. Therefore, it has to be explored if the
savings MPC offers out weight the investment cost and the risk
involved in implementing MPC [24]. The savings from MPC could
incorporate both monetary and non monetary values as CO2
emission reductions, thermal comfort and grid relief.

There are no indications in the literature that researchers have
considered the implications of dynamic pricing on the intermittent
use of heat sources of a SAGSHP systems. Controlling the heat
sources to reduce the electricity consumption of the system during
peak hours has not been properly assessed.

This paper presents a Model Predictive Control based approach
to control the operation of a SAGSHP system in the heating mode,
optimized using mixed integer linear programming. Experimental
data of a GSHP system collected from a residential building, solar
irradiation obtained from the Australian Bureau of Meteorology,
and electricity price are included in the model. The main objectives
of the operating strategies are to reduce the operating cost
considering the time-of-use electricity price and to increase the
efficiency of the system by reducing the total electricity con-
sumption. The electricity consumption can be shifted to periods
with low electricity price with the aid of thermal energy storage,
making the heating system a flexible power consumer in the smart
grid.

Therefore, the contributions of this paper are to investigate, the
application of MPC to control the intermittent operation of heat
sources of a SAGSHP system, and the effect of adding a thermal
storage tank on performance of a SAGSHP system.

2. System configurations and operating modes

System configuration and the operating modes are essential
factors in efficient performance of SAGSHP systems. There may be

multiple possible configurations and operating modes due to the
functional diversity of these systems. This section describes two
different configurations and three different operating modes, that
are used throughout the subsequent studies.

2.1. System configurations

Two SAGSHP system configurations are considered as depicted
in Fig. 1. System 1 consists of a solar heat collector, a ground heat
exchanger, and a heat pump (Fig. 1a). In this system, the ground is
used as thermal storage. Solar energy is sent to the borehole with
the aid of a double U-tube borehole ground heat exchanger. The
borehole is composed of two independent circuits for simplicity.
One circuit is connected to the solar collector, while the other is
connected to the heat pump. In addition, there is an auxiliary
electric heater at the outlet from the solar collector to provide
additional energy if solar energy is not available. The electric heater
can be used during off peak times to utilize lower electricity prices
and store energy in the borehole. The heat source of the system is
the ground which is boosted by thermal energy provided from
either solar or electrical energy.

In System 2 (Fig. 1b), the solar energy is stored in an insulated
hot water tank instead of in the ground. By doing this, a comparison
can be made to investigate the effectiveness of the ground and the
tank as a storage. Similar to System 1, an additional electric auxil-
iary heater is placed in the tank to provide additional heating if
required. The objective of placing it inside the tank is to store en-
ergy during off peak timewhich has a lower electricity price than to
use it during peak time. Unlike in System 1, the heat source to the
heat pump is chosen between the ground source and the solar
thermal source which is stored in the tank.

Both of these system configurations are being considered for
applications in building HVAC systems in Melbourne, Australia.

2.2. Operating modes

The set point control method (Mode 1) is a simple and a widely
used operation strategy in SAGSHP systems. This set point control
method has been considered as the reference to compare the per-
formance of two other modes, Mode 2 and Mode 3 which incor-
porate MPC. These modes are described next.

� Mode 1: Set point (Baseline comparison)
e System 1: The heat pump uses the ground as the heat source.

When the ground temperature is reduced and the evaporator
inlet fluid temperature reaches 4 �C (277 K), the electric
heater is used to maintain the temperature of the fluid.

e System 2: The heat pump uses the heat source which has the
highest temperature between the ground and the storage
tank. When the ground temperature is reduced, the evapo-
rator inlet fluid temperature reaches 4 �C (277 K) and there is
no availability of solar energy, the heat pump uses the tank
with the electric heater.

(The heat pump is set to switch off at 4 �C (277 K) due to the
safety requirements of the system)

� Mode 2: minConsumption

The systems are controlled using MPC and the objective of the
optimization model is to minimize the electricity consumption of
each system.

� Mode 3: minCost

The systems are controlled using MPC and the objective of the
optimization model is to minimize the electricity cost of each
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system considering the time-of-use price.

3. Mathematical model

A mathematical model was developed for the SAGSHP system
based on experimental results and a MPC formulated as a mixed
integer linear program was used to optimize the system. This sec-
tion describes the mathematical model of the SAGSHP system
which is used to deliver the heating demand of the building. The
developed model consists of the dynamics of four components
including the heat pump, ground heat exchanger, solar collector,
and a storage water tank.

3.1. Heat pump

The efficiency of the heat pump is the most important factor in
determining the savings it can offer. For heat pumps, the efficiency
is measured using the Coefficient of Performance, the heating ca-
pacity of the heat pump (qhp;out) per one unit of electric power
consumed by the heat pump itself (ehp).

COP ¼ qhp;out

ehp
(1)

On the other hand, the System Performance Factor (SPF) con-
siders the electricity consumption of all the components of the
system including auxiliary heater (Ee), circulation pump (Ep), and
the heat pump itself (Ehp). SPF is simply the amount of heat
delivered (Qhp;out) per one unit of electricity consumed by the
complete system.

SPF ¼ Qhp;out

Ee þ Ep þ Ehp
(2)

The COP of a heat pump for a given flow rate only depends on
the inlet temperature of the heat pump evaporator Thp;in also
known as Entering Water Temperature. The variation of the COP
with this temperature for different flow rates is typically provided
by the GSHP manufacturer. In order to maintain the linearity of the
model, a cost function c is introduced such that, c ¼ 1=COP. To
compute the electricity consumption of the heat pump, a piecewise
linear fitted equation is developed from a typical residential GSHP
manufacturer catalogue of a water to water heat pump from
’Climate Master’ (TCV036 AVG 20 CLTS) as shown in Fig. 2.

At a given time t, the electricity consumption of the heat pump
Ehpt can be found from Equation (3).

Ehpt ¼ ctQ
hp;out
t (3)

ct ¼ a1 � b1T
hp;in
t ; Thp;int � 25oCð298KÞ (4)

ct ¼ a2 � b2T
hp;in
t ; Thp;int >25oCð298KÞ (5)

(a1, a2, b1, and b2 are the coefficients determined by curve fitting
the manufactures data.) Furthermore, the inlet temperature to the
evaporator is maintained at a certain range (Thpmin, T

hp
max) to ensure

the safety of the heat pump.

Thp;int � Thpmax (6)

Thp;int � Thpmin (7)

Finally, Equation (8) represents the energy balance of the heat
pump where Ehpt is the electric consumption of the heat pump,
Qhp;in
t is the thermal energy exchanged with the heat source (i.e,

ground heat exchanger (Qg;out
t ) for Systems 1 and for System 2 heat

Fig. 1. System configurations.

Fig. 2. Variation of coefficient of performance via cost function e.
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source is selected between the ground heat exchanger (Qg;out
t ) and

thermal storage tank (Qs;out
t )), and Qhp;out

t is the heating demand
which needs to be provided by the heat pump.

Ehpt þ Qhp;in
t ¼ Qhp;out

t (8)

3.2. Ground heat exchanger

A borehole heat exchanger which consists of a U shaped pipe
and a heat carrier fluid is used to extract and reject heat from and to
the ground. The thermal performance of ground heat exchangers
has been investigated in many studies [25]. The variation of the
borehole temperature with the heat extraction rate depends on
ground thermal properties (Thermal conductivity l, thermal
diffusivity a which is the ratio of the thermal conductivity to heat
capacity), geometry (Borehole depth L, borehole radius rb) and
thermal properties of the borehole (Thermal resistance Rb). The
average temperature alteration of the ground at the borehole wall
DTg

t for a time varying thermal load qgt is expressed by Equation (9)
approximating the thermal load to a piecewise constant function
where EI is the exponential integral [25].

DTgt ¼ 1
4plL

2
4XN�1

j¼1

�
qgjþ1 � qgj

�
$EI

r2b
ð4a$Dt$ðN � jÞÞ

3
5; t ¼ N$Dt

(9)

It can be observed from Equation (9) that the temperature dif-
ference of the ground at the borehole wall is linear with respect to
the amount of net heat extraction from the ground qgt , assuming
ground properties are constant. The average ground temperature at
the borehole wall Tg

t can be obtained by Equation (10) where Tg0 is
the undisturbed ground temperature.

Tgt ¼ Tg0 � DTgt (10)

The fluid temperature of the outlet of the ground heat exchanger
Tg;outt was obtained by Equation (11) combining the borehole
resistance Rb and the heat transfer rate of the fluid [5]:

Tg;outt ¼ Tgt �
�
Rb
L
� 1
2mCp

�
qgt (11)

where Cp is specific heat capacity andm is the mass flow rate of the
fluid.

Equation (12) represents one of the most common method of
calculating borehole resistance [25] where lb is the thermal con-
ductivity of the grout material and, rb and rp;eq are borehole radius
and equivalent pipe radius respectively.

Rb ¼ 1
2plb

log
�

rb
rp;eq

�
(12)

3.3. Solar collector

Solar collectors convert solar energy into thermal energy and
transfer it to a storage system. It has been assumed that the heat
losses in the pipes can be neglected and that all the solar energy is
stored in the borehole or in the tank for two systems. The efficiency
of a solar collector depends on the collector temperature, ambient
temperature, and the solar irradiation. In this research, the effi-
ciency of the solar collector is approximated as a constant, which is

a widely used assumption in this area of study [26]. Therefore the
quantity of thermal power harnessed by the solar collector qsolart
can be obtained by Equation (13) where Asolar , I and hsolar are col-
lector area, solar irradiation and the efficiency respectively.

qsolart ¼ AsolarIthsolar (13)

3.4. Storage water tank

A typical insulated direct hot water tank is considered and a
fully mixed model has been used. This considers uniform temper-
ature Ts in the volume of the tank assuming the water mixes
perfectly. The amount of power flow into the tank qs;in should be
equal to the sum of solar power extracted qsolar and the power
supplied from the electric heater qe.

qs;int ¼ qsolart þ qet (14)

The governing equation (15) has been modelled considering the
energy balance of the tank where Vs, r, Cp, U, As, Ts

t and Ta
t are the

tank volume, density of the fluid, specific heat capacity, coefficient
of heat loss, external surface area of the tank, temperature of the
tank at time t and temperature of the atmosphere at time t
respectively.

VsrCp
Tst � Tst�1

Dt
¼ qs;int � qs;outt � UAs�Tst � Tat

�
(15)

3.5. Optimization model

The optimization is formulated as a discrete-time, mixed integer
linear program. Two different objectives are considered in this
study to increase the efficiency (minConsumption) and to minimise
the cost (minCost).

� Objective 1 (minConsumption):

In minConsumption, the system is operated to increase the effi-
ciency. The electricity price is not considered in this mode, and the
system is optimized to reduce the total electricity usage. MinimizePN

t¼1ðEhpt þ Eet þ Ept Þ: Minimizing the total electricity consumption

� Objective 2 (minCost):

minCost is controlled to minimize the operating cost of the
heating system considering the varying price of electricity while
meeting the heating demand. Minimize

PN
t¼1C

e
t ðEhpt þ Eet þ Ept Þ:

Minimize the operating cost
The optimization problem was discretised by considering

30min intervals over a horizon of 5 days ðN ¼ 240Þ. Once solved,
the first set of decisions was implemented by the system and a new
solution is computed again with the newly available information,
using a moving horizon. This way, new forecasts and changing
conditions are taken into account iteratively. The MILP model
developed for the System 1 contains 1925 variables and 2164
constraints. The System 2 contains 3842 variables, 5763 constraints
and approximately 2400 nodes.

4. Case study

The above study was undertaken for the coldest month of the
year. According to these results, there were few days which needed
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additional thermal energy from the resistive heater due to low
availability of solar energy. Two characteristic days were presented
to show system performance, one with a high level of solar irra-
diation (sunny day) and one with low levels (cloudy day). Fig. 3
illustrates the Solar Irradiation (I) and the Atmospheric Tempera-
ture (Ta) of the two representative days. Results of the two systems
operated in the three different modes are presented. For the pur-
pose of the simulation, perfect forecasts were assumed, to deter-
mine the full (and maximum) value of an MPC solution. In future
work, the impact of forecast uncertainty will be integrated and
evaluated.

4.1. Simulation software and datasets

The mixed integer linear program problemwas implemented in
CPLEX which is a mathematical programming optimization solver
[27], and branch and cut algorithm is used to solve the model. The
simulations were undertaken for a residential building in July in
Melbourne, Australia, the coldest month of the year. The input data
included air temperature, ground properties, and the heating de-
mand which were obtained from locally measured data and solar
irradiation data for Melbourne acquired from Bureau of Meteo-
rology, Australia. Furthermore, due to undersized boreholes of this
facility, the demand could not be met entirely by the ground
thermal system. Therefore, an additional solar thermal system and
the electric heater were included in the simulation. Table 1 presents
the component sizes and parameters used in this study. The elec-
tricity price is considered to be $0.4/kWh from 7.00 am to 10.00 pm
and $0.2/kWh at other times, in line with typical electricity rates
paid by residential consumers in parts of Australia [28]. Further-
more, simulation times from a 2.6 GHZ Core i7 processor are
approximately 10s and 1200s for System 1 and System 2
respectively.

The results of the two representative days, sunny and cloudy
days which are discussed in the below sections are presented by
Figs. 4 and 5. These illustrate resulting thermal loads including the
total demand which need to be met by the heat pump qhp;out , loads
from the ground heat exchanger qg, thermal storage tank qs and the
electric heater qe, temperatures of the ground Tg and the thermal
storage tank Ts , temperature at the inlet to the heat pump Thp;in

(Entering Water Temperature), COP, and the heat pump electricity
power ehp.

4.2. Sunny day

Fig. 4 represents the results of a day which has abundant solar
energy. In this case, no electric heating is used. The results of the
numerical simulations under three modes of operation introduced
in section 2.2 shows the following for System 1 and System 2.

� System 1

In System 1, only the electric heater has the ability of flexible
energy consumption. Since the electric heater is not used due to
abundant solar energy, it is clearly seen from Fig. 4 that System 1
performs the same way irrespective of the mode it is operated.

� System 2

System 2 has a significantly more operational flexibility due to
the possibility of intermittent operation between the thermal
storage and the ground.

e Set point mode:
In set point mode, the heat pump has utilized the heat source

with the highest temperature at each interval. Therefore, during
the day it has used the thermal storage tank thus utilizing solar
energy when it is available. It can be observed from the figure
that the highest tank temperature in this mode is 15.2 �C
(288.3 K) and at the end of the day the tank temperature has
dropped to 9.5 �C (282.6 K) which is just below the ground
temperature. On the other hand, the highest heating demand
occurs during the night. Therefore, it is clear that in set point
mode, solar energy is not stored in the tank for a long period of
time to utilize during the night.

e minConsumption mode:
When the System 2 is operated in minConsumption mode

arising from the objective 1 optimization, the heat pump has
used the thermal tank as the heat source when it had much high
temperatures. High temperatures increase the COP of the heat
pump and lead to a reduced electricity consumption. The
highest tank temperature and the temperature at the end of the
day are 28.9 �C (302 K) and 22.7 �C (295.8 K) respectively.
Therefore in this mode, most of the solar energy is stored in the
tank to increase its temperature and to use during the night.

Fig. 3. Solar irradiation and atmospheric temperature of the two representative days.
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e minCost mode:
The system performance of minCost is quite similar to min-

Consumption mode, but in addition, in minCost mode the heat
pump has utilized the tank mostly to supply the high demands
during peak hours. Since the thermal tank has much high
temperatures than the ground, the electricity consumption
during the peak hours can be reduced due to the high COP. This
peak shaving ability of the system could reduce the electricity
cost of the system.

4.3. Cloudy day

The results for a day having less solar energy are presented in
Fig. 5. In this case, the electric heater is used to maintain the de-
mand and supply. The performance of the two systems in this
representative cloudy day shows the following.

� System 1

Considering the set point mode, in System 1 the electric heater
is switched on, only to maintain the EnteringWater Temperature at
4 �C (277 K). minConsumption mode has maintained the ground
temperature such a way it minimizes the use of electricity. But it is
clear from Table 2, that these two perform quite similar. In minCost
mode, the electric heater is only used during off peak time. It
consumes more electricity than the other two modes, but due to
low electricity price at off peak hours, the operation cost of the
system is reduced.

� System 2

Similarly, in the System 2 set point mode, when both geo and
solar thermal energy is not available and Entering Water Temper-
ature reaches 4 �C (277 K), it has used the tank with the electric
heater despite its lower temperature than the ground. Since there is
no stored solar energy in the tank at the beginning of the day, the
use of electric heater is higher than other modes.

TheminConsumption mode has performed in a way it consumes
minimum electricity energy. On the other hand, in minCost mode,
the electric heater is switched on only at off peak hours. Even
though this consumes more electricity thanminConsumption mode
because of the additional energy needed for the heat loses, the cost
of operation is reduced by utilizing the low prices in off peak hours.

Furthermore, it can be observed that for System 2, in both min-
Consumption and minCost modes, the solar energy is not used to
provide heating during day, instead it is stored in the tank to utilize
during the following day.

4.4. Summary of results and comparison

According to Table 2, the lowest electricity consumption for the
coldest month in Melbourne was obtained for System 2 via opti-
mization in minConsumption mode. As seen in Table 2, it has the
highest SPF and therefore, it is the most efficient system. System 2
minCost mode also had the lowest electricity cost. The saving of
electricity and cost achieved for System 2, from MPC compared to
set point control were 6.2% and 7.8% respectively. For MPC, inte-
gration of the thermal storage tank leads to an increase in the
performance of the system by increasing the flexibility of operation.

The reason for low performance in System 2with the set point is
that it had not used the thermal storage to store solar energy for a
long period of time because, as soon as the tank reaches a higher
temperature than the ground, the heat pump uses the tank as the
heat source. Therefore, the electric heater is more frequently used
than the other operating modes. The tank would be beneficial for
the storage of solar thermal energy for long periods as the energy
stored in the ground is dissipated in a higher rate compared to the
losses in the tank. In addition, when the heater is used in System 2,
it consumesmore energy than System 1, becausewater has a higher
thermal capacity than the ground. Therefore the amount of energy
needed to increase the temperature in the tank is higher.

Since the only flexible energy consumer in System 1 is the
electric heater, the saving fromMPC for the System 1 in terms of the
electricity consumption and the cost is insignificant.

In addition, it is clear from the results that minCost mode has
peak shaving characteristics which is beneficial for both the con-
sumer and the electricity provider due to following reasons.
Shifting peak demand to off peak periods and reducing peak elec-
tricity consumption can avoid sudden spikes in the demand which
could lead to blackouts. Furthermore, the consumer can reduce the
electricity bill by managing the demand appropriately.

5. Conclusion

This study presents an optimization and a comparative study of
a solar assisted ground source heat pump system which have been
carried out in the coldest month in Melbourne, Australia. Two

Table 1
Parameters.

Heat pump fluid water
Specific heat capacity of the fluid Cp 4200 JK�1kg�1

Density of the fluid r 1000 kgm�3

Heat pump fluid mass flow rate m 0.28 kgs�1

Heat pump curve-fit coefficients a1 ¼ 0:286, a2 ¼ 0:213, b1 ¼ 3:65� 10�3, b2 ¼ 0:7� 10�3

Minimum EWT Thpmin
4 �C (277 K)

Maximum EWT Thpmax
30 �C (303 K)

Borehole length L 55m
Borehole radius rb 0.07m
Equivalent pipe radius rp;eq 25mm
Borehole thermal resistance Rb 0.035 mKW�1

Grout thermal conductivity lb 2.03 WK�1m�1

Ground thermal diffusivity a 2.53 � 10�3m2h�1

Ground thermal conductivity l 1.90 WK�1m�1

Undisturbed ground temperature Tg0 16.7 �C (289.7 K)

Solar collector area Asolar 4.4 m2

Collector efficiency hsolar 70%

Tank volume Vs 0.3 m3
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Fig. 4. Results of the representative day which has abundant solar energy.
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Fig. 5. Results of a representative day which has less solar energy.
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system configurations and three operation modes were imple-
mented and compared. Based on the results the following conclu-
sions can be made.

� Consideration of price of electricity can reduce the operating
cost of the proposed SAGSHP system with the aid of model
predictive control. For System 2, electricity cost is reduced by
7.8% compared to the set point controller. In addition, even
though this minCost mode consumes more electricity, it has a
lower cost than the most efficient operating mode min-
Consumption mode.

� For MPC, integration of the solar hot water storage tank is
beneficial to the stable and flexible heat supply of the system.
Systems which had the thermal tank showed a high COP and a
low operating cost.

These results suggest that there may be significant value in
considering the electricity price when developing SAGSHP control
strategies. In future work, the impact of forecast uncertainty will be
evaluated and these results will be extended to multiple years to
conduct a full economic comparison including the initial cost of
components. In addition, the trade off between reducing electricity
consumption and electricity cost will be studied using multi
objective optimization.
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4.2 Summary and Contributions

This study develops a methodology to optimize the operation of a SAGSHP system. A

case study undertaken for the coldest month of the year for Melbourne, Australia was

presented. The control problem was formulated as a Mixed Integer Linear Program. A

Model Predictive Control (MPC) based approach has been used for the controller to

take newly available information into consideration. However, a deterministic demand

and perfect forecasts for environmental conditions have been assumed neglecting their

uncertainties.

Three operating modes were considered to compare the performance of the developed

model: a set point controller based on rules, and optimization models to minimize the

total electricity consumption, and operational cost of the system. The total electricity

cost often can be reduced by lowering the consumption during peak times with a higher

electricity price. Therefore, peak and off peak electricity prices were incorporated to

the controller to minimize the operational cost. This controller showed an operational

cost reduction of approximately 8% compared to the rule based set point control. In

addition, an investigation is carried out to explore the effect of integrating a thermal

storage tank considering two system designs. The system with the storage showed a

higher CoP due to the stable and more flexible operation.

The main contributions of this chapter are threefold:

• formulating a mathematical model using MILP to optimize the control of the

system,

• consideration of peak and off peak electricity prices to minimize the peak electricity

usage of the system,

• presenting an investigation on the effect of integrating a thermal storage tank on

the operation of a SAGSP system.

In the real world application, the assumption of perfect forecasts may affect the per-

formance of the controller due to the stochastic nature of weather conditions and the

demand. Therefore, the next Chapter explores the optimization of the control of a

hybrid GSHP system considering the uncertainties of the system.



Chapter 5

Optimising the Operation of

Hybrid Ground Source Heat

Pump Systems Under

Uncertainty

There is a significant potential to reduce building energy consumption by optimally

operating the HVAC system while satisfying the occupancy comfort. Studies have shown

substantial energy savings by employing weather and occupancy predictions into the

HVAC controller. However, an effective controller must consider the uncertainties arise

due to the inherent stochastic nature of weather conditions and the behaviour of the

occupants.

This Chapter focuses on optimising the operation of a hybrid GSHP system considering

the stochastic nature of system dynamics. Building thermal capacity has been utilized

as a thermal storage to operate the HVAC system more efficiently based on the predicted

future conditions.

The contributions of the work in this study are presented in a published conference

paper and a journal paper that has been drafted for publication.

The conference paper presents the work that has been done to explore the maximum

savings, i.e. the lower bound that can be achieved by optimally operating a hybrid GSHP.
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The drafted manuscript presents an extension of the study that develops a stochastic

optimisation model to consider the uncertainties of the system dynamics.

5.1 Published Conference Paper

This paper presents the preliminary work that has been done to explore the maximum

savings, i.e. the lower bound that can be achieved by optimally operating a hybrid

GSHP.

The study was mainly focused on optimising the building temperature control while

maintaining thermal comfort for the occupants. A deterministic optimisation method

based on MILP has been implemented to optimise the building room temperature of

two system configurations. The performance of the optimised controller has been then

compared with a simple rule based set point control method.
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Abstract—Heating, Ventilation, and Air Conditioning (HVAC)
systems are becoming an attractive target for efficiency improve-
ments as they are responsible for approximately 40% of the total
energy consumption in the building sector of the world. Hybrid
energy systems which combine ground source heat pumps with
solar thermal energy in buildings are gaining attention due to
their ability to provide a stable energy supply at an improved
efficiency compared to conventional systems. This paper presents
an optimized controller to reduce the operational cost of a solar
assisted ground source heat pump system considering the time of
use electricity price while guaranteeing the thermal comfort for
the occupants. The results indicate that the daily operational cost
can be reduced by up to 48% when optimizing and controlling
the system accordingly. The thermal capacity of the building is
exploited to reduce the energy cost of the heating system by
shifting the energy consumption of flexible energy consumers in
a building. Furthermore, the consumption can also be shifted to
periods with low electricity price.

Index Terms—Optimization, Thermal capacity, Thermal stor-
age, Heat pump

I. INTRODUCTION

There has been a rapid growth in the use of green and
renewable energy systems in HVAC systems of buildings due
to their significant energy consumption. Among them, ground-
source heat pump (GSHP) systems have gained increased
attention due to their high efficiency compared to conventional
systems such as air source heat pumps, gas heaters, and electric
heaters. GSHP systems use the ground within a few tens of
meters of the surface as a heat source in winter and a heat sink
in summer to meet the heating and cooling loads of buildings.
The heat is extracted/rejected from the ground using water (or
a solution) circulated through pipes in boreholes, drilled to
depth of tens of meters. This technology exploits the nearly
constant temperature of the ground at these depths (close to the
mean annual atmospheric temperature) which is warmer than
the ambient temperature in winter, and cooler in summer, to
improve the system efficiency [1].

However, over long operating horizons, the ground tem-
perature may gradually be affected if the amount of heat

extracted and rejected is not balanced annually. This may
lead to a reduction of the efficiency, and ultimately result
in failure of the system [2]. To overcome this challenge, a
supplementary heat source or a heat sink can be used to avert
this annual energy imbalance. For a heating-dominant system,
solar thermal energy can be integrated with the geothermal
system as an auxiliary heat source, resulting in a Solar Assisted
Ground Source Heat Pump (SAGSHP) system [3].

The solar thermal energy collected using solar collectors can
be used to recharge the ground and to increase the evaporator
temperature of the heat pump [4]. However, thermal storage
plays an important role in stable energy supply due to the
volatility of the solar thermal generation. Furthermore, as a
passive storage method, the thermal capacity of the buildings
can also be used to shift the energy consumption of heating
systems [5].

Typically, the HVAC systems are designed to handle the
peak load which occurs for only a few hours each year
[6]. This discrepancy may lead to an over-sized, uneconomic
GSHP system due to their high initial cost. Therefore, it may
be more economic to size the GSHP system to only provide a
certain percentage of the peak load and to use a conventional
heater to balance the rest.

Intelligent control of these systems is a necessity for ef-
ficient performance. Many studies have been conducted to
explore efficient control strategies to improve the performance
and efficiency of SAGSHP systems. The common practice of
the control is to use ’set point’ controls which is based on
rules. TRNSYS, which is an energy simulation software, has
been widely used to simulate the operation of energy systems
[4], [7]. Furthermore, experimental and numerical simulations
have also been carried out to study the performance of these
systems [7], [8].

However, recent studies show that significant energy and
cost savings can be achieved by incorporating the weather and
occupancy predictions into the controller [9]. The use of Model
Predictive Control (MPC) to improve performance of heating



systems while providing thermal comfort has been widely
discussed in the literature [5], [9]. For example, Tahersima
et al. have used the flexibility of domestic heating systems
to compensate temporary power imbalances of the grid by
incorporating MPC [10].

In addition, consideration of the electricity price profile in
control systems is also widely studied, since significant cost
savings can be achieved by shifting the power consumption
to periods with low electricity prices [5]. Results have shown
that the prior knowledge of the electricity price has a greater
impact on the potential cost reduction than the knowledge of
weather conditions [10].

Many optimization methods such as multi-objective opti-
mization [11], artificial neural networks [12], or linear pro-
gramming [13] have been used to identify optimal strate-
gies within complex systems. Yang et al have developed an
optimization model for a SAGSHP system that determines
the conversion between three operating modes based on the
building thermal load demand [14].

However, for a system with a significant stochastic en-
ergy generation and consumption, an effective control system
must consider the uncertainties involved in the environmental
conditions and occupant behaviours to successfully respond
to changing conditions. Stochastic model predictive control
strategies can be used to optimize systems under uncertainties.
These uncertainties may have multiple dimensions and are
complex by nature [9]. Oldewurtel et al. have compared the
performance of a stochastic predictive control with rule based
control and a predictive non stochastic controller, and found
that stochastic controller outperform both for their building
climate controller [15].

Solving optimization models and implementation of these
may incur a substantial computational cost and memory de-
mand. Therefore the application of such a complex control
system implies a considerable additional investment than im-
plementing a simple set point control method. Furthermore, it
has to be explored if the savings achieved by implementing
a complex control outweigh the cost involved. While several
studies have explored SAGSHP control systems with simple
set point methods, the feasibility of the application of complex
controls which involves optimization methods remains an
important question.

This paper aims to contribute to the literature to address
this question by exploring cost savings achieved by a control
system with a deterministic optimization method for two
different systems. The basis for the optimization model is a
data set obtained from a real SAGSHP system installed in
Melbourne, Australia, and solar irradiation from the Australian
Bureau of Meteorology.

II. SYSTEM DESCRIPTION

There may be multiple possible SAGSHP configurations due
to the functional diversity of these systems. The configuration
of the SAGSHP system under consideration in this study
is shown in Figure 1. This system consists of two ground
heat exchangers, solar thermal collector, thermal storage tank,

Fig. 1. System configuration

heat pump and an auxiliary electric heater placed inside the
building.

The solar thermal energy collected by the solar collectors
is initially stored in an insulated thermal storage tank. It is
then transferred to recharge the ground with a double U-
tube borehole ground heat exchanger. The solar energy is not
directly stored in the ground due to the heat dissipation of
the soil with time (which depends on the soil properties).
An additional electric heater is also placed inside the tank to
provide additional heating if needed. It can also be used during
off-peak times to utilize low electricity prices. A separate
ground heat exchanger is used to extract heat for the heat
pump. When the heating demand is greater than the maximum
power of the heat pump, an auxiliary electric heater placed
inside the building is used to supply the balance.

A. System design

Two system designs are considered in this study.
• System 1 -The heat pump is able to provide the peak heat

load for the building. Therefore, this system does not have
the necessity of using the auxiliary heater placed in the
building.

• System 2 - The SAGSHP is designed only to handle
60% of the peak load. Therefore on peak days the
auxiliary electric heater placed inside the building is used
to balance the remaining load.

B. System control

Two controls methods are considered.
• Set point - Set point based methods are simple and the

most commonly practised method is considered as the
basis. This controller is developed by optimizing and
analysing the system for a day with an average heating
demand. Accordingly, the temperature of the room is
maintained at the minimum level except at the beginning
of the peak time. Prior to the peak time, the system
provides heating at its maximum capacity and increases
the room temperature to utilize the low electricity price.
The behaviour of this controller is illustrated in Figures
2 and 3.



• Optimized -The predictive control method optimizes the
system with the objective of minimizing the operation
cost, incorporating the perfect forecast of the future.
While such a perfect forecast would not be available in
a real scenario, we use it here to evaluate the maximum
additional value that optimisation can provide.

III. MATHEMATICAL MODEL

A detailed mathematical model was developed for a
SAGSHP system which is used to deliver heating for a
residential building. The model consist of dynamics of five
components: the heat pump, ground heat exchanger, solar col-
lector, storage water tank and a building model. The detailed
mathematical models of the heat pump, ground heat exchanger,
solar collector and the storage water tank which is considered
in this study are presented in [13]. Therefore this section only
describes the model used for the dynamics of the building.

A. Building Model

In this paper, the building is considered as a single thermal
zone and a simple model was developed using the energy
balance of the room. The disturbances considered in this study
are the ambient temperature and the impacts of the behaviour
of the occupants on the room (such as number of people
present, or the opening and closing doors and windows).
The indoor temperature of the building T b variation can be
formulated as:

mb Cp,air
(T b

t+1 − T b
t )

∆t
= Qhp

t +Qaux
t −Qloss

t

where mb is the mass of the air in the building, Cp,air is the
specific heat capacity of air, Qhp

t is the power supplied from
the heat pump, Qaux

t is the power supplied from the auxiliary
heater, and Qloss

t is the heat loss rate from the building at time
t.

B. Optimization Model

An optimization model was developed for the control of the
SAGSHP system using a mixed integer linear program. A two
level control structure is considered in this study to eliminate
the non linearities involved in the model. A top level controller
is used to decide on the room temperature while maintaining
the thermal comfort of the occupants. This will decide the
amount of load which will be provided by the heat pump and
the auxiliary heater. The objective function considered for the
top level control is:

min
N∑

t=1

Ce
t (
Qaux

t

ηaux
+

Qhp
t

COP
)

where ηaux is the efficiency of the auxiliary electric heater and
the COP is the coefficient of performance of the heat pump.
For the top level, constant ηaux and COP of 1 and 4 have
been used, respectively.

The low level control is used to optimise the operation of
the SAGSHP system for the load determined by the top level
control with the objective of:

min
N∑

t=1

Ce
t (Ehp

t + Ee
t + Ep

t )

Where Ce
t is the electricity price at time t and Ehp

t , Ee
t , Ep

t are
the electric consumption of the heat pump, electric heater and
the circulation pumps respectively. Maintaining the comfort
level of the room is achieved by adding constraints to the
model. The following two levels of temperature bands have
been used for the day and night time:
15oC ≥ T b

t ≤ 24oC from 10.00 pm - 6.00 am
18oC ≥ T b

t ≤ 24oC from 6.00 am - 10.00 pm

C. Simulations

The simulations were carried out for nine days with different
levels of heat loads. As the heat load mainly depends on the
heat losses due to the ambient temperature and the occupant
activity, three levels of losses are considered for each factor:
low, average and high. 30 minute intervals over a horizon of 1
day are considered. The study was undertaken for a residential
building in Melbourne, Australia. A detailed description of the
input data considered in this study, which was obtained from
locally measured data, can be found in [13]. The mixed integer
linear program was implemented in CPLEX, a mathematical
programming optimization solver.

IV. RESULTS

The results of the System 1 (which is designed to provide
total heat demand with the SAGSHP system) for a day with
average ambient temperature and high levels of occupant
activity are presented in Figure 2. This figure presents the
resulting power supplied by the heat pump and the indoor
temperature for the two controllers. It is clear from the figure
that the performance of the optimized control is quite similar
to set point controller except at the beginning and the end of
the peak time. In the optimized controller, the thermal capacity
is slightly utilized by increasing the temperature of the room
to minimize the total energy use of the heat pump.

The results of a day with a high heat losses due to both
ambient temperature and occupant activity are presented by
Figures 3 and 4 for the System 2. These figures illustrate the
resulting indoor temperature, heat demand Qdemand

t , power
supplied by the heat pump Qhp

t and the power supplied by the
auxiliary heater Qaux

t . According to Figure 3, when the system
is operated in set point control method, the indoor temperature
is maintained at minimum levels except at the beginning of
the peak time. Since the heat pump can provide up to 60% of
the peak demand, the auxiliary electric heater placed in side
the building is used to provide the additional heat needed at
each time. On the other hand, Figure 4 reveals clearly that in
the optimized controller, the thermal capacity of the building
is able to store energy such that the use of expensive energy
is avoided. The temperature of the room is increased using



Fig. 2. Results for a day with average ambient temperature and high levels
of occupant activity

Fig. 3. Set point Controller

the cheap energy which is provided by the heat pump so that
the use of the electric heater which has expensive energy is
avoided. In addition, the use of the electric heater during the
peak times is also minimized.

A. Summary of Results

The cost of operation of the two systems, for the two
different control systems (set point and optimized controls)
are presented in Tables 1 and 2. It also includes the cost
savings obtained from the optimized controller for 9 days with
different levels of heat losses from the ambient temperature
and occupant activity. According to Table 1, savings can be
achieved for days with high heat losses with the highest ob-
tained for system 1 being 11.8%. On the other hand, according
to Table 2, system 2 shows significant energy savings when it
is operated with the optimized controller. Similar to system 1,
high savings can be achieved for days with high heat losses
with the highest being 48.1%.

The reason for low performance in system 1 compared to
system 2 is because the only flexible energy consumer in sys-
tem 1 is the heat pump whereas system 2 has much flexibility

Fig. 4. Optimized Controller

TABLE I
SUMMARY OF RESULTS FOR SYSTEM 1

Cost ($)

Heat loss due to
occupant activity

Low Average High
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ow

Setpoint 2.55 3.05 4.04
Optimized 2.55 3.05 3.94

Improvement 0% 0% 2.5%

A
ve

Setpoint 5.32 7.24
Optimized 5.32 5.86 6.86

Improvement 0% 5.3%

H
ig

h Setpoint 9.72 10.30 10.58
Optimized 8.57 9.15 10.32

Improvement 11.8% 11.2% 2.5%

TABLE II
SUMMARY OF RESULTS FOR SYSTEM 2

Cost ($)

Heat loss due to
occupant activity

Low Average High
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tu
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L
ow

Setpoint 2.50 3.76 11.03
Optimized 2.49 3.75 7.68

Improvement 0.4% 0.3% 30.4%

A
ve

Setpoint 4.72 15.62
Optimized 4.71 6.16 10.38

Improvement 0.2% 33.5%

H
ig

h Setpoint 14.07 15.47 24.52
Optimized 7.30 9.57 18.88

Improvement 48.1% 38.1% 22.9%



to schedule energy consumption between the auxiliary electric
heater and the SAGSHP.

V. CONCLUSION

This study present a comparative study of performance of a
hybrid SAGSHP system. Two system configurations and two
control methods have been considered and studies were carried
out for nine representative days with different levels of heat
losses. Based on the results, the following conclusions can be
made.

• The thermal capacity of a building can be utilized to
reduce the energy cost by shifting the energy consumption
of flexible energy consumers in a building.

• The savings achieved by an optimized controller are
higher for a hybrid SAGSHP system with an auxiliary
electric heater due to the increased flexibility of the
system.

These results suggest that there may be a significant value in
utilizing the thermal capacity of buildings to minimize energy
cost. In future work, this study will be extended to integrate the
uncertainty involved in forecasting environmental conditions
and occupant behaviours.
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5.2 Drafted Journal Paper

This manuscript presents an extension of the work presented in Section 5.1. In this

study, a stochastic optimisation model is developed to consider the uncertainties of the

system dynamics. Ambient temperature and heat exchanged due to occupant interac-

tions have been considered as the uncertain parameters. The stochastic control problem

was solved through the Real Options Valuation method. Furthermore, a Model Pre-

dictive Control approach has been used to take the newly available information on the

changing conditions into consideration.
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Abstract

A significant proportion of energy use in buildings is due to the operation of heating, ventilation, and

air conditioning systems (HVAC). This consumption of energy has implications for operating costs and

carbon emissions. Hybrid renewable energy systems combine conventional HVAC systems and ground

source heat pumps (GSHP). They are an attractive alternative because they can be operated efficiently

and cost-effectively. A control strategy that exploits predictive information about weather and building

occupants’ activity can further reduce the system operating costs. This is achieved by anticipating the

HVAC demand that will result from future ambient conditions and occupant activity and then optimising

the schedule of renewable energy storage and consumption. Because building space heating demand is

stochastic in nature, we propose Stochastic Model Predictive Control (SMPC) for hybrid GSHP systems.

In SMPC, near-optimal control decisions are found for current and future states of the HVAC system

through the application of Regression Monte-Carlo techniques. We compare the performance of SMPC

for GSHP systems to that gained by using Set Point Control (SPC) and Model Predictive Control

(MPC) which uses a deterministic forecast. The comparison is undertaken using GSHP HVAC system

simulations and data collected from a GSHP installation at a residential dwelling in Melbourne, Australia.

It is found that by taking uncertainty into account via SMPC, the operating cost reduction compared

to SPC is approximately equal to half of the cost-optimality gap between SPC and a idealized controller

that is represented by MPC with perfect future information. Furthermore, we find that MPC using a

forecast based on expected values leads to greater operating costs compared to the simpler SPC strategy

when variability and uncertainty are present.
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Nomenclature Array variables and subscripts

C Cost (AUD) amb Ambient

Cth Thermal capacity (JK−1) - 16MJK−1 b Building

f(.) Cost function for a single time period elec electric heater

Q Thermal power (W ) hp Heat Pump

T Temperature (oC)

t time

U Heat loss coefficient - 0.19 kW/K

X State of the system

σ Volatility - 0.17

γ Mean reversion speed - 0.8

α Control

1. Introduction

Energy consumption has become a major concern across the globe due principally to the contribution

of fossil fuels to anthropogenic climate change. The building sector has become a priority in discussions on

possible energy savings because it accounts for approximately 40% of the global energy consumption and

is responsible for 30% of the annual greenhouse gas emissions. Therefore, there has been a rapid growth

in the development and utilization of renewable and efficient Heating Ventilation and Air Conditioning

(HVAC) systems in buildings, because HVAC is typically the largest energy end-use in both the non-

residential and residential sectors. In this context, the use of a renewable energy source and the high

efficiency of operation compared to more conventional HVAC systems have made Ground Source Heat

Pump (GSHP) systems an attractive option.

GSHP systems use the renewable energy stored in the ground to extract and reject heat. A heat

pump and borehole heat exchangers are used to extract heat from relatively warm ground in winter. The

process is reversed in summer to extract heat from the building and reject it to relatively cooler ground.

The temperature of the underground soil remains relatively stable at the annual average atmospheric

temperature throughout the year. Therefore, in winter and in summer, the ground can maintain a higher

and lower temperature than the typical atmospheric temperature respectively. GSHP systems exploit

this temperature difference to supply heating and cooling demands of buildings in an efficient way [1].
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There are many popular options available for building HVAC systems, such as air source heat pumps,

electric and gas heaters. However, despite their high efficiency, the uptake of GSHP systems has been

limited compared to these conventional systems due to high upfront investment cost. This can be over-

come with the combination of multiple energy systems which result in a hybrid system. A GSHP system

can be designed and utilized to satisfy the majority of heating demand while a conventional system is

used to satisfy the excess (peak) heating demand which occurs only for a short period of time during a

year. This way, the hybrid approach can reduce the total life cycle cost and reduce the capital investment

risks associated with under-sizing or over-sizing a HVAC system.

This study develops a model for optimised dynamic control for a hybrid ground source heat pump

that is used to deliver heating, in the presence of uncertain weather conditions and occupant activities.

The weather and demand data that was necessary to develop the model was observed for a residential

building in Melbourne, Australia, during winter season. The contributions of this paper are as follows:

1. a stochastic optimisation model for the control of a residential HVAC system using the LSMC

approach;

2. performance evaluation of the LSMC-based controller for two HVAC systems using real-world GSHP

systems data;

3. a comparison of the computationally-evaluated performance of this stochastic controller with the

commonly-used set point control and MPC deterministic control strategies.

2. Literature review

The combination of multiple energy systems enables multiple possible operating modes due to func-

tional diversity of the system. However, the system efficiency and the operational cost may depend on the

operating mode of the system. Many studies have been conducted to develop optimised control strategies

to reduce the energy consumption of HVAC systems. The most common practice in HVAC control is

to use set point controllers which are based on simple rules. Yang et al. proposed a control strategy

for a solar assisted ground source heat pump system that determines the conversion between several

operating modes based on building thermal load demand [2]. In addition, model based approaches such

as Proportional Integrate Derivative (PID), Fuzzy Control, Model Predictive Control (MPC) are some

of the widely used methods in building thermal control [3, 4, 5]. Reena et al. developed an occupancy
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based HVAC control for multi-zone shared spaces in buildings using type 2 fuzzy logic system. They have

found that type 2 fuzzy logic systems have better energy savings compared to type 1 fuzzy logic systems

[4]. Mehdi et al. developed a model-based hierarchical control strategy that balances the comfort and

energy consumption of HVAC systems. They implemented a model predictive controller and it is shown

to reduce the total energy consumption of the HVAC system by 73% [6].

Building thermal control is necessary to provide a quality living environment for the occupants. An

efficient control of an HVAC system not only considers the energy and cost savings but also takes the

thermal comfort of the occupants in to consideration. Attia et al. compared the performance of fuzzy

control and PID control to improve the efficiency of an air-conditioning system while maintaining thermal

comfort conditions [5]. It was found that PID controller fails to adjust the room temperature at part

load operations while fuzzy controller satisfies the load and the comfortable thermal conditions simulta-

neously. However, in extreme weather conditions, some building standards allow the room temperature

to occasionally leave the comfort bounds [7].

Furthermore, optimising the operating conditions according to time of use electricity price and energy

demand may also reduce the operational costs significantly. The thermal capacitance of the building can

be used to store thermal energy in the structure of the building to shift the energy demand to times with

lower electricity price. This could reduce the peak electricity demand and also take advantage of low

electricity price of off peak time. However, the cost savings achieved may depend on several factors such

as the building capacity and the electricity rates [8].

In addition, recent studies have shown that incorporating occupancy and weather predictions into

the controller can reduce the energy consumption of the HVAC system significantly [9, 10]. Henze et

al. demonstrated the optimal control of building operational set point for cooling, incorporating short

term weather predictions. The results showed that utility cost savings of 17% are achieved even with an

imperfect forecast and with a mismatch between the model used for the optimal control and the actual

building [9].

Heating and cooling demand primarily depend on the weather conditions and the occupants of the

building. However, to successfully respond to the changing conditions of the system, an efficient controller

must consider the uncertainties involved in the parameters of this stochastic energy system. Oldewurtel

et al. assessed the application of MPC on building climate control taking the uncertainty in the weather
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predictions into account. The stochastic MPC was shown to outperform the non stochastic MPC as

well as the simple rule based control [11]. However, they have not taken the effect of occupancy on the

building climate control into consideration. Zhang et al. investigated the control of a building HVAC

system considering uncertainties in both weather conditions and occupancy using randomized MPC which

is based on samples or scenarios. The randomized MPC was found to outperform the deterministic MPC

method that makes the control decision assuming the predictions are perfect [7]. Furthermore, Chen

et al. developed a two layer optimisation model which aims to minimize the electricity consumption

while maximizing the thermal comfort. The upper optimisation layer that takes the uncertainty of the

temperature of the day into account is developed based on chance-constrained programming. the lower

optimisation model is used to optimise the heat pump unit using PSO algorithm. The results showed

an improved energy efficiency with lower cost of electricity while maintaining the thermal comfort of the

occupants [12].

In this paper we report on the dynamic control of a hybrid ground source heat pump system. The

problem is formulated as a Stochastic Optimal Control (SOC) problem. It was solved using approxi-

mate stochastic dynamic programming based on the Least Squares Monte Carlo (LSMC) approach [13].

Stochastic dynamic programming has been used in a wide variety of areas including decision-making re-

lated to investments in infrastructure, management of resources and developing stochastic control policy

[14, 15]. For investment decision making, LSMC is one of the major techniques utilized for Real Options

Valuation (ROV) [16]. For a system where control decisions can be made sequentially at future points

in time, the method uses randomized (“Monte Carlo”) simulations to generate a large number of system

trajectories (i.e., realizations of uncertain exogenous variables and dynamic system states). Typically the

decisions (i.e., the choices of values for the system controls) are also randomized during the Monte Carlo

phase. In a common form of LSMC, the future (end of time horizon) value of the objective function to be

optimised is then estimated as a function of control and system state variables using least-squares linear

regression. The control values that are estimated to minimise the future objective function value for a

given system state are then considered to be the optimal controls for that state. The method exploits

the ability of a dynamic controller or human decision maker’s to make decisions in the future based on

observations of the system, and does not require deterministic predictions of this future. As such, it

reflects and enables the valuation of the flexibility present in real-world situations where decisions are
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made sequentially.

The LSMC approach does not require a linear representation of the dynamics of the system and it

does not require restrictive assumptions about the structure and dependencies of the system’s exogenous

variables. This makes it a versatile technique which is suitable for optimisation in energy systems that

are non-linear and/or subject to significant exogenous uncertainties. It has been used to determine the

optimal timing of energy systems investment, optimal operation under uncertain conditions, and inventory

control [17, 18, 19, 20]. For building heating systems management, Yerkin et al. formulated a stochastic

control problem to minimize the long term total cost of a district energy system by integrating its

investment and operational decisions under uncertainty. They solved it numerically using Least Squares

Monte Carlo regression analysis in the presence of uncertain electricity and gas price, and showed that

it can achieve significant performance improvements [14]. However, the application of SOC based on

LSMC to HVAC systems incorporating renewable energy supply has not previously been reported in the

literature.

3. Problem Formulation and Mathematical Models

We seek to control the HVAC system of a residential building so as to maintain indoor temperature

within a range (band) that is considered acceptable for the thermal comfort of the occupants, while

minimizing the operating cost of the HVAC system over time. The dynamic heat demand of a building

depends on factors including outdoor ambient temperature, wind-induced convective heat transfer, and

the activities of occupants which can lead to heat gains or losses. The trajectory over time of these

external influences is uncertain but partially predictable. In this paper we explicitly consider only the

effects of ambient temperature and the thermal interactions due to occupant activities.

We decompose the SOC problem for a GSHP-based HVAC system into two sub-problems: (i) the

control of room temperature considering the building dynamics, and (ii) controlling the GSHP system

considering the dynamics of its main components, including both the ground heat exchanger and the heat

pump. A motivation for this decomposition is to limit the number of elements in the system state vector

for each sub-problem. The computational demands of LSMC grow exponentially with the size of the

system state vector. Due to this “curse of dimensionality”, decomposing the problem into two simplified

sub problems significantly reduces computational cost. In a practical sense, the decomposition supports
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modularization of the HVAC system and it enhances its resilience to failures in sensor systems especially

those in the relatively harsh operating environment of the GSHP equipment. In real world applications,

sensors may malfunction or fail for various reasons, and replacement may be delayed or deferred due to

expense, part availability or technical difficulties (as exemplified by the failure of a borehole temperature

sensor in the GSHP system under observation for the purposes of this research).

A schematic diagram of the system considered in this study is demonstrated in Figure 1. The HVAC

system of the residential building consists of two components, the GSHP system and an auxiliary electric

heater. The GSHP system is designed only to handle a percentage of the peak load, and the electric

heater is used to balance the remaining load during peak days. Due to the high Coefficient of Performance

(CoP) of the GSHP system (which is the amount of energy delivered by the system per unit of electricity),

the cost of operating the GSHP is much lower than the cost of the electric heater. Therefore, the cost

of operation of the system can be minimized by utilizing the GSHP system and the heat capacity of the

building to reduce the use of expensive energy from the auxiliary electric heater during peak days. It can

be done by heating the building and storing thermal energy in the building envelop using the GSHP. In

addition, considering the time of use electricity price could also lower the operational cost of the system.

However, an efficient controller must optimise this temperature setting of the building under uncertain

conditions to maximize the savings it can achieve.

Figure 1: Hybrid Ground Source Heat Pump System Configuration

3.1. Building Model

This study considers as a case study a residential building that is located in Melbourne, Australia.

The ambient temperature, indoor temperature, weather forecast for the location, and the heating demand

of the building have been monitored, and the observed data will be used in the computational evaluation
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of control strategies. A mathematical model for the building for control systems development is based on

an energy balance of the building assuming that the building can be modelled as a single thermal zone

[2]. Equation 1 is formulated using the energy balance of the building where T bt is the temperature inside

of the building at time t, Cbth is the thermal capacity of the building, Qb,int is the heat delivered into the

building, Qb,outt is the heat loss from the building at time t, and ∆t is the time interval.

Cbth
(T bt − T bt−1)

∆t
= Qb,int −Qb,outt (1)

Heat can be delivered to the building using the two systems, the heat pump and the electric heater.

Therefore, the total thermal energy delivered can be found by Equation 2.

Qb,int = Qhpt +Qelect (2)

Two main components of the heat loss from the building have been considered for simplicity: heat loss

due to the temperature difference between the ambient and the building temperature, and heat transfer

due to occupant interactions Qocct . To calculate the heat loss due to the ambient temperature, a non

spatially varying temperature for the building envelope has been assumed considering the building as a

lump capacitance reservoir of heat [21]. Therefore, the heat loss from the building can be found from

Equation 3 using the standard heat loss formulation where U is the heat loss coefficient, T ambt and T bt are

the ambient and building indoor temperature. The values of heat loss coefficient and thermal capacity

of the buildings were calculated from the collected data using these mathematical models. The data

was collected from a residential property in Melbourne. The ambient temperature, the building indoor

temperature, and the heat supplied to the building by the HVAC system are monitored during winter

season.

Qb,outt = U(T bt − T ambt ) +Qocct (3)

3.1.1. Weather model

The weather that is external to the building affects the heat losses from it, or heat gains by it,

and is also an important exogenous variable in heat pump operation. There is inherent uncertainty in

weather forecasts. The weather forecasts are provided by The Weather Company, a large global weather

forecasting organisation. The weather forecasts are geo-localised to the latitude and longitude of the
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site of interest, and are based on ensembles of multiple types of weather forecasting models including

numerical weather prediction based models, sensor data from thousands of weather stations, and satellite

data. The provided forecasts include anticipated values for hourly ambient temperature over the next 48

hours from the time that the forecast is requested.

A discrete mean reverting process has been adopted to generate the possible realizations of the ambient

temperature profiles as it is a widely used method that has been used to generate Monte-Carlo simulations

for weather data [22]. As the ambient temperature varies with the time, the forecast generated at the

start of the day has been considered as the mean in this model.

The realizations for the ambient temperature can be generated from the Equation 4 where γ is the

mean reverting rate, σ is the volatility (standard deviation of the noise), and WT is a Brownian motion.

∆T ambt = γ(T amb,fct − T ambt )∆t+ σT ambt ∆WT (t) (4)

3.1.2. Thermal interactions due to occupant activities

Developing a mathematical model for thermal interactions due to occupant activities is important

in generating Monte Carlo simulations, and control policy development. The heat exchanged due to

occupant activities was calculated from the collected data by combining equations 1 and 3.

Qocct = Qb,int − U(T bt − T ambt )− Cbth
(T bt − T bt−1)

∆t
(5)

This heat loss Qocct can exhibit sudden steep losses, mostly in the morning and in the evening, and

can also have negative values which represent heat gains from the occupants. For the purpose of the

simulation we modelled this using (i) a standard time series forecasting model for ongoing behaviour, and

(ii) an exponential distribution to account for the sudden peaks.

Time series forecasting is used in a wide range of domains including weather, medicine and finance

[23]. For this use case, no additional data was available to help model occupancy numbers and behaviour,

so a data-driven approach using past data was necessary. In such a case, an ARIMA (Auto Regressive

Integrated Moving Average) model can be well suited, since it takes into account both the moving average

and auto-regressive components of the time series, while also accounting for any trend. For the baseline

of heat loss, an ARIMA process proved to be effective.

However, ARIMA models require the underlying time series to be stationary and in the case of heat

loss, the time series can have many outliers – ‘spikes’ in the data – that are difficult for an ARIMA
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process to replicate. We observed that peak losses have a strong correlation with time-of-day, and

therefore modelled them separately by fitting an exponential distribution to the set of heat exchange

measurements in the past week, for a particular time of day. We could then regenerate outliers by using

the same distributions.

Our final model of heat exchange from occupant activities is therefore a combination of the ARIMA

model for standard baseline behaviour, coupled with our peak heat loss model to include sudden peaks

that can occur due to occupant interactions with building elements (e.g. opening and closing of doors

and windows).

3.2. Optimisation Model

The optimal control of the building temperature was modelled as a stochastic dynamic programming

problem and solved using the LSMC method. This method uses Monte Carlo simulations to generate

a large number of possible realizations of the uncertain parameters (the ambient temperature and the

thermal interaction due to occupant activities) and selects a control (a target value of room temperature)

so as to minimise the expected operational cost throughout the day. The problem uses time discretiza-

tion into hourly intervals. The exogenous variables associated with ambient temperature and occupant

activities, and the target room temperature control value, are considered constants within each time

interval.

The LSMC algorithm (also referred to in the literature as Regression Monte Carlo) consists of a forward

phase and a backward phase. In the forward phase, multiple realizations of the uncertain parameters

were generated for the selected time horizon. The target room temperature control is randomized at each

time step. For each of the forward simulations a cost f(.) is calculated progressively for each time period.

This cost is equal to the cost of energy inputs for the operation of the HVAC system plus a penalty value

when the room temperature falls outside the accepted comfort range. The states of the system are the

ambient temperature and heat exchange due to occupant activities. The cost function f(.) is:

f(tn, X
m
tn , αtn) = Celectn

( Qhpt
CoP

+Qelect

)
+ P (T b)

where P > 0 when Tmin > T bt > Tmax, tn is the time interval (n ∈ N), Xm
tn is the states of path m

(m ∈ M), αtn is the control, and Celectn is the cost of electricity at time tn. Furthermore, in this study,

the CoP of the GSHP system is considered as 4.
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In the backward phase, the least cost-to-go is estimated as a function of state variables and control

values at each time step, as a conditional expectation approximation. This resulting approximation is

then used to find the best control strategy by computing the future cost-to-go for each control decision

for each path. The cost-to-go for each path is updated by adding the cost of the current time step to the

future cost-to-go for the selected optimal control. This process is repeated until the first time step, to

find the best control with the lowest cost-to-go.

Algorithm 1 Regression Monte Carlo Algorithm

N - No of time intervals, M - set of paths, C - Set of controls

At time tN = N

Set Y (tN , X
m
tN , αtN ) = g(tN , X

m
tN , αtN ) for m ∈M

for time ti = N − 1, ...1 do

Approximate Φti(X
m
ti , αti) = IE

[
Y (ti+1, X

m
ti+1

, αti)|Xm
ti , αti

]

Optimal strategy computation

X̂m
i = Xm

i ,∀m

for j = i, ..., N − 1 do

α̂mj = arg max
αj∈C

{
f
(
tj , X̂

m
j , αj

)
+ Φ

(
tj , X

m
j , αj

)}
∀m

Y (ti, X
m
ti , αi) = Y (ti, X

m
ti , αi) + f

(
tj , X

m
j , α̂

m
j

)

αmj = α̂mj

end for

Y (ti, X
m
ti ) = Y (ti, X

m
ti ) + g(tN , X

m
tN , αtN )

end for

4. Results

Two GSHP system configuration scenarios are explored here in a computational study of control strategies

using demand and building thermal performance data observed for a residential property in Melbourne,

Australia.

Scenario 1, a hybrid GSHP system with an auxiliary heater — GSHP systems combined with

auxiliary heaters are widely used to lower the high initial cost associated with GSHP systems. The

operational cost of auxiliary heaters is higher compared to GSHPs due to their lower energy efficiency,
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so optimal operation of the hybrid system involves minimising the use of the auxillary heater.

Scenario 2, an undersized GSHP system — undersized HVAC systems have reduced ability to main-

tain acceptable room temperatures in periods of more extreme heat loss. For cost-optimal operation

of an undersized GSHP it is necessary to preemptively heat the building towards the upper comfort

temperature limit prior to a predicted peak in net heat loss.

This study was undertaken for the coldest month of the year at the location. The coldest month

was selected to explore the operation of the HVAC system during peak demand times. The standard

residential time-of-use electricity prices were considered to be $ 0.4/kWh from 7.00 am to 10.00 pm

and $0.2/kWh at other times, which reflect a common electricity pricing offering in this location. The

stochastic control problem was solved every one hour over a horizon of 24 hours using a rolling horizon

based approach to take updated forecasts and changing conditions into consideration. Therefore in the

following subsections, we will refer to the stochastic controller as a Stochastic Model Predictive Controller

(SMPC). Furthermore, we have considered two scenarios to explore the effectiveness of the developed

stochastic algorithm.

4.1. Scenario 1

The building HVAC system consists of a hybrid ground source heat pump with an auxiliary electric

heater. The heat pump (which has a high capital cost but low operational cost) is sized to fulfil the

major proportion of heating demand. Therefore, the energy needed to maintain a comfortable room

temperature over time is primarily supplied by it. During the peak demand periods, when the capacity

of the heat pump is insufficient to maintain a comfortable room temperature, the auxiliary electric heater

supplies the additional energy that is needed. The cost of operation is minimized by maximal utilization

of the GSHP and minimum utilization of the auxiliary electric heater.

Three control strategies in addition to SMPC were evaluated:

• Set Point Control (SPC)

In SPC, heating occurs only when the building indoor temperature drops below a temperature

set point. We have considered this set point to be the minimum comfortable temperature for the

occupants (i.e. 18 oC in this case study).

• Deterministic Model Predictive Control (MPC)

The MPC was developed based on mixed integer linear programming using a single forecast ne-

12



Table 1: Cost of operation of the HVAC system in the coldest month, for scenario 1

Set Point MPC with Stochastic Deterministic

Control Perfect Forecast MPC MPC

(SPC) (MPC-PFI) (SMPC) (MPC)

(Ideal)

Cost (AUD) 53.10 48.41 51.05 53.84

Percentage improvement - 8.83 3.86 -1.39

compared to SPC (%)

glecting the uncertainty of the system. An ambient temperature forecast and the mean value from

the SMPC Monte Carlo simulations of the heat exchanged due to occupant activities were used.

• Deterministic Model Predictive Control with perfect future information (MPC-PFI)

A MPC with perfect future information (i.e., a perfectly accurate forecast) is used to estimate a

lower bound on the operational cost. The lowest cost can be achieved when we deterministically

optimise the control schedule for known future values of ambient temperature and heat exchange

due to occupant behaviour. This is an ideal controller than cannot be realized in practice.

Table 1 presents the cost of operation of the hybrid GSHP system for these controllers and its per-

centage of improvement compared to the simple set point controller.

The DMPC that takes perfect future information in to account has a cost reduction of 8.8% compared

to the simple SPC method – this is the lower bound on operating cost. The SMPC approximately halves

the cost optimality gap between the SPC and the lower bound; this equals to approximately 3.9% of

the total monthly operational cost. In contrast, the DMPC has a higher cost, 1.4% greater than for the

simple SPC method. This controller has performed poorly when assessed under real world variability.

Performance of these controllers are explained by considering the operation of a representative day which

is presented in Figure 2.
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Figure 2: Results for a representative day

The figure represents the cost of operation, electricity consumption of the heat pump and the electric

heater, and the indoor temperature of the three controllers SMPC, DMPC and SPC. The demand pattern

of this representative day has a clear morning peak, lunch peak and an evening peak. Due to the capacity

constraint of the heat pump, the auxiliary heating may be required during this peak demand period to

avoid the room temperature falling below the minimum comfortable level. The electric heater is used to

cover the morning and lunch peaks when the SPC which maintains the room temperature at 18oC at

all times is used. The SMPC and the DMPC anticipates these demand spikes and preheats the building

internal space prior to these peaks using the heat pump that has a low operating cots. This reduces the

total operational cost of the system. Preheating of the building occurs just prior to the peak demand so

as to minimise total heat loss due to the increased temperature difference between the internal space and

the outside air.

Despite anticipating peak demands, DMPC performs poorly compared to SPC. In this particular day,

the evening peak is smaller than the morning and lunch peak, and the auxiliary heater is not needed to

maintain the indoor temperature in the acceptable range. However, DMPC anticipates a high evening

peak, does not consider the alternative possible realizations, and increases the indoor temperature more
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than proves necessary with time. Therefore it consumes more energy and increases the operational cost

relative to SPC.

4.2. Scenario 2

In Scenario 2 we consider a system that consists of a slightly undersized GHSP where the majority

of the demand can be supplied from it. Due to unavailability of the auxiliary heater, it may prove

impossible to avoid room temperatures dropping below the minimum comfortable level during the peak

heating demand periods. The objective of the controller is to minimize the cost of operation while also

minimizing the duration and extent of the discomfort that would be felt by the building occupants.

Thermal comfort can be evaluated using both objective and subjective measures. There are subjective

measures such as Predicted Mean Vote that consider a wide range of factors such as air humidity, air

velocity, occupants metabolic rate and clothing insulation [24]. These subjective measures may be well

suited to measure the comfort of a selected population, but may not be applicable to use as a general

model. Therefore, we use an objective metric that can be directly calculated using temperatures in order

to measure the discomfort of the occupants. The discomfort metric is Discomfort Degree Hours (DDH):

refer Equation 6.

In this context, the minimization of the DDH is prioritized by adding a large penalty for room

temperatures below the minimum acceptable level. We assume that the building is actually occupied at

such times.

DDH =

T∑

t=1

(T bt − Tmin)( if T bt < Tmin) (6)

Two heat pump capacities (2.5 kW and 2.75 kW ) were considered to investigate the effect of the

controller on the system performance. The same algorithm described in section 3.2 is used except for

Qelect is zero due to unavailability of the auxiliary heater.

Figure 3 present the cost of operation and the DDH for SPC and the SMPC controller for the month.

However, we have considered several levels of thermostat setting for the set point controller to investigate

the levels of DDH and the costs for each temperature setting since some of building occupants may

increase their thermostat setting to stay comfortable.

For the capacity of 2.5 kW system, the lowest DDH is obtained by the temperature settings above

22oC. Compared to them, SMPC has an increased DDH by 9%. However the cost of operation is reduced
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by 17% compared the temperature setting that has the lowest cost among them.

On the other hand, for the capacity of 2.75 kW system, the SMPC and temperature settings above

22oC have the lowest DDHs. The SPC that has the lowest cost and the same level of DDH has an

increased operating cost by 25% than the SMPC. However, it can be seen that SMPC performs better

for the 2.75 kw than 2.5 kW system as it has a high flexibility in reaching high temperatures due to the

increased capacity.

Figure 3: Cost and Discomfort levels of SPC and SMPC

The SMPC control algorithm can be solved using a laptop computer with 8Gb of RAM and a 2.6 GHZ

Intel i7 CPU over a duration of approximately 90 seconds (when simulating 50000 Monte Carlo paths).

The control policy resulting from one solve remains optimal and does not need to be repeated until

updated forecast information about the exogenous variables is received. A reasonable update frequency

for weather forecasts is at least one order of magnitude greater than the solve time. As a result, the

SMPC strategy is practically feasible on a computation time basis. If a controller based on an Intel i7

CPU was utilised the annual energy consumption by the control system would be less than 0.1 kWh

per day for a 60 minute control policy update frequency. This is a smaller amount of energy relative

to the daily energy savings attainable through use of SMPC compared to set point control, but it is

substantial enough to indicate a need for an energy-efficient controller architecture, an efficient SMPC

implementation, and the judicious selection of a control policy update frequency.
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5. Conclusions

We have developed and computationally evaluated alternative strategies for optimised operation of a

hybrid GSHP system for building space heating. We have concentrated on performance evaluation for a

residential building using data pertaining to the annually coldest month in Melbourne, Australia.

We have shown that for a GSHP system with auxiliary heating, a control strategy that takes un-

certainty into consideration approximately bisects the cost optimality gap between a simple set point

control strategy and an idealized MPC strategy that utilizes perfect future information. This equates

to 3.86% cost reduction compared to set point control for the particular building that has been studied.

Conversely, an MPC control strategy utilizing a deterministic forecast (i.e., which neglects uncertainties

in the prediction of exogenous variables) performs poorly compared to the set point method. This is

due to the natural variability in the exogenous phenomena. This demonstrates that it is necessary to

explicitly consider environmental and heating demand uncertainties if GSHP systems are to be operated

efficiently. Adding complexity to the control strategy without considering uncertainty (i.e., as per MPC)

is shown to be an ill-conceived step. It leads to operational performance that is worse than that which is

delivered by the simple and robust control strategy of set point control.

For undersized GSHP system without auxiliary heating, a controller that takes uncertainty into ac-

count can be used to avoid discomfort for the occupants while minimizing the operational cost. However

the proportion of the cost and discomfort reduction that is attributable to the actions of the controller

depends on the heating capacity of the system. For the 2.75 kW system considered in this study, the

operational cost is reduced by 19.3% for the stochastic controller compared to the set point method that

delivers the same number of discomfort degree hours. This demonstrates that a substantial operating

cost reduction can be achieved while maintaining comfort if a GSHP control strategy incorporates the

uncertainty of weather conditions and occupant activities.
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5.3 Summary and Contributions

This study presents a mathematical model developed to optimise the operation of a

hybrid GSHP system considering the uncertainty of system dynamics. The building

thermal capacity was utilized as a storage to control the heating demand of the system.

Weather conditions and building occupants are considered as the main uncertain fac-

tors that influence the thermal behaviour of the building. The mathematical model

was developed using real data collected from a residential building in Melbourne. The

stochastic problem was solved using the ROV method based on the Least Square Monte

Carlo approach, and an MPC approach has been implemented to consider the newly

available information.

Two scenarios were considered to explore the effectiveness of the developed stochastic

controller. In the first scenario, a hybrid GSHP system combined with an auxiliary

electric heater was optimised to reduce the operational cost. The performance of the

stochastic controller was compared with a simple rule based set point controller and

an MPC controller that takes a deterministic forecast into consideration. The results

showed an approximately 4% monthly operational cost savings for the stochastic MPC

compared to the simple set point controller. Furthermore, the MPC that considered

a deterministic forecast performed worse than the set point controller. These results

highlight the importance of considering uncertainties when operating a HAVC system

under real world variability.

In the second scenario, an undersized GSHP system with no auxiliary heater is consid-

ered. The objective of this controller was to reduce the operational cost while minimizing

the discomfort of the occupant. It was found that significant savings can be achieved

by incorporating the stochastic controller, compared to the set point controller with the

same level of discomfort degree hours.

The main contributions of this chapter are as follows:

• developing a mathematical model for a stochastic controller of a hybrid ground

source heat pump using real data collected from a residential building in Mel-

bourne, Australia,
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• developing an optimisation model for the control problem using Real Options

Valuation method based on least square Monte Carlo approach,

• performance evaluation of the developed stochastic controller for two systems: a

hybrid GSHP system with an electric heater, and an undersized GSHP system.



Chapter 6

Conclusion and Future Work

The work presented in this thesis contributes towards optimising the design and enabling

efficiency improvements in the operation of hybrid ground source heat pump systems,

helping to make them a cost effective and attractive option for building heating and

cooling systems. This thesis explores three main research questions in optimising hybrid

Ground Source Heat Pump (GSHP) systems. Chapters 1 and 2 present the key moti-

vation and provide a detailed discussion of the background of the work that has been

conducted, respectively.

The first research question presented in Chapter 3 focuses on optimising the design of

hybrid GSHP systems to overcome the barriers associated with their high initial cost.

Life cycle cost has been considered in the optimisation as it considers the costs associ-

ated with the system throughout its project life. Simulations were carried out to find the

optimal design parameters – including the solar thermal collector area, borehole depth,

and storage tank size – using a mathematical model developed and verified from a field

experiment site in Melbourne, Australia. Initially, optimisation and the feasibility of a

hybrid system that has been utilized for space heating and cooling ware explored. The

results suggested that the hybrid approach is not economically feasible if the domestic

hot water demand is not taken into account. Therefore, the study was then extended

to consider both space heating and cooling, as well as domestic hot water demand. It

was found that optimally designed hybrid GSHP systems can achieve significant savings

(up to 32%) compared to the most economic conventional heating and cooling system.
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However, these optimal parameters, and their feasibility, mainly depend on the geo-

graphic conditions and cost structure of the location. Larger boreholes may be required

for locations with high heating demand and low undisturbed ground temperature, and

larger solar collector areas are required for locations with low solar radiation. It was also

found that locations with high electricity and gas prices can offset the high initial cost

of hybrid GSHP systems integrated with solar thermal collectors, thus making them the

most economical system that can be used for HVAC and domestic hot water production.

In this study, the cost related data and the ground thermal properties from Melbourne

has been considered for other selected locations due to the difficulty in obtaining real

data from all locations. However, the actual values might vary and thus affect the results.

Therefore, this study can be significantly improved if the system can be reassessed for

actual data obtained from each of the locations. Furthermore, incorporating subsidies

provided for renewable energies, and the cost of planning and permits for each location

can further improve the results of this study.

Chapter 4 contributes to improvements in the configuration and the control of a hybrid

GSHP system that was used for space heating. A methodology was proposed to optimise

the operation of a hybrid GSHP system considering the time-of-use electricity price.

The proposed method showed a monthly operational cost reduction of approximately

8% compared to a standard rule-based set point controller. In addition, two system

configurations were considered in order to explore the effect of integrating a thermal

storage into the system. The system with the storage tank showed a higher coefficient

of performance due to its stable and flexible operation.

The work presented in Chapter 4 assumes a deterministic demand and perfect forecasts

for environmental conditions neglecting the uncertainties. Therefore, the third research

question presented in Chapter 5 focuses on optimising the operation of the system con-

sidering the uncertainties that arise due to the stochastic nature of weather conditions

and demand. Weather conditions and building occupants are considered as the main

uncertain factors that influence the thermal demand of a building. The stochastic con-

trol problem was solved using the Real Options Valuation method based on the least

square Monte Carlo approach. This proposed controller showed a monthly operational

cost reduction of 4% compared to the rule based set point controller for a hybrid GSHP

system. The controller was then implemented to an undersized GSHP system with no
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auxiliary heater. In addition to minimizing the operational cost, the objective function

of this controller considered minimizing the discomfort of the occupants. The results

indicated an operational cost reduction of 19% for the proposed stochastic controller

compared to the set point controller that has the same level of discomfort. Therefore,

this study demonstrates that a considerable amount of operational cost can be reduced

by incorporating the uncertainties into the HVAC system controllers.

This thesis has focused on single residential HVAC systems. However, the proposed

methodologies in this thesis can be extended to the scale of districts having multiple

buildings, as there are advantages of externally managed energy systems that share

available resources. Particularly, meeting heating and cooling loads of a community

through a central system may be more efficient and reliable, and overcome barriers such

as space constraints of individual buildings.

There are still significant areas for further study in the optimisation of the system de-

sign. The dramatic declines in the cost and subsidies have increased the deployment

of residential or ’rooftop’ solar PV systems across the globe. When designing a hybrid

GSHPs system, the optimal trade off between the electricity generation from PV and

heat generation from thermal collectors has to be evaluated to maximize the overall

system benefits of the two systems when installing solar thermal collectors on a resi-

dential rooftop that has solar PV. However, when exploring the optimal solar thermal

collector size in this thesis, constraints or conditions of the available roof area have not

been considered. In addition, we have considered the solar irradiation recorded by the

bureau of meteorology to calculate the useful energy from the solar collector. However,

the actual solar irradiation on the panels may vary depending on other factors such as

the installed configuration and shading effects. Therefore, it is worthy to explore these

aspects to utilize the available roof area and to maximize the overall benefits from these

renewable energy systems.

The study can also be extended by carrying out a sensitivity analysis to evaluate the

accuracy and uncertainties of the developed mathematical models. It can be used to

analyse how different values of independent variables such as solar collector efficiency,

ground thermal properties and the electricity prices affect the cost and the performance

of the system. Uncertainties of the system may arise due to various reasons such as

sensor calibration accuracy, parameter uncertainty and model uncertainty. Therefore,



117

a sensitivity analysis may be conducted to evaluate the accuracy of the data and the

assumptions considered in the models.

This thesis has demonstrated that optimisation of the operation can result in a consider-

able amount of monthly operational cost savings. The work presented in the thesis was

based on a study undertaken for the coldest month of the year for Melbourne, Australia.

Therefore, Chapter 4 and 5 only considers the space heating demand in the optimisation

of the operation. This study can be extended to evaluate the annual operation of the

system since the ground temperature alteration during winter may affect the system

performance in summer. Therefore, it is worthy to explore the benefits of incorporating

cooling demand and the domestic hot water demand into the controller.

The body of work in this thesis has shown that hybrid ground source heat pump systems

are more than competitive with systems typically in use throughout our homes today.

In addition, the environmental benefits of shifting some of our residential heating and

cooling load to ground source heat pump systems have the potential to significantly

reduce our reliance on fossil fuels, and could play a significant role in a transition to

a more sustainable energy mix for our homes. Given the dire need to address the

increasingly urgent problem of global climate change, solutions such as the one explored

in this thesis are becoming increasingly essential.



Appendix A

Instrumentation and Data

Collection

There are 23 GSHP systems installed in metropolitan Melbourne as part of the Sustain-

able Energy Pilot Demonstration (SEPD). One of these properties located in Footscray

was modified to a Solar Assisted GSHP system due to its low performance during winter.

30 evacuated tube collectors and a thermal storage tank with double heat exchangers

were combined to the GSHP. A detail description of the SEPD project, instrumentation

and data collection can be found in [110]. However, this Appendix provides a sum-

mary of the instrumentation and data collection of the SAGSHP system installation in

Footscray, Victoria, Australia.

In the experiment, temperatures, flow rates of the circulation fluid and the power con-

sumption of the heat pump was collected in five minutes interval over sixteen months.

The following subsections describes the parameters monitored and the instrumentation

used.

A.1 Temperature Measurements

Negative temperature coefficient (NTC) thermistors from EmersonTM has been used

to measure the temperatures of the systems at the following locations. Thermistors are

attached to copper pipes before the insulation is installed.

118



119

Figure A.1: Schematic of the SAGSHP system

Figure A.2: Solar thermal collectors

Figure A.3: Thermal storage tank
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Figure A.4: Temperature measurement of the thermal storage tank

• Temperature of the water entering and exiting the GSHP

• Temperature of the inlet and outlet of the solar collectors

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

• Temperature of the tank at two node points

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

The top node has been connected to the data logger for the purpose of data collection,

and the mid level sensor was connected to the controller.

A.2 Flow rate

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

important parameter to that is required to calculate the amount of energy transferred

from the ground to the building.

A.3 Electricity Consumption

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

the energy consumed by the heat pump and the fluid circulation pump of the system.
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[98] Nicolas Langrené, Tanya Tarnopolskaya, Wen Chen, Zili Zhu, and Mark Cooksey.

New regression monte carlo methods for high-dimensional real options problems

in minerals industry. 12 2015.

[99] Philipp Keller, Shie Mannor, and Doina Precup. Automatic basis function con-

struction for approximate dynamic programming and reinforcement learning. vol-

ume 2006, pages 449–456, 01 2006. doi: 10.1145/1143844.1143901.
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