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Abstract 
A Ground Source Heat Pump (GSHP) system is a type of highly efficient renewable 

energy system which utilizes the ground as the heat source when heating and as the 

heat sink when cooling. Since the initial installation cost of GSHP systems can be 

relatively high, hybrid GSHP systems can be designed to reduce the initial cost by 

coupling with other energy technologies, including solar technology. One promising 

area where hybrid GSHP systems can be applied to is in the rural industries which has 

high requirement for heating and lack of reticulated gas infrastructure and land 

availability. This research aims to contribute to the development of hybrid GSHP system 

with horizontal ground heat exchangers (GHEs) suitable for the rural industry, with 

poultry sheds in Australia investigated as cases studies.  

A full-scale instrumented hybrid geothermal system for the poultry shed in Peats Ridge 

was then designed and built to verify, demonstrate the performance. Providing 80 kW 

heating, the ground heat exchanger field consists of 12 horizontal trenches at the depth 

of 1.5 m totalling 4,800 m of ground loop and 400 m of pond loop in a nearby pond 

submerged at a depth of 4 to 6 m.  

This work then investigated energy efficient solutions for poultry sheds in Australia. The 

space heating and cooling demand cycles of a typical poultry sheds in Peats Ridge, NSW, 

Australia have been simulated in detail, using TRNSYS 18. It is found that heating 

systems, operational schedule (raising batches of chicks) and ventilation strategies have 

a great impact on energy consumption. An optimum scheduling strategy was developed, 

and energy demands were minimised. 

Furthermore, this work contributed to the improvement of the design of hybrid 

geothermal system with horizontal GHEs. As hourly simulation of GSHP with 

horizontal GHEs is not yet available in major commercial software packages, Artificial 

Neural Network (ANN) models were proposed, which can potentially be generally 

applied to similar sheds at different locations and under different climate conditions, 

with readily available and limited types of input data, hourly heating loads, accumulated 

heating loads and ambient air temperature. Trained with simulated data from a verified 

TRNSYS model, the ANNs can predict the performance of GSHPs systems with identical 



ii 
 

GHEs even under climatic conditions (and locations) that has not been specifically 

trained for. This represents a major advance in this area. With only limited input data 

and showing a high accuracy (no more than 5% error in most cases tested), the 

presented ANN is 100 times computationally faster than TRNSYS model and 10,000 

times faster than comparable Finite Element models.  

Finally, to reduce the lifecycle cost and greenhouse gas (GHG) emissions of heating the 

shed, multi-objective optimisation regarding hybrid geothermal-solar-gas heating 

systems are investigated. In these systems, the baseload heating demand is satisfied by 

GSHPs, with solar photovoltaic panels providing the electricity needed to drive the 

pumps and LPG gas boilers toping up the balance of the heating. This study investigated 

and optimised lifecycle cost along with GHG emissions arising from the three 

components of these hybrid systems, considering three different electricity offsetting 

scenarios. The results indicated that a considerable reduction in the lifecycle heating 

costs (up to 55%) and GHG emissions (up to 50%) can be achieved when optimised 

hybrid systems are used for heating. The Pareto front solutions for this hybrid 

geothermal-solar-gas heating system were also determined. By comparing the Pareto 

front solutions in different scenarios, it has been identified that the shave factor, a 

measure of the proportion of GSHP to the overall heating system, has the highest impact 

when to comes to reducing the lifecycle cost, while the size and utilisation of solar PV 

panels contributes more to the lifecycle GHG emissions. 

The findings obtained from this study can contribute to the design and optimisation of 

hybrid geothermal systems to reduce its lifecycle cost and carbon footprint as well as 

assist in wide spreading the application of GSHPs for the rural industry. 
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1. Introduction 

1.1. Background 

The annual global energy consumption is about 13,000 Millions of tonnes of oil 
equivalent (Mtoe) (~544 EJ) [1], resulting in nearly 50 Gigatons carbon dioxide-
equivalent (CO2-e) greenhouse gas (GHG) emissions. It is widely accepted that our 
long-term future energy could no longer primarily rely on fossil resources (coal, oil and 
gas) since these resources are finite, and more importantly the majority of GHG 
emissions come from burning of these fossil fuels (65%) [2]. The situation is even worse 
for Australia, with nearly 90% of the energy supplied by fossil fuels. To provide our next 
generation with a sustainable energy future, alternative approaches must be pursued as 
soon as possible.  

Space heating and cooling comprise a significant part (40%-50%) of the overall final 
energy usage [3], resulting in 20 Gt CO2-e GHG emissions. By using advanced 
technologies (e.g. energy efficient HVAC systems, well-insulated construction materials) 
for space heating and cooling, up to 1,509 Mtoe of global energy annual consumption 
could be reduced by 2050 [4]. To develop sustainable buildings and improve energy 
efficiency in existing buildings, several approaches are being considered, including 
increasing the energy efficiency of Heating, Ventilating, and Air Conditioning (HVAC) 
systems and determining suitable operational schedules.  

In Australia, the agriculture and its add-on processing industry constitutes a significant 
part of its economy, comprising 12% of Australian total Gross Domestic Product (GDP) 
[5] [6]. Within this industry, nearly 600 million birds are raised annually for producing 
chicken meats [7]. One typical poultry shed provides about 200,000 chickens a year. 
Therefore, it is estimated that there are currently about 3,000 poultry sheds for chicken 
meat in Australia. The overall heating and cooling costs for poultry farms are estimated 
to be $ 80 million per year.  

To raise chicken/broiler efficiently, poultry sheds are designed to meet specific 
requirement for chickens during different stages. The indoor temperature is a vital 
factor for the chicken to grow properly in an efficient timeframe. Within each growing 
cycle, typically lasting less than 60 days, the indoor air temperature requirement 
changes from 33°C at the beginning of the cycle to 21°C in the end, which results in a 
unique heating/cooling loads cycle depending on the start date. These heating/cooling 
loads cycles can have unique characteristics that are highly different from other 
residential and commercial buildings, including highly imbalance of heating and 
cooling, sharp peak demands, as well as shortly (~weeks) alternating heating and 
cooling cycles [8, 9]. Meanwhile, since outdoor temperature changes, a considerable 
amount of energy is sometimes needed to maintain the required indoor air temperature 
(i.e., to reach 33°C in winter). Researchers have conducted building energy simulations 
for poultry sheds for the heating/cooling load cycles in recent years [10, 11]. However, 
different agricultural practices among countries (i.e., construction materials, 
operational schedules) and the various climate conditions of the poultry sheds results 
in highly varying heating/cooling demands.  
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Ground source heat pump (GSHP) is a widely used renewable energy technology and 
has been employed in many parts of the world for space heating and cooling [12-14]. As 
shown in Figure 1-1, the principles for ultilising direct geothermal energy via GSHP is as 
follows: The ground temperature deeper than the seasonal fluctuation depth is more 
stable than the ambient air temperature year-round. At around 10 m below the surface, 
the ground temperature is nearly constant throughout the year. Therefore, during 
winter, the ground temperature is higher than the outdoor air temperature, which 
means the ground could be employed as a heat source (the heat can be extracted via 
GSHPs and ground heat exchangers - GHEs). In summer, the ground is cooler than the 
atmosphere and can work as a heat sink, accessible via GSHPs and GHEs. In China, US, 
and Europe, large capacities of GSHPs have been installed [15, 16]. In Australia, this 
geothermal energy technology only comprises a small portion of the overall market [13, 
17]. One factor that drawbacks wide application of GSHP systems is the high initial 
installation costs and its associated GHG emission. However, these costs and GHG 
emission can be reduced by coupling GSHPs with other energy technology to form a 
hybrid system [18-21]. Previous studies indicated that a hybrid geothermal system could 
not only be financially attractive, but also help to balance the energy extracted and 
injected in the ground [22-24]. In this investigation, gas heaters (boilers and burners) 
can be integrated with GSHP systems due to their relatively low installation costs. To 
further reduce the operating costs of GSHP systems, renewable solar PV systems can be 
utilised to offset the electricity consumed by the GSHP systems, which can also help 
reduce GHG emissions. 

 

Figure 1-1 Schematic view of (vertical) geothermal direct\ heating and cooling system [13]. 

For the GSHPs, the GHEs are vital component that impacts the performance of GSHPs. 
There are different forms of GHEs, including vertical boreholes, horizontal trenches, 
energy piles, energy retaining walls and energy tunnels [25]. Among them, vertical 
boreholes and horizontal trenches are the two most commonly utilised GHEs. For 
horizontal ground heat exchangers, those where geo-loops are embedded in shallow (1-
1.5 m deep) trenches,  there is only very limited applications in Australia (only a few 

Ground Heat 

Exchangers  
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dozens of systems have been installed) [15]. Most of the applications in Australia are 
based on vertical boreholes (e.g., vertical ground heat exchangers – as schematically 
shown in Figure 1-1), as it requires less land area to be installed. However, for the rural 
industry, in particular for agriculture, there is usually sufficient land to use. Hence, the 
more economical horizontal geothermal system would be the more desirable option as 
its construction cost can be much less than vertical boreholes [25]. As the heating and 
cooling loading pattern demand has a significant influence on the induced long-term 
ground temperature, hence the thermal performance of the ground heat exchangers, it 
is important to investigate the performance of horizontal GHEs when used for poultry 
sheds.  

This PhD research investigates a hybrid geothermal system with horizontal ground heat 
exchangers for typical poultry sheds in Australia. A full-scale installation at the Central 
Coast, NSW is available for verifying and showcasing the findings. Only very limited 
studies have been undertaken for the utilisation of geothermal energy in agricultural 
settings and no horizontal geothermal system for the poultry sheds has been 
investigated in detail [10, 11]. With some experimental data arising from a fully 
instrumentation site, this research will provide valuable information regarding the 
performance of the hybrid geothermal system under rural industries’ unique loading 
condition to both the rural industry and the geothermal and solar industries. 
Furthermore, numerical models for both the building side and ground component were 
developed and validated with this dataset, which are also valuable for the industries. 
The knowledge boundary in this area can be further pushed upon the optimisation of 
this hybrid geothermal-solar-gas system. Various influential factors for the system will 
be evaluated to identify the importance of these factors on the system and the optimum 
design based on financial and environmental considerations will be suggested. 

1.2. Research Objectives 

This PhD aims to contribute to knowledge about hybrid geothermal systems for the 
poultry industry. To achieve the research aim, four research objectives have been 
identified as follows: 

a. To investigate the heating and cooling load patterns for a typical poultry sheds 
in Australia in order to size, design and install a full-scale hybrid geothermal 
heating system.   

b. To instrument its horizontal ground heat exchangers and the hybrid geothermal 
systems itself for a above typical poultry shed to understand the performance of 
these systems and provide a dataset for model validation. 

c. To develop a detailed numerical model for horizontal ground heat exchangers 
and to derive computational efficient simplified models to further study and 
understand the performance hybrid geothermal heating system. 

d. To conduct multi-objective optimisation for hybrid geothermal systems for the 
poultry industry in Australia, and thus provide guidelines for reduction of cost 
and carbon emission for both geothermal and poultry industries.  

1.3. Thesis Outline 

There are seven chapters and four appendixes in this thesis, including this introduction 
chapter. In this study, detailed literature reviews are included in each chapter. 
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Chapter 2 provides an overview of current states of hybrid GSHP systems and the 
potential application of horizontal GHE systems in rural industries, especially for the 
poultry industry. The research methods are also introduced in this chapter, while more 
specific methods are included in each self-contained core chapter. 

Chapter 3 discusses the experimental set-up of the hybrid GSHPs with horizontal GHEs 
in Peats Ridge, NSW, Australia. The explanation and discussion are also made while 
presenting dataset that are currently available. 

Chapter 4 evaluates heating and cooling loads as well as the energy efficient solutions 
for the rural, especially the poultry industry. Different HVAC systems, building 
envelopes, ventilation strategies and farming operational schedules (in this thesis, refers 
to raising batches of chicks) are analysed. The optimum ventilation strategies and 
operational schedules are also proposed for this study. 

Chapter 5 focuses on the numerical simulation of the GSHPs and horizontal GHEs. 
Firstly, a simulation model in TRNSYS is developed. Then, different Artificial Neural 
Networks (ANNs) are developed and trained with the simulated datasets from the 
TRNSYS model. The performance and computational speed of the ANNs are then 
evaluated against the TRNSYS model and a FEM model. 

Chapter 6 presents a multi-objective optimisation of the hybrid geothermal-solar-gas 
systems. Two objective functions, i.e. the 40-y lifecycle cost and 40-y lifecycle GHG 
emissions, are considered. The Pareto optimum solutions for these systems are then 
presented while considering three different scenarios for the usage of electricity 
generated by Solar PV panels. 

Chapter 7 concludes this study and presents the recommendations for the future works. 
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2. Hybrid Geothermal Systems and Research Methods 

2.1. Introduction 

Direct geothermal energy is a type of the thermal energy in the ground accessible within 
shallow depths. There are many advantages and benefits for direct geothermal energy, 
including its applicable flexibility, renewability and high energy efficiency. One 
common form of its utilisation is through ground source heat pumps. Recent years have 
witnessed a growing public interest in this energy resource, which intrigues its potential 
application in the rural industry. However, some challenges also arise when considering 
its optimum design under complex and unique conditions. Therefore, detailed attention 
must be paid when deciding the research methods and approaches for this study. 

This chapter firstly introduces hybrid geothermal systems as an attractive option to deal 
with the challenges in utilising the direct geothermal energy for rural industry. 
Attentions are later drawn to three research questions that the study aims to answer. 
Then, the research methodology used in this study is illustrated. Lastly, detailed 
methods and approaches are discussed in three stages. 

2.2. Hybrid Geothermal Systems 

As explained in the introduction chapter, a ground source heat pump (GSHP) system 
provides low-carbon outcomes for space heating and cooling, extracting thermal energy 
from the ground when operating in heating mode, and dissipating heat into the ground 
when in cooling mode [13]. The GSHP systems have been used for a number of 
applications worldwide, including for both residential and commercial buildings and 
have also been introduced for the heating of poultry sheds in recent years [10, 15, 16, 26, 
27]. Drawbacks of GSHP systems include high upfront construction costs, typically the 
GHE installation costs, as well as the embodied energy and associated GHG emissions. 
These may sometimes lead to even higher lifecycle GHG emissions when compared to 
traditional oil and gas systems,  especially in unmatured markets [28, 29]. However, it 
can be improved by coupling GSHPs with other energy sources to form a hybrid system 
[18, 19, 22-24, 30-33]. Previous studies indicated that a hybrid geothermal system could 
not only be financially attractive, but also help to balance the energy extracted from and 
injected into the ground [22-24]. In this study, for example, gas boilers and gas burners 
have relatively low installation costs and can be integrated with GSHP systems. To 
further reduce the operating costs of GSHP systems, renewable solar PV systems can be 
utilised to offset the electricity consumed by the GSHP systems, which will also help 
reduce GHG emissions.  

There are typical two types of solar collectors, the solar PV panels which convert the 
solar energy directly to electricity and the solar thermal collectors which convert the 
solar energy to thermal energy [34]. From previous studies, even though the solar 
thermal collectors are commonly used to boost the performance of the GSHP by up to 
10% [33, 35-38], the benefits are significantly less than for the solar PV (up to 100% 
operating cost savings) [39]. Therefore, in this study, only the solar PV will be employed 
and analysed. By combining these three sources of energy - hybrid geothermal-solar-
gas system - reduced costs and GHG emissions can be achieved [40, 41]. 
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2.3. Research Questions 

The hybrid geothermal-solar-gas system could be promising to be utilised in the poultry 
sheds in Australia. However, since a very limited number of previous studies have been 
conducted to investigate GSHP systems with horizontal GHEs under rural industries’ 
loading conditions, three research questions have been proposed for the optimum 
design of the hybrid geothermal-solar-gas systems with horizontal GHEs. 

One:  The energy demand cycle for the poultry shed is entirely different from the 
residential or the commercial properties. Even though the geothermal energy is a highly 
flexible renewable energy resource and could be utilised under most circumstances, it 
is essential to determine the heating and cooling loads for optimum design of such 
hybrid geothermal systems.  In this study, the first research question is “What is the 
unique energy demand cycle for poultry brooder houses in NSW, part of the 
Australian rural industry?” The building simulation software package TRNSYS would 
be utilised to investigate this issue in detail.  

Two: In order to optimise this hybrid geothermal system, computational models with 
reasonable accuracy must be developed. The models will also help to achieve a better 
understanding of the ground component and the associated equipment. Hence, the 
second research question will focus on “How can the simulation model for the hybrid 
horizontal geothermal system be developed and validated?” The proposed 
approach to answering this question includes a detailed simulation of the ground 
component with COMSOL Multiphysics and TRNSYS as well as Artificial Neural 
Networks for fast prediction. Details of these models will be illustrated in next section. 

Three: When utilising the hybrid geothermal systems, the financial factor is normally 
the priority while reasonable attention should also be drawn to the environmental 
aspects. Therefore, it is important to undertake the multi-objective optimisation 
considering both the economic and the environmental factors. The last research 
question here is “To what extent can a hybrid horizontal geothermal system be 
optimised for poultry sheds based on financial and environmental 
considerations?” Lifecycle analysis regarding the cost and GHG emissions will be 
conducted to answer this question. Multi-objective optimisation considering these two 
factors will be conducted with different variables and constraints being considered.  

2.4. Methods and Approaches 

2.4.1. Research Methodology 
This research was conducted in three stages as shown in Figure 2-1, covering various 
aspects including investigation of energy efficiency solutions for the rural industry, 
numerical simulation and experimental instrumentation as well as multi-objective 
optimisation. The research methodology is briefly explained as follows. 

As depicted Fig. 2-1, a building energy models were developed to estimate the heating 
and cooling loads of a typical poultry shed in Peats Ridge, NSW, Australia. Later, by 
considering the heating and cooling loads together with field data (soil properties) 
obtained, the design and instrumentation for this hybrid system were undertaken. After 
the design was finalised with industry partners and clients, the installation for this 
system together with the instrumentation and control system were materialised. 
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Further computational works including Artificial Neuron Networks (ANNs), detailed 
numerical modelling of horizontal GHEs and updated building energy model were then 
developed. Later, after field data being collected, the models will be verified. It is worth 
noting that while ANNs can predict the results almost instantly, it usually lacks the high 
accuracy as the detailed ground component simulation model. However, detailed 
simulation can be computationally expensive and may not be used directly for the 
optimisation. Therefore, Artificial Neuron Networks were proposed to accelerate this 
process with marginal sacrifice of accuracy. Moreover, a verified model for horizontal 
GHEs can provide a valuable dataset for the long-term performance of the hybrid 
horizontal geothermal system under this condition, which perfectly amends the 
disadvantage for the building energy model. At last, the multi-objective optimisations 
were pursued, considering both financial and environmental aspects.  

 

Figure 2-1 Research methods in three stages. 

2.4.2. Stage One: Understanding the demand of hybrid geothermal systems 
The work for stage one is to understand the demand of the hybrid geothermal systems. 
There are two primary objectives for this stage:  

The first one is to estimate the heating and cooling loads for the poultry sheds (chicken 
broiler house). A detailed energy model regarding an exemplary property located in 
NSW in TRNSYS (Transient System Simulation Tool), a widely-used and well-
recognized building energy simulation software package, has been developed for this 
purpose. There are several parameters that have been considered for the simulation, 
including the location of the poultry shed, climate conditions, heat generated by the 
chickens of different age, construction materials of the poultry shed, the varying set 
point temperatures and the ventilation rates of the shed.  The model is verified by the 
comparison between the actual energy bill of the poultry shed from the farmer and the 
heating and cooling cost estimated from TRNSYS simulation results and shows a 
reasonable accuracy. 

Stage1

•Estimating the heating and cooling loads
• Investigation on different energy efficiency approaches

Stage2

•Design and installation of the hybrid geothermal system
•Full-scale instrumentation of the geothermal system
•Numerical Simulation of horizontal GHEs

Stage3

• Multi-objective optimisation of the hybrid geothermal system based on financial 
and environmental factors
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Based on the heating and cooling loads, the second task is the investigation of different 
energy efficiency solutions for the rural industry. Four different potential approaches 
have been investigated, including different HVAC systems, operational schedules, 
ventilation strategy as well as building envelopes. The annual operational costs for 
heating and cooling were calculated to evaluate these approaches.  

2.4.3. Stage Two: Instrumentation and numerical simulation of hybrid geothermal 
systems 

The second stage of this work includes design, installation, full-scale instrumentation 
of such a system in a poultry brooder house (in collaboration with the industry partners) 
and the numerical simulation of the geothermal system. There are three objectives for 
this stage: 

The first objective is the design and installation of the hybrid horizontal geothermal 
system. The sizes of different components (i.e. GSHPs, gas boilers and burners) within 
this hybrid geothermal system were decided based on the preliminary financial analysis 
and available field data [9]. Once the capacity of the Ground Heat Exchangers (GHEs) 
based on modelling and preliminary field data has been decided, a detailed design of 
the geothermal system was conducted, which includes determining the type, length, 
and configuration of the ground loop, connections and distribution of the heat pumps 
and the operational control for the hybrid system. Upon the detailed design plan being 
negotiated with the client and the industry partners, the hybrid solar-geothermal-gas 
system was installed to the designated poultry house, which is one shed out of eight at 
Peats Ridge (NSW). 

As shown in Figure 2-2, the proposed design includes a solar PV panel system for 
providing electricity. A buffer water tank of 1,500 Litres total capacity was also installed, 
connecting the building side and the GSHPs, in order to prevent frequent turning on 
and off of the GSHP. Four identical GSHPs were installed, each of them will be 
connected to different ground loop configurations, which includes horizontal systems 
of different pipe density, a slinky system and a surface water system (in a pond). Hence, 
by applying the same thermal load distribution to the heat pumps, the performance of 
different configurations of the GSHP systems can be studied.  
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Figure 2-2 Schematic hybrid system full scale experimental design.
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The second objective of this stage is to complete full-scale instrumentation of the hybrid 
geothermal system, for which the data to be monitored includes far-field ground 
temperature, temperatures along the GHEs, ground temperature in between the GHEs 
(to assess thermal interference between the GHEs in a GHE fields). Various 
instrumentation points have been shown in figure 2-2 and further instrumentation 
details are available in chapter 4. Table 2-1 shows the number and types of sensors 
required for the instrumentation. 

Table 2-1 Total numbers of different types of sensors. 

Type of Sensors Number 
Temperature Sensor 170 
Flow Meter 11 
Gas Meter 2 
Power Meter 4 
TDR Water Content Transducer 8 
Weather Station  1 
Data Logger  1 

  

Meanwhile, control systems, as shown in Table 2-2, will also be installed to allow 
individual GHEs and/or pipe loops within the GHEs to be shut off with remotely 
operated actuator valves (to also assess the actual radius of influence, partly by also 
using the closed off GHEs as ground temperature monitoring points), and different 
circulation pumps and header valves will be used to vary flow rates. The weather data 
and geothermal characteristics, including the temperature profile, will also be assessed. 
This data set will provide important experimental information with respect to the 
overall physical performance of horizontal geothermal systems. This data will be 
contrasted with numerical modelling results towards building confidence on modelling 
validation and calibration.  

Table 2-2 Types and numbers of control points required. 

Equipment Requiring Control Number 
Water to Water Heat Pump 4 
Hydro Water Pump  11 
Valves  11 

The third objective is to develop and verify the numerical models for the hybrid 
geothermal systems. There are two different models for the GHEs in this study. 

The first model is a GSHP system model in TRNSYS. This model aims to provide 
comprehensive analyses of the whole GSHP systems by coupling the governing 
equations for heat and mass transfer and the prevalent physics in GSHP systems. A 
yearly Typical Meteorological Year (TMY) dataset was used as the boundary condition 
of the soil surface. The soil is then meshed three-dimensionally, and a fully implicit 
finite difference method is used in the model. 
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A machine learning approach could also be adopted to save the computational expenses 
of the TRNSYS models. An artificial neural network (ANN) is a mathematical approach 
that simulates a network of artificial neurons to mimic the human brain. With a well-
trained ANN, the computer can be taught to solve problems, including generalisation, 
classification, forecasting and even decision making [42]. In this study, two ANNs are 
developed and implemented within MATLAB: i) a feedforward artificial neural network 
is used to predict the performance of the GSHPs and ii) a NARX (nonlinear 
autoregressive network with exogenous inputs) network is used to predict the inlet and 
outlet temperatures of the horizontal GHEs. The ANN models are used to provide 
instant and robust results with high accuracy. 

2.4.4. Stage Three: Optimisation of the hybrid system 
The overall goal for utilising the geothermal system is to minimise the lifecycle cost 
together with the GHG emission. To achieve this goal, different optimisation 
parameters, constraints as well as the objective functions are presented as followed: 

Optimisation parameters 

Two different types of parameters for optimisation are considered here: 

1. Size of the GSHP components 

As this system is a hybrid system, factors for energy resources are the key 
parameters for the optimisation: 

𝛼𝛼𝐺𝐺𝐺𝐺𝐺𝐺 + 𝛼𝛼𝐿𝐿𝐿𝐿𝐺𝐺 = 100% (Eq. 2-1) 

where, 𝛼𝛼𝐺𝐺𝐺𝐺𝐺𝐺 is the fraction of geothermal energy, 𝛼𝛼𝐿𝐿𝐿𝐿𝐺𝐺 is the fraction of energy 
provided by LPG/gas. 

2. Size of the Solar PV components 

The solar PV panels are installed to provide electricity for the GSHP systems. 
Different scenarios including offsetting the electricity by other type of equipment 
in the farm as well as selling it to the grid are also considered in this study. 

Constraints for the optimisation  

1. Heating loads 

The heating loads pattern for the poultry shed is the primary constraint since the 
optimisation considers heating only, which is subject to the temperature 
requirement within the building. The reason that cooling is not considered is 
that the current evaporative coolers are very cost effective to run, leaving almost 
no potential to reduce the cooling operational cost by switching to other systems. 
This will be explained in detailed in Chapter 4 and a batch schedule operational 
strategy to reduce to heating and cooling cost will be proposed.  

2. Climate condition 

The climate condition affects the performance of the solar PV as well as the 
ground temperature, which influences the performance of the GHE. Here, the 
climate data is a TMY (Typical Meteorological Year) data for one year.  Despite 
the fact that the climate condition is not technically a parameter for optimisation, 
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several different climate data will be used to check the validity of the 
optimisation representing different cases/locations as to generalise or highlight 
applicability of this technology under different climatic conditions (e.g., would 
geothermal system become a better option on a cooler climate?). 

3. Ground Properties 

The soil properties limit the performance of GHEs as well. At the same time, the 
land and space availability impact the trench length as well as the distribution of 
the pipes.  

4. Investment Cost 

As the funding is limited, the initial capital cost should be considered as 
budgeted. Meanwhile, the ongoing cost for the hybrid system should at least be 
less than the previous ones. 

Objective functions for optimisation 

The last stage of this work will focus on the optimisations of the hybrid horizontal 
geothermal system based on economic and environmental factors. To achieve this goal, 
firstly, lifecycle analysis (for GHG) and lifecycle cost analysis for the hybrid geothermal 
system will be conducted. Accordingly, two different objective functions will be 
employed for the optimisation.  The first one will focus on the financial part, i.e. 
minimising the lifecycle cost, while the second one will aim the environmental part to 
minimise the lifecycle greenhouse gas emission. The result of this optimisation will 
answer the last research question “How can a hybrid horizontal geothermal system be 
optimised for the rural industry based on economic and environmental factors?”  as well 
as to provide a better understanding of the geothermal system. The detailed objective 
functions for the Lifecycle Cost and GHG Emissions are shown below: 

1. Lifecycle Cost in Net Present Value [43]: 
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(Eq. 2-2) 

where, C is the initial capital cost, Cr is the recurring cost in a time period, d is the real 
discount rate, and t is the project lifetime in years. 

2. Lifecycle GHG Emission [43]: 

𝐿𝐿𝐶𝐶𝐿𝐿 = 𝑀𝑀𝐿𝐿 + � 𝐶𝐶𝐿𝐿𝑛𝑛

𝑡𝑡

𝑛𝑛=1

 (Eq. 2-3) 

where, LGE is the lifecycle GHG emission, 𝑀𝑀𝐿𝐿  is the manufacture GHG emissions, 𝐶𝐶𝐿𝐿𝑛𝑛 
is operational GHG emission in year n,  t is analysis period. 
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3. Experimental set-ups of the hybrid geothermal system in 
NSW, Australia 

3.1.  Introduction 

In order to achieve the research aims, a full-scale experimental study of a hybrid 
geothermal system with horizontal GHEs has been proposed (see Chapter 2). The 200-
kW hybrid system (80 kW from Geothermal Energy and 120 kW from LPG) for an 
existing poultry shed building located at Peats Ridge, NSW, Australia was designed and 
selected as an experiment for this study. A total length of 4.8 km of HDPE pipes were 
buried as heat exchangers in 12 horizontal trenches, each at 1.5 m depth below the 
ground surface and 4 groups of loops in a pond nearby, at the depth of about 4 to 6 m 
below the water surface (actual depth varying by season due to the change of water 
level). This system was designed in 2017 and the construction of this system happened 
from March 2018 to May 2019.  The monitoring of this system starts from early 2019. 
However, due to an unfortunate outbreak of Salmonella, the farm has been strictly 
regulated and the system is not in full operation since Q2 2019 until the end of 2019. 
Hence, only limited monitoring data for the field and the short test run is presented. 
The system, however, will continue to serve as an experimental bed for future works. 

This chapter describes the design, instrumentation and construction of the hybrid 
geothermal system, including the set-up of the monitoring system installed to record 
the performance of this hybrid system and thermal interaction with the ground and 
pond. The analysis and discussions in this chapter help to explain the assumptions made 
in Chapter 4, in which we focus on operational costs of heating and cooling poultry 
sheds. In this chapter, the main observations made during the two-month monitoring 
are presented and discussed. Some of these results are subsequently used further in the 
thesis.  

3.2.  Previous Experiments on Horizontal GHEs 

Field experiments are vital for determining the thermal performance of the horizontal 
GHEs and their associated GSHP systems. There are limited amount experimental 
works regarding horizontal GHEs, which are discussed next. 

The thermal performance evaluation of two GSHPS systems with horizontal GHEs in 
Fırat University, Turkey (38.41° N, 39.14° E) were conducted [44]. As described in the 
paper, the two systems each have 50 meters of pipes with 0.3 m of pipe separation and 
0.016 m nominal diameter, and 15 𝑚𝑚2 spacing, buried at 1 m and 2 m deep [44]. The 
average COP (coefficient of performance) of the tested horizontal system has been 
measured and reported. For a trench of 1 m depth, the COP for heating is reported to be 
2.66, and for 2 m depth, it increased to 2.81. However, this COP is relatively low for a 
geothermal system (usually more than 3), the authors attributed this to a poor design 
of the system. Despite that, the horizontal GSHP system still has a better thermal 
performance than typical Air Source Heat Pump (ASHP) system. They stressed that pre-
design analysis is necessary for optimal design. One shortcoming is that soil properties 
have not been reported in this work. Since soil properties include thermal conductivity, 
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which influences the thermal performance of the system, the understanding of soil 
property in the site is vital for any further numerical simulation used for back-analysis. 

 

Figure 3-1 Horizontal GHE configurations from the literature: a) Horizontal Slinky [45], b) meandering GHE field 
[44]. 

Wu et al. (2010) [45] have conducted experimental and numerical work regarding the 
thermal performance of a slinky-configured horizontal GSHP system in the UK at a 
purposed-constructed experimental site. In the experimental part, four horizontals 
slinky GHEs were installed in an 80 by 20 m area at the depth of 1.2 m. They have 
measured the system performance and ground temperature distribution for a two-
month period. Their results showed that the system COP was slightly decrease from 2.7 
to 2.5 after two-month continuous heating operation and the ground temperature 
ceased to fluctuate with ambient air temperature at the depth of 0.5 m.  The site soil 
properties have also been measured. With a low average thermal conductivity of 1.24 
W/m K, it can explain the low performance of the horizontal GHEs.  Comparing to Inalli 
and Esen (2004), Wu et al. can provide more useful information for understanding the 
performance of horizontal GHEs. 

Based on the work in Wu et al. (2010), Wu et al. (2011) developed a transient 2D model 
to predict the thermal performance of a horizontal-coupled heat exchanger and 
surrounding soil under different ambient air temperature, soil thermal properties and 
wind speed [46]. It is noted that the soil temperature at a certain distance from the 
centre of the heat exchanger vertically has a lower temperature in the horizontal 
direction due to the influence of the cold ambient air. The author also suggested that 
soil had higher thermal conductivity had higher specific heat transfer. It is then reported 
that there was no significant impact of different wind speed. The significant impact of 
the soil conductivity on the performance of horizontal GHEs was further verified 
through another numerical study [47]. It was found that the soil conductivity is 
significant on the performance of GHEs. The study showed that increased soil thermal 
conductivity could increase the heat exchanger rate regardless of the configuration of 
horizontal GHEs. Additionally, the impact of the difference between the inlet and outlet 
fluid temperature on the performance of the horizontal GHE has been studied via 
another numerical study with experimental verification [48]. Meanwhile, Xuedan et al. 
(2012) [49] studied the parameters that influence the performance of horizontal GHE 
under cold climate. It is suggested that the optimal highest inlet temperature should be 
kept lower than 30 °C. However, the study mainly focused on the cold region and the 
results may not be applicable under other climate conditions. 
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More recently, an experiment of horizontal GHEs was carried out at Northern Tunisia 
to test its performance [50]. The experiments focused on the space cooling efficiency by 
comparing the outlet fluid temperature with a variety of inlet fluid temperature from 
30°C and 50°C. The horizontal GHE had 25-meter of length and was buried at 1-meter 
depth. The results indicated that the horizontal GHE was able to meet 38.5% of the total 
cooling requirement with 12m2 area. The coefficient of performance of the heat pump 
was further estimated in another publication by the same research team, and a high 
average value of 4.25 was reported [51]. It revealed that the horizontal GHE worked 
appropriately under the current geothermal condition at Northern Tunisia for space 
cooling.  

In Australia, Kivi (2015) [52] has instrumented two properties with a geothermal system. 
One horizontal system for a residential building located at Main Ridge, Victoria and one 
vertical system for the Walter Boas Building at the University of Melbourne. For the 
horizontal GHE, there are 4.9 km of pipe buried in two GHE filed, providing both 70 
kW for heating and cooling. The configuration is (dense) slinky, with about 1 m 
diameter, 0.5 m loop pitch and 2 m of spacing between adjacent loops. There are 4 loops 
with about 1.4 m loop pitch as a comparison. Various datasets including the ground 
temperature at different depths, flow rates and power consumption have been collected 
for further use. 

To summarise, there is only limited experimental data available for horizontal 
geothermal systems, and even less to none for the rural and poultry industries’ farm 
operational conditions. Furthermore, previous experiments primarily focused on small 
scale experimental sites, which typically operates under well-defined experimental 
conditions not always mimicking real life conditions. A rare exception is the 
instrumentations and monitoring on Kivi (2015)’s work, which focus on one residential 
and educational properties. The unique rural poultry sheds loading characteristics are 
highly different from other residential and commercial buildings, including highly 
imbalance of heating and cooling, sharp peak demands, as well as shortly (~weeks) 
alternating heating and cooling cycles. In order to conduct optimum design for the 
poultry sheds, well-planned instrumentation is needed and important, as the dataset 
acquired from the field is essential for the model verification and adjustment.  

 

3.3.  Experimental Set-up 

3.3.1. Site location and building description   
The experimental hybrid geothermal-solar-gas system was installed in an existing 
poultry shed building. The poultry shed building investigated in this study locates in 
Peats Ridge, NSW 2250, Australia, a ridge suburb at about 100 km north of Sydney 
(Figure 3-2 a). The longitude and latitude coordinates of this building are about 
33°21'18.4"S 151°14'11.9"E. 

This building was constructed in 2015 and is one of the eight poultry shed buildings 
within a large farm. The width and depth of this building is about 18 m and 137 m, which 
makes a total floor area of about 2500 𝑚𝑚2. The roof of the shed is a side gable type roof, 
with a maximum height of 4.6 m in the middle and the minimum of 2.3 m at the edges. 
The construction material of this shed is ‘Coolroom’ Wall (thickness: 75 mm, thermal 
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conductivity: 0.039 W 𝑚𝑚−1 ·𝐾𝐾−1 , density: 16 kg 𝑚𝑚−3 , specific heat: 340 J 𝑘𝑘𝑘𝑘−1 ·𝐾𝐾−1 ).  
There are no windows in the building, but multiple fans and funnels are available for 
controlled ventilation (as shown in Fig 4-2 b, c, d). Inside this building, this is only one 
whole area for the chicken to live and grow. The current HVAC system for this building 
is gas burners for heating (6 burners with about 400 kW total heating capacity) and 
evaporative coolers for cooling. Three thermistors have been installed inside the shed 
to monitor the indoor temperatures. 

 

Figure 3-2 Experimental site: a) location, b) top view of the GHE field, c) side view of the shed and existing 
evaporative cooler fans, and d) inside view of the shed. 

 

3.3.2. Climatic and geological conditions 
As Australia has a vast land crossing a variation of longitudes and latitudes, the climate 
variation in the country is high. In Peats Ridge, NSW, it is oceanic climate, which is very 
changeable and often overcast throughout the year [53]. With Meteonorm, a widely 
used climate software, a typical meteorological data was generated from 20 years of 
recorded data in the software database [54]. Based on this TMY data, an analysis were 
made and shown in  and . 

Form these results, the maximum temperature happens in mid-January, which is 35.8 
ᵒC, and the minimum temperature happens in mid-July, which is 2.3 ᵒC. The variation 
of the monthly mean dry bulb temperature is form 10 ᵒC in July to 21 ᵒC in January. The 
ground temperature (at one m depth) showed a same but more stable trend, with the 
maximum of 17 ᵒC in January and the minimum of 13 ᵒC in August, September and 
October. This temperature difference illustrates the advantage of the GSHPs as the 
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ground temperature is relatively stable throughout the year and is lower than the 
atmosphere in summer and higher than the atmosphere in winter.  

 

Figure 3-3 Weather data: (a) Hourly outdoor and ground temperature,(b) Hourly direct normal solar radiation, (c) 
Hourly global horizontal solar radiation. 

For the solar radiation (Fig 3-3 b,c), the same trend as the temperature applies here. It 
can be seen that the maximum solar radiation happens in November, which is nearly 
double than the lowest in Jun. This change in radiation is mainly caused due to the 
global horizontal radiation, which is highly affected by the angle of the earth Polaris axis 
to the earth orbit around the sun.  
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Figure 3-4 Rainfall by hour. 

Additionally, rainfall can be an important factor that influencing the performance of 
GHEs as it changes the moisture content of the soil, which impacts the soil thermal 
conductivity. For the rainfall (Figure 3-4), it can be seen that the maximum rainfall 
happens in March, at about 19 mm per hour. In general, there are more rainfall at the 
beginning and end of the year than in the middle of the year. It should also be noted 
that detailed analysis between soil thermal conductivity and the moisture content can 
be further investigated by considering the rainfall duration and surface run-off. 

Geologically, from the surface to the depth of about 1.5 to 2.0 m, the site of this farm is 
underlain by sand (79% according to Golder Associate Pty Ltd., see Appendix B, as 
shown in Figure 3-75, 3-6 and 3-7). Two test pits were excavated (within the GHE field, 
exact location not reported), and soil samples were taken and tested by Golder 
Associates Pty Ltd. The logging of the trench and soils was performed by Dr Stuart Colls, 
a Principle Engineer from Golder Associates Pty Ltd. The log report is included as 
Appendix B. 

From this report, the topsoil goes from the earth surface to the depth of 0.5 m. Then 
the sand showed up until 2.5 m, where sandstone was hit (Figure 3-6 and 3-7). Three 
in-situ tests for the temperature and thermal conductivity are also conducted in the 
morning of 25th July 2017. It is shown that temperature goes from 13.59 o C at 0.7 m depth 
to 15.01 ᵒC at 1.55 m depth and then to 15.73 ᵒC at 2.20 m depth. The temperature 
distribution observed fits the knowledge that the ground temperature becomes higher 
and more stable when goes deeper. It is also close to the monthly mean temperature at 
1.0 m in July, which is 14 ᵒC.   

Together with the ground temperature, the soil thermal conductivity is also recorded 
when conducting the in-situ test. It is shown that there is an increasing trend of the 
thermal conductivity, from 1.87 𝑊𝑊𝐾𝐾−1𝑚𝑚−1 at 0.7 m depth to 2.44 𝑊𝑊𝐾𝐾−1𝑚𝑚−1 at 1.55 m 
depth and then to 4.72 𝑊𝑊𝐾𝐾−1𝑚𝑚−1 at 2.20 m depth. Followed by the in-situ test, a lab 
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test by Golder Associates Pty Ltd was also conducted to get more information of the soil. 
For the soil thermal conductivity, it shows a similar result as the in-situ test, as shown 
in detail later in Section 3.4.3. The reason that the thermal conductivity at 2.20 m seems 
very high could be the moisture at the depth is high. The detailed reports are attached 
as Appendix B. 

 

Figure 3-5 Soil report pit 1. 
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Figure 3-6 Soil report pit 2. 
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Figure 3-7 Soil report lab test. 

 

3.3.3. Configuration of hybrid geothermal system 
The hybrid geothermal-solar-gas system installed in the poultry shed building is 
designed by the author in 2017, with the advises of supervisors and the help of the 
research team and industry partners. The details of all the configuration and 
instrumentation can be found in Appendix C.  

Figure 3-8 shows the schematic diagram of the hybrid geothermal-solar-gas system. The 
primary heating power (80 kW) is delivered by four identical GSHPs, each with about 
20 kW heating capacity (Mammoth J086), connected in parallel to a main header. Each 
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GSHP is coupled with a series of ground heat exchangers (GHEs). Upstream, the GSHPs 
are connected to a buffer tank to minimise the cycling of heat pump on and off. The 
buffer water tank, sized at 1.5 𝑚𝑚3, is also connected to three gas (LPG) boilers (Bosch 32) 
with 120 kW total heating capacity. The existing gas (LPG) boilers can top up heating 
when needed. The water buffer tank is then connected to a set of six fan coil units 
(custom made by Eastaway Services Pty Ltd in Sydney, each with about 33 kW heating 
capacity) in the shed to supply the heat. Additionally, there are two more backup 
heating sources to top up heating in extreme situations. The first on is the electric 
heating coils inside the water tank, which is connected to solar Photovoltaic (PV) panels 
on the roof of the mobile mechanical and control plant. During the day, the PV panels 
will generate electricity to heat the water in the tank. However, it can also be connected 
to the grid when situation requires. The second back up heating source is the existing 
gas burners inside the poultry shed. Together, this hybrid system can supply a total 
nominal heating capacity of 200 kW and can be boost to over 600 kW with existing gas 
burners when needed. According to the analysis in Chapter 3, this system is primarily 
driven by the operation of the GSHPs, which can supply over 80% of the heating 
required.  

3.3.4. Ground Heat Exchangers 
To study the impact of different pipe configurations on the performance of horizontal 
ground heat exchangers, there are twelve trenches (8 trenches are 75 m long, and 4 
trenches are 38 m long, all at 1.5 m depth) and four pond loops in total. Each trench/loop 
consist of HDPE pipe, with a length of 300 m, with a 32 mm outside diameter (26 mm 
inner diameter, SRD11). These together make the total pipe length of 4.8 km, excluding 
the header pipes (Figure 3-9, 10, 11).  

Table 3-1 Pipe and trench lengths for three pipe configurations. 

Configuration Pipe Length (m) Trench Length (m) Loop Diameter/Pitch(cm) 
Straight Pipe 300 75 N/A 
Slinky  300 75 90/137 
Dense Slinky 300 38 to 40 90/46 

 

The twelve trenches are grouped for every four trenches. The first four trenches (No. 1 
to No. 4) contain horizontal straight pipes, which consists of four parallel pipes, at 30 
cm spacing between each pipe in a 1.2 m wide, 1.5 m deep, 75 m long trench (Figure 3-
10, 11), with 3.5 m spacing between each trench. 

From trench no. 5 to trench no. 8 (Figure 3-10, 11), there are (extended) slinky pipes, 
these slinky pipes have a loop diameter of 0.9 m and a loop pitch at 1.37 m, which makes 
them have the same pipe length in the same length of trench comparing with the 
horizontal pipe (four m length of pipe in one m length of trench). These pipes are also 
buried at 1.5m deep within a 75m long trench as well, with 3.5 m spacing between each 
trench.  By comparing the performance of the slinky trenches and the horizontal 
trenches, the impact of the different pipe layout on the on the performance of horizontal 
ground heat exchangers under the rural industries’ condition can be studied. 
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Figure 3-8 Schematic design drawing (for site pictures,  see Figures 3-11, 3-16). 
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Figure 3-9 Hydraulic schematic drawing. 
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Figure 3-10 Construction drawing. 
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From the trench no. 9 to trench no. 12 (Fig 3-12, 13), there are dense slinky pipes with a 
diameter of 0.9 m and a loop pitch of 0.46 m, these make this configuration have doubled 
pipe length in the same length of trench comparing with the previous two configurations 
(eight m length of pipe in one m length of trench). The trench spacing remained the 
consistent with the other configurations (3.5 m). By comparing the performance of these two 
types of slinky trenches, the impact of the different pipe density on the on the performance 
of horizontal ground heat exchangers under the rural industries’ condition can be studied. 

Last but not least, in the east side of the field, there are four loops of heat exchangers inside 
the pond (Fig. 3-12). The pond has a depth of about 4 to 6 m and surface area at about 5,000 
𝑚𝑚2, varying by seasons. To compare the performance of the pond loops and ground loops, 
each pond loop was also designed to have a pipe length of 300 m. However, due to the 
constructability, the length was reduced to 200m on site. The pipes of the pond loop are 
packed and laid on a customised frame at 0.3 m above the bottom of the pond.  

Each group of the four loops has its own reverse return header pipes (Fig. 4-12). The outside 
diameter of the header pipe goes from 32 mm to 40 mm (32 mm inner diameter) and then to 
50 mm (40 mm inner diameter) and finally reaches 63 mm (51 mm inner diameter). The 
details of the header pipes are shown in Figure 4-13. The depth the header pipe is 0.5 m and 
all the trenches were backfilled with the light compacted soil from original excavation. 

 

Figure 3-11 Ground Heat Exchangers (GHEs) configurations: a) Horizontal straight pipe in trench, b) horizontal straight 
pipe,  c) slinky pipe, and d) “dense” slinky pipe. 

 

3.3.5. Monitoring instrumentation  
The hybrid geothermal system is immensely instrumented to monitor the performance and 
study the impact of the unique loads from the poultry shed building to the GHEs. There are 
over 170 temperature sensors were originally installed. Yet unfortunately, there are about 80 
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sensors that can still work in Oct. 2019. Even though it would be more beneficial to install 
even more sensors, it is not possible due to constructability and the constraints of time and 
cost. 

In order to monitor the heating loads applied to the ground, each group of four loops is 
equipped with a water flow meter. As each group of four loops has an individual GSHP, there 
are water flow meters on the loading (building) side of each heat pump as well.   

To monitor the ground temperature in the field at different depth, fifteen boreholes at 1.5 m 
depth were drilled (Figure 3-12). There are three temperature sensors in each borehole, at 0.5 
m, 1.0 m and 1.5 m depth, and one soil moisture sensor in the middle borehole in the field. 
The moisture sensor has a length of 1.2 m, with 12 moisture sensors evenly spread for even 0.1 
m (same as shown in Figure 3-14). The bottom of the moisture sensor was installed at the 
depth of 1.5 m.  

To monitor the water temperature of the GHEs, six out of twelve trenches have been 
instrumented with temperature sensors, namely, all the even number trenches. As an example, 
Figure 3-13 shows that there are 15 sensors in one trench, ten of them are attached to the 
HDPE pipes and five of them are in the soil. The ten sensors attached to the pipe are in the 
pair of two, attached to five locations in the loop, namely, the inlet, outlet and every 75 m of 
pipe. The rest of the five sensors in soils are evenly spread in the middle line of the bottom of 
the trench (see Figure 3-13).  
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Figure 3-12 Instrumentation in between trenches (Dimensions in mm). 
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Figure 3-13 Instrumentation for horizontal loops. Pit No. 1 is used to connect all cables and channel them into the central 
datalogger. 

Additionally, to monitor the far-field ground temperature, a 4-m-deep borehole was drilled, 
with 8 temperature sensors installed at 0.5 m distance to each other. This borehole is located 
on the east side of the farm and about 50 m away from the GHE field (Figure 3-10). There is 
also a soil moisture sensor as same as the on in the middle of the field installed in this borehole, 
with the bottom of the sensor at 1.5 m depth to monitor the far field soil moisture (see Figure 
3-14). 
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Figure 3-14 Instrumentation for far field borehole. 

Finally, to monitor the temperature of the pond loops, there are fifteen temperature sensors 
installed for the pond loops. Eight of them were installed in the pair of two, at the inlets and 
outlets of two pond loops. Four of them were also installed at the inlet and outlet pipes of the 
pond loops, but very close to the pipes in the frame. The last three sensors were installed at 
the bottom, middle and top of one of the pond loop columns (See Figure 3-15). 

 

Figure 3-15 Instrumentation for pond loops. 
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3.3.6. Construction and Installation 
The first stage of the installation commenced in March 2018 with all the GHEs (including 
pond loops) together with the temperature and soil moisture sensors installed in the field. 
The second stage of the installation then started from August 2018, with the mobile control 
and monitor plant been constructed and delivered to the site. The Final stage of this project 
started in March 2019, when the fan coil units were installed inside the poultry shed building. 
The selected image taken from various stages of the construction is shown in Figure 3-16. 

 

Figure 3-16 Aerial views of the field while under construction as part of the research project (construction by industry 
partner Ground Source Systems and others). 

3.4.  Preliminary Experimental Results and Discussion 

Unfortunately, due to an outbreak of Salmonella, the farm has been strictly regulated since 
Q2 2019 until the end of 2019. Therefore, no much GSHP operational data would be available 
until the end of this candidature. This section summarizes the currently available data which 
can be used to validate or verify the building energy and GHE models.  

3.4.1. Monitoring Results of the Poultry Shed Building  
Figure 3-17 shows the indoor temperature of the poultry shed from April 2018 to Mar 2019. 
From this figure, it can be identified that there are five cycles during this period, 
corresponding to five batches of raising chicken. This finding justified that six batches within 
a year is a reasonable assumption. Moreover, it can be seen that the indoor temperature has 
a good linear relationship versus time at the first two to three weeks of each batch, and then 
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begin to fluctuate at around 20 to 23 deg C. This observation can be explained by that at the 
beginning stage, heating is delivered via LPG gas burners, which maintained the indoor room 
temperature very close to the setpoint temperature. Later, when cooling is required, 
evaporative coolers will be in operation, yet it could only reduce the indoor temperature up 
to the dewpoint temperature, which results in the fluctuation.  

 
Figure 3-17 Monitored shed indoor temperature. 

Figure 4-20 shows the indoor and outdoor temperatures from 19:00 02/04/19 until 8:00 
03/04/19. The outdoor temperature was measured at the air inlet of the building (after the 
ventilation fans), hence can be representative as the inlet temperature of ventilation. It can 
be seen that the air gets cooled down when goes through the building during night. The 
explanation behind this observation is that the ground temperature is lower than the air 
temperature and the building losses heat due to heat radiation to the sky. A verification with 
the TRNSYS building model discussed in chapter 4 can further verify this explanation. 

 
Figure 3-18 Monitored shed indoor and outdoor temperatures on 2nd April 2019 (HVAC system not in operation). 
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3.4.2. Instrumentation Results from the Horizontal GHEs 
The instrumentation for the horizontal GHEs began in Mar. 2019. Even though the system 
was not in operation, the ground temperature data can still be recorded for important 
reference as boundary conditions for simulation. Later, test runs happened for two days in 
Oct. 2019 for one of the four heat pumps, which indicated the potential technical feasibility 
of this hybrid system. These data can also be used against validation of models. However, only 
some limited validations and verifications of models used in the thesis was possible due to 
time constrains (the experimental site just became fully operational towards the end of this 
thesis candidature. Nevertheless, the results for these data are reported as follows.  

Figure 3-19 shows the ground temperature in the far-field temperature monitoring sensors 
from Apr. 2019 to Oct. 2019. The location of sensors is shown in Figure 4-14. It was observed 
that ground temperature at depths of 0.5 m to 2 m were highly subjected to seasonal 
variations and fluctuations whereas the ground temperature at depths of 2.5 m to 4 m had 
smaller fluctuation amplitudes. A TRNSYS simulation was conducted using the model to be 
discussed in Chapter 5 to verify the ground temperature at 1.5 m. With the TMY data used as 
boundary conditions, the results are in a reasonably good agreement (average difference less 
than 1 to 2 ᵒC which may be caused by yearly variation) with the measure data (Fig. 3- 19 b). 
This finding further verified the TRNSYS simulation model (using Type 997). A comparison 
with monthly mean ground temperature shown in Fig. 3-3 was also made (Fig. 3-19 b). The 
results show a good agreement with about 1 to 2 ᵒC difference as a variation to the TMY data. 
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Figure 3-19 Monitored far-field temperatures: a) Far-field temperatures with depth, b) Far-field temperatures in 
comparison with TMY monthly mean and TRNSYS simulated temperatures. 

The temperature of the ground adjacent to GHEs were monitored with the temperature 
sensors installed as shown in Figure 3-12. Similar to the far-field temperature, the 
temperatures were recorded from Mar. 2019 to Oct. 2019, (Figure 3-20). The ground 
temperature follows the similar trend with the far-field temperature (yet about 1 to 2 o C higher 
on average), the shallower sensors are more easily to be influenced by the seasonal variations. 
The monitored temperatures aim to provide general information about thermal influence of 
the operational GHE on the ground adjacent to them. However, given the relatively short 
running time, the influence of the operational GHE cannot be seen from the figure.  
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Figure 3-20 Monitored ground temperature at different depths (see legend) between Trench 10 & 11. 

From 12:00 pm to 2:00 pm 13th April. 2019, a test run was conducted to test this hybrid system. 
Figure 3-21 shows the test run for the slinky horizontal GHE when the ground was stable. It 
is estimated that the average difference between inlet and outlet temperatures is about 2.7 °C 
when operating. The operation flow rate for the ground side is 1.7 L/s. Therefore, the 
calculated heat transfer rate is 20.6 k𝑊𝑊. It should be noted that the temperature sensor P8-7 
and P8-10 were damaged during monitoring and there are invalid recordings which are 
excluded for calculating mean temperature. It should also be noted that the mean fluid 
temperature was calculated based on temperature data recorded at five locations of the loop. 
While it is in between the inlet and outlet temperatures when operation, it may temporarily 
exceed this range due to switch on and off. 
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Figure 3-21 Temperatures recorded at the GHEs of GHE Trench No. 8 (Slinky): a) Inlet, outlet and mean fluid temperatures 

b) Temperature recorded by sensors attached to the pipe c) Location of sensors. 

From 8th Oct. 2019 to 10th Oct. 2019, another test run was conducted to test the dense slinky 
loops and verify the feasibility of this hybrid system. Figure 3-22 shows the test run for the 
dense slinky horizontal GHE. The results show that the running lasts for 48 hours with some 
turn on and off. It is estimated that the average difference between inlet and outlet 
temperatures is 2.8 °C when operating, which is very similar to the slinky loops. The operation 
flow rate for the ground side is the same as 1.7 L/s. Therefore, the calculated heat transfer rate 
is 21.3k𝑊𝑊, which is also very similar to the slinky loops. The results show that despite the 
difference in configuration, the heat transfer rate from the ground side is very similar as long 
as the total pipe length is the same. It should be noted that the temperature sensor P12-5 was 
damaged during monitoring and there are invalid recordings which are excluded for 
calculating average temperature. Given the turning on and off during the operation, the 
ground did not reach its steady state which leads to unstable temperature differences between 
inlet P12-1 & P12 -2 (Inlet temperature) and outlet P12-9 & P12 -10 (Outlet temperature).  
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Figure 3-22 Temperatures recorded at the GHEs of Trench No. 12 (Dense slinky): a) Inlet, outlet and mean fluid 
temperatures b) Temperature recorded by sensors attached to the pipe c) Location of sensors. 

Additionally, an analysis was conducted to interpolate the ground temperature distribution 
between the sensors and draw the temperature field accordingly. This figure intended to show 
the distance and area that this 2-day operation can impact. Longer running times would have 
seen greater radius of influence. Fig. 3-23 shows the temperature filed with time elapse. It can 
be seen that the operation of the GHEs can impact the sensors at 1.3 m from the trench centre. 
Corresponding to operation in Fig. 3-22, from 0 hr, 8th Oct. 2019 to 6 hr, 8th Oct. 2019, there 
is a minor decrease of the mean fluid temperature due to operation. Then, at 12 hr, 8th Oct. 
2019, the mean fluid temperature recovered due to a two-hour break in operation. 
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Figure 3-23 Temperatures recorded for Trench No. 10 (Dense slinky) and between Trench No. 10 & 11: a) Temperature 
measured at 2019-10-08 00:00:00, b) Temperature measured at 2019-10-08 00:00:00, c) Temperature measured at 2019-

10-08 00:00:00. 
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3.4.3. Laboratory ground thermal cond. measurements  
To further verify this study, laboratory tests were conducted to measure the thermal 
conductivity of the soil. The thermal needle probe (KD2pro by Decagon Devices Inc.) was 
used for the measurement. Two in situ test was conducted back in Oct. 2016 at the depth of 
about 1 m. Later, soil samples at similar depth were taken and tested in lab with the same 
thermal needle probe.  

As expected, the tested soil thermal conductivities were proportionally increased with the 
moisture content as can be seen in Figure 4-27. From it, the thermal conductivities of the soil 
on Peats Ridge were tested and returned by Golder Associate under different moisture 
contents and dry density ratio compared to the maximum dry density under standard 
compaction. For both soil specimen, the thermal conductivities have increased 3 times from 
0% to about 15% moisture content. It is noted that for higher compact density, soil have 
higher thermal conductivities under the same moisture content. The results reach a good 
agreement with the in-situ tests results mentioned in Section 3.3.2. It is also suggested that 
the 1.8 to 2.4  𝑊𝑊𝐾𝐾−1𝑚𝑚−1 is a suitable range for the design (Appendix B). Based on this, 2.0  
𝑊𝑊𝐾𝐾−1𝑚𝑚−1 were used as the thermal conductivity in the design and simulation of this thesis. 

 

Figure 3-24 Thermal Conductivity Test Results from Golder Report (Appendix B). 

3.5. Summary  

This hybrid geothermal system with horizontal GHEs is believed to be a unique heavily 
instrumented full-scale system for the study of horizontal GHEs, under the unique rural 
industries’ loading. The experimental set-up and monitoring instrumentation have been 
described in this chapter. The results of these tests verified the feasibility of the hybrid 
geothermal system under rural industries’ unique loading condition. It is believed that future 
data comes from this experimental set-up can assist in validating simulation model and design 
tools for the horizontal GHEs. 
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4. Improving energy efficiency of a typical poultry shed in 
Australia 

This chapter has been submitted as a research article to Renewable and Sustainable Energy 
Reviews, in collaboration with Prof. Lu Aye and A/Prof. Guillermo A. Narsilio. Modifications 
have been made to the numbering of page numbers, sections, references, tables and figures 
to keep the consistency of the thesis. Preliminary results from a conference paper in related 
to this work are included as Appendices A.1. In this chapter, the primary focus is the 
operational costs, a more holistic approach of lifecycle costs (that includes capital costs 
amongst others) will be discussed in chapter 6. 
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4.1. Abstract 

Space heating and cooling is responsible for 40% of the global final energy use. With more 
energy efficient technologies, up to 10% of global energy consumption could be reduced. In 
agriculture industry, poultry sheds are used to raise poultry (broilers and layers). The range 
of acceptable indoor air temperature for poultry sheds is between 15°C and 25°C for mature 
birds, and higher temperatures are required for young birds depending on the stage of growth. 
It is recognised that the cost of heating, cooling and ventilating poultry sheds is a significant 
part of the chicken farm operating costs. Various potential improvements can be considered 
to reduce these costs considerably. They include better thermal performance of building 
envelopes, operational schedules, purging (ventilation strategy) and energy efficient HVAC 
systems. This investigation aims to reduce cooling and heating energy consumption by 
considering these four improvements. The heating and cooling demand cycles of a typical 
identical poultry sheds in three Australian states (NSW, QLD and VIC) have been simulated 
in detail by using TRNSYS 18. We found that operational schedule, ventilation strategies and 
HVAC systems have a significant influence on energy consumption. The building envelope 
has an opposite effect on the heating and cooling loads, when reducing one increase the other 
one. The maximum cost reduction by the building envelope optimisation is less than 0.5%. 
An optimised schedule can reduce about 2.0% to 3.7% of the heating and cooling cost, while 
a better ventilation strategy can reduce further up to 10.1% of the cooling cost. The selection 
of HVAC system is the most significant factor among all the other factors. Depending on the 
electricity and gas prices, up to 20% and on average 6% of the total heating and cooling 
operating cost can be reduced should the gas heating system be replaced by a geothermal 
system. 

 
Keywords: Building energy simulation; Energy use; Poultry shed. 
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4.2. Introduction 

The global annual energy consumption is about 544 EJ (13,000 Mtoe) [55], resulting in nearly 
50 Gt CO2-e Greenhouse Gas (GHG) emissions. It is widely accepted that our future energy 
supply could not highly rely on fossil fuels such as crude oil derivatives and natural gas. The 
reason is that these fossil fuels are finite, and more importantly the majority of GHG emission 
(65%) comes from burning them [2]. To provide our next generations with a sustainable 
energy future, alternative approaches must be adopted. 

Space heating and cooling comprise a significant part (40%-50%) of the overall final energy 
use [56], resulting in 20 Gt CO2-e GHG emissions. By using advanced technologies for space 
heating and cooling, up to 1,509 Mtoe of global annual energy consumption could be reduced 
by 2050 [57]. In order to improve energy efficiency in existing buildings, several approaches 
can be considered, which include improving the thermal performance of the building 
envelope, determining the most suitable operational schedule and purging (ventilation 
strategy) as well as increasing the energy efficiency of the Heating, Ventilation and Air-
conditioning (HVAC) system. 

The agriculture sector constitutes a significant part of Australia’s economy. In financial year 
2014/15; the overall sector was worth $51 billion, comprising 3% of Australia’s total Gross 
Domestic Product (GDP) [58]. When further considering all the add-on processing industries, 
the overall contribution of the agriculture sector rises to 12% of the GDP [59]. Agriculture in 
Australia is responsible for over 1.04 × 1011 MJ and 1.7% of the country’s energy consumption 
annually [60-62]. Among these industries, nearly 600 million chickens per annum are raised 
for producing meat [7]. A typical shed provides about 200,000 chickens annually, which 
means there are currently around 3,000 poultry sheds for chicken meat production in 
Australia. The total annual cost of heating and cooling for chicken farms is estimated to be 
$80 million. 

To raise chicken/broiler efficiently, poultry sheds are designed to meet the specific 
requirements for chickens during various growth stages. The indoor air temperature is a vital 
factor for the chicken to grow properly in an effective timeframe. Within each growing cycle, 
the indoor air temperature requirement changes from 33°C at the beginning to 21°C at the 
end, which results in a unique heating/cooling load cycle depending on the start date. Since 
outdoor air temperature changes throughout the day and throughout the year, a considerable 
amount of energy is sometimes needed to maintain the required indoor air temperature (i.e. 
to reach 33°C in winter). 

Due to various climate conditions of the poultry sheds locations, it is essential to analyse the 
heating/cooling demands for local conditions. The aim of this paper is to reduce the energy 
consumptions for heating/cooling of an identical typical poultry sheds in three locations in 
Australia. They are Central Coast, New South Wales (NSW), Sunshine Coast, Queensland 
(QLD), and Mornington Peninsula, Victoria (VIC), as in these states about 74% of the chicken 
are raised. The reduction in energy consumptions can be achieved through improvements in 
building envelope, the adoption of energy efficient HVAC systems, applying appropriate 
operation schedules and ventilation. The next section presents the findings the current 
literature available. 
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4.3. Energy Efficiency Improvement Options 

This section reviewed the key factors that can influence the heating and cooling energy 
consumptions for broiler production. First, the effects of building envelope insulation on 
heating and cooling loads were examined. Second, the effects of operational schedules and 
fourth the effects of night ventilation strategies were reviewed for poultry sheds. Third, the 
effects of alternative energy efficient HVAC systems and their implementations were 
investigated. The investigation includes geothermal, solar and biogas systems. 

4.3.1. Building envelope 
Researchers have conducted building energy simulations for poultry sheds considering 
heating/cooling load cycles in recent years. Kharseh and Nordell (2011) [10] estimated the 
heating and cooling loads for typical poultry shed in Syria in order to design a geothermal 
cooling and heating system for the shed. One of the assumptions made in [11] was “Heat 
release from chickens: 50 W m-2 of floor area (varies with age)”. This is not accurate enough 
to be generalise for estimating loads for other operations which may incrementally harvest 
the poultry. El Mogharbel et al. (2014) [63]developed a 3D computational simulation model 
for the heating system of a poultry shed in East Lebanon, with various factors taken into 
consideration. The model was based on the solar assisted heating system only and no annual 
performance data and cooling loads were reported. Rojano et al. (2015) [64] developed a 3D 
model using a CFD commercial software package, Fluent. In their study, the heat and mass 
transfer within poultry shed in the US is analysed in detail. However, the aim of their work 
was to analyse temperature, humidity and air quality in the shed. Hence, no heating and 
cooling loads were reported. Besides, owing to the complexity of the 3D model the 
computational time is long, thus applying their model for estimating annual heating and 
cooling loads is unlikely to be feasible. Hamilton et al. (2016) [65] developed a 
thermodynamic model for the thermal analysis of a poultry shed in Australia. Their model 
contributes to a theoretical analysis of chicken growth, heat generation, and water 
consumption during the cycle. Validation based on measured data was also made on the 
model. However, there were no direct data provided for heating and cooling loads. It was 
found that limited knowledge is available to derived shed’s cooling and heating loads during 
growth cycles, particularly for specific local settings. 

The building envelope of a poultry shed can be important due to the shed’s indoor 
temperature requirements and closely related to its energy efficiency [66]. There are currently 
two major construction types of the poultry shed, i.e. ventilated poultry shed, and the tunnel 
shed [67-69]. Xin et al. (1993)[69] and Liang et al. (2013)[68] compare these two types of 
building envelopes and conclude that insulation in poultry shed is a requirement for energy 
load reduction. This may be a reason that in modern times the design of a single-story tunnel 
shape for the brooding of broiler chickens has become more common design option. 

Mogharbel et al. (2014) [63] create a simulation of a modern poultry shed energy system in 
order to increase energy efficiencies. They applied a heat transfer coefficient (U-value) for the 
walls and ceiling to be 2 W m-2 K-1 indicating the rate in which energy is lost through the 
material, the larger the U-value, the more energy lost. Although this U-value may seem high, 
Hamilton et al. (2016) [65] reveal that in the past sheds were designed to have little insulation. 
It is only now; due to rising costs and research into the energy performance that farmers need 
to look into improving building envelops. In an agricultural centre in Canada, Hachem-
Vermette and MacGregor cited the American Society of Heating, Refrigerating and Air-
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conditioning Engineers’ (ASHRAE) recommendation to utilise insulation of 1.74 W m-2 K-1 in 
commercial buildings [70]. The recommended value is lower as it offers better insulation. 
Beyond this recommended value, Missouri Poultry Farms applied U-values of 0.077 W m-2 K-

1 for walls and 0.042 W m-2 K-1 for ceilings which result in savings of $1775 USD [71]. 

4.3.2. Operational schedule and ventilation 
Local weather conditions (solar radiation, ambient air temperature, wind speed) have 
immense and direct impacts on the heating and cooling requirements in the already sensitive 
indoor temperature needed in poultry sheds [64, 72, 73]. Therefore, there is room for 
exploration of the timing of broiler growth cycles with local weather in an attempt to reduce 
heating and cooling loads. During summer, the temperature in the sheds are naturally high 
and less heating is required. Conversely, in the winter energy use for heating will need to 
counteract the infiltration of cold air outside in order to keep a stable and comfortable indoor 
temperature. The typical growth cycle of broilers ranges across the literature and the world 
anywhere from six to eight weeks [63] [74]. Previous study has found that after five weeks 
broilers reach harvest weight but may stay in the sheds to grow to larger weights commonly 
ending at eight weeks [8]. Ultimately the period of growth is dependent on market demand 
or producer constraints. This cycle period can decide the number of cycles able to be 
completed in a single year as a five-week cycle might result in eight to nine cycles in a year 
compared to live to six cycles per year at eight-week growth cycles. 

Another operational procedure that is made in the production of broilers is the choice of 
broiler density (also known as stocking density). This determines the population of the 
broilers to be housed in any one house. Higher demand for poultry meat and inability to 
increase number of cycles possible per year or number of houses easily have resulted in 
increased broiler density in houses. A result of this higher density has meant increased heat 
generation by the flock and a reduction in heating loads but an increase in cooling loads later 
in the growth period. In order to grow RSPCA certified broilers the maximum broiler stocking 
density of 34 kg/m2 [75]. Dawkins et al. (2004) [76]investigated how differing broiler densities 
can impact on animal welfare and growth rate. They determined that from a density of 30 
kg/m2 to 46 kg/m2 the lowest density of 30 kg/m2 was optimal in terms of having the highest 
growth rate and highest ‘gait score’ which assessed how well the broiler can move about the 
houses. However, they did not analyse any density lower than 30 kg/m2 so it is inconclusive 
if this is the optimum density [76]. 

Other literature on this issue includes Bilgili & Hess (1995) [77], however their method of 
assessing levels of broiler densities is in the form of square foot per bird. This parameter is 
not as useful as it does not take into account the weight change of the bird during the cycle 
and as a result needs to be updated throughout growth stages. Regardless, their findings show 
that body weight increased, and mortality decreased at the lower density of 0.093 m2/bird 
(equivalent to 1 ft.2/bird); however, there was no exploration of densities lower than this for 
comparison. Feddes et al. (2002) [78] introduce a new method of measuring broiler density 
in the form of birds/m2 and explore the effects of four different densities (23.8, 17.9, 14.3, 11.9 
birds/m2) on body weight. It was found that at 14.3 birds/m2 the live weight was the highest. 

Ventilation is also important in poultry shed operation to maintain a suitable indoor 
environment for the poultries to grow [79, 80]. It not only would remove the odour inside the 
building by providing the fresh air outside, but also can be helpful to reduce the cooling 
loading demand. Additionally, a well-defined ventilation strategy can also reduce the cooling 
loads of the building by providing passive cooling via night ventilation [81-89]. This method 
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is used to bring down the indoor temperature by circulating the night cool air during the 
evening when the building is not occupied. As the building is pre-cooled in the night, the 
cooling loads in the day can be reduced. 

During poultry shed operation, the livestock is normally kept in the building all the time and 
the indoor temperature requirement is different from residential buildings. However, 
different ventilation strategy could still be utilised to reduce the cooling loads using similar 
concepts like night ventilation. 

4.3.3. Energy efficient HVAC systems 
In order to improve the energy efficiency of poultry sheds, it is important to examine the 
source of energy and system applied. For many farmers in Australia, the heat produced for 
use in poultry sheds is fuelled by either liquid petroleum gas (LPG) or natural gas [90]. The 
recent increased of gas prices, 262% over the past six years has forced farmers to explore 
alternative methods of generating heat for their poultry sheds [91]. One of these technologies 
is the utilisation of Ground Source Heat Pump (GSHP) system which utilize geothermal 
energy stored in the ground to heat poultry sheds. It is one of the renewable and highly 
efficient HVAC systems. Recent years have witnessed more and more applications of GSHP 
systems in the United States, Europe, Canada, China and Australia etc [15, 16, 21, 24, 26, 27, 
92, 93]. For a well-designed GSHP system, it can typically operate with a coefficient of 
performance between three to four [9, 94, 95]. It means that for three to four kWh of energy 
removed/injected into the ground, one kWh electricity is consumed. The studies on 
geothermal systems in the residential sector have proven the technology to be feasible both 
in terms of performance and economy [21]. The study of twenty installed GSHP systems found 
that there may be a financial gain of $592 AUD per annum with a design life of 40 years [21]. 

In the case of farms, it is financially viable to install geothermal systems with horizontal 
ground heat exchangers at a shallow depth and take advantage of the large available land area 
[21]. For typical residential cases with vertical boreholes, the cost is reduced due to not 
requiring deep boreholes drilled which have been found to comprise over 50% of the total 
installation cost [21]. Furthermore, the larger heating requirements in the poultry shed may 
lead to shorter pay-back times. This is mainly due to the reduction of reliance on expensive 
and high quantity gas used to fuel the existing heating systems. Due to the heating and cooling 
loads of the poultry shed, there is a need for heating when the ambient air temperature is 
below the setpoint temperature, and a need for cooling when the ambient air temperature is 
above the setpoint temperature. This has traditionally required both a separate heating and 
cooling system which results in higher capital costs [21]. Choi et al (2012)[11] investigate the 
effects of using a GSHP for heating a poultry shed. They compared a GSHP system with a 
conventional heating system with diesel burners. They found that although electricity 
consumption increased during the 35-day cycle, the reduction in fuel consumption resulted 
in the total energy cost of heating was reduced by approximately ₩2.489 million won 
(~$2,487 AUD with 2010 exchange rate from Historic Exchange Rates - South Korean Won, 
2018). This is a saving of 92% of the total energy cost when compared to the conventional 
system [11]. An additional benefit was the increase in the weight of chickens by 6.8% due to 
improved air quality in the geothermally heated shed. This finding was reaffirmed by the 
simulation study of Kharseh & Nordell (2010) [10] for a GSHP in the production of poultry. 
This is a case study in Syria where the weather is slightly different compared to South Korea. 
However, they both experience similar freezing periods during winter. Kharseh & Nordell 
(2010) [10] showed reduction in annual energy consumption by 57.2% by using GSHP instead 
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of conventional coal heating system by 6.8% mainly due to improved air quality conditions. 
A reduction of coal consumption by 107,600 t per annum was found. When compared to 
diesel system with an Air Source Heat Pump (ASHP) similar to the South Korea study, the 
annual operation costs could be reduced by 79.7%. In a slightly different application of 
geothermal energy; Tahersima et al. (2018) [96] experimented on a mass radiant floor system 
for a warehouse. The goal to maintain a constant temperature in relation to the freezing 
outside temperature within a 3000 𝑚𝑚2 warehouse using the concrete slab as heat storage is 
somewhat similar to the aims of heating for poultry sheds, albeit their target temperatures 
are slightly lower at the 21-23℃ range. They found that to operate the system for 12-hour 
durations (8 pm - 8 am) resulting in cheaper electricity costs by utilising off-peak prices. This 
method could potentially change the way HVAC is designed for use in poultry sheds as instead 
of heating from air pumped in then can opt for the warming of the floor creating an evenly 
distributed vertical temperature gradient up to 2.5 m high. Poultry shed flooring is normally 
comprised of ground or concrete similar to the study. Conversely, this would require large 
changes in current building design and regulations [96]. 

Although GSHP shows promising results in parts of the world with highly variable climates, 
it may not be applicable to all existing farms. As a result, there is a market another alternative 
for heating in biogas and solar systems. The litter produced during the broiler cycle is 
routinely removed and this waste can be used as fertiliser or sent to landfill. Due to efforts to 
reduce waste this litter can be utilised to produce biogas which can then be used for the 
system. This technology was studied for the Indian poultry industry by Begum et al. [97] 
where they successfully converted 1000 kg poultry litter into 68 𝑚𝑚3 of biogas per day. This 
resulted in daily generation of 89 kWh which was then be utilised on the farm allowing for 
less reliance on local power. On a much larger scale, Arshad et al. 2018 [98] calculated the 
possible energy generation by converting Pakistan's’ twenty-five thousand poultry farm waste 
into biogas. From over one million tonnes of manure and other chicken waste, they estimate 
the potential daily electricity generation of 300 MWh. However, the infrastructure for this 
does not exist unless adopted in the countries renewable energy policy. 

There is also the option of combining several energy efficient technologies to diversify farms 
energy security. There are studies that investigate the integration of solar and geothermal 
such as Carotenuto et al. (2017)[99] and Kharseh & Nordell (2010)[10] which show the 
benefits of the two technologies and how they interact. Kharseh & Nordell (2010) [10] 
combined solar collectors and ground heat exchangers in order to boost the amount of 
heating/cooling produced by the system. During winter the fluid is circulated through solar 
collectors to increase the temperature after passing through the ground heat exchangers. 
However, an issue with this is that the cooling load is higher during the summer months so 
heating the water should not be a priority. Although this technology may not seem ideal for 
use in Syria where winters result in low solar radiation, Australia has high solar radiation 
throughout the year so maybe more viable as average global solar radiation in Syria is about 
2.3-2.5 kWh m-2 day-1 during winter compared to 2.8-3 kWh m-2 day-1 for Australia [100] [101]. 
Regardless Carotenuto et al. (2017) [99] propose a novel low temperature heating and cooling 
system for a city in Southern Italy which also combines solar and geothermal technology. 
They discover similar issues in winter where solar radiation is low so being annexed from the 
system during these periods to reduce heat loss. However, a study of solar-assisted localized 
ventilation system for poultry brooding by Fawaz et al. (2014) [102] has shown that solar 
technologies may still be practicable during winter months. A simulation of the heating load 
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was conducted, and a parabolic solar concentrator was sized to meet this requirement. This 
resulted in a reduction of energy needed by 74% compared to a conventional diesel system. 
Moreover, the concentrated solar system was efficient enough to cover 84% of the required 
load during the winter. 

4.3.4. Summary of findings 
From the brief review conducted by investigating the key parameters affecting heating and 
cooling loads, there are several key areas that require further investigation. These areas 
include the building envelope of the poultry shed which is responsible for regulating its 
internal temperature. The building envelope, focusing on the choice of building insulation is 
the key isolator between the internal and external temperatures of the poultry shed and as 
such dictates the required heating and cooling. The location and climate of the poultry shed 
also play a key role which either helps or hinders the constant temperature experienced within 
the poultry shed. The seasonality of the climate is especially important as the poultry 
production cycle occurs throughout the year. Later, the operational schedule, which indicates 
the starting and ending of the broiler growth cycles and when they occur during the year. The 
operational schedule and ventilation strategies are likely to be directly dependant on the local 
climate and discovering the optimum time to avoid extreme seasonal temperatures. 
Furthermore, the current reliance on gas heating for most Australian states results in a rising 
energy cost that is impacting the fiscal feasibility of broiler production. As such the review 
investigated energy efficient alternatives that are currently in use on small scales as well as 
emerging technologies that may change the face of the industry. To accelerate the uptake of 
these technologies, an appropriate investigation into the operation and feasibility need to be 
conducted with industry case studies and field measurements with the results of this to be 
made available to the industry. 

 

4.4. Methods 

Transient System Simulation Tool (TRNSYS) has been widely used for building energy 
performance simulations. In this paper, a TRNSYS model was developed and verified for a 
poultry shed. Other details of the methods employed are presented in this section. 

4.4.1. Simulation parameters: location, construction, operation and climate 
An existing typical poultry shed is take as a case study. It is located in the Central Coast Region, 
NSW, Australia (approximately 33.38861 S and 150.40250 E). Climate data are essential for 
building simulation. A typical meteorological year (TMY) data generated by an algorithm 
based on 20 years of the recorded dataset is widely used to predict the long-term performance 
of buildings. In this paper, the TMY file generated by Meteonorm 7.1 based on recorded 
climate data from 1990-2010 is utilised. An average error of 6% in year sum compared with 
the actual climate can be expected by using this method of hourly data generation [103]. 

Table 4-1 Poultry shed simulation parameters. 

Dimensions Width:18.3 m, Length:138.7 m, Height: 2.7 to 4.3 m  

Wall/Roof 
Material 

No windows; Insulation with thin layers of metal cladding. 
Insulation thickness: 0.075 m , thermal conductivity: 
0.039 𝑊𝑊𝑚𝑚−1𝐾𝐾−1 , density: 16 𝑘𝑘𝑘𝑘 𝑚𝑚−3 , specific heat: 340 
𝐽𝐽𝑘𝑘𝑘𝑘−1𝐾𝐾−1 
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As shown in Table 4-1, this is only one zone within the shed. The building is constructed with 
75 mm thick ‘Coolroom’ walls with no windows. A chicken usually attains 2.8 to 3 kg at the 
age of 8 weeks. The mass of chicken for the first 35 days is provided by Ground Source Systems 
Pty Ltd while the following 21 days data is generated through a quadratic function. Heat 
produced by a chicken is proportional to the metabolic weight, which is the unit of 0.75 power 
of kg [104]. The heat rate generated by an adult chicken is 160 𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘 𝑑𝑑−1𝑊𝑊−1 (7.75 𝑊𝑊 𝑊𝑊−1) 
[105, 106]. 

In Australia, it usually takes about 50 days for a recently hatched chicken to develop fully for 
the market. Meat broilers reach the mass of harvest at the age of 35 days, and partial harvest 
of chicken happens up to three times in one batch on a chicken farm due to the different 
demand for light and heavy chicken meat. After that, there are 5 to 14 days for clean-up and 
preparation for the next batch [107]. The simulation in this paper is based on the operational 
schedule (raising batches of chicks) shown in Table 4-2. The data is in accordance with the 
chicken growing recommendations provided by the shed owner and operator. 

Table 4-2 Chicken growth and metabolic heat generation. 

Day of 
growing cycle 

Mass per 
chicken (kg) 

Heat generation 
per chicken (W) 

Number of 
chicken (-) 

Indoor setpoint 
temperature (°C) 

1 0.054 0.82 50,000 31.0 
7 0.180 2.02 50,000 28.6 
14 0.438 3.93 50,000 26.1 
21 0.829 6.34 50,000 23.7 
28 1.337 9.08 50,000 21.2 
35 1.897 11.80 50,000 19.0 
42 2.444 14.27 35,000 19.0 
49 2.873 16.11 25,000 19.0 
 

Similar to the normal operation of the case study shed, 50,000 chickens were assumed at the 
beginning of each batch. Three harvests are expected in one batch, happening at the end of 
the fifth, sixth and seventh weeks of the cycle. The first harvest is assumed to be 15,000 
chickens while the second one 10,000 chickens and the last harvest remaining 25,000 
chickens. Mortality of chicken during growing cycles was not considered as it is negligible. 

Table 4-3 Selected locations in Australia and their annual average outdoor air temperatures (℃) [109]. 

Location Latitude (°) Longitude (°) Summer Winter 

Central Coast, NSW 33.38861 S  150.40250 E 25.1 11.5 

Mornington 
Peninsula, VIC 35.28527 S 145.09333 E 31.7 15.3 

Sunshine Coast, QLD 26.60621 S 152.79397 E 26.5 14.8 
 

The location and its local climate may also have an impact on the heating and cooling loads. 
Three different locations: Central Coast, New South Wales (NSW); Sunshine Coast, 
Queensland (QLD) and Mornington Peninsula, Victoria (VIC) were considered. These 
locations are chosen based on the distribution of the chicken production in Australia [107, 
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108] and each location can be a good representative of its state. The three states account for 
over 74% of Australia’s broiler production [7, 107, 108]. Table 4-3 summarises the differing 
climate patterns experienced around Australia. All factors besides the location of the poultry 
shed have been kept constant for this analysis. 

 

4.4.2. Building envelope 
The dimensions of this building can then be integrated into building energy simulation 
software, TRNSYS 18. As shown in Fig 4-1, the model consists of five components, including 
data input (weather data, ground temperature and operational schedules) mentioned above, 
building simulation (Type 56) and simulation output. The model allows sophisticated 
simulation for the heating and cooling loads of the building (poultry shed).  It should be noted 
that the building envelope data as shown in Table 4-1 are inputted in Type 56.  

To be specific, the TRNSYS project applied Type 56 multi-zone building model. For the 
building envelope section, the building material thickness, conductivity, density, specific heat 
can be specified. Since conductivity, density and specific heat are related to material and 
cannot be changed easily. This investigation aims to determine the most effective insulation 
by varying the thickness of the building envelope. By altering the thickness of the insulation 
walls, it affects the shed’s ability to lose or gain heat. The higher the thickness, the less the 
material transfer heat. For the following analysis, it was assumed that the material is of a 
constant density, thermal conductivity, and specific heat. 

 
Figure 4-1 TRNSYS simulation model for heating and cooling loads. 

 

4.4.3. Energy efficient HVAC systems 
In this investigation, two different HVAC systems are considered. The first option is the gas 
burners for heating and evaporative coolers for cooling, which are typically equipped in 
current farms in Australia. The gas heaters were assumed to have an efficiency of 0.85 [9]. It 
was hard to determine the operating efficiency of evaporative coolers because their 
performance highly relies on the relative humidity and ambient air temperature. However, it 
is known that evaporative cooling usually saves around 75 to 85% of the cost compared with 
standard air conditioning [110]. This paper assumed one-sixth of the cost of air conditioners 
with a Coefficient of Performance (COP) of 2.5 [9, 21]. 
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To further investigate the operational cost reduction with energy efficient systems, the state-
of-the-art GSHP option is considered. However, an evaporative cooler is much more 
economical than conventional air conditioning systems. GSHP system will be used for heating 
only and cooling will still be provided by the evaporative coolers. The COP of a heat pump 
can vary under different operational conditions. In this investigation, the annual average COP 
of the heat pump was assumed to be 3.3 [9, 21]. The additional equipment electricity 
consumption, including the circulating pump, was assumed to be 10% of the heat pump 
electricity consumption. Apart from efficiency, energy prices are also key factors. Table 4-4 
presents the energy prices used in this investigation. The energy prices in the reference farm 
in NSW were obtained from the current gas and electricity contracts of the farm owner. It 
should be noted that gas and electricity prices can differ from farm to farm depending on the 
contract with suppliers; electricity usage price for this farm is particularly competitive due to 
high fixed supply charge. The fixed supply charge for electricity and gas is not considered in 
the lifecycle analysis because the payment of the fixed charge is required, like the land tax or 
council rate, regardless of whether a hybrid system is installed or not. The average electricity 
and gas prices in NSW, QLD and VIC are obtained from Jacobs’ and Alviss Consulting’s reports 
as average prices for small and medium enterprise (SME) [111, 112]. 

Table 4-4 Energy prices for SME in Australia [111, 112]. 

Location Gas ($ GJ-1) Electricity (¢ kWh-1) 
NSW Farm contract 19.5 (LPG) 10.0 
NSW SME average 26 31.2 
QLD SME average 35 29.8 
VIC SME average 18 24.3 

 

4.4.4. Farm operations schedule and shed ventilation 
A typical chicken growing batch takes seven weeks duration. It is almost impossible for a shed 
to run seven whole batches in one year due to the time required for cleaning and preparation. 
In this investigation, six batches were considered for one year. Assuming a minimum break 
of one week for cleaning and preparation, the possible intervals between each batch are one 
to six weeks. With at least a one-week break between the last batch and the first one, there 
are overall 1,092 possible operating schedules. In this paper, the costs of all of the 1,092 
possible schedules have been estimated using a MATLAB code developed to find the one with 
minimum operational cost. 

Various ventilation/purging scenarios are discussed to find the optimum ventilation method. 
When the ventilation rate becomes higher, the energy consumed to move the air will increase. 
The Ventilating Efficiency Ratio (VER) is used to describe the efficiency of the fan. This ratio 
is defined as the cubic feet of air moved per minute over the electricity consumed by the fan 
in Watts. The larger the number is, the higher the efficiency is. In this study, it is assumed 
that the VER of the ventilation fan is constant at 15 [113], which is within the range of the 
average performance of most fans. This paper reports both the reduction of the cooling loads 
and the electricity consumption of the fan when the ventilation rate is increased. 

4.5. Results 

The hourly heating and cooling loads were calculated using the TRNSYS model mentioned 
above. Estimation of costs based on the current HVAC system and Geothermal system have 
also been conducted. 
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4.5.1. Heating and cooling loads for different farm operational schedules 
In order to determine the heating and cooling loads for the different starting dates, 52 batches 
starting at different weeks for one year were investigated. The first week starts on 1st of January, 
the first day in a year. As an example, Fig 4-2 depicts the indoor and outdoor temperatures 
(a) and hourly heading ad cooling loads (b) of a seven-week summer batch for a typical poultry 
shed in Central Coast, NSW, the first week of this batch starts on the 19th of December 
(corresponds to week 52 of the year). The indoor thermostat is set every day to meet the 
temperature requirement for raising broilers. During the growing batch, the heating load 
decreases as a result of increasing heat generated by the chickens. After that growth stage, the 
cooling load significantly increases during the following first five weeks. After each harvest, 
the internal gain (heat produced by chicken) reduces, which results in a reduction of the 
cooling load. 

 
Figure 4-2 Seven-week summer batch for a typical poultry shed in Central Coast, NSW: (a) Hourly indoor and 

outdoor air temperatures, (b) Hourly heating and cooling loads. 

 

 

4.5.2. Effect of the thickness of the building envelope 
The basis of this section is an analysis of a poultry shed located in New South Wales using 
insulation materials of thickness 75 mm. The results from this simulation will consider how 
altering the thickness of the building envelope of the poultry shed will result in changes to its 
heating and cooling loads. From Fig. 4-3, it can be seen that thickness of the building envelope 
is showing an inverse relationship between heating and cooling loads. 

 
Figure 4-3 Effect of thickness of the building envelope for a typical poultry shed in Central Coast, NSW on (a) annual 

heating demand , and (b) annual cooling demand. 
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As thickness increased, the heating load reduces and conversely cooling loads increase. 
However, this tradeoff was not uniform as found by increasing the thickness 233% from 75 
mm to 250 mm resulting in reduced heating loads of 21.4% and increased cooling loads by 
only 4.2%. Even though the reduction percentage for the heating is much higher than the 
increase percentage of the cooling, the actual reduced heating demand (11.2 MWh) is much 
less than the increased cooling demands (59.0 MWh). This is because the annual cooling 
demand (about 1,450 MWh) is much higher than the heating demand (about 50 MWh). Even 
though the evaporative cooler for cooling has a much higher efficiency comparing with GSHP 
or LPG/Gas burners for heating, the overall impact on the annual heating and cooling cost is 
marginal (less than 0.5%). Therefore, changing the thickness of the building envelope is not 
recommended for the improvement of the energy efficiency of the poultry shed. 

4.5.3. Effect of ventilation/purging 
Fig. 4-4 shows the hourly cooling loads for one week, starting from 1st April. Under 100%, 150% 
and 200% of the standard ventilation rate. To better perform the purging optimisation, this 
purging scenario was developed, considering only purging when the cooling is required, and 
the outdoor temperature is lower than the indoor temperature. In this scenario, it has been 
reported that the cooling loads are always no higher than the standard ventilation. Regarding 
the annual total cooling loads, 10.3% and 21.3% reduction compared with the standard 
ventilation has been observed under 150% and 200% ventilation rate, respectively. However, 
there is no reduction in the peak cooling loads as it happens when the outdoor temperature 
is higher than the indoor temperature, which is not suitable for purging. 

As increasing the ventilation will also increase the energy required to operate the ventilation 
fans, it is necessary to also analyse the energy consumed by the fans. Table 4-5 shows the 
annual cooling and ventilation electricity consumption under different scenarios. Considering 
the annual total fan electricity consumption, the increase is 4.5 MWh and 9.2 MWh under 
150% and 200% ventilation rate, respectively. By adding the cooling electricity consumption, 
the total electricity consumption has reduced by 4.8% and 10.1% under 150% and 200% 
ventilation rate, respectively. The maximum 200% of the standard ventilation rate is 
estimated based on the sizes of the ventilation and exhaustion fans. The same method can 
then be applied to the heating; however, the results have proved to be not significant (1 - 2%). 

 
Figure 4-4 One-week cooling loads under discontinuing purging for a typical poultry shed in Central Coast, NSW starting 

1st of April (week 14 of the year). 
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Table 4-5 Annual cooling and ventilation electricity consumption for a typical poultry shed in Central Coast, NSW. 

Ventilation 
Cooling 
Loads 
(MWh) 

Cooling Electricity 
Consumption 
(MWh) 

Ventilation 
Electricity 
(MWh) 

Total Electricity 
Consumption 
(MWh) 

100% 1,414 94.3 13.3 107.6 
150% 1,269 84.6 17.8 102.4 
200% 1,113 74.2 22.5 96.7 

 

4.5.4. Cost estimation for different HVAC systems 
Different HVAC systems can have a significant effect on the energy expenditure. This section 
estimates the annual heating and cooling cost for a typical poultry sheds different locations 
with two different heating systems. Firstly, after hourly heating and cooling loads for 52 
starting weeks were acquired, the overall energy consumption for each batch was obtained by 
summing up the heating and cooling loads. At the beginning of the year (summer), raising a 
batch requires much more cooling than heating (nearly eight times higher). Later, as the 
outdoor air gets colder, the heating loads increase while the cooling loads decrease. At the 
middle of July (winter), the heating load reach the peak for one batch, while the minimum 
cooling load. After the coldest periods of the winter, the heating load begins to reduce 
together with the increase of cooling demand. The highest cooling demand happens at the 
beginning of the year, corresponding to the minimum heating demand for one batch. 

Based on the overall energy consumption for each batch starting at 52 different weeks in a 
year, the heating and cooling cost can be estimated. Fig. 3-5 shows the heating and cooling 
costs for the different starting week with two different heating options at three different 
locations. Since the evaporative cooler is cheaper to operate than GSHP systems, all the 
scenarios considered the evaporative coolers for cooling. For all the scenarios corresponding 
to the loads, the heating cost rises from minimum in the beginning to the peak in the mid-
year while the cooling cost reduces from the peak to the bottom. After winter (mid-year), the 
heating cost decreases, and the cooling cost increases. 

In general, the GSHP system has a lower heating expenditure than the LPG (gas) heating 
system (except the Mornington Peninsula, VIC case, where gas price is very low), as shown in 
Table 3-6. However, the amount and percentage of reduction in the heat cost by using GSHP 
systems depends on the energy price. In Central Coast, NSW, with their current contract price, 
the GSHP heating option can be nearly 60% cheaper than the LPG heating system on average. 
However, when the price is NSW state averaged price, this becomes slightly (5%) better. With 
the state averaged electricity and gas price, Sunshine Coast has the most benefit of GSHP 
heating system, where on average 33% of heating cost reduction can be expected. However, 
in the Mornington Peninsula, VIC case, the heating cost for GSHP system is even slightly 
higher (6%) than the gas heating system due to the cheap gas price. Based on the state 
averaged electricity and gas price, raising a chicken batch in Sunshine Coast, QLD is the most 
economical among all the cases investigated.  The results also reveal that raising a chicken 
batch in autumn and early winter costs much less than the rest of the year. In general, the 
most cost-effective period for starting a batch is from late March (12th week) to June (29th 
week). 

When considering the total cost saving by switching from LPG heating to GSHP heating, as 
shown in Table 4-7, there is also a high variation among different location and pricing 
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scenarios. The high reduction can be achieved is over 20%, in Central Coast, NSW, with their 
current contract price. For the rest of cases investigated, the saving can marginal, and may 
even be negative. 

4.5.5. Operational optimisation under different climate conditions 
Since the operational schedule can be impacted by the weather condition, it is important to 
evaluate the potential effective of the operational optimisation under different climate 
conditions. Two other locations in Sunshine Coast, QLD and Mornington Peninsula, VIC has 
been selected for this purpose. Based on the cost data this section investigates the effect of 
changing the starting weeks for raising a chicken batch. Fig. 4-6 shows that the annual costs 
for all operating schedules resemble the normal distribution pattern, with the average heating 
and cooling cost as summarised in Table 4-6. The Maximum Likelihood Estimation (MLE) is 
used in this investigation. MLE is a method that estimates parameters of statistical models 
based on given data. The distribution has also passed the Kolmogorov-Smirnov test in 
MATLAB, a hypothesis test for normal distribution, at a 1% significance level [114]. 

As shown in Fig. 4-6 and summarised in Table 4-6, there are over 1000 different combinations 
of operational schedule analysed in each case. In these cases, the minimum heating and 
cooling cost are 2.0% to 3.7% less than the average cost of all the combinations, with a 2.9% 
average reduction. The case in Sunshine Coast, QLD seems to be least impacted and the case 
in Central Coast, NSW seems to be most impacted by the operational schedule. 

When further considering the optimum schedules where the minimum heating and cooling 
costs occur, it can be seen that the results are reasonably consistent despite the difference in 
location and heating options (Table 4-8). On average, by starting at 5th, 13th, 21th, 29th, 38th, 
and 46th week of the year, the most economical schedule costs can be achieved, which is on 
average 2.9% less than the average cost. These results show only minor differences between 
the optimised schedules even though the climate conditions have changed. This could be 
caused by that climate differences for east coast of Australia are not significant enough to 
result in profound changes of the operational schedule. 
Table 4-6 Heating and cooling cost summary for optimum schedules for GSHP and LPG (gas) heating options in different 

locations. 

 Heating 
(AU$) 

Cooling 
(AU$) 

Total 
(AU$) 

Average 
(AU$) 

Saving 
(%) 

GSHP 

Central Coast, NSW 1,927 9,018 10,944 11,276 2.94 
Central Coast, NSW (SME Pricing) 6,012 28,135 34,146 35,180 2.94 
Sunshine Coast, QLD 2,884 33,814 36,698 37,454 2.02 
Mornington Peninsula, VIC 5,872 19,717 25,589 26,397 3.06 

LPG/Gas 

Central Coast, NSW 4,398 9,214 13,612 14,131 3.68 
Central Coast, NSW (SME Pricing) 6,325 28,135 34,459 35,496 2.92 
Sunshine Coast, QLD 3,956 34,061 38,017 38,910 2.29 
Mornington Peninsula, VIC 5,543 19,717 25,260 26,063 3.08 

    Average 2.87 
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 Table 4-7 Comparison for the average cost saving by switching LPG (gas) to GSHP in different locations. 

 LPG Average (AU$) GSHP Average (AU$) Saving (%) 

Central Coast, NSW 14,131 11,276 20.2 
Central Coast, NSW (SME) 35,496 35,180 0.9 
Sunshine Coast, QLD 38,910 37,454 3.7 
Mornington Peninsula, VIC 26,063 26,397 -1.3 

 

Table 4-8 Optimum start week schedules for GSHP and LPG (gas) heating options in different locations. 

Batch  1 2 3 4 5 6 

GSHP 

Central Coast, NSW 5 14 22 30 38 46 
Central Coast, NSW (SME Pricing) 5 14 22 30 38 46 
Sunshine Coast, QLD 5 13 21 29 37 45 
Mornington Peninsula, VIC 5 14 22 30 38 46 

LPG/Gas 

Central Coast, NSW 4 12 20 28 38 46 
Central Coast, NSW (SME Pricing) 5 14 22 30 38 46 
Sunshine Coast, QLD 4 12 20 28 36 45 
Mornington Peninsula, VIC 5 14 22 30 38 46 

Average 5 13 21 29 38 46 
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Figure 4-5 Operational heating and cooling cost with different heating options and locations. 
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Figure 4-6 Annual operational heating and cooling cost distribution with different heating options and locations. 
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4.6. Discussion 

From the results of the energy model output, it was determined that building envelope can 
impact the heating and cooling loads yet its impacts on the operational heating and cooling 
cost seem minor. This is because that reducing the heating loads will inevitably increase the 
cooling loads when varying the thickness of the building envelope. Moreover, for the building 
investigated, by reducing 1 kWh of the heating loads, about 5 kWh of the cooling loads will 
be generated. Even though cooling can be relatively economically supplied by evaporative 
coolers, there is no room to reduce operational cost by changing the thickness of the building 
envelope. 

For the ventilation operation optimisation, it is observed that the cooling loads have highly 
decreased under higher ventilation rates during night-time (over 21% reduction under 200% 
ventilation rate). However, the total electricity consumption for both cooling and ventilation 
does not reduce significantly when the ventilation rate is increased. One potential reason 
behind this is that since the evaporative coolers are economical to use, though the reduction 
of cooling loads is high, the reduction of the operational expenditure for cooling is not 
significant enough to overweigh the increased ventilation cost much. 

It was observed that the choice of HVAC system has a high impact on the operating cost, yet 
it is subject to the electricity and gas price. When switching from LPG gas heaters to a GSHP 
system, up to 60% of the heating operation expenditure and 20% of the combined heating 
and cooling operation cost (in Central Coast, NSW) can be saved. However, in Mornington 
Peninsula, VIC, switching to a GSHP heating system will increase the heating operating cost. 
The reason behind this is that the gas in VIC is much cheaper than the electricity. In this 
investigation, it is determined that the critical electricity to gas price ratio is 3.53. This means 
that when the electricity price (per kWh) is more than 3.53 times more expensive than gas, 
operating a GSHP system would be more expensive than the gas heating system. In 
Mornington Peninsula, VIC, the electricity is 3.75 times expensive than the gas. Therefore, 
switching from gas heating to GSHP heating is not financially feasible in Mornington 
Peninsula, VIC under this cost structure. 

It should also be noted that though the operational cost reduction from an energy efficient 
HVAC system can be high, the installation of such GSHP system may cost much more than 
traditional gas/LPG systems. This can be further investigated via life cycle cost analysis to 
determine the most economical combination of the GSHP system and gas/LPG systems. 
However, here we focus on operational costs, yet worth to be recommended for future further 
studies. 

Furthermore, the optimum operational schedule has been observed to be reasonably 
consistent under different location and heating options. This can be explained by the period 
of year when starting a batch is most economical late March (12th week) to June (29th week). 
This period coincides with the relatively low outdoor air temperature. The low air 
temperature results in low cooling demands, which can contribute to over 70% of the energy 
expenditure for combined heating and cooling. It can be observed that for the optimum 
schedule, half of the batches start within this period, which maximised the cost reduction. 

4.7. Summary and conclusions 

This paper investigated the energy efficient solution to reduce the heating and cooling loads 
of a typical poultry shed in Central Coast, NSW; Mornington Peninsula, VIC and Sunshine 
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Coast, QLD; where 74.4% of the Australian chicken meat is produced. The heating and 
cooling demand cycles of the poultry sheds have been investigated in detail by using TRNSYS, 
a widely used building energy simulation software. The TRNSYS model considered the 
chicken growth rate and metabolic heat generation, operating schedules, building envelop 
materials, orientation and climate conditions. It is found that the heating and cooling demand 
cycle of poultry industry can be highly different from common practice in residential or other 
commercial buildings. These unique characteristics include energy imbalance, sharp peak 
demands as well as shortly alternating heating and cooling cycles. 

Based on the unique heating and cooling loads simulated, this paper then investigated the 
building envelope, operational schedule, ventilation strategies, and different HVAC systems 
to reduce the heating and cooling energy consumption and expenditure. The building 
envelope has been found to be the least impact factor as the it cannot reduce the heating and 
cooling loads at the same time. The operational schedule is the third most important 
influencing factor. Between 2.0 to 3.7 % of the operational cost can be saved on average if the 
operational schedule is optimised. The night ventilation strategies turn to be the second 
influencing factor. Even though increasing the ventilation rate at night can reduce the cooling 
loads significantly, the total electricity cost reduction is about 5 to 10% due to the increase in 
fan electricity consumption. The increase of ventilation rate for heating has been found to be 
minor due to the outdoor temperature is lower than the indoor temperature for the majority 
of the time when heating is required.  

It is found that the HVAC system selection can have the highest impact on cooling and 
heating energy consumption, subject to lower electricity and gas prices. By switching from an 
LPG heating system to GSHP heating system, up to 60% of the heating operation cost and up 
to 20% of the combined heating and cooling cost can be saved. A limitation worth noting is 
that this study considers only the operational cost of the HVAC systems. When switching 
from a traditional system to a highly efficient system, installation costs will typically occur. 
These costs can sometimes be significant and should be considered in lifecycle analysis. 
Chapter 6 of this thesis will discuss this in detail. 
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5. Artificial neural networks for the performance of horizontal 
ground heat exchangers under rural industries’ loading 
conditions 

This chapter is submitted as a research article to Applied Energy, in collaboration with A/Prof. 
Guillermo A. Narsilio, Dr Nikolas Makasis, Prof. Kenichi Soga from the University of 
California, Berkeley and Prof. Lu Aye. Modifications have been made to the numbering of 
page numbers, sections, references, tables and figures to keep the consistency of the thesis. 
Preliminary results from a conference paper in related to this work are included as Appendices 
A.2.  
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5.1. Abstract 

A Ground Source Heat Pump (GSHP) system is a highly efficient heating, ventilation, and air 
conditioning (HVAC) system which utilizes the ground as the heat source when heating and 
as the heat sink when cooling. This paper investigates GSHP systems with horizontal Ground 
Heat Exchangers (GHEs) for poultry (chicken) sheds in Australia, exemplifying the 
technology’s promising application in the rural industry. In addition, a key aim of this 
investigation is to provide an Artificial Neural Network (ANN) model which can be used for 
GSHP design at different locations and with different climate conditions. To this extent, a 
TRNSYS model with a typical horizontal GHE within a rural farm in Australia has been 
developed and validated. Using this model, over 700,000 hourly performance data have been 
obtained, covering over 80 different yearly loading patterns under three different climate 
conditions. The simulated performance data is then used to train the ANN. We found that 
the trained ANN is able to predict the performance of GSHPs systems with identical 
(multiples of) GHEs, even under climatic conditions (and locations) that has not been 
specifically trained for. Unlike other works, this ANN model has shown to be accurate even 
with limited types of input data, showing a high accuracy (no more than 5% error in most 
cases tested). The presented ANN is 100 times computationally faster than TRNSYS 
simulations and 10,000 times faster than FEM models.   

Keywords: ground-source heat pumps, horizontal ground heat exchangers, TRNSYS 
simulation, artificial neural networks  



60 
 

5.2. Introduction 

Ground Source Heat Pump (GSHP) systems are renewable and highly efficient Heating 
Ventilation and Air Conditioning (HVAC) systems that utilise the ground to exchange heat. 
The ground acts as the heat source when delivering heating and as a heat sink when providing 
cooling. Recent years have witnessed more and more applications of GSHP systems in the 
United States, Europe, Canada, China, Korea and Australia [15, 16, 21, 24, 26, 27, 92, 93]. To 
exchange the heat with the ground, Ground Heat Exchangers (GHEs) are typically used, 
comprising high density polyethylene (HDPE) pipes with a carrier fluid. GHEs can take many 
forms, including vertical boreholes, horizontal trenches, energy piles, energy retaining walls 
and energy tunnels [25]. Among them, vertical boreholes and horizontal trenches are the two 
most commonly utilised GHEs. While vertical boreholes can be installed under almost any 
ground and site conditions, horizontal trenches are typically utilised in suburban and rural 
areas, at a depth between one to two m below the surface, as it normally requires a large field 
of land to install them in but costs less than drilling vertical boreholes. Due to the heat 
exchangers being close to the ground surface, their thermal performances can be impacted by 
the daily and seasonal variation of the air temperature [115, 116] and soil moisture content, the 
latter affecting thermal conductivity of the ground [48, 117]. A well-designed GSHP system 
with horizontal GHEs can typically operate at a coefficient of performance (COP) between 
three and five [13, 39, 94, 95, 118-120]. The COP is defined as the ratio of heating (or cooling) 
supplied to the energy required to operate the GSHP. This means that for three to five kWh 
of energy removed/injected into the ground, only one kWh energy of electricity is consumed 
by the GSHP. Drawbacks of GSHP systems include high upfront construction costs, mainly 
caused by the GHE installation costs (drilling/earthworks), as well as the embodied energy 
and associated GHG emissions. However, these can be reduced by coupling GSHPs with other 
energy sources to form a hybrid system [18, 19]. Previous studies indicated that a hybrid GSHP 
system could not only be financially attractive, but also help to balance the thermal loads in 
the ground  [22-24]. 

Current applications of GSHP systems span over a wide range of end uses including 
commercial office buildings, residential buildings, schools, hospitals and underground metro 
stations [15, 16, 21, 24, 26, 27, 92, 93].. However, there is very limited focus on applying this 
relatively new technology into the rural industry, which could potentially be largely beneficial. 
In Australia, the agriculture and all its related processing industry contributes to 12 % of the 
national Gross Domestic Product [5]. As an example, within the Australian agriculture sector, 
this paper will primarily focus on the poultry industry. Within the poultry industry, over 600 
million chicken are raised yearly  [7]. One of the major costs for poultry farmers and to the 
environment is the energy required to heat and cool large poultry breeding houses (estimated 
at A$80 million per year) [121]. The uniqueness of the heating and cooling load profiles of 
chicken brooder houses (a.k.a., sheds), together with the high risk of storing high volume of 
combustible gas as well as the lack of access to (cheap) natural gas in rural areas where these 
houses are located, make the GSHP or shallow geothermal alternative a very attractive option. 
Its adoption can transform the poultry farming industry by significantly reducing energy 
consumption (and energy bills to farmers), greenhouse gas (GHG) emissions, odours and 
volatile compounds (e.g., ammonia gas production, hydrogen sulphide, mercaptans), chicken 
mortality, and thus notably impacting on the economics and environmental performance of 
the Australian poultry industry. As the rural industries’ unique loading patterns can be highly 
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different from residential, commercial and public buildings, detailed analyses are required to 
achieve an appropriate design of GSHP systems specifically for the rural industry. 

Currently, commercial software packages including Ground Loop Design (GLD) and 
GLHEPRO (stands for ground loop heat exchanger) have been widely used in the analysis and 
design of GSHP systems  [17].  Understanding the hourly performance of the GSHP systems is 
important when detailed design or analysis are required. While hourly performance 
calculations are available for GSHP systems with vertical boreholes in both GLD and GLHE 
pro, such function is not yet available for GSHP systems with horizontal GHEs (only annual 
averages are outputted). One possible explanation for this limitation could be that 
commercial software normally use simpler analytical models (for vertical GHEs) to provide 
quick calculations. While infinite line source, infinite cylindrical source and finite line source 
models are popular in modelling vertical GHEs, these models cannot be directly used for 
horizontal GHEs. Hence, the applications of such similar sophisticated analytical methods in 
horizontal GHEs are currently limited and can be more difficult to be applied in commercial 
softwares [122-124].. This is mainly because the performance of the horizontal GHEs is highly 
affected by the configuration of the pipes and climate and geological conditions which are 
difficult to be covered by a generalised analytical model [125]. 

When a detailed analysis is required, researchers have developed numerical simulation 
models to analyse GSHP systems with horizontal GHEs. As an example, Transient System 
Simulation Tool (TRNSYS) simulations are widely used in various types of building energy 
simulations [126-128] as well as to predict the performance of the GSHPs and GHEs [129]. By 
using full implicit finite difference methods to solve three-dimensional meshed soil and GHE 
models, this approach can be implemented in common practice of GSHPs with vertical or 
horizontal GHEs, as well as be modified to simulate the complex GSHPs applications like 
GSHPs with dual sources or solar assisted GSHPs [38, 130, 131].  Apart from TRNSYS, 
researchers have also developed other numerical simulation models and approaches, 
including Finite Element Modelling and Computational Fluid Dynamics [36, 45, 94, 95, 118, 
120, 132, 133]. Numerical simulation results can be in good agreement with the respective 
experiments and hence contribute to the optimum design of horizontal GHEs. However, 
current numerical simulation models, including TRNSYS simulations, are usually time 
consuming, resource demanding and case specific, which could limit their application in 
engineering practice. 

Statistical and machine learning models represent potential approaches to accelerate the 
simulation, with only a marginal compromise on accuracy. As summarized in Table 5-1, recent 
years have witnessed a wide range of applications of statistical and machine learning models 
in energy systems, specifically Artificial Neural Networks (ANNs) [134-141]. Well designed and 
properly trained ANNs can provide reasonably accurate results almost instantly, when applied 
in GSHP systems. As shown in Table 5-1, different types of neural networks and machine 
learning tools have been tested on GSHP systems, including Feedforward neuron networks 
(FFNN), Adaptive neuro fuzzy inference systems (ANFIS), Nonlinear autoregressive 
exogenous models (NARX) and Extreme learning machine. While FFNN has been identified 
as the best performing tools for the performance prediction of GSHPs, NARX is very good in 
time series predictions, including predicting temperature and load series. However, there is 
very limited research currently available for the application of ANNs in GSHP systems with 
horizontal GHEs with none found that is considering rural industries’ unique loading 
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conditions. Moreover, current ANN applications in GSHP systems are mostly based on case-
specific studies, meaning they cannot be generalised and applied to different cases than those 
they were created for. 

Table 5-1 Summary of published research regarding ANN for GSHP systems. 

System type Reference Notes Usage 

Best 
performing 
tool 

Geothermal 
district 
heating 
system 
 

Keçebaş & 
Yabanova, 2012[142] 

6 plate heat 
exchangers 

Energy and exergy 
efficiencies and exergy 
destructions for 
thermal optimization FFNN 

Şahin & Yazıcı, 
2012[143] 

6 plate heat 
exchangers 

Energy and exergy 
analysis FFNN 

Keçebaş et al., 
2012[144] 

Geothermal well Exergy prediction 
FFNN 

Keçebaş et al., 
2013[145] 

6 plate heat 
exchangers 

Energy analysis 
FFNN 

Arat & Arslan, 
2017[146] 

Aided by 
geothermal heat 
pump  

Prediction and 
optimization 

FFNN 

Ground 
source heat 
pump 

Esen et al., 
2008[140] 

Horizontal GHEs Performance prediction 
ANFIS 

Xie et al., 2008[147] Ground-water heat 
pump 

Performance prediction 
FFNN 

Esen & Inalli, 
2009[136] 

Vertical GHE (30m 
to 90m deep) 

Performance prediction 
ANFIS 

Wang, 2013[148] Ground-coupled 
heat pump 

Performance prediction ANN based on 
improved 
Radical Basis 
Function 

Fannou et al., 
2014[149] 

Direct expansion 
geothermal heat 
pump 

Performance prediction 

FFNN 

Sun et al., 2015[150] Geothermal well 
(54m deep) 

Performance prediction 
ANFIS 

Benli, 2016[151] Vertical GHE (60m 
deep), horizontal 
GHE (246m long) 

Performance prediction 

FFNN 

Makasis et al., 
2018[135] 

Energy pile design Exergy prediction Multiple linear 
regression 

Park et al., 2018[152] Vertical GHE (200m 
deep) 

Performance prediction Multiple linear 
regression 

Zhang et al., 
2018[153] 

Distributed thermal 
response test, 
vertical GHE 

Thermal conductivity 
prediction 

FFNN 

Hybrid 
ground 

Gang & Wang, 
2013[31] 

Cooling tower, 
vertical GHE (60m 
deep) 

Temperature prediction 

FFNN 
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source heat 
pump 

Gang et al., 
2014[154] 

Cooling tower, 
vertical GHE (60m 
deep) 

Performance prediction 

FFNN 

Esen et al., 2017[36] Horizontal and 
vertical slinky GHE, 
solar assisted 

Performance prediction ANFIS 

Other 
systems 

Bassam et al., 
2010[155] 

Geothermal 
borehole 

Temperature prediction FFNN 

Arslan, 2011[156] Kalina cycle system 
for geothermal 
fields of low and 
medium enthalpy 

Pump power prediction FFNN 

Morales et al., 
2015[157] 

Absorption heat 
transformer 

Prediction and 
optimization 

FFNN 

Hamdan et al., 
2016[158] 

Flat-plate solar air 
collector 

Temperature prediction NARX 

Qi et al., 2016[159] Shower cooling 
tower 

Performance prediction Wavelet neural 
network 

Shojaeefard et al., 
2017[160] 

Compact heat 
exchanger 

Performance prediction Recurrent 
neural network 

Islam & Morimoto, 
2017[161] 

Pillar cooler system Inside air temperature 
prediction 

FFNN 

Alhamid et al., 
2018[162] 

Absorption chiller Performance prediction FFNN 

Guo et al., 2018[139] Building heating 
system 

Energy demand 
prediction 

Extreme 
learning 
machine 

Aghadavoodi & 
Shahgholian, 
2018[163] 

Combustion loop 
control system 

Closed loop 
identification 

NARX 

Koschwitz et al., 
2018[164] 

Non-residential 
building 

Load prediction NARX 

Within the handful of pioneering ANN studies dealing with horizontal GHEs currently 
available in the literature, Esen et al. and Benli ’s ANN models are the only ones that can 
predict COP of water to air GSHPs with horizontal GHEs with pre-processed input data [36, 
151, 165]. Their results show the ANN can predict the COP well when enough input data are 
given. Their methodologies require three to five types of input data, including at least the 
inlet air, outlet air and ground temperatures. In their most recent work Esen et al. [36], utilize 
ground temperatures at seven different depths, inlet air, outlet air, ambient air, tank water, 
inlet water and outlet temperatures as inputs to the predictive model. However, these input 
data cannot be acquired easily, and more importantly, it would be arguably simpler and faster 
to find the COP via the heat pump specifications if these data are accessible. Moreover, the 
input data required by current ANNs can be typically part of the output needed for GSHP 
system design, making these works of limited use for in practice. Lastly, the ANNs found in 
the literature have limited applicability for wider utilisation, as their validity is mostly shown 
for the case they were studied/trained with. 

This study aims to provide an ANN methodology that can predict and tremendously 
accelerate the design of GSHPs with horizontal GHEs (using numerical simulations) under 
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rural industries’ loading conditions and with limited input data types. A Transient System 
Simulation Tool (TRNSYS) model for a typical horizontal GHE field arrangement (details in 
Section 5.4.1) has been developed (and verified) and the resulting simulated performance data 
are used to train the ANNs. The trained ANNs are then used to predict the performance of 
GSHPs with identical GHEs (but varying number of GHEs) in other locations that are not in 
the training dataset to showcase its applicability for wider utilisation. 

5.3. Rural Industries’ Heating Loads Patterns and Locations 

As mentioned in the introduction, since the rural industries’ thermal loading pattern can be 
highly different from commercial and residential building applications, the GSHP design 
requires careful and detailed analysis. As an example of these unique rural industries’ loading 
patterns and to exemplify the study for temperate climate regions, in this investigation a 
chicken shed building located in Peats Ridge, NSW, Australia is adopted. The schematic 
drawing of the typical test broiler house (or shed) with a hybrid GSHP system can be seen in 
Figure 5-1.  

 
Figure 5-1 Diagram of hybrid geothermal systems for poultry shed. Each trench is 75 m long and contains ~300 m of HDPE pipe 

(highlighted in red). 

A building energy simulation model was developed for the shed using numerical simulation 
software TRNSYS 18, which simulates the heating and cooling loads for the shed. The location 
and parameters used for the simulation is summarized in Table 5-2. For this study, the shed 
is used for six chicken raising cycles per year (from chicks to chicken for meat) as per typical 
broiler house operation, with the first raising cycle for the chickens assumed to start on 1st of 
January. Each cycle is assumed to last seven weeks with two weeks break time in between 
batches [39]. 

Table 5-2 Typical broiler house dimensions and temperate climate case study location. 

Dimensions Width:18.3 m, Length:138.7 m, Height: 2.7 to 4.3 m  

Wall/Roof 
Material 

No windows; Insulation with thin layers of metal cladding. 
Insulation thickness: 0.075 m , thermal conductivity: 0.039 𝑊𝑊𝑚𝑚−1𝐾𝐾−1 , 
density: 16 𝑘𝑘𝑘𝑘 𝑚𝑚−3, specific heat: 340 𝐽𝐽𝑘𝑘𝑘𝑘−1𝐾𝐾−1 

Orientation Long axis (Length) across North-South 
Location Peats Ridge, NSW, Australia (33°23’49”S, 150°24’09”E) 
Climate Data Typical Meteorological Year (TMY) data  [54] 

A previous study has identified that although there is a high cooling demand, cooling can be 
economically provided via evaporative coolers [121]. Hence, the primary focus of this work is 
on providing heating via a GSHP (or hybrid GSHP) systems. Figure 5-2 shows the simulated 
heating power demand of the shed based on the building energy consumption model 
developed. It was estimated that the annual heating energy of the shed is 58,477 kWh with a 
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peak heating power demand of 208 kW. During each heating cycle, the heating demand is 
usually at its maximum at the start of each cycle when the least metabolic heat is generated 
by chickens and, at the same time, the required indoor temperature is at its maximum 
(typically 31 ᵒC). The heating demand decreases later in each cycle due to the increase in 
metabolic heat generated by chickens and lower indoor temperature requirement 
corresponding to the age of the cycle (typically to a minimum of 19ᵒC within 21 days of the 
start of the cycle).  

   

Figure 5-2  Hourly heating demand of the chicken shed: a) yearly loading pattern showing the six batches b) detail of these six 
heating cycles over one year. 

To provide the heating loads demand for the building, a hybrid GSHP system with horizontal 
GHEs is employed. As the initial installation cost of GHEs can be relatively high, a hybrid 
geothermal-gas system is chosen to reduce the capital cost while maintaining most benefits 
of the geothermal (GSHP) technology. In this hybrid system, the heating is delivered by 
several identical GSHPs connected in parallel to a main header pipe. Each GSHP is coupled 
to a series of GHEs. The LPG gas burners installed in the shed can top up the heating when 
needed. A ‘shave factor’ S is used to describe the capacity portion of the GSHP in the hybrid 
system. It is defined as the ratio of the installed capacity of the GSHP of the system to the 
peak heating demand of the load to be satisfied by the hybrid system [30, 32]: 

𝐶𝐶 =
Installed capacity of GSHP

Peak heating load
× 100% (Eq. 5-1) 



66 
 

In this study, a 0% shave factor represents a full gas system and 100% a full GSHP system. A 
shave factor of 40% in this GSHP-gas hybrid system (208 kW peak load) means that the 
installed capacity of the GSHPs is 208 kW × 40% = 83 kW, and the installed capacity of a gas 
burners will be the difference between the peak heating load and the GSHP installed capacity, 
that is, 125 kW, only operational when the demand exceeds 83 kW. 

To further investigate this hybrid system, two other locations across Australia under different 
climate conditions are analyzed following similar approaches. Together with the one 
mentioned above, these three locations are representatives of conditions in Queensland 
(QLD), New South Wales (NSW) and Victoria (VIC) (Figure 5-3). The three states analysed in 
this study account for 74.4% of Australia’s overall broiler production with different climate 
conditions [53, 108]. The peak heating loads and annual energy demand are 228 kW and 
73,456 kWh for Mornington Peninsula, VIC and 164 kW and 34,149 kWh for Sunshine Coast, 
QLD. 

 
Figure 5-3 Chicken industry profile in Australia  [108]. 

The latest average annual temperatures (maximum, minimum and average) are summarised 
in Table 5-3. For the building side, all other factors besides the climatic conditions associated 
with the different locations, such as shed envelope, orientation, and ventilation conditions, 
are kept constant in this study to ensure a representative comparison between them. 
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Table 5-3 Simulation locations and key climate data  [166]. 

Location Coordinates Annual 
mean 
maximum 
temperature 

(℃) 

Annual mean 
minimum 
temperature 

(℃) 

Undisturbed 
ground 
temperature 

(℃) 

Central Coast, 
NSW 

33°23’49’’S 
150°24’09’’E 21.9 11.6 16.1 

Mornington 
Peninsula, VIC 

38°17’7’’S 
145°5’36’’E 18.9 10.1 14.4 

Sunshine Coast, 
QLD 

26°51’36’’S 
152°57’36’’E 25.3 17.0 19.9 

Warracknabeal, 
VIC (Test case) 

36° 6' 7'' S 142° 
40' 12'' E 22.4 8.7 14.5 

Murray Ridge, 
SA (Test case) 

35° 7' 1.2'' S 139° 
16' 1.2'' E 23.0 9.9 15.8 

Gaborone, 
Botswana 

(Test case) 

24° 39ʹ 29ʺ S 25° 
54ʹ 44ʺ E 29.0 13.4 20.6 

 

In addition to the three discussed locations for training (and testing), three additional test 
cases, one in Warracknabeal (Victoria), one in Murray Ridge (South Australia) and an extra 
one in Gaborone (Botswana, annual average temperature 20.6 ℃) have also been adopted to 
further check accuracy of the ANN model results and flexibility to accommodate different site 
conditions. The data relating to these test cases are not part of the training dataset (Table 5-
3) and can therefore be used to evaluate the accuracy of the prediction ANN model, after it 
has been trained. 

 

5.4. TRNSYS Simulation  

In this study, a developed TRNSYS simulation model for the poultry industry is utilised to 
simulate over 700,000 hourly performance data, covering over 80 different yearly thermal 
loading patterns (by varying the shave factors) under three different climate conditions. The 
simulation data from the completed TRNSYS models are then used to train the ANNs. 
5.4.1. TRNSYS Simulation Model 
To generate data to train the ANN, a typical poultry shed in Australia equipped with a hybrid 
GSHP system to provide the heating required is utilised  [39]. As mentioned in section 5.3, 
the hybrid system consists of several identical GSHPs with horizontal GHEs and gas burners. 
The sizing and configuration of the GSHPs and the gas burners within the hybrid system 
varies based on the thermal demand (and the different shave factors determining it). The 
TRNSYS model is used to evaluate the hourly performance of the GSHPs for each of these 
cases of different thermal load and configurations.  A Typical Meteorological Year (TMY) 
dataset was used as the boundary condition of the soil surface. The soil is meshed three-
dimensionally, and a fully implicit finite difference method is utilised in the modelling. For 
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all the models, a sandy clay soil is assumed, with an average thermal conductivity of about 2 
𝑊𝑊𝐾𝐾−1𝑚𝑚−1. 

In the modelled systems several identical single speed GSHPs with 20 kW heating capacity 
are utilised to provide the required thermal energy. Each heat pump has a fixed ground heat 
exchanger field configuration formed by four horizontal trenches. Each trench is dug at the 
depth of 1.5 m below the ground surface and there are four pipes in each trench, at 300 mm 
separation between each pipe. The length for each trench is 75 m, rendering a pipe length of 
about 300 m per trench. As an example of an overall system, to provide 208 kW peak heating 
in total at a shave factor of 38% (therefore requiring 80 kW), four 20 kW heat pumps are 
installed, each with its own ground heat exchanger field in four trenches (i.e., 16 trenches in 
total). For simplicity, the thermal conductivity of the soil was assumed the same for different 
locations, however the ground temperature reflects that of each site (see Table 5-3). It is also 
assumed that all trenches are placed sufficiently apart from each other to minimise any 
thermal interference between them. 

The operation of the heat pumps is controlled by the hourly loading demands. When the 
operation of a new heat pump is required, the one with the lowest accumulated hours of 
operation will start. For example, in the 208-kW total capacity case above (with 80kW 
provided by the GSHPs, i.e. S=38%), when the loads increase from 19 kW to 35 kW, the 
operation of a second 20 kW heat pump is required. At this time, the system will compare the 
accumulated hours of operation from the three heat pumps that are not operating and turn 
on the one with the lowest accumulated hours of operation. In this way, the loads can be 
relatively evenly divided amongst all the heat pumps throughout the life of the system. For 
heating demands in excess of 80kW, all four GSHPs will be in operation and the gas burners 
will provide the balance of the required load. 

The diagram below shows the configuration of the TRNSYS model (Figure 5-4) for each GSHP. 
This model simulates one water to water GSHP (Type 927) with a short distance (5 m) buried 
head pipe (Type 951) and a horizontal ground heat exchanger (Type 997) composed of the 
four 75 m long trenches (recall Figure 5-1). The thermal loads generated from TRNSYS are 
imported to the water heat exchanger (Type 682) to simulate the loading from the building. 
A control unit (Type 1502) together with the Typical Meteorological Year TMY weather data 
(Type 15-6) generated from Meteonorm, a widely used weather analysis software [77], 
complete the TRNSYS model of the smallest GSHP component (20kW) of the hybrid system. 

In this TRNSYS model, only one heat pump is simulated with fixed loads input (heating loads 
are inputted from outside files with data generated). However, it is worth noting that for one 
particular scenario each of the GSHP involved receives a unique loading pattern based on the 
system’s operation. For example, when the shave factor is 100% in the NSW training case, 
208kW peak loads needs to be covered by 11 GSHPs (of 20kW capacity each). 
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Figure 5-4 Schematic drawing of TRNSYS model. 

Accordingly, 80 different loading patterns for the GSHP are generated as inputs, depending 
on when each heat pump needs to be turned on or off. Therefore, considering that simulations 
have been conducted for different shave factors and locations and for each shaved factor 
multiple GSHPs might be needed with different loading patterns, over 30 simulations are 
considered for the training case in NSW, and 25 for each of the training cases in VIC and QLD. 
Therefore, in total more than 80 simulations (each with unique loading patterns/conditions) 
and over 700,000 hours simulation data are generated and will be used to train the ANNs as 
explained in Section 5.5. 

5.4.2. Simulation Results from TRNSYS 
Following the discussion on the methodology and data mentioned above, this section 
presents the simulation results from TRNSYS. These results are used in the prediction model 
both as inputs as well as outputs (to train the prediction model as well as compare the results 
to evaluate its accuracy). These include a loading pattern as an example for the inputs and 
simulated hourly COP and inlet and outlet temperatures of the GHEs as examples for the 
outputs. 

In TRNSYS, over 80 different loading patterns in the three locations are simulated. For 
example, Figure 5-5 shows one loading pattern of one GSHP (connected to a set of four 
trenches, the GHE field) in a hybrid GSHP-gas system in NSW with a shave factor of 25% (or 
52 kW of GSHP capacity for a total peak demand of the whole system being 208 kW – see 
Section 5.3). 
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Figure 5-5 One hourly heating loads pattern example for a 20-kW capacity ground source heat pump (GSHP): (a) overall yearly 
load, and (b) detail of the lowest (Batch 1, Jan) and highest (Batch 4, July) GSHP run fraction batch loads. 

Figure 5-6 shows the results of the simulation based on the loading pattern in Figure 5-5 and 
weather conditions in Central Coast, NSW. As it can be seen, the GHE inlet and outlet 
temperatures (or LWT and EWT1 respectively) vary with the loading and seasons as expected. 
The maximum is about 20.3 °C and the minimum is about 5.8 °C. When there is loading, the 
GHE outlet temperature is higher than the GHE inlet temperature by one to two Celsius 
degrees. The resulting 𝐶𝐶𝐶𝐶𝐶𝐶𝐺𝐺𝐺𝐺𝐺𝐺𝐿𝐿ℎ𝑟𝑟   is about 4 under full loading conditions (Figure 5-6). 
However, when it is under partial loading, there is a decrease in the 𝐶𝐶𝐶𝐶𝐶𝐶𝐺𝐺𝐺𝐺𝐺𝐺𝐿𝐿ℎ𝑟𝑟  to about 2, 
which is expected. 

                                                           
1 EWT = Entering water temperature (into the GSHP from the GHEs); LWT = Leaving water temperature (out of the 

GSHP and to the GHEs) 
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Figure 5-6 Typical TRNSYS simulation results: (a) hourly COP of an individual heat pump, (b) GHE inlet and outlet 
temperatures, (c) temperatures for the starting of the third batch. 

The simulations used within this work model one year of operation of the system using the 
TMY data. In order, however, to test that the tools and insights from this work are also 
representative for a long-term performance analysis, a longer 10-year simulation was also 
undertaken using annually repeating TMY data. The results show that the 𝐶𝐶𝐶𝐶𝐶𝐶𝐺𝐺𝐺𝐺𝐺𝐺𝐿𝐿ℎ𝑟𝑟 and the 
GHE inlet and outlet temperature profiles are identical for each year of simulation (Figure 5-
7). Therefore, one-year simulation results are used throughout this study and are considered 
representative of the long-term system’s performance. These results are different from typical 
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vertical systems, as imbalanced loads will have long term accumulated effects on the ground, 
which could impact the performance of GSHP systems with vertical GHEs. A more thorough 
discussion of this observation is provided in Section 5.6. 

 

Figure 5-7 Correlations between a 2nd year and 10th year. 

The next section will present the ANN models (which use the above results from TRNSYS for 
training, validation and testing) and their simulation results, including 𝐶𝐶𝐶𝐶𝐶𝐶𝐺𝐺𝐺𝐺𝐺𝐺𝐿𝐿ℎ𝑟𝑟 and inlet 
and outlet temperature for the GHEs. 

5.5. ANN Models of the GSHPs and GHEs 

An artificial neural network (ANN) is a mathematical approach that simulates a network of 
artificial neurons to mimic the human brain. With a well-trained ANN, the computer can be 
taught to solve problems, including generalisation, classification, forecasting and even 
decision making [83]. In this study, two ANN models are developed and implemented using 
MATLAB: i) an FFNN (feedforward artificial neural network) is used to predict the 
performance of the GSHPs in terms of 𝐶𝐶𝐶𝐶𝐶𝐶𝐺𝐺𝐺𝐺𝐺𝐺𝐿𝐿ℎ𝑟𝑟, and ii) a NARX (nonlinear autoregressive 
network with exogenous inputs) network is used to predict the inlet and outlet temperatures 
of the horizontal GHEs.  In this study, the term ANN is used as a general description of this 
method and FFNN/NARX refer to the specific model, which can be replaceable in most cases. 
The training input data only include three types of input: the loads, accumulated loads and 
the outdoor temperature. Yet, the trained ANN can still predict the performance of the GSHPs 
and horizontal GHEs reasonably well, which can significantly reduce the need for time 
consuming numerical simulations. Details of these models are included next. 

5.5.1. Modelling of the GSHPs with FFNN 
The FFNN statistical model, also referred to as multilayer perceptron (MLP), or simply 
artificial neural network (ANN) in some studies, is by far the most popular machine learning 
tool used in energy-related fields. It is versatile and may be used to model complex systems 
with great accuracy, including but not limited to geothermal district heating systems  [142, 
145, 146], geothermal walls [155], GSHP or hybrid GSHP systems [151]. In this work, an FFNN 
is developed to predict the COP of the GSHPs (𝐶𝐶𝐶𝐶𝐶𝐶𝐺𝐺𝐺𝐺𝐺𝐺𝐿𝐿ℎ𝑟𝑟), as shown schematically in Figure 
5-10.  
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Figure 5-8 Structure of the FFNN model to calculate the COP of a 20 kW GSHP. 

The input layer (Feature Variables) 

Although various types of datasets can be set as feature variables, such as the inlet air, outlet 
air (on the building side of the GSHP), ground, inlet and outlet GHE water temperatures (on 
the ground side of the GSHP), the complexity of acquiring them may make the FFNN not 
practically usable in engineering practice. Instead, in this study, the input layer consists of 
three neurons, which represents the three easy to acquire influencing factors for the 
performance of the GSHPs: the hourly loads (which are typically known), the hourly 
accumulated loads and the moving average monthly outdoor temperature (which can be 
easily obtained from the Typical Meteorological Year (TMY, Meteonorm) when designing a 
system or via weather stations or sensors when optimising scheduling of the system 
dynamically). 

Hourly heating loads: The simulated hourly heating loads from TRNSYS that will be delivered 
by the GSHPs to the building. As explained in sections 5.3 and 5.4, these hourly loads between 
GSHPs vary based on the control strategy, the shave factor adopted and the operating 
conditions of each GSHP. 

Adjusted accumulated heating loads: Since the continuing heating operation of the heat 
pumps can have an impact on the performance, hourly loads, showing the demand at a 
specific point in time, are not enough to fully capture the problem and train the network. 
Thus, the accumulated thermal loads are introduced to represent the short-term effects of 
heating the ground and its recovery. In this study, this value is estimated based on the hourly 
heating loads and the ground conductive heat flux [167-169].  As the GHE pipes are buried 1.5 
m deep, the conductive heat flux is the primary heat flux at this depth and can range from 6 
to 14 W/m2 depending on the moisture content of the soil [168]. In this study, the ground 
heat flux fg is assumed to be 10 W/m2. Since the area of the GHE trench field in this study is 
about 1,500 m2 (4 trenches per GSHP), the estimated heat flux is 15,000 W. 

𝐴𝐴𝐴𝐴𝑖𝑖+1 = �
 𝐴𝐴𝐴𝐴𝑖𝑖 +  𝐴𝐴𝑖𝑖 − 𝑓𝑓𝑘𝑘, 𝐴𝐴𝐴𝐴𝑖𝑖 + 𝐴𝐴𝑖𝑖 − 𝑓𝑓𝑘𝑘 > 0

0, 𝐴𝐴𝐴𝐴𝑖𝑖 +  𝐴𝐴𝑖𝑖 − 𝑓𝑓𝑘𝑘 ≤ 0  (Eq. 5-2) 

where, 𝐴𝐴𝐴𝐴𝑖𝑖 is the adjusted accumulated loads in ith hour, and 𝐴𝐴𝑖𝑖 is the heating loads in ith hour. 

Outdoor ambient air temperature: This input represents the variation introduced to the 
performance of the heat pumps due to seasonality. The air temperature can be used some 
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delay to represent the ground temperature (and therefore the neutral ground condition [170, 
171].  In this work, a moving average monthly outdoor temperature is introduced to very simply 
but effectively represent the effects of the daily and seasonal variation. By applying a two 
weeks delay, the moving average monthly outdoor temperature has shown a reasonably good 
correlation to the TRNSYS simulated ground temperature at 1.5 m deep. 

The hidden layer 

The hidden layer is used as an intermediary between input and output to enable the 
predictions and transformation of input to output. In this study, the hidden layer consists of 
one layer of ten neurons of a feedforward network. The transfer functions in the hidden layer 
are sigmoid functions, which are most commonly utilised throughout the literature and make 
it possible to solve nonlinear problems. As shown in Section 5.5.5, ten is found to be the 
optimum number for the neurons in the hidden layer.  

The output layer 

The aim of the FFNN is to predict the performance of each GSHP. In this case, the output 
layer has only one neuron which carries the hourly COP of the modelled GSHP (𝐶𝐶𝐶𝐶𝐶𝐶𝐺𝐺𝐺𝐺𝐺𝐺𝐿𝐿ℎ𝑟𝑟) 
(Figure 8). This output is important for design assessment and optimisation of GSHP systems. 

5.5.2. Modelling of the horizontal GHEs with NARX 
The NARX architecture is well suited for circumstances with the presence of long-term 
dependencies, performing better than certain variations of recurrent neural networks [172], 
which can be advantageous in many time series prediction problems. As a result, NARX 
networks work well in prediction problems, in which temporal patterns may be present and 
negatively influence some of the other models.  

 

 

Figure 5-9 Structure of the NARX model for GHE. 

The input layers 

The input variables are the same as the input variables in the NARX for GSHPs. 

The hidden layer 
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The hidden layer consists of one layer of ten neurons of a NARX network. As the base 
architecture of the NARX network is a feedforward network, this layer also follows the same 
reasoning as for the FFNN model of section 5.1, with also ten neurons and sigmoid transfer 
functions. 

The output layer 

The aim of the NARX network is to predict the inlet and outlet temperatures of the GHEs. In 
this case, the output layer has two neurons representing the hourly inlet and outlet 
temperatures of the GHEs (Figure 5-9). The values of these parameters are used in each 
following iteration of the NARX calculations for the time series (i.e. the temperatures for time 
t are used to compute the temperatures for time t+1) and there These results are important 
for evaluate the design length of GHEs and can directly impact the COP of GSHPs. 

5.5.3. Learning algorithm, training and testing samples 
There are different learning algorithms that are available in MATLAB to train and test the 
FFNN and NARX, including Levenberg-Marquardt and BFGS Quasi-Newton [173]. In this 
study, the Levenberg Marquardt method is selected due to its popularity and high speed. The 
simulated data from TRNSYS simulation are used to train and test both the FFNN and NARX 
models. As explained in Section 5.4, there are different thermal loading conditions for heat 
pumps under different shave factors and climate conditions. This covers in total over 80 
different operational conditions across three locations in Australia (Table 5-3). The trained 
FFNN and NARX models are then tested by several different operational conditions in other 
three locations (Table 5-3). The RMSE (Root Mean Square) metrics are used to quantify the 
performance of these models. 

5.5.4. Prediction Results from ANNs 
Based on the models and algorithm mentioned above, this section presents the prediction 
results from the two ANN networks. The first FFNN model predicts the 𝐶𝐶𝐶𝐶𝐶𝐶𝐺𝐺𝐺𝐺𝐺𝐺𝐿𝐿ℎ𝑟𝑟 and the 
second NARX model, the hourly inlet and outlet temperature of the corresponding horizontal 
GHEs (GHE inlet, GHE outlet) in many other untrained test locations (Table 5-3). 

5.5.5. COP prediction from FFNN 
This section presents the results comparing the FFNN predictions with the respective time-
consuming TRNSYS simulations. As an example, Figure 5-10 shows this comparison for the 
test case in VIC and 100% shave factor (Case 4 in Table 5-4). The results from the FFNN 
prediction of the 𝐶𝐶𝐶𝐶𝐶𝐶𝐺𝐺𝐺𝐺𝐺𝐺𝐿𝐿ℎ𝑟𝑟  compare reasonably well with the simulation results from 
TRNSYS. Apart from the data points when the heat pump is not in operation (when 𝐶𝐶𝐶𝐶𝐶𝐶𝐺𝐺𝐺𝐺𝐺𝐺𝐿𝐿ℎ𝑟𝑟 
is zero), 84% of data points fall within the ±10 % error band. These results suggest that the 
FFNN model may not be able to understand the impact of weather condition on 𝐶𝐶𝐶𝐶𝐶𝐶𝐺𝐺𝐺𝐺𝐺𝐺𝐿𝐿ℎ𝑟𝑟 
extremely well at this stage. A more holistic view of the testing results, considering eleven 
other cases (and including both FFNN and NARX results discussed later), can be seen in Table 
5-4, showing the RMSE (Root Mean Square Error) and MAE (Mean Absolute Square Error). 
The results are reasonably consistent in all the test cases. Moreover, Figure 5-11 a shows the 
𝐶𝐶𝐶𝐶𝐶𝐶𝐺𝐺𝐺𝐺𝐺𝐺𝐿𝐿ℎ𝑟𝑟 distribution of the all the variations (changes in S) for the three testing locations. 
Similar to Case 4, the results are in a reasonable agreement with TRNSYS simulation, with 
about 80% of the data have an error less than ±10%. 
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Figure 5-10  Hourly COP from TRNSYS simulation vs ANN prediction (100% shave factor test case in VIC). 

 

Table 5-4 RMSE and MAE for test cases. 

Test Cases 𝐶𝐶𝐶𝐶𝐶𝐶𝐺𝐺𝐺𝐺𝐺𝐺𝐿𝐿ℎ𝑟𝑟  GHE Inlet GHE Outlet 

No. Location Shave Factor RMSE 
( - ) 

MAE 
( - ) 

RMSE 
(°C) 

MAE 
(°C) 

RMSE 
(°C) 

MAE 
(°C) 

1 

Victoria 

25% 0.085 0.061 0.287 0.069 0.150 0.038 
2 50% 0.112 0.080 0.359 0.097 0.184 0.050 
3 75% 0.072 0.056 0.411 0.116 0.210 0.058 
4 100% 0.069 0.053 0.437 0.124 0.224 0.061 
5 

South 
Australia 

25% 0.107 0.076 0.279 0.064 0.146 0.036 
6 50% 0.086 0.066 0.344 0.087 0.177 0.044 
7 75% 0.078 0.062 0.391 0.102 0.201 0.051 
8 100% 0.076 0.061 0.483 0.120 0.256 0.058 
9 

Botswana 

25% 0.079 0.054 0.298 0.061 0.155 0.031 
10 50% 0.091 0.070 0.339 0.076 0.176 0.038 
11 75% 0.079 0.063 0.362 0.082 0.188 0.040 
12 100% 0.074 0.058 0.372 0.084 0.192 0.040 
Average 0.084 0.063 0.364 0.090 0.188 0.045 
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Figure 5-11 Error distribution for all the testing cases: (a) 𝐶𝐶𝐶𝐶𝐶𝐶𝐺𝐺𝐺𝐺𝐺𝐺𝐿𝐿ℎ𝑟𝑟, (b) GHE inlet temperature, (c) GHE outlet 
temperature. 

All the results presented here are based on 10 neurons in the hidden layer. Figure 5-12 shows 
the RMSE with the number of neurons in the hidden layer for all the cases, showing that the 
optimum number of neurons that minimises the error, is about 10. 
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Figure 5-12 RMSE for different number of neurons in the hidden layer. 

 

5.5.6. Temperature predictions from NARX 
The results for the temperature predictions using NARX are overall very promising. As shown 
in Figure 5-13 a (Case 5 - 25% shave factor test case in SA), the prediction results of the GHE 
inlet temperature from the NARX models compares well with the simulation results from the 
TRNSYS simulations for the test farm in VIC. The results are in a reasonable agreement with 
TRNSYS simulation, with about 95% of the data have an error less than ±5%. Moreover, when 
considering the all testing cases, 98% of the results have an error of less than 1 °C and 96.3% 
of data points fall into the ±5 % error range as depicted in Figure 5-11 b, which shows the GHE 
inlet error distribution of the all the testing cases. The results also show a reasonably 
consistency in all the test cases, with slightly lower error when the shave factor is low (Table 
5-4).  

 

Figure 5-13 Hourly GHE temperatures from TRNSYS simulation and ANN: a) GHE inlet b) GHE outlet. 

Figure 5-13 b presents the analogous results for the GHE outlet temperature (Case 5 - 25% 
shave factor test case in SA), showing that the prediction results of the from the NARX 
prediction compare very well with those obtained via the TRNSYS simulation. About 99% of 
the results have an error of less than 1 °C and about 98% of the data points fall into the ±5 % 
error range. When considering the overall analysis and all other testing cases (Table 5-4), the 
results also show reasonably consistency, with slightly lower error when the shave factor is 
low. Figure 5-11 c shows the GHE outlet error distribution of the all these twelve testing cases. 
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5.6. Discussions 

Following the results presented above, this section further discusses the key findings, 
limitations and highlights of this study.  

The two ANN prediction models can be used to obtain the COP (FFNN model), GHE inlet 
and outlet temperatures (NARX model) of hybrid GSHP systems with horizontal GHEs in 
rural industries. The models only require three input parameters and have shown to perform 
reasonably well. 

Looking at the results closely, an interesting observation is that there seems to be a trend for 
the FFNN to underestimate the COP during the peak of winter when the heat pump is under 
full loading. This is possibly caused by the limited sets of feature variables. As the performance 
of GSHPs is determined by inlet and outlet temperatures of the building side and the ground 
side, the feature variables may not contain enough information for a perfect prediction. If the 
inlet and outlet temperatures are used as inputs, the prediction of the performance of the 
GSHPs could be improved. However, this will make the FFNN less practical as GHE inlet and 
outlet temperatures are normally not easy to obtain.  

Another highlight of this work is that the ANNs have been tested with a broad selection of 
cases. Trained with the simulated dataset in three locations from TRNSYS, the ANNs can 
predict the performance of the GSHPs and the horizontal GHEs in other untrained locations 
reasonably well.  This suggests a generalisation ability for the ANN model that can potentially 
be widely used in prediction, optimisation and control problems. Even though one limitation 
is that the ANN is only for a 75-m-long trench with 300 m of pipes, it can still benefit the 
designers as a comparison metric or by comprising the loops for one heat pump by a 
combination of several 75 m trenches. Since hourly simulation data for horizontal GHES are 
not available in any commercial software at this stage, the results from this ANN can provide 
the designers with some confidence.  

Furthermore, even though the 𝐶𝐶𝐶𝐶𝐶𝐶𝐺𝐺𝐺𝐺𝐺𝐺𝐿𝐿ℎ𝑟𝑟 can possibly be estimated from the GSHP technical 
specification sheets given the temperature difference between the inlet and outlet to the 
GHEs and the loads, the estimation results are inaccurate as the errors can be significantly 
exaggerated during the calculation process (compounding errors). As an example, the errors 
in inlet and outlet temperature can be 1°C. However, the temperature difference between inlet 
and outlet is normally only one to two degree. Therefore, an error of only 3-5% in inlet and 
outlet temperatures (1°C), can result in 50-100% error (1-2°C) in the temperature difference 
(GHE outlet minus GHE inlet). This 50-100% error will be transferred to the 𝐶𝐶𝐶𝐶𝐶𝐶𝐺𝐺𝐺𝐺𝐺𝐺𝐿𝐿ℎ𝑟𝑟 , 
causing a 50-100% error. Given the reason above, the use of two different ANN models, the 
first one for the prediction of 𝐶𝐶𝐶𝐶𝐶𝐶𝐺𝐺𝐺𝐺𝐺𝐺𝐿𝐿ℎ𝑟𝑟 and the second one for the temperatures, seems to 
be a better alternative. 

Finally, a comparison between the computational time of the ANN, TRNSYS simulation and 
finite element simulation are shown in Table 5-5. This table summarised the computational 
time of one-year simulation (time step in one hour) for the inlet and outlet temperature of 
horizontal GHEs. A typical personal computer was used to run these simulations (Windows 
7, i7-5600U CPU, 16 GB of RAM), for a fair comparison and to showcase the methodology’s 
accessibility. The ANN and TRNSYS model were as described previously in this paper.  
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The Finite Element Modelling (FEM) model was developed in COMSOL Multiphysics [174] 
and is based on the coupling of the governing equations of heat transfer (energy balance) and 
fluid flow (momentum and continuity) in a similar fashion as in [115, 116], but with horizontal 
GHEs. The heat transfer mechanism in this model is primarily the heat conduction in the soil, 
the pipe walls and partly in the carrying fluid and the heat convection in the carrying fluid. 
The FEM model is solved with similar boundary conditions as the TRNSYS model (i.e., 
adiabatic conditions on four side of the field, The outdoor temperature on the top and the 
undisturbed ground temperature at the bottom). The details of the FEM model can be found 
in Appendix D. 

The computational time for FEM is estimated based on simulation for 48-hour actual time. It 
can be seen that the ANN resulted almost 100 times faster than TRNSYS simulation and 
10,000 times faster than the FEM model in COMSOL Multiphysics. 

 Table 5-5 Computational time comparison for ANN, TRNSYS and FEM simulation. 

5.7. Conclusions 

This paper presented an investigation on the applicability of a hybrid GSHP system with 
horizontal GHEs in rural industries with unique heating dominant thermal load requirements. 
A TRNSYS simulation model for the performance of the system was developed and utilised to 
benchmark the investigation. Statistical machine learning approaches (Artificial Neural 
Networks, ANN) were adopted and fine-tuned to speed up computational times.  

In horizontal GSHP systems, no annual accumulative effects are observed since the natural 
thermal recharge of the horizontal GHEs is enough to restore the ground to its initial state, 
even under extremely imbalanced loading conditions. This allows the simulation of only one 
year of operation to provide insights for long-term system performance. It is also observed 
that there is a decreasing trend of the performance of the GSHP component when the shave 
factor is increasing. It may be counterintuitive, but it has been proven to be the effect of the 
partial loading of the heat pump. This observation also suggests that when design a hybrid 
geothermal system, the sizing of the GSHP needs to be analysed in detailed. 

Since hourly simulation data for horizontal GHEs are not available in commercial software at 
this stage and numerical approaches including TRNSYS simulations or FEM can be 
computationally expensive, two different ANNs for the prediction of the performance of 
GSHPs and horizontal GHEs are developed and presented. Trained with the simulated dataset 
from the TRNSYS results for three different locations, the ANNs can predict the performance 
of the GSHPs in other untrained (previously unseen) locations reasonably well (less than 5% 
COP error in most cases) and the performance of horizontal GHEs reasonably well (less than 
3% GHE water temperature error in most cases).  This suggests that the ANN models 
developed here can potentially be widely used in prediction, optimisation and control 
problems for similar sites and conditions. 

One Year Simulation Computational Time (mins) 

ANN 0.5 to 1 

TRNSYS 80 to 100 

FEM in COMSOL Multiphysics 8,000 to 10,000 (estimated) 
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A computational time comparison of the ANN predictions and TRNSYS and FEM simulations 
has been presented. The results show that ANNs can do the prediction reasonably well and 
100 times faster than TRNSYS simulations and approximately 10,000 times faster than FEM 
simulations. 

Overall, it is believed that this work will contribute to the wider application of ANN for the 
GSHP systems. 
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6. Minimising lifecycle cost and greenhouse gas emissions of 
hybrid geothermal-solar (PV)-gas heating systems  

This chapter has been submitted as a research article to Energy Conversion and Management, 
in collaboration with A/Prof. Guillermo A. Narsilio, Dr Asal Bidarmaghz from the University 
of New South Wales, Prof. Kenichi Soga from the University of California, Berkeley and Prof. 
Lu Aye. Modifications have been made to the numbering of page numbers, sections, 
references, tables and figures to keep the consistency of the thesis. Preliminary results from 
conference papers in related to this work are included as Appendices A.3 and A.4.  
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6.1. Abstract 

Poultry sheds have unique indoor air temperature requirements to raise poultry (chickens: 
broilers and layers, turkeys, and ducks), and these determine their heating and cooling 
demand cycles. While low cost cooling can be achieved with evaporative coolers, effective 
heating options are required to minimise the lifecycle cost and greenhouse gas (GHG) 
emissions. There are no previous detailed studies available for heating options of typical 
poultry sheds for broilers. In this paper, we investigated various options under different 
climate conditions, including case studies across Australia under conditions similar to those 
encountered around the world. The operation of the sheds involves six heating and cooling 
cycles (seven weeks each) per year. To minimise the life cycle cost and GHG emissions of 
heating the sheds, hybrid geothermal-solar (PV)-gas heating systems with various 
configurations have been proposed. The baseload heating demand is satisfied by ground 
source heat pumps (GSHPs), with solar photovoltaic panels providing the electricity needed. 
LPG gas burners satisfy the rest of the heating demand. They are integrated with the GSHPs 
to reduce the overall installation costs of the heating system. The primary focus of this 
investigation is on the reduction of costs and GHG emissions for heating poultry sheds with 
these hybrid systems, considering three different electricity offsetting scenarios. We found 
that a considerable reduction in the lifecycle cost (up to 55%) and GHG emissions (up to 50%) 
can be achieved when hybrid systems are used for heating. The Pareto front solutions for the 
systems were also determined. By comparing the Pareto front solutions under different 
scenarios, it was found that the shave factor, a measure of the GSHP proportion of the overall 
system, significantly influenced the lifecycle cost, while the size and utilisation of solar PV 
panels significantly affect the lifecycle GHG emissions. 

Keywords: multi-objective optimisation, building performance simulation, poultry sheds, 
geothermal energy, solar PV.  
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6.2. Introduction 

A ground source heat pump (GSHP) system can provide lower carbon footprint space heating 
by extracting thermal energy from the ground when operating [13]. It comprises a ground heat 
exchanger (GHE) field (i.e., high-density polyethylene pipes embedded into the ground), a 
heat pump, and a distribution system. GSHP systems have been used for a number of 
applications worldwide, including both residential and commercial buildings [26, 27]. 
Adoption of the GSHP technology is relatively high in the United States, Canada, Sweden, 
Austria, and China [15, 16, 22, 23, 26, 27, 31, 95, 132, 141, 175], and it has been introduced for 
the heating of poultry sheds in recent years [10, 11]. Drawbacks of GSHP systems include high 
upfront construction costs, typically the GHE installation costs, as well as the embodied 
energy and associated GHG emissions. However, these can be reduced by coupling GSHPs 
with other energy sources to form a hybrid system [18-21]. Previous studies indicated that a 
hybrid geothermal system could not only be financially attractive, but also help to balance 
the thermal loads in the ground [22-24, 30, 32, 33, 154]. One potential area where hybrid 
geothermal system can be applied to reduce the energy consumption and GHG emission, is 
in agriculture. This is because agriculture contributes almost 5 trillion U.S dollars  to the 
global economic (~6.4% of the GDP), with a significant amount of energy been consumed and 
emissions produced [176]. 

While a wide range of applications regarding the hybrid geothermal system have been 
investigated[22-24, 30, 32, 33, 154], they are mainly for residential and commercial buildings, 
which have quite different thermal load patterns compared to rural industries. This difference 
in load pattern can have a significant impact on the performance of hybrid geothermal 
systems. There are no detailed analyses currently available regarding the optimisation of 
hybrid geothermal systems under rural industries’ loading condition. This work aims to 
redress this issue and to contribute to the widespread of the application of hybrid geothermal 
systems.  

The research herein covers a range of climatic conditions encountered around the world for 
typical poultry sheds envelops and is exemplified using case studies from the poultry industry 
from across Australia. Agriculture and the associated processing industry contribute 12% to 
the Australian national gross domestic product [58, 59]. Within the poultry industry, it is 
estimated that approximately 600 million chickens are raised nationwide annually [7]. The 
scale of this industry results in significant energy consumption, primarily for heating and 
cooling the poultry sheds, as well as greenhouse gas (GHG) emissions. An estimation by Zhou 
et al. [8] suggested that approximately AU$80 million is spent annually by this industry and 
significant amount (approx. 1.8 × 109 kg CO2e) of GHG emissions are produced. With the 
adoption of energy efficient and renewable heating and cooling systems, the operating costs 
of farming, as well as the energy bills, could be reduced. As existing cooling systems for 
chicken sheds can be cost-effective to operate and generate relatively low GHG emissions (for 
example, if evaporative cooling systems are used), the primary focus of this investigation is 
on the reduction of costs and GHG emissions for heating poultry sheds. 

Network-piped natural gas and bottled liquefied petroleum gas (LPG) are the primary energy 
sources for heating in Australia [61] and many other parts of the world. These fossil fuels are 
not only expensive to utilise, but also produce a significant amount of GHG emissions when 
combustion occurs (approximately 0.186 kg CO2-e per kW·h) [177]. Through new built and 
refurbishment and partial replacement of current gas heating systems with high-performance 
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equipment that uses renewable and more sustainable energy sources, a reduction in lifecycle 
costs and GHG emissions can be achieved. To further reduce the operating costs of GSHP 
systems, renewable solar PV systems can be utilised to offset the electricity consumed by the 
GSHP systems, which will also help reduce GHG emissions. From previous studies, even 
though the solar thermal collectors are commonly used to boost the performance of the GSHP 
by up to 10% [20, 33, 35-38], the benefits are significantly less than for the solar PV (up to 
100% operating cost savings) [9]. Therefore, in this study, only the involvement of solar PV 
will be employed and analysed. By combining these three sources of energy, reduced costs 
and GHG emissions can be achieved [40, 41]. The hybrid geothermal-solar (PV)-gas heating 
systems could potentially significantly reduce the operating and lifecycle heating costs, as well 
as the GHG emissions associated with operation [9]. This study further investigates the 
influence of different sizing of the components of these systems (GSHPs, solar PV, and gas 
burners) to determine the optimum system configurations. 

This investigation minimises the lifecycle cost and life cycle GHG emissions (in other words 
it identifies the Pareto front solutions) of hybrid geothermal-solar (PV)-gas heating systems. 
In particular, it discusses optimisation of the systems for typical chicken sheds in Central 
Coast, New South Wales (NSW), Sunshine Coast, Queensland (QLD), and Mornington 
Peninsula, Victoria (VIC), where greater than 74% of the Australian chicken meat is produced 
and a range of climatic conditions are encountered; thus covering situation similar to those 
found around the world where chicken meat is produced. Building energy simulation model 
of the typical shed(s) was developed using TRNSYS 18 and verified against the current energy 
consumptions. Based on this building performance simulation, a 40-year lifecycle analysis, 
and an optimisation of the installed capacities of different components of the geothermal-
solar (PV)-gas hybrid heating systems was performed. The expected lifetime of ground heat 
exchangers is at least 40 years, and sheds are typically expected to be utilised for 40 years and, 
therefore, a 40 years lifetime is considered in this study. 

 

6.3. Data and Methodology 

6.3.1. Poultry Shed: Location, Construction, Operation and Climate 
In this case study, a poultry shed, located in Peats Ridge, NSW, Australia, was first 
investigated as an example in a temperate climate region. The primary parameters of the shed 
are presented in Table 6-1. A TRNSYS building energy simulation model was developed for 
the shed. The energy model simulated the heating and cooling loads for the shed. The 
performance data of components (GSHP, and Solar PV) were based on the equipment 
currently available on the market in Australia. 

 

Table 6-1 Poultry shed parameters. 

Dimensions Width:18.3 m, Length:138.7 m, Height: 2.7 to 4.3 m  

Wall/Roof 
Material 

No windows; Insulation with thin layers of metal cladding. 
Insulation thickness: 0.075 m , thermal conductivity: 0.039 𝑊𝑊𝑚𝑚−1𝐾𝐾−1 , 
density: 16 𝑘𝑘𝑘𝑘 𝑚𝑚−3, specific heat: 340 𝐽𝐽𝑘𝑘𝑘𝑘−1𝐾𝐾−1 

Orientation Long axis (Length) across North-South 
Location Peats Ridge, NSW, Australia (33°23’49”S, 150°24’09”E) 
Climate Data Typical Meteorological Year (TMY) data [103] 
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Zhou et al. (2017) reported that the operating schedule significantly influences the heating 
energy consumption of chicken sheds [4]. They estimated that as much as a 20% variation in 
the annual energy consumption can be expected for different starting dates of batches 
(growing cycles for young chicks from hatching to the market, which typically is 7–8 weeks 
in Australia). For this study, the first batch is assumed to start on the 1st of January and that 
the shed is used for six batches per year. Each batch is assumed to take 7 weeks, with a 2-week 
break between batches. 

For the normal operation of the case study shed, 50,000 chickens are assumed at the 
beginning of each batch. Three harvests are expected from each batch: midnight at the end 
of the fifth (15,000 chickens), sixth (10,000 chickens), and seventh (25,000 chickens) weeks 
of the cycle. This reflects typical shed harvesting practices. Chicken mortality during growing 
cycles is not considered as no detailed reliable mortality data are available. 

The chicken weight gain and metabolic heat generation data applied in each cycle are 
presented in Table 6-2. These data are in accordance with the chicken growing 
recommendations provided by the shed owner and operator. 

Table 6-2 Chicken growth and metabolic heat generation. 

Day of growing 
cycle 

Mass per   
chicken (kg) 

Heat generation 
per chicken (W) 

Number of 
chicken (-) 

Indoor setpoint 
temperature (°C) 

1 0.054 0.82 50,000 31.0 
7 0.180 2.02 50,000 28.6 
14 0.438 3.93 50,000 26.1 
21 0.829 6.34 50,000 23.7 
28 1.337 9.08 50,000 21.2 
35 1.897 11.80 50,000 19.0 
42 2.444 14.27 35,000 19.0 
49 2.873 16.11 25,000 19.0 

 
The case study shed is currently heated by LPG burners. The energy consumption model 
developed was calibrated and verified with LPG purchase receipts for two years provided by 
the farm owner. To match the actual LPG consumption, we adjusted the ventilation rate (air 
exchange rate with the outdoor environment). The calibrated ventilation rate of 1.04 ×
10−4 𝑚𝑚3·s−1·kg−1 [79] was applied to closely match the actual and calculated annual heating 
costs. 
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Figure 6-1 Chicken industry profile in Australia [108]. 

To further investigate this hybrid system, two other locations across Australia, under different 
climatic conditions, are analysed following the same approaches. The three locations are 
representative of Queensland (QLD), New South Wales (NSW), and Victoria (VIC) (Figure 6-
1). These three states account for 74.4% of the overall Australian broiler production [108] and 
covers the humid subtropical and temperate oceanic climate conditions, which can be 
suitable for raising poultries [108, 178-180]. The coordinates and latest average yearly summer 
and winter temperatures are presented in Table 6-3. The undisturbed ground temperature is 
estimated based on the annual mean outdoor temperature. All factors for each location are 
held constant in this study. 

Table 6-3 Simulation locations and key climate data for Australia  [103, 109]. 

Location Coordinates 

Annual mean 
maximum 
temperature 
(℃) 

Annual mean minimum 
temperature (℃) 

Undisturbed 
ground 
temperature (℃) 

Central Coast, NSW 33°23’49’’S 
150°24’09’’E 21.9 11.6 16.1 

Mornington Peninsula, VIC 38°17’7’’S 
145°5’36’’E 18.9 10.1 14.4 

Sunshine Coast, QLD 26°51’36’’S 
152°57’36’’E 25.3 17.0 19.9 

6.3.2. Hybrid System: Shave Factor 
The ‘Shave factor’ S is used to describe the capacity portion of the GSHP in the hybrid system. 
It is defined as the ratio of the installed capacity of the GSHP system to the estimated peak 
heating demand of the load to be satisfied (Eq. 6-1) by the hybrid system [30, 32]. In this study, 
a 0% shave factor represents a full gas system and 100% a full GSHP system. 

𝐶𝐶 =
Installed capacity of GSHP

Peak heating load
× 100% Eq.6-1 
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For example, a shave factor of 40% in a geothermal-gas hybrid system with 208 kW peak load 
demands means that the installed capacity of a GSHP system within a hybrid system is 
208 kW × 40% = 83 kW , and the installed capacity of gas burners will be the difference 
between the peak heating load and the GSHP installed capacity (125 kW). 

6.3.3. Hybrid System: Configuration 
Figure 6-2 shows the system configuration. The heating is delivered by several identical 
GSHPs connected in parallel to the main header pipe. Each GSHP is coupled to a series of 
ground heat exchangers (GHEs). Upstream, the GSHPs are connected to a buffer tank to 
minimise heat pump on and off cycling. The existing LPG burners installed in the shed can 
top up the heating when needed. In this case, this is a hybrid geothermal-solar (PV)-gas 
heating system. 

 

                 Figure 6-2 Schematic representation of a hybrid geothermal-solar (PV)-gas system. 

6.3.4. Hybrid System Components: Efficiency, Pricing and Embodied Emissions 
To perform the cost and emission optimisation of the hybrid system(s), information regarding 
energy efficiency, pricing, and GHG emissions for each primary component of the proposed 
hybrid system is required. Table 6-4 presents the energy pricing used in the optimisation. The 
energy prices in NSW were obtained from the current gas and electricity contracts of the NSW 
farm owner. It is noted that gas and electricity prices can differ from farm to farm depending 
on contracts with suppliers, and the electricity usage cost for this farm is particularly 
competitive because of high fixed supply charges. The fixed supply charge for electricity and 
gas is not considered in the lifecycle analysis because the fixed charge should be paid 
regardless of whether a hybrid system is installed or not, and it is similar to land taxes or 
council rates. The average electricity price in QLD and VIC are obtained from reports by 
Jacobs and Alviss Consulting as average prices for Small and Medium Enterprises (SME) [111, 
112]. The annual average efficiency of LPG gas burners was assumed based on the equipment 
currently available on the market in Australia. The coefficient of performance (COP) of heat 
pumps can vary significantly under different operating conditions. Therefore, a simulation 
model in TRNSYS was developed to elaborate the hourly variation of the GSHP COP.  

 

Table 6-4 Energy prices of gas and electricity for investigated systems. 

 NSW  NSW SME QLD SME VIC SME 

Electricity Price, c/(kW·h) 10 31.2 29.8 24.3 

Gas Price, $/GJ 19.5 (LPG) 26 35 18 
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Solar PV modules convert solar radiation into electricity. In this study, it is proposed that 
solar PV modules are installed to provide electricity to the shed heating system. The hourly 
electricity generated per square m of solar PV panels is calculated based on TMY (Typical 
Meteorological Year) weather data. Three different scenarios are considered regarding the 
usage of the electricity generated from solar PV: a) no electricity storage scenario, b) farm 
offset scenario, and c) grid selling scenario, these are detailed in Section 6.3.6. Various-sized 
PV arrays were investigated to determine the optimum-sized PV panels under these three 
situations. These scenarios will be discussed in detail in Section 6.3.6. The embodied GHG 
emission for 1 𝑚𝑚2 of solar PV is estimated as 42 kg/𝑚𝑚2 [181-183]. 

The GSHPs (and associated circulation pumps driving fluid thought the GHEs), consume 
electricity for their operation. The GHG emission is estimated at 0.82 kg CO2e per kW·h of 
electricity consumed in NSW [177]. In this study we assumed a 1% annual reduction in the 
GHG emission factor for electricity generation. This assumption is based on the commitment 
of the Australian government to reduce the GHG emissions by 26% to 28%, below the 2005 
levels, by 2030, which represents an approximate GHG emission reduction of 1% per year 
[184]. In 2017, the GHG emission factor for LPG use in NSW was 0.186 kg CO2e per kW·h of 
energy consumption [177]. As opposed to electricity, the GHG emissions for LPG is assumed 
to be constant in this study. 

Table 6-5 Initial GHG emission and lifetime for different components. 

 GSHP Above Ground 
Components (Including 
GSHP, water tank, air 
handling units) 

GSHP Under Ground 
Components (Including 
ground loops, trenching 
and backfilling) 

Solar PV LPG Burner 

Initial GHG Emission, 
kg CO2e per kW 67 93.8 42 kg/𝑚𝑚2 10.2 

 
Initial Cost, (AU$/kW) 750 750 AU$1,245 per kW of 

PV capacity 100 

 
Lifecycle, years 20 40 20 10 

From the information summarised above, the calculated initial embodied GHG emission of 
solar PV for one kW capacity of the GSHP system is summarised in Table 6-5. The data for 
initial GHG emission of GSHPs and gas burners are calculated based on a lifecycle analysis 
undertaken for a typical 10 kW heating system in Australia [17].  

6.3.5. Lifecycle Analysis and Objective Functions 
As discussed in the previous section, with the adoption of the hybrid geothermal–solar (PV)–
gas heating system, significant operating cost reductions can be expected. With electricity 
offset from solar PV modules, the operating costs can be reduced even further (up to 100%). 
However, high operating cost savings are typically related to high capital system investment 
costs. 

In order to balance the initial investment with future financial returns (operating cost savings), 
a number of financial metrics and methods can be employed to objectively make investments 
decisions, these  include simple payback period, discounted payback period, internal rate of 
return, external rate of return, and lifecycle cost analysis (LCCA) [21]. In this study, LCCA is 
used to guide the optimisation of the sizing of different components of hybrid heating systems. 



89 
 

An LCCA is a financial analysis that evaluates the financial feasibility of a project over a long 
period [185]. This analysis considers the net present values of the capital investment cost, 
operation, maintenance, and the final disposal cost. In this study, the life cycle cost of the 
heating system is the first objective function and is calculated as follows [43]: 
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Eq.6-2 

where C is the initial capital cost, Cr is the recurring cost in a time period, d is the real discount 
rate, and t is the project lifetime in years. 

The initial capital costs and lifetimes of different components applied in the analysis are 
presented in Table 6-5. These figures are estimated based on average current market data for 
the various system components. The costs of LPG heaters, GSHPs, and GHEs are calculated 
per unit heating capacity. The cost of solar PV modules is calculated per installed peak 
electricity generation capacity of solar PV, while the overall installed capacity of the solar PV 
panels is based on the annual electricity consumed by the system. The sizing of these 
components is discussed in Section 6.3.4. The current energy prices and the energy efficiency 
of different components of heating systems were assumed to be similar to those presented in 
Table 6-4. 

In this analysis, the price escalation rate for LPG was assumed to be the same as for natural 
gas, which is 6.14%, and the price escalation rate for electricity was assumed to be 6.20% [17]. 
It is noted that these rates were estimated based on the actual fuel prices in Australia from 
2000 to 2015. As this is considered to be a low risk project, the actual discount rate in this 
study is set to 5.08%, which was derived from the typical current business loan rates of the 
major banks in Australia. 

In addition, regarding the environmental aspects, the lifecycle GHGs were investigated as the 
second objective function with a similar approach: 

𝐿𝐿𝐶𝐶𝐿𝐿 = 𝑀𝑀𝐿𝐿 + � 𝐶𝐶𝐿𝐿𝑛𝑛

𝑡𝑡

𝑛𝑛=1

 

 

Eq.6-3 

where LGE is the lifecycle GHG emission, 𝑀𝑀𝐿𝐿 is the manufacturing GHG emission, 𝐶𝐶𝐿𝐿𝑛𝑛 is the 
operating GHG emission in year n, and  𝑡𝑡  is the project lifetime in years. The initial GHG 
emissions and lifetime of the different components were discussed in Section 6.3.4 and 
presented in Table 6-5. 

6.3.6. Different Scenarios for Multi-Objective Optimisation 
Using the data and methodology discussed above, three different scenarios are considered to 
determine the Pareto front solutions of the hybrid geothermal-solar (PV)-gas system. The 
Pareto front solutions are identified based on the two objective functions discussed earlier 
(i.e. the lifecycle cost, and lifecycle GHG emissions). 

Scenario 1 – No Solar Electricity Storage  

In this case, there is no other equipment or system on the farm that consumes or stores the 
electricity generated by the solar PV panels, apart from GSHP systems. Therefore, solar 
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electricity cannot be sold to the grid for profit. This means that the extra electricity generated 
by the solar PV panels that is not consumed by the GSHP systems will be wasted.  

Scenario 2 – Farm Offset  

Poultry farms in Australia are typically large and have more than one poultry shed and 
includes at least a farmhouse. Therefore, it is assumed that the extra electricity generated by 
the solar panels can be consumed by other equipment or systems on the farm. It is assumed 
that the farm has a minimum constant electricity consumption of 10 kWh, which means that 
this is the limit (in our scenarios) that the excess solar electricity can be consumed. This 
number is estimated based on the electricity bill of the reference farm. The minimum monthly 
average hourly demand is 20 kWh (in July). Considering the solar electricity generation only 
happens during the day, we assume at least 50% of the average demand are always required. 
However, in this scenario, the electricity still cannot be sold back to the grid, resulting in a 
waste of electricity generated if it exceeds the demand of the farm. 

Scenario 3 – Excess Solar Grid Selling  

In this scenario, it is assumed that a contract between the farmer and the electricity supplier 
is established, allowing the farmer to sell electricity to the grid at a market-related or 
minimum governmental regulated feed-in prices, which are currently 10 c/kWh, 12 c/kWh 
and 10 c/kWh in NSW, VIC and QLD [44] respectively. In this case, the electricity generated 
by the solar PV panels is first consumed by the GSHP systems, and excess electricity will be 
sold to the grid. The profit of selling the electricity will then be used to pay for the operation 
and maintenance costs of the hybrid system. 

6.4. Results and Discussions 

Results and discussion are summarised next. We present in detail results for a single case to 
then summarise the multiple realisations of the thermal loads and climatic conditions 
investigated. 

6.4.1. Heating Cycles of Poultry Sheds in different locations 
Figure 6-3 shows the simulated heating power demand of the Central Coast, NSW shed based 
on the verified energy consumption model developed. It was estimated that the annual 
heating energy of the shed is 58,477 kWh with a peak heating demand of 208 kW. During 
each heating cycle, the heating demand is at its maximum at the start of the cycle when the 
least metabolic heat is generated by the chickens; simultaneously, the required indoor 
temperature is at maximum (Table 6-2). The heating demand decreases later in each cycle 
because of the increase in metabolic heat generated by chickens and lower indoor 
temperature requirement corresponding to the age of the batch (Table 6-2). The heating load 
cycles in Sunshine Coast, QLD and Mornington Peninsula, VIC exhibit similar patterns, with 
peak loads of 164kW and 228 kW, and heating demands of 34,149 kWh and 73,456 kWh 
respectively.  
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Figure 6-3 Hourly heating demand of the poultry shed at Central Coast, NSW: a) Annual heating demand b) Heating 
demand for the first cycle c) Heating demand for the fourth cycle. 

It is noted that the heating demand of the shed is lower than 80 kW for over 80% of the time 
(Figure 6-3). This means that, if a hybrid heating system with an installed GSHP capacity of 
approximately 40% (~80 kW) of the peak heating power demand (208 kW) is used for heating 
(i.e., S=40%), more than 90% of the annual heating energy can still be satisfied by the GSHP. 
This indicates the advantage of a hybrid heating system, as it could satisfy the bulk of the 
heating requirements with cost-effective and renewable energy resources, with a relatively 
lower initial capital cost (much less trenching needed for the GHEs). The next section 
discusses the efficiency of the components of hybrid systems that could achieve such potential 
operating cost savings, and objective ways to determine best shave factors. 



92 
 

6.4.2. Hourly Coefficient of Performance of the GSHPs 
As the heating loads vary from hour to hour, the COP of the GSHPs will also vary. A simulation 
model in TRNSYS was developed to evaluate the hourly performance of GSHPs under 
different shave factors and loading conditions. In this system, several identical single speed 
GSHPs with 20 kW heating capacity are utilised. Each heat pump has a fixed ground heat 
exchanger field configuration formed by four horizontal trenches. The trench is dug at the 
depth of 1.5 m below the ground surface and there are four straight pipes in each trench, at 
30 cm separation between each pipe, similar to the one depicted in Fig. 6-4). The length for 
each trench is 75 m, rendering a pipe length of 300 m per trench. The system is formed by 
several identical GSHPs to meet the required heating capacity. For example, to provide 208 
kW peak heating in total at a shave factor of 50%, there would be six 20 kW heat pumps 
installed, each with its own ground heat exchanger field in four trenches (i.e., 16 trenches in 
total).  

The operation of the heat pumps is then controlled by the hourly loading demands. When 
the operation of a new heat pump is required, the one with the lowest accumulated hours of 
operation will start. In the 208kW total capacity example above (with 104kW provided by the 
GSHPs, i.e. S=50%), when the loads increase from 19 kW to 35 kW, the operation of a second 
heat pump is required. At this time, the system will compare the accumulated hours of 
operation from the three heat pumps that are not operating and turn on the one with the 
lowest accumulated hours of operation. In this case, the loads can be relatively evenly divided 
among all the heat pumps throughout the life of the whole system. For heating demands in 
excess of 104kW, all the GSHPs will be in operation and the gas burners provide the balance 
of the required load. 

For the NSW case study thermal loading condition corresponding to a shave factor of 50% or 
104 kW of GSHP capacity, six heat pumps each with 20 kW heat capacity were simulated. 
Since the loads are distributed relatively evenly among these heat pumps, the differences in 
the performances among these six heat pumps are not major. Yet, when evaluating the 
performance of the whole GSHP system, the six heat pumps are needed to be considered as a 
whole. Therefore, the hourly system COP of the heat pumps is then calculated based on 
Equations 6-4.  The hourly system COP is representative of the performance of whole GSHP 
system and can be used to calculate electricity consumed by all the heat pumps, hour by hour: 

𝐶𝐶𝐶𝐶𝐶𝐶𝐺𝐺𝐺𝐺𝐺𝐺ℎ𝑟𝑟 =
∑ 𝐶𝐶𝐶𝐶𝐴𝐴𝑖𝑖

𝑛𝑛
𝑖𝑖=1

� 𝐶𝐶𝐶𝐶𝐴𝐴𝑖𝑖
𝐶𝐶𝐶𝐶𝐶𝐶𝐺𝐺𝐺𝐺𝐺𝐺𝐿𝐿ℎ𝑟𝑟𝑖𝑖

𝑛𝑛

𝑖𝑖=1

 
Eq.6-4 

 

where n is the number of heat pumps (e.g., n=11 for the Central Coast, NSW shed case 
study)  𝐶𝐶𝐶𝐶𝐴𝐴𝑖𝑖  is the hourly heating loads covered by each one (ith) heat pump in kWh, 
 𝐶𝐶𝐶𝐶𝐶𝐶𝐺𝐺𝐺𝐺𝐺𝐺𝐿𝐿ℎ𝑟𝑟𝑖𝑖

 is the hourly COP for that one (ith) heat pump. The electricity consumed by all 
the heat pumps is then calculated based on the hourly system COP as Eq. 6-4 here. A factor 
of 10% is then added to consider the electricity consumed by other equipment, such as the 
circulating pumps [35, 92, 94]. 
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Figure 6-4 Images of a full-scale hybrid system being installed in Central Coast, NSW: a) A pipe and trench configuration 

b) A view of the GHE field c) A top view of the farm.  

As an example, Figure 6-5 shows the 𝐶𝐶𝐶𝐶𝐶𝐶𝐺𝐺𝐺𝐺𝐺𝐺𝐿𝐿ℎ𝑟𝑟 for the shave factor 50% in Central Coast, 
NSW. Corresponding to the loading pattern shown in Fig. 6-3, there are six operational cycles 
in a year. The first cycle in the year has the shortest hours of operation (Fig. 6-5 b) and the 
fourth cycle in the year has the longest hours of operation (Fig. 6-5 c). 
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Figure 6-5  Hourly system COP for 50% shave factor in Central Coast, NSW: a) Hourly system COP for the whole year b) 

Hourly system COP for the first cycle in a year c) Hourly system COP for the fourth cycle in a year. 

We then use the total hourly (tth hour in the year) heating demand for the GSHP system 
component, 𝑇𝑇𝐴𝐴𝑡𝑡 , together with the hourly system COP, 𝐶𝐶𝐶𝐶𝐶𝐶𝐺𝐺𝐺𝐺𝐺𝐺ℎ𝑟𝑟   to estimate the average 
annual COP of the GSHP (geothermal) component COP of the whole hybrid system,  

 𝐶𝐶𝐶𝐶𝐶𝐶𝐺𝐺𝐺𝐺𝐺𝐺𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 =
∑ 𝑇𝑇𝐴𝐴𝑡𝑡

8760
𝑡𝑡=1

� 𝑇𝑇𝐴𝐴𝑡𝑡
 𝐶𝐶𝐶𝐶𝐶𝐶𝐺𝐺𝐺𝐺𝐺𝐺ℎ𝑟𝑟𝑡𝑡

8760

𝑡𝑡=1

 
Eq. 6-5 

Then, the simulations are conducted for four different shave factors (i.e. 25%, 50%, 75%, 100%, 
100%). The hourly system COP under the full range of shave factors (from 1% to 100%), which 
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is not simulated, is estimated via second order polynomial functions generated from these 
four data points. Subsequently, the annual system 𝐶𝐶𝐶𝐶𝐶𝐶𝐺𝐺𝐺𝐺𝐺𝐺𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎  is calculated based on these 
hourly system COPs (𝐶𝐶𝐶𝐶𝐶𝐶𝐺𝐺𝐺𝐺𝐺𝐺𝐿𝐿ℎ𝑟𝑟)   (Eq. 6-5), as shown in Figure 6-6, where it can be seen that, 
with increasing shave factor, there is a decrease in the overall COP. The trend observed is 
counterintuitive, one would expect an increase in overall COP with an increasing percentage 
use of a more efficient HVAC system (the GSHPs). The decrease rate also tends to be slower 
as the shave factor becomes higher. Based on the heating loads presented in Section 6.4.1, this 
decreasing COP is caused by the increasing overall running time but chances of partial loading 
of the heat pumps as the shave factor increases. The partial loading condition significantly 
reduces individual heat pump COP [186-188]. 

                                           
Figure 6-6 Annual system COP under the full range of shave factors for the NSW shed case study. 

6.4.3. Hourly Solar PV Panel Electricity Generation 
In order to calculate the electricity generated hourly by the solar PV panels, the following 
equations were used. The primary part of the calculation is to determine the irradiation on 
the sloped surface of the solar PV panel IT, which is calculated as follows [34]: 

𝐼𝐼𝑇𝑇 = 𝑅𝑅𝐼𝐼 =  �
𝐼𝐼𝑏𝑏

𝐼𝐼
𝑅𝑅𝑏𝑏 +

𝐼𝐼𝑑𝑑

𝐼𝐼
�

1 + 𝑘𝑘𝑐𝑐𝑐𝑐𝑐𝑐
2

� + 𝜌𝜌𝑔𝑔 �
1 − 𝑘𝑘𝑐𝑐𝑐𝑐𝑐𝑐

2
�� ∙ 𝐼𝐼 

 
Eq.6-6 

where R is the ratio of total radiation on the sloped surface to that on a horizontal surface; I 
is total hourly irradiation on a horizontal surface in MJ·𝑚𝑚−2 ·h-1, which equals 𝐼𝐼𝑏𝑏 + 𝐼𝐼𝑑𝑑; 𝐼𝐼𝑏𝑏 is 
hourly beam irradiation on a horizontal surface in MJ·𝑚𝑚−2 ·h-1; 𝐼𝐼𝑑𝑑 is hourly diffuse irradiation 
on a horizontal surface in MJ·𝑚𝑚−2 · h-1 ; β is the slope in degrees; 𝜌𝜌𝑔𝑔 is the dimensionless 
reflectance of ground (ground albedo) [189]; and 𝑅𝑅𝑏𝑏 is the ratio of beam radiation on a slope 
surface to that on the horizontal plane, and it can be calculated as [34]: 

           𝑅𝑅𝑏𝑏 =  cos(∅+𝛽𝛽)𝑐𝑐𝐺𝐺𝑐𝑐𝑐𝑐𝑐𝑐𝐺𝐺𝑐𝑐𝑐𝑐+sin(∅+𝛽𝛽)𝑐𝑐𝑖𝑖𝑛𝑛𝑐𝑐
𝑐𝑐𝐺𝐺𝑐𝑐∅𝑐𝑐𝐺𝐺𝑐𝑐𝑐𝑐𝑐𝑐𝐺𝐺𝑐𝑐𝑐𝑐+𝑐𝑐𝑖𝑖𝑛𝑛∅s𝑖𝑖𝑛𝑛𝑐𝑐

 (for North facing surfaces) 
 

Eq.6-7 

where ∅  is the Latitude in degrees; β is the slope in degrees as mentioned above; 𝛿𝛿  is the 
declination angle in degrees, which represents the angular position of the sun at noon with 
respect to the plane of the equator; 𝜔𝜔  is the hour angle in degrees, which represents the 
angular displacement of the sun east or west of the local meridian due to rotation of the earth 
on its axis. 

The equations show that the electricity generation from solar PV panels is a function of the 
slope of the solar PV panel. The weather data used in this analysis is the same as Meteonorm 
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data explained in the previous sections. The optimum slope for the solar PV panel is 
determined. By varying the slope from 0° to 90° degrees in 0.1° steps, the total annual 
electricity generation from 5 𝑚𝑚2 (1.2 kW capacity) were calculated, using the parameters of 
the solar PV panels summarised in  Table 6-6. For example, the optimum slope for the Central 
Coast site in NSW is determined to be 39ᵒ. The optimum slopes for Mornington Peninsula, 
VIC and Sunshine Coast, QLD are 34ᵒ and 26ᵒ respectively. Then, equation 6-8 can be used to 
calculate the instantaneous array efficiency of the solar PV panels [34]: 

𝜂𝜂 = η𝑟𝑟[1 − 𝑐𝑐𝑡𝑡(𝑡𝑡𝑐𝑐 − 𝑡𝑡𝑟𝑟)]η𝑝𝑝𝑡𝑡 
 

Eq.6-8 

where η𝑟𝑟 is the cell packing factor times the cell reference efficiency; 𝑐𝑐𝑡𝑡 is the temperature 
coefficient of efficiency; 𝑡𝑡𝑐𝑐 is the cell temperature; 𝑡𝑡𝑟𝑟 is the reference temperature; η𝑝𝑝𝑡𝑡 is the 
efficiency of power tracking equipment. 

Table 6-6 Parameters for solar PV panel used in this investigation. 

NOCT 45 Nominal operating cell temperature, °C 

η𝑟𝑟 0.122 Cell packing factor x cell packing efficiency 
η𝑝𝑝𝑡𝑡 1 Efficiency of power tracking equipment 

𝑐𝑐𝑡𝑡 0.0065 Temperature coefficient of efficiency 

𝑡𝑡𝑟𝑟 25 Reference temperature, °C 
 

Fig. 6-7 shows hourly solar radiation on the surface (from TMY data) and the hourly electricity 
generation by the PV panels discussed above (see Table 6-6). It can be seen from the figure 
that the solar radiation is higher in the summer (peak radiation of 7.5 MJ·𝑚𝑚−2 ·h-1 in February) 
than in winter (the highest radiation in July is only approximately 5.5 MJ·𝑚𝑚−2·h-1). However, 
the amount of electricity generated in the different seasons differs only marginally. As the 
solar PV panels typically have an optimum temperature at about 25 ℃ (when above and below 
this temperature, the efficiency of the solar PV panel decreases), this marginal difference 
between summer and winter solar PV power generation could possibly be because in summer, 
the higher outdoor air temperature reduces the efficiency of the solar PV panels [34]. 
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Figure 6-7 Hourly radiation and electricity generation from solar PV panels in Central Coast, NSW. 

 

6.4.4. Lifecycle Analysis: Cost and GHG Emission 
Using the data and methodology discussed above, the three different scenarios are discussed 
to determine the Pareto front solutions of the hybrid geothermal-solar (PV)-gas system. 

Scenario 1 – No Solar Electricity Storage  

In the first scenario, there is no other equipment or system in the farm that can consume (or 
can store) the electricity generated by the solar PV panels, apart from the GSHP systems.  

For the lifecycle cost arising from equation 2 on the case study in Central Coast, NSW (Figure 
6-8 a), it can be seen that the shave factor has a greater impact than the solar PV size. The 
optimum shave factor is approximately 20% to 25% and the optimum solar PV size under this 
condition is approximately 0 to 50 𝑚𝑚2. For the lifecycle GHG emission (Figure 6-8 b), the 
solar PV size becomes more important when the shave factor is greater than 20%. The 
optimum shave factor here is approximately 30% to 35%, however, the optimum solar PV size 
has increased to 220 to 245  𝑚𝑚2. 

Scenario 2 – Farm Offset  

In this scenario (Figure 6-8 c, d), for the lifecycle cost, the shave factor still has a greater 
impact than the solar PV size. The optimum shave factor remains approximately 20% to 25%. 
However, the optimum solar PV size under this condition is increased to approximately 0 to 
100 𝑚𝑚2. For the lifecycle GHG emission, the solar PV size is critical when the shave factor is 
high. The optimum shave factor is approximately 30% to 35% and the optimum solar PV size, 
230 to 245  𝑚𝑚2. 
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Scenario 3 – Excess Solar Grid Selling  

In this scenario (Figure 6-8 e, f), for the lifecycle cost, the optimum shave factor remains 
similar to the previous two at approximately 20 to 30%. However, the optimum solar PV size 
under this condition is approximately 150 to 245 𝑚𝑚2 . For the lifecycle GHG emission, the 
optimum shave factor is lower than the previous two, at approximately 25 to 30%, and the 
optimum solar PV size is 245  𝑚𝑚2. 

 
        Figure 6-8 Lifecycle cost and GHG emission for three scenarios in Central Coast, NSW. 

To summarise, the optimum range for the shave factor under different scenarios are around 
the range of 20 to 30%. However, the optimum range for the shave factor can vary highly 
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among different scenarios and even between the minimum lifecycle cost case and minimum 
lifecycle GHG emission case. In general, a larger solar PV size is preferred when the goal is to 
minimise lifecycle GHG emission. When minimise lifecycle cost, a larger solar PV size is 
preferred when the solar PV can be utilised more (Scenario 3 > Scenario 2 > Scenario 1). 

 

6.4.5. Multi-objective Optimisation: Pareto Front Solutions 
With the lifecycle cost and GHG emission results from the above section, multi-objective 
optimisation can be undertaken by identifying the Pareto optimum front.  This section will 
present the Pareto optimum front solutions for the three scenarios mentioned in section 6.3.6 
and for the three different climatic conditions encountered in the regions with the highest 
poultry meat production in Australia.   

                                           
Figure 6-9 Pareto optimum solutions for Scenario 1 (no electricity storage, no grid sells) in Central Coast, NSW. 

Fig. 6-9 shows the lifecycle cost and the lifecycle GHG emissions of scenario one for the 
reference farm in NSW. In this scenario, it is assumed that there is no storage for the 
electricity generated from solar PV panels. The horizontal and vertical axis represent the two 
objective functions, i.e. the lifecycle cost and the lifecycle GHG emissions, with the results 
data from Fig. 6-8. The different line formed by the points in the upright of Fig. 6-9 shows the 
results while fixing the PV size but changing the shave factor. As can be seen, the data points 
are denser on the left than on the upright section of the plot, which is because the low lifecycle 
cost and GHG emission can be achieved by a large number of combinations of shave factors 
and PV size. The Pareto optimum solutions, in this case, are defined as follows: The 
relationship between the lifecycle cost and GHG emission on this line cannot be expressed in 
a simple formula. At a shave factor of 22% and PV size of 0 𝑚𝑚2, the minimum lifecycle cost is 
AU$220,651, with a lifecycle GHG emission of 490,658 kg 𝐶𝐶𝐶𝐶2e. At a shave factor 32% and PV 
size of 245 m2, the minimum lifecycle GHG emission is 405,520 kg 𝐶𝐶𝐶𝐶2e, with a lifecycle cost 
of AU$251,686. The dark line between these two points then forms the Pareto optimum front.  



100 
 

                                        
Figure 6-10 Pareto optimum solutions for Scenario 2 (farm offset) in Central Coast, NSW. 

Fig. 6-10 shows the lifecycle cost and the lifecycle GHG emissions of scenario two for the 
reference farm. In this scenario, it is assumed that the electricity generated by the solar PV 
can be offset by equipment in the farm for up to 10 kW. The trend is very similar to scenario 
1. The Pareto optimum solutions, in this case, are defined as follows:   

For the minimum lifecycle cost, it is the same as Scenario 1. At a shave factor 30% and PV size 
of 245 𝑚𝑚2, the minimum lifecycle GHG emission is 355,975 kg 𝐶𝐶𝐶𝐶2e, with a lifecycle cost of 
approximately AU$240,484. The line between these two points then forms the Pareto 
optimum front. 

                                     
Figure 6-11 Pareto optimum solutions for Scenario 3 (grid sells) in Central Coast, NSW. 

Fig. 6-11 shows the lifecycle cost and the lifecycle GHG emissions of scenario three for the 
reference farm. In this scenario, it is assumed that the electricity generated by the solar PV 
can be sold back to the grid at market price. The trend is very similar to both scenarios 1 and 
2. The Pareto optimum solutions, in this case, are defined as follows:  

At a shave factor 22% and PV size of 245 𝑚𝑚2, the minimum lifecycle cost is AU$208,029, with 
a lifecycle GHG emission of 201,716 kg 𝐶𝐶𝐶𝐶2e. At a shave factor of 28% and PV size of 245 𝑚𝑚2, 
the minimum lifecycle GHG emission is 201,184 kg 𝐶𝐶𝐶𝐶2e, with a lifecycle cost of approximately 
AU$210,421. The short line between these two points then forms the Pareto optimum front 
(the difference is minor). 
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To summarise, considering the lifecycle cost and GHG emission results from section 6.4.4, 
the range for the optimum shave factor is similar for all the scenarios tested under NSW 
weather and pricing structure conditions (about 20% to 30%). However, the optimum range 
for the solar PV panels are different for these scenarios. The scenario 3 has the highest 
optimum solar PV sizes (245 𝑚𝑚2), while scenario 2 has a higher one than scenario 1. This can 
be explained by that the electricity generated by solar PV can be fully utilised in scenario 3 
(selling to the grid), partially used in scenario 2 (offset by other equipment in the farm) and 
minorly used in scenario 1. When the solar PV panels are better used, the capital and 
maintenance cost of the solar PV panels can be better justified. Hence, the optimum range of 
the solar PV panels become higher. 

When showing the Pareto Optimum Front for three scenarios in the same scale (Fig. 6-12), it 
can be clearly seen that the scenario 3 has the best solution among them, which is due to the 
full utilisation of the solar PV panels. The optimum lifecycle GHG emission of scenario 3 is 
about 40% less than scenario 1, and 60% less the gas only system. The results reveal that the 
solar PV panels are essential components, particularly in reducing the GHG emission.  

                                      
Figure 6-12 Pareto optimum solutions for three scenarios in Central Coast, NSW. 

 

6.4.6. Pareto Front Solutions for other location and pricing scenarios 
With the same methods and approaches mentioned above, this study extended the 
investigation to state average energy pricing cases for the reference farm in NSW as well as 
two other locations, including two locations in QLD and VIC. The results (Figure 6-13 and 
Table 6-7) from these cases are illustrated as follows: 

For all these three scenarios, the scenario 3 shows the best Pareto optimum solution among 
them, which is due to the full utilisation of the solar PV panels. Considering the optimum 
lifecycle cost, all the scenarios for the three cases shows about 45% to 55% savings with 
respect to the gas only system. For the optimum lifecycle GHG emissions, scenario 3 for all 
the three cases show a significant advantage. For the NSW case, the optimum lifecycle GHG 
emission for scenario 3 is about 60% lower than scenario 1 and 40 % lower than scenario 2. 
For the VIC case, the optimum lifecycle GHG emission for scenario 3 is about 75% less than 
scenario 1 and 60 % less than scenario 2. For the QLD case, the optimum lifecycle GHG 
emission for scenario 3 can even be reduced to negative value, which is due to the relatively 
low heating demand and high amount of solar electricity selling to the grid from QLD. It 
should be noted that when selling to green electricity to the grid, there is a negative GHG 
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emission (uptake) added to the calculation. This is because the same emission generated from 
the grid can be saved.  Overall, the results confirm that the solar PV panels are essential in 
reducing the GHG emission.  

When considering the shave factor and solar PV size under optimum conditions, it shows 
similar patterns as the case discussed in section 6.4.5. The optimum shave factors range from 
about 20% (VIC) to 35% (QLD) for these cases. For the optimum solar PV size, almost all the 
cases ask for the highest size in scenario 3 (245 𝑚𝑚2), less in scenario 2 (100 to 245 𝑚𝑚2) and 
least in scenario 1 (0 to 125 𝑚𝑚2). These are also in good agreement with the findings in section 
6.4.5. 

Table 6-7 Optimum lifecycle cost and GHG emissions under different scenarios and locations. 

 

 

 

Scenarios 

1: No Storage 2: Farm Offset 3: Grid Selling 

Optimum 
Cost Case 

Optimum 
Emissions 
Case 

Optimum 
Cost Case 

Optimum 
Emissions 
Case 

Optimum 
Cost Case 

Optimum 
Emissions 
Case 

Central Coast, 
NSW 

Cost, AU$ 220,651 251,686 220,651 240,484 208,029 210,421 

Emission, 
CO2e  490,658 405,520 490,658 355,975 201,716 201,184 

Central Coast, 
NSW (SME 
Pricing) 

Cost, AU$ 333,003 371,334 311,542 336,202 309,609 322,982 
Emission, 
CO2e 467,775 405,520 404,303 355,975 208,819 201,184 

Mornington 
Peninsula, VIC 

Cost, AU$ 297,705 355,100 276,575 324228 257,411 191,595 
Emission, 
CO2e 652,185 505,297 571,395 435708 244,230 286,375 

Sunshine 
Coast, QLD 

Cost, AU$ 228,752 259,588 211,119 230,261 212,088 216,462 

Emission, 
CO2e 242,179 233,320 192,615 169,725 4,179 -15,847 
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Figure 6-13 Pareto optimum solutions for average pricing cases in: a) Central Coast, NSW b) Sunshine Coast, QLD c) 

Mornington Peninsula, VIC. Please note different axis scales for each case. 

6.4.7. Applicability of results to other worldwide locations within similar climate zones 
As mentioned before, the locations of the three case studies investigated fall into humid 
subtropical (Sunshine Coast, QLD and Central Coast, NSW) and temperate 
oceanic (Mornington Peninsula, VIC) climate zones of the Köppen classification [21]. As this 
classification is based on threshold values and seasonality of monthly ambient air temperature 
and precipitation, the temperature and solar radiation patterns can be reasonably similar 
within one climate zone [190, 191]. As shown in Figure 6-14, these two climate zones includes 
Western Europe, south-eastern parts of United States, China, Africa and Australia, as well as 
isolated locations elsewhere. The key findings of this research can be potentially applied to 
the poultry industry within these regions. 

https://en.wikipedia.org/wiki/Western_Europe
https://en.wikipedia.org/wiki/Australia
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Figure 6-14 World climate map for humid subtropical and temperate oceanic regions [178, 192]. 

 

6.5. Conclusions 

This investigation evaluated the unique annual heating load pattern of typical poultry sheds 
in humid subtropical and temperate oceanic climate zones. These were exemplified with case 
studies in the Central Coast (NSW), Sunshine Coast (QLD) and Mornington Peninsula (VIC) 
in Australia. These regions cover and account for more than 74.4% of the national chicken 
meat production. A hybrid geothermal-solar (PV)-gas system was proposed as an energy-
efficient and cost-effective heating system for the sheds. Based on verified simulated hourly 
heating loads by TRNSYS, the hybrid heating system was analysed for various sizes of 
components, by varying the shave factor and size of solar PV panels. To quantify the annual 
performance of the system, hourly COPs of the GSHPs were simulated by the TRNSYS project 
developed. The annual electricity generated from the solar PV panels was calculated based on 
the analysed optimum slopes of the panels. 

Lifecycle cost and GHG emission analyses were performed to optimise the sizes of the 
components of the hybrids and determine the most cost-effective and the lowest GHG 
emissions configuration of a hybrid geothermal system. Multi-objective optimisations 
(minimum lifecycle cost and GHG emissions) were conducted to identify the Pareto front 
solutions under three different scenarios. As the search feasible region was relatively small, a 
full enumeration method was used. 

It was found that hybrid geothermal-solar (PV)-gas systems can be financially better and 
environmentally friendlier than the original gas-only shed heating systems for 40 years shed 
lifetime. Within the two parameters, the shave factor can contribute more to reducing the 
lifecycle costs, and the solar PV size can contribute more to reducing the lifecycle GHG 
emissions. 
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7. Conclusions and Recommendations  

This thesis focuses on hybrid geothermal heating systems and aims to contribute to the 
utilisation, modelling and optimisation of such systems for poultry industry. Firstly, this work 
investigated the unique heating and cooling loads and discussed energy efficient solutions for 
the poultry industry. To do so, a building simulation model in TRNSYS was developed and 
verified for a poultry shed. Various HVAC systems, building envelopes, ventilation strategies 
and operational schedules were analysed. The optimum ventilation strategies and operational 
schedules were also proposed. Later, the experimental set-ups of the hybrid GSHPs with 
horizontal GHEs in Peats Ridge, NSW, Australia were presented. The explanation and 
discussion were made on dataset that are currently available. The findings verified the 
feasibility of this study. 
Following, detailed numerical simulation of the GSHPs and horizontal GHEs were conducted. 
A TRNSYS projected was firstly developed to investigate the performance of GSHPs and 
horizontal GHEs under various conditions. Different Artificial Neural Networks (ANNs) were 
then developed and trained with simulated dataset from TRNSYS, which significantly speed 
up the simulation time. The performance and computational speed of the ANNs were then 
evaluated. Finally, this work presents a multi-objective optimisation of the hybrid 
geothermal-solar-gas systems. Two objective functions, i.e. the lifecycle cost and lifecycle 
GHG emissions, were considered for 40-year project lifetime. The Pareto optimum solutions 
for these systems are then presented while considering three different scenarios for the usage 
of electricity generated by Solar PV panels. 

7.1. Conclusions 

Main conclusions drawn from each chapter are presented as followed. 

7.1.1. Experimental Set-ups for hybrid geothermal heating systems 
A full-scale experimental rig of a hybrid geothermal system with horizontal GHEs was 
constructed. This hybrid geothermal system with horizontal GHEs believed to be a unique 
fully instrumented full-scale system for the study of horizontal GHEs, applied for poultry 
sheds. A 200-kW hybrid system (80 kW from Geothermal Energy and 120 kW from LPG) for 
an existing poultry shed building located at Peats Ridge, NSW, Australia was designed and 
selected as an experiment for this study. In this system, a total 4.8 km of HDPE pipes were 
buried as heat exchangers in 12 horizontal trenches, each at 1.5 m depth below the ground 
surface and 4 groups of loops in a pond nearby, at the depth of about 4 to 6 m below the water 
surface (actual depth varying by season due to the change of water level). The monitoring 
results from the instrumentation have been discussed. The results of these tests verified the 
feasibility of the hybrid geothermal system under rural industries’ unique loading condition. 
It is believed that future data comes from this experimental set-up can assist in validating 
simulation model and design tools for the horizontal GHEs. 

7.1.2. Unique heating and cooling loads for poultry sheds 
The heating and cooling loads of the poultry sheds have been investigated in detail by using 
TRNSYS (a widely used building energy simulation software). The TRNSYS model considered 
the chicken growth rate and metabolic heat generation, operating schedules, building envelop 
materials, orientation and climate conditions. The results revealed unique loading 
characteristics including energy imbalance, sharp peak demands as well as shortly alternating 
heating and cooling. In detail, there are six heating and cooling demand cycles within a year, 
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each last for seven weeks. Within each cycle, the heating load decreases as a result of the 
increasing heat generated by the chickens due to growth. After the initial stage, the cooling 
load significantly increases. It was also found that even though the cooling load is much 
higher than the heating load, the priority should be focused on the reduction of heating load 
and expenditure. This is because the current evaporative coolers already have good efficiency 
with low cost. 

7.1.3. Energy efficient solutions for poultry sheds 
Within various energy efficient solutions investigated to reduce the heating and cooling 
energy consumption and expenditure, the building envelope has been found to be the least 
impact as the it cannot reduce the heating and cooling loads simultaneously. Then, the 
operational schedule is the third most influencing factor. Between 2.0 to 3.7 % of the 
operational cost can be saved on average if the operational schedule is optimised. The night 
ventilation strategy is the second influencing factor. Increasing the ventilation rate at night 
can reduce the cooling loads significantly. However, the total electricity cost reduction is 
about 5 to 10% due to the increase in fan electricity consumption. The increase ventilation 
rate for heating has been found to be minor due to the outdoor temperature is lower than the 
indoor temperature for the majority of the time when heating is required.  Lastly, it was found 
that HVAC system selection can have the highest impact on cooling and heating energy 
consumption, subject to lower electricity and gas prices. By switching from an LPG heating 
system to GSHP heating system, up to 60% of the heating cost and up to 20% of the heating 
and cooling cost can be saved. 

7.1.4. Numerical simulation of GSHP systems with horizontal GHEs in TRNSYS 
The TRNSYS simulation model for the performance of GSHPs and horizontal GHEs under 
rural industries’ unique loading condition was developed and presented. As can be seen from 
a ten-year simulation, the results show that there is a yearly repeating pattern for the inlet 
and outlet temperatures of the horizontal GHEs as well as the heat pump COP. This pattern 
means that natural recharge to the horizontal GHEs is enough even under extremely 
imbalance loading condition. Thus, one-year simulation can be representative to the 
horizontal GHE case studies. High shave factor in the hybrid system results in low COP. The 
reason is that with a higher shave factor, there is more time that the heat pump is operating 
under partial loads, which leads to lower COP. 

7.1.5. Machine learning predictions of the GHEs and GSHPs  
Hourly simulation data for horizontal GHEs are not available in commercial softwares at this 
stage and numerical approaches including TRNSYS simulation also can be computationally 
expensive. Therefore, two different ANNs for the prediction of the performance of GSHPs and 
horizontal GHEs were developed and presented. Trained with the TRNSYS simulated dataset 
in three locations, the ANNs can predict the performance of the GSHPs in other untrained 
location reasonably well (less than 10% error in most cases) and the performance of horizontal 
GHEs even better (less than 5% error in most cases).  This indicated that the ANN model has 
a generalisation ability that can potentially be widely used in prediction, optimisation and 
control when site conditions are similar. A computational time comparison of the ANN, 
TRNSYS simulation and finite element simulation was conducted.  ANN can predict 
reasonably well while 100 times faster than TRNSYS simulations and approximately 10,000 
times faster than finite element model simulations. 
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7.1.6. Lifecycle analyses and multi-objective optimisation of hybrid geothermal-solar-gas 
systems 

Based on hourly heating loads from TRNSYS, the hybrid heating system was analysed for 
various sizes of components, by varying the shave factor and size of solar PV panels. To 
quantify the annual performance of the system, hourly COPs of the GSHPs simulated by the 
TRNSYS project were used. The annual electricity generated from the solar PV panels was 
calculated based on the optimum slopes of the panels. Lifecycle cost and GHG emission 
analyses were performed to optimise the sizes of the components of the hybrids and 
determine the most cost-effective and the lowest GHG emissions configuration of a hybrid 
geothermal system. Multi-objective optimisations (minimum lifecycle cost and minimum 
GHG emissions) were conducted to identify the Pareto front solutions under three different 
scenarios. As the search feasible region was relatively small, a full enumeration method was 
used. It was found that hybrid geothermal-solar (PV)-gas systems can be financially better 
and environmentally friendlier than the original gas-only shed heating systems for 40 years 
shed lifetime. Within the two parameters, the shave factor can contribute more to reducing 
the lifecycle costs, and the solar PV size can contribute more to reducing the lifecycle GHG 
emissions. 

7.2. Recommendations for future works 

7.2.1. Further investigation of indoor environment of rural industry 
The primary aspects considered in this thesis is the heating and cooling loads and the heating 
associated lifecycle cost and GHE emission. However, the indoor environment might have 
impacts on the mortality and growth rate of the animals and can be further investigated. The 
first step can be a more detailed thermal loading analysis distinguishing in sensible and latent 
loads. The analysis can identify cases where humidification or dehumidification is required 
so that relative humidity can be preserved to provide a better indoor environment for the 
animals.  
Going further to the issue above, it deserves to be further investigated in the future the use of 
heat pumps for cooling. As presented in the thesis, the cooling loads are much higher 
compared to the heating ones and it is challenging to counterbalance them in view to achieve 
desirable indoor conditions. Evaporative pads are widely applied for poultry houses cooling 
due to its low operational cost. However, their capability of establishing all year-round 
optimal indoor conditions is limited (e.g. hot and very humid periods). An analysis of heating 
loads would most probably reveal that in most of the cases of cooling especially during hot 
and humid periods, dehumidification or even reheating would be necessary to achieve 
desirable indoor conditions. The two last processes are feasible only by using heat pumps. 
Apparently, we talk about conditions strongly diversified from common applications of heat 
pumps such as in residential or commercial buildings. 

7.2.2. Further validation of horizontal GHE models against future observations 
High quality dataset which is suitable for model validation is rare and difficult to acquire. This 
is mainly due to the costs of the design, construction and instrumentation of hybrid 
geothermal systems with GHEs are high. This thesis presents the ground temperature in the 
trenches and the short test results of the horizontal GHEs. Even though the author has made 
great effort for the experiment set-up, the outbreak of Salmonella prohibits the further 
observation of the system until December 2019. Therefore, only limited dataset was obtained 
to verify the models and justify the findings from this study. When future data become 
available from the instrumentation, further validation of models can be made. The specific 
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parameters that can be further validated in relation to the works in this thesis include the 
effective soil thermal conductivity, carrier fluid temperatures and COP of the heat pumps. 
Needless to say, new data can be used for other models and further verifications.  

7.2.3. Verification for various climate and ground conditions 
The investigation was primarily conducted for five locations in four states in Australia, which 
represents over 90% of the Australian poultry industry. There five cases were selected to 
clearly demonstrate the proposed methods discussed in Chapter 3 to Chapter 6. Using these 
methods, various energy efficiency solutions have been proposed, followed by the numerical 
simulation and optimisation of the system. As next step, though great efforts have been made 
to verify this study in different climate and geological conditions, further verifications beyond 
these locations can still be made to strengthen the applicability of this work. The further 
verification can take places in other climate zones around the world. This would allow the 
evaluation of the hybrid geothermal systems under different climate, geological, energy price 
and emission conditions. 

7.2.4. Application in different industries 
Although the application of this research is for the poultry industry, due to limit of time and 
resources, the primary cases studies are for Australia. Though great efforts have been made 
to make this study as general as possible, further verifications beyond the poultry industry 
can still be made to strengthen the wider applicability of this work. The potential industries 
and end-users include farms for dairy and swine as well ice rooms, which may share unique 
loading characteristics investigated (an even larger energy imbalance and sharp peak 
demands) in this research. 
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A.1 Conference paper related to chapter 4 

This appendix contains the author-accepted manuscript of conference paper of Proceedings 
of World Sustainable Built Environment Conference 2017 related to chapter 4. The 
published manuscript is: 

Zhou Y, Bidarmaghz A, Narsilio G, Aye L (2017), Heating and Cooling Loads of a Poultry 
House in Central Coast, NSW, Australia, Proceedings of World Sustainable Built 
Environment Conference 2017, ISBN 978-988-77943-0-1; pp. 2127-2133, 5-7 June 2017, Hong 
Kong, China 
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Heating and Cooling Loads of a Poultry Shed in Central Coast, 
NSW, Australia 
  

 

ABSTRACT  

Space heating and cooling comprises 40% of the global final energy use. With more 
energy efficient technologies in heating and cooling, up to 10% of global energy 
consumption could be saved. In agriculture, poultry sheds are used to shelter poultry 
(broilers and layers) for the production of meat and eggs, sources of animal protein for most 
people. The range of acceptable indoor air temperature for poultry sheds is 15°C to 25°C 
for mature birds, and higher temperatures are required for young birds depending on the 
stage of growth. It is recognised that the costs of heating, cooling and ventilating poultry 
sheds constitutes a significant portion of the chicken farm operating costs. Various aspects 
can be considered to reduce these costs considerably. The potential improvements include 
better thermal performance of building envelopes, energy efficiency of HVAC systems and 
operational schedules or timing of the production cycle. This paper aims to reduce the 
cooling and heating energy consumption by identifying the most suitable operational plan. 
The heating and cooling demand cycles of a poultry shed in the Central Coast region has 
been investigated in detail by using building energy simulation software tools. This paper 
reveals that the operational schedule (i.e. begin dates of the cycles of production) has 
profound influence on energy consumption. The optimised operational schedule can save 
an average of 12% of overall energy expenditure and 20% on heating. 

 
Keywords: Building energy simulation; Energy use; Poultry shed. 

 

1. INTRODUCTION 
The global annual energy consumption is about 13,000 Mtoe (~544 EJ) [1], resulting in 

nearly 50 Gt CO2-e Greenhouse Gas (GHG) emissions. It is widely accepted that our future 
energy sources could not highly rely on fossil fuel such as oil and gas since these resources 
are finite, and more importantly the majority of GHG emission (65%) comes from them [2]. 
To provide our next generations with a sustainable energy future, alternative approaches 
must be adopted as soon as possible. 

Space heating and cooling comprises a significant part (40%-50%) of the overall final 
energy use [3], resulting in 20 Gt CO2-e GHG emissions. By using advanced technologies 
for space heating and cooling, up to 1,509 Mtoe of global annual energy consumption could 
be reduced by 2050 [4]. In order to develop sustainable buildings and improve energy 
efficiency in existing buildings, several approaches can be considered, which include 
improving the thermal performance of the building envelope, increasing the energy 
efficiency of HVAC system and determining the most suitable operational schedule. 
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The agriculture sector constitutes a significant part of Australia’s economy. In year 
2014/15; the overall sector was worth $51 billion, comprising 3% of Australia’s total gross 
domestic product (GDP) [5]. However, when considering all the add-on processing 
industries, the overall contribution of the agriculture sector rises to 12% of the GDP [6]. 
Among these industries, nearly 600 million chickens are raised every year for producing 
meat [7] and a typical shed provides about 200,000 chickens annually, which means there 
are currently around 3,000 poultry sheds for chicken meat production in Australia. The 
overall costs of heating and cooling for chicken farms are estimated to be $80 million per 
year. 

To raise chicken/broiler efficiently, poultry sheds are designed to meet the specific 
requirement for chickens during different growth stages. The indoor temperature is a vital 
factor for the chicken to grow properly in an effective timeframe. Within each growing cycle, 
the indoor air temperature requirement changes from 33°C at the beginning to 21°C in the 
end, which results in a unique heating/cooling load cycle depending on the start date. Since 
outdoor air temperature changes throughout the year, a considerable amount of energy is 
sometimes needed to maintain the required indoor air temperature (i.e. to reach 33°C in 
winter). 

Researchers have conducted building simulations for poultry sheds for heating/cooling 
load cycles in recent years. Kharseh and Nordell (2011) estimated the heating and cooling 
loads for a typical poultry shed in Syria in order to design a geothermal cooling and heating 
system for the shed [8]. However, the assumption made for the chicken is not enough to 
describe the heat generation due to the growth of chicken, which may result in an inaccuracy 
of the heating and cooling loads. El Mogharbel et al. (2014) developed a 3D computational 
simulation model for the heating system of a poultry shed in East Lebanon, with various 
factors taken into consideration [9]. However, this model is based on the solar assisted 
heating system only. At the same time, no annual data and cooling loads has been reported. 
Rojano et al. (2015) developed a 3D model using a CFD commercial software package, 
Fluent [10]. In their study, the heat and mass transfer within a poultry shed in the US is 
analysed in detail. However, the aim of their work is to analyse temperature, humidity and 
air quality in the shed. Hence, no heating and cooling loads were reported. Besides, owing 
to the complexity of this 3D model computational time is long, thus a detailed model for 
annual heating and cooling loads is unlikely to be feasible. Hamilton et al. (2016) developed 
a thermodynamic model for the thermal analysis of a poultry shed in Australia [11]. This 
model contributes to a theoretical analysis of chicken growth, heat generation, and water 
consumption during the cycle. Validation based on measured data was also made on the 
model. However, no models were derived in this article and there were no direct data for 
heating and cooling loads. From the review of the literature, it follows that limited knowledge 
is available to derived sheds load cycles, particularly of local settings.  

Due to the different agricultural standards encountered among countries (i.e. 
construction materials, operational schedules) and the various climate conditions of the 
poultry sheds, it is essential to analyse the heating/cooling demands for local conditions, in 
the case presented herein, for Australia. The aim of this paper is to estimate the 
heating/cooling load for a specific poultry shed in NSW, Australia, as representative of 
current practice in the area. The estimated costs base on the current HVAC system is also 
reported. An optimisation of growing cycle start date for the minimum cost is investigated. 
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2. BUILDING SIMULATION MODELS 
EnergyPlus is widely used for building energy performance simulations. In this paper, an 

EnergyPlus model was developed for a poultry shed in Central Coast, NSW. Other details 
of the methodology employed are included in this section. 

 

2.1. Simulation Parameters  
The poultry shed investigated in this investigation is located in the Central Coast Region, 

NSW, Australia (approximately at 33°23’49”S and 150°24’09”E). Climate data are essential 
for the building simulation. A typical meteorological year (TMY) data generated by an 
algorithm based on 20 years of recorded dataset is widely used to predict the long term 
performance of buildings. In this paper, the TMY file generated by Meteonorm 7.1 based on 
recorded climate data from 1990-2010 is utilised. An average error of 6% in year sum 
comparing with the actual climate can be expected by using this method of hourly data 
generation [12]. 

Table 8: Poultry Shed Simulation Parameters 

 

As shown in Table 1, there are two building models to meet the different space 
requirements as chickens grow. The small area within the shed is for the first three weeks 
of growth with dimensions of 18x18x3 m3. Later, the bigger chickens are redistributed into a 
larger space within the shed, with dimensions of 18x160x3 m3. The building is constructed 
with 75 mm ‘Coolroom’ walls (thickness: 0.075m, thermal conductivity: 0.039 W m-1·K-1, 
density: 16 kg m-3, specific heat: 340 J kg-1·K-1) with no windows. A chicken usually attains 
2.8 to 3 kg at the age of 8 weeks. The mass of chicken for the first 35 days is provided by 
our industry partner (Ground Source Systems Pty Ltd) while the following 21 days data is 
generated through a quadratic function. Heat produced by a living creature is proportional 
to the metabolic weight, which is the unit of 0.75 power of kg [13]. The heat rate generated 
by an adult chicken is 160 kcal d-1 w-1 (7.75 W w-1) [14, 15]. 

 

2.2. Operational Schedules 
In Australia, it usually takes about 55 to 60 days for a recently hatched chicken to develop 

fully for the market. Meat broilers reach the mass of harvest at the age of 5 weeks, and 
partial harvest of chicken happens up to four times in one batch on a chicken farm due to 
the different demand for light and heavy chicken meat. After that, there are 5 to 14 days for 
clean-up and preparation for the next batch [16]. The simulation in this paper is based on 
the operational schedule shown in Table 1. 

Time/Days Weight/kg Metabolic Weight/w Power/W Population of Chicken Size of Shed Required Temperatue/°C 
1 0.04 0.09 0.68 40,000 Small 33.0
7 0.16 0.25 1.82 40,000 Small 30.7

14 0.42 0.52 3.82 40,000 Small 27.5
21 0.84 0.88 6.43 40,000 Large 24.8
28 1.39 1.28 9.36 40,000 Large 22.0
35 1.97 1.66 12.13 40,000 Large 21.0
42 2.43 1.95 14.21 30,000 Large 21.0
49 2.74 2.13 15.55 20,000 Large 21.0
56 2.90 2.22 16.23 10,000 Large 21.0
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As shown in Table 1, during the first 21 days, chicks are kept in a small area with 
controlled temperature inside the shed to save energy. At the 22nd day of each batch, the 
shed is expanded to the full area. At the 35th day, the average mass of a chicken reaches 
about 2 kg, meeting the requirement for the market. The first harvest happens in the midnight 
of the 35th day, when one-fourth of the overall population, which is 10,000 chickens, are 
taken away. Later, in every following week chickens are taken away at different stages in 
order to suit the demand of the market. The partial harvesting significantly decreases the 
internal heat gain, hence influencing the heating and cooling loads. The final harvest 
happens at the end of the eighth week, followed by two weeks of clean-up and preparation 
for the next batch. 

 
3. HEATING/COOLING LOADS AND COSTS ESTIMATION 

By utilising ‘Ideal Air Load’ option in EnergyPlus, the hourly heating and cooling loads 
were estimated. The algorithm applied is the third order backward difference method [17]. 
Estimation of costs based on the current HVAC system has also been conducted. 

 

3.1. Heating and Cooling Loads for Different Starting Dates 
In order to determine the heating and cooling loads for the different starting dates, 52 

batches starting at different weeks for one year were investigated. The first week starts at 
3rd of January, the first working day in a year in Australia. As an example, Figure 1 and 
Figure 2 describe a typical eight-week batch starting at the 19th of December. The indoor 
temperature requirement is set every day to meet the temperature requirement for raising 
broilers. During this batch, the heating load decreases as a result of increasing heat 
generated by the chickens. After that growth stage, the cooling load significantly increases 
during the following first five weeks. After each harvest, the internal gain (heat produced by 
chicken) reduces, which results in a reduction of cooling loads. 

 
Figure 15: Indoor and Outdoor Air Temperature 

 
Figure 2: Hourly Heating and Cooling Loads 

After hourly heating and cooling loads for 52 starting weeks were acquired, the overall 
energy consumption for each batch was obtained by summing up the heating and cooling 
loads. As shown in Figure 3, at the beginning of the year (summer), raising a batch requires 
much more cooling than heating (nearly eight times higher). Later, as the outdoor air gets 
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colder, the heating loads increase while the cooling loads decrease. At the middle of July 
(winter), the heating load reach the peak (105,108 kWh) for one batch, while the minimum 
cooling load, 23,366 kWh, appears in the 24th week. After the coldest periods of the winter, 
the heating load begins to reduce together with the boost of cooling demand. The highest 
cooling demand happens at the end of the year, corresponding to the minimum heating 
demand of only 11,575 kWh for one batch. 

 
 

Figure 3: Loads for Different Starting Weeks 

 
 

Figure 4: Costs for Different Starting Weeks 
 

3.2. Estimation of Costs 
Chicken sheds are typically equipped with gas heaters for heating and evaporative 

coolers for cooling in NSW. The gas heaters were assumed to have an efficiency of 0.85. It 
was hard to determine the operating efficiency of evaporative coolers because their 
performance highly relies on the relative humidity and ambient air temperature. However, it 
is known that evaporative cooling usually saves around 75% of the cost compared with 
standard air conditioning [18]. This paper assumed one-fourth of the cost of air conditioners 
with COP of 2.5 as estimation. The prices of energy applied for the analysis are 12.9 c/kWh 
for electricity and 5.3 c/kWh for gas [19]. 

Figure 4 shows the heating and cooling costs for the different starting week. 
Corresponding to the loads, the heating cost rises from AU$ 722 to more than AU$ 6,500 in 
the mid-year while the cooling cost reduces from AU$ 2,614 to AU$ 301. After winter, the 
heating cost decreases and the cooling cost increases. Since the evaporative cooler is 
cheaper to operate, the cooling cost is much less than heating in the year total, despite the 
nearly doubled cooling load’s peak. The results also show that raising a batch in winter costs 
much more than in summer. The most cost-effective period for starting a batch is from late 
September to early April. 

 

4. OPERATIONAL OPTIMISATION 
As fully-grown chickens generate large amounts of heat, i.e. 40,000 chickens in a shed 

could generate heat up to 600 kW, raising a batch in summer consumes a large amount of 
energy for cooling. In winter, due to the low outdoor temperature and the relatively high initial 
temperature requirement (33°C on the first day), the heating loads could also be large. By 
avoiding raising chicks in the coldest time of winter as well as adult chickens during the 
hottest weather in summer, a suitable yearly operational schedule reduces the heating loads 
in winter and the cooling loads in summer. 
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A typical batch takes eight weeks duration. It is almost impossible for a shed to run six 
whole batches in one year due to the time required for cleaning and preparation. In this 
paper, five batches were considered for one year. Assuming a minimum break of one week 
for cleaning and preparation, the possible intervals between each batch are one to six weeks. 
Assuming at least a one week break between the last batch and the first one, there are 
overall 3,248 possible operating schedules. In this paper, the costs of all of the 3,248 
possible schedules have been estimated using a Matlab code developed. 

Figure 5 shows that the annual costs for all operating schedules resemble the normal 
distribution pattern, with an average of AU$ 22,126 and the standard variations of AU$ 852, 
which is calculated with the Maximum Likelihood Estimation (MLE). MLE is a method that 
estimates parameters of statistical models based on given data. The distribution has also 
passed the Kolmogorov-Smirnov test in Matlab, a hypothesis test for normal distribution, at 
a 1% significance level [20]. 

In statistics, for the normal distribution, the three standard deviation (sigma) rule treats 
the values within the region of the distance of three times of the standard deviation to the 
mathematical expectation as a practical certainty. By starting at 5th, 14th, 28th, 39th and 48th 
week of the year, the most economical schedule costs only AU$ 19,514, which is out of the 
three-sigma region (AU$ 19,570 to AU$ 24,681). This result reveals the significance of the 
optimisation because it is improbable for a farmer to operate the chicken shed with the 
minimum cost if the optimised schedule identified is applied. 

 

Figure 5: Costs Distribution for all Operating Schedules  

More specifically, the optimised schedule costs are AU$ 11,972 for heating and 
AU$ 7,542 for cooling. Although the cooling cost is 5.5% higher than average, this schedule 
nevertheless consumes 11.8% lower than the overall average and saves more than 20% on 
heating. Since gas heaters produce GHG emissions, adopting this schedule would also 
reduce the GHG emissions. For the typical poultry shed investigated, approximately 10 t 
CO2-e would be reduced annually, equivalent to the removal of two cars or the planting of 
more than 600 trees per year [21]. 

 

5. CONCLUSIONS 
This paper investigated the heating and cooling load cycles of a typical poultry shed in 

Central Coast Region, NSW, Australia by using EnergyPlus simulation engine. The 
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simulations considered the chicken growth rate and metabolic heat generation, operating 
schedules, building envelop materials, orientation and climate conditions. 

The two vital factors that influence the energy consumptions for heating and cooling the 
chicken shed are internal gains from the metabolic heat of chickens and the climate 
conditions. The energy consumption could be reduced by changing the operating schedules. 
By evaluating the heating/cooling load profiles for batches starting at 52 different weeks 
throughout a year, the relationship between energy consumption and operating schedule 
has been discussed. The results reveal that the period from late September to early April is 
the most economical time for starting a batch. 

Considering the estimated cost based on the current HVAC system, an operational 
optimisation for the minimum cost is suggested. The results show that operational 
optimisation would significantly reduce the heating/cooling loads as well as the costs for 
heating and cooling. By applying the lowest cost schedule, on average 20% of the heating 
cost and 12% in total cost could be saved. 
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A.2 Conference paper related to chapter 5 

This appendix contains the author-accepted manuscript of conference paper of Proceedings 
of XVI Panamerican Conference on Soil Mechanics and Geotechnical Engineering related to 
chapter 5. The published manuscript is: 

Zhou Y, Narsilio G, Makasis N, Aye L (2019), A machine learning approach for the 
performance of GSHPs with horizontal ground heat exchangers, XVI Panamerican 
Conference on Soil Mechanics and Geotechnical Engineering, 17-20 November 2019, 
Cancún, Mexico 
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Abstract. This study aims to provide a machine learning approach to predict the performance of Ground Coupled Heat 
Pumps (GCHPs) with horizontal Ground Heat Exchangers (GHEs). Specifically, an ANN model was developed for this 
purpose which can potentially be generally applied to similar sites at different locations and climate conditions, with even 
limited types of input data. In this example, a TRNSYS model regarding a typical horizontal trench within a rural farm in 
Australia, has been developed and verified, covering over 50 different yearly loading patterns under 3 different climate 
conditions. The simulated performance data is then used to train the artificial neural network. As results, the trained ANN is 
able to predict the performance of GSHPs systems with identical GHEs even under climatic conditions (and locations) that 
has not been specifically trained for. With only limited input data, the presented ANN shows no more than 5% error in most 
cases tested. 
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a)  Background & Aim 

Ground Coupled Heat Pump (GCHP) systems are a type of highly efficient device which utilizes the ground as the heat 
source when heating and as the heat sink when cooling. Ground Heat Exchangers (GHEs) are usually applied to transfer 
the heat between the working fluid and ground. There are many forms of ground heat exchangers, including vertical 
boreholes, horizontal trenches, energy piles, retaining walls etc. While vertical boreholes are the most common practice, 
horizontal trenches are cheaper options when land and space permit due to its low construction capital investment [1]. 
The design of the horizontal GHEs is challenging and time consuming as various factors such as thermal loadings and 
climate conditions affect the performance. Simulation tools based on phenomenological models have been developed and 
applied to predict the performance of the GCHPs and GHEs. However, modelling and computing time may be resource 
intensive and prohibitive for optimization runs of a site-specific case study. Previous studies [2, 3] have identified that 
Artificial Neural Network (ANN) can reduce the computing time significantly. However, no ANN has yet been available 
to predict the performance of GCHPs with horizontal GHEs under the rural industries’ thermal loading conditions. This 
investigation aims to provide an ANN to predict the performance of the GCHPs with horizontal GHEs under rural 
industries’ loading condition. The presented ANN is computationally fast and able to deal with limited input data. 

b) Method 

A TRNSYS model regarding a typical horizontal trench has been developed and verified. Using this model, over 400,000 
hourly performance data have been obtained via simulations, covering over 50 different yearly loading patterns in the 
rural industry under three different climate zone conditions. The performance data is then used to train the ANN. The 
ANN network is a feedforward network with an input layer of three neurons, carrying three inputs, i.e. hourly loads, 
accumulated hourly loads and outdoor ambient air temperature, a hidden layer of 30 neurons and an output layer of a 
neuron for the COP. 

c) Results and Discussions 

As shown in Figure 1, the results from the ANN prediction is reasonably agree well with the simulation results from the 
TRNSYS model. Apart from the data points when the heat pump is not in operation (when COP is zero), 80.7% of data 
points fall into the ±5 % error band. The ANN results show a slight under-estimation when the heat pump is at full load 
condition (i.e. in winter). This means that the ANN developed was not able to estimate the impact of weather conditions 
on COP extremely well at this stage. 

 

 
                  Figure 1. Hourly COP from TRNSYS simulations vs ANN predictions 

d) Conclusions 

For rural industries’ heating load patterns, the ANN developed is able to predict the performance of GCHPs with 
horizontal ground heat exchangers reasonably well even with limited input data. However, there is a trend that ANN 
underestimates the COP during winter when the heat pump is under full load. 
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• Abstract 
Poultry sheds are used to raise poultries (chickens, turkeys 
and ducks), and have a unique heating and cooling 
demand pattern. A significant amount of energy is 
consumed for the heating and cooling of poultry sheds to 
maintain an indoor air temperature suitable for the growth 
and comfort of the poultries according to their age. This 
energy consumption results in a considerably high 
greenhouse gas (GHG) emissions and energy expenditure 
for the poultry shed operation. Previous studies have 
shown that a large amount of operational and lifecycle 
cost of heating can be reduced with the adoption of hybrid 
geothermal-solar-gas systems. In addition to the costs, 
GHG emissions should also be considered when heating 
equipment is selected. This paper presents an 
environmental analysis and optimisation for the sizing of 
components of a hybrid geothermal-solar-gas system for 
a typical poultry shed located in Peats Ridge, NSW, 
Australia. The results reveal that up to 100% of the 
operational emissions and up to 95% of the lifecycle GHG 
emissions can be reduced if the current gas heating system 
is replaced by the hybrid geothermal-solar-gas system. By 
also considering the lifecycle cost, the Pareto front 
solutions for this hybrid geothermal-solar-gas heating 
system has been found. 
Keywords: Building simulation, poultry sheds, 
geothermal energy, solar energy. 

• Introduction 
In Australia, agriculture and the associated processing 
industry contribute 12% to the national Gross Domestic 
Product (National Farmer's Federation 2016; NFF 2012). 
Within the poultry industry, it is estimated that 
approximately 600 million chickens are raised nationwide 
(Australian Bureau of Statistics 2016). The scale of this 
industry results in a significant amount of energy 
consumption, as well as greenhouse gas (GHG) emissions, 
primarily for heating and cooling the poultry sheds. An 
estimation by Zhou et al. (2017) suggested that about 
A$80 million is spent annually for this purpose and a 
significant amount of GHG emissions is produced. Since 
existing cooling systems for chicken sheds can be cost-
effective to operate and generate relatively low GHG 
emissions (for example, if evaporative cooling systems 
are used), the primary focus of this investigation is on the 

reduction of costs and GHG emissions for heating poultry 
sheds. 

Network piped natural gas and bottled liquefied 
petroleum gas (LPG) are the primary energy sources for 
heating in Australia (Allison Ball et al. 2016). The 
combustion of these fossil fuels results in a significant 
amount of GHG emissions (0.186 kg CO2-e per kWh) 
(Australian Government. Dept. of the Enviroment 2017). 
Through refurbishment and partial replacement of current 
heating systems with high-performance equipment that 
uses renewable and more sustainable energy sources, 
lifecycle cost and GHG emission reductions could be 
potentially achieved. Zhou et al. (2018) has illustrated that 
both hybrid geothermal-gas heating systems and hybrid 
geothermal-solar-gas heating systems can reduce the 
operational and lifecycle heating costs significantly. This 
paper investigates these systems while further considering 
the environmental aspect as well. 

A Ground Coupled Heat Pump (GCHP) system provides 
low-carbon outcome for space heating and cooling, 
extracting thermal energy from the ground when 
operating in heating mode, and rejecting heat into the 
ground when in cooling mode (Johnston, Narsilio & Colls 
2011). If the systems are used for heating, utilising only 
the ground as the heat source, they are termed Ground 
Source Heat Pump (GSHP) systems. They comprise a 
ground heat exchanger (GHE) field (i.e., high density 
polyethylene (HDPE) pipe embedded into the ground), a 
heat pump, and a distribution system. GSHP systems have 
been used for various applications worldwide. They are 
especially popular in the United States, Canada, Sweden, 
Austria and China (Lund & Boyd 2016). GSHP systems 
have also been introduced for the heating of poultry sheds 
in recent years (Kharseh & Nordell 2011). Some 
drawbacks of GSHP systems include the high upfront 
construction costs, typically responsible for the GHEs 
installation, as well as the embodied energy and 
associated GHG emissions. However, these can be 
reduced by coupling GSHPs with other energy sources to 
form a hybrid system (Eslami-Nejad & Bernier 2011; 
Kjellsson, Hellström & Perers 2010). For example, gas 
boilers and gas burners have relatively low installation 
costs and can be integrated with GSHP systems. To 
further boost the heating efficiency of GSHP systems, 
renewable solar thermal systems can also be coupled to 
form solar-assisted GSHP systems, which will help in the 
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reduction of GHG emissions. By combining these three 
sources of thermal energy, lower costs and lower GHG 
emissions can be achieved (Sarbu & Sebarchievici 2014; 
Hong & Howarth 2016). 

This investigation primarily focuses on environmental 
benefits of a geothermal-solar-gas hybrid heating system 
for poultry sheds in Australia. In particular, it discusses 
optimisation of a hybrid geothermal-solar-gas heating 
system for a typical chicken shed in Peats Ridge, NSW, 
Australia. Based on a building energy simulation model 
of the shed developed in EnergyPlus (Zhou et al. 2018), a 
40-year lifecycle analysis, an optimisation of the installed 
capacities of different components of the geothermal-gas-
solar hybrid heating system was performed to minimise 
the operational GHG emissions of the hybrid system, as 
well as the lifetime GHG emissions of heating. The 
expected lifetime of ground heat exchangers is at least 40 
years and sheds are typically expected to be utilised for 
the next 40 years, thus the 40-year lifetime is considered 
in this study. The two objective functions to be minimised 
are: the total operational GHG emissions and the lifecycle 
cost. 

• Heating cycles of a chicken shed 
In this investigation, a chicken shed located in Peats 
Ridge, NSW, Australia was examined to exemplify the 
optimisation study for temperate climate regions around 
the world. Details of the EnergyPlus simulation model of 
this shed can be found in Zhou et al. (2018). The shed has 
been heated by LPG burners. The energy model 
developed was calibrated and verified against two-year 
LPG consumptions provided by the farm owner.  

The model estimated that the annual heating energy of the 
shed is 143,811 kWh with a peak heating power demand 
of 195 kW. The chicken growing cycles are six times a 
year, leading to repeated heating cycles within a year. The 
heating demand is at its maximum at the beginning of 
each heating cycle, when the least metabolic heat is 
generated by the chickens and the required indoor 
temperature is at a maximum. The heating demand 
decreases later in each cycle due to the increase in 
metabolic heat generated by the chickens and lower 
indoor temperature requirement corresponding to the age 
of the batch (Zhou et al. 2018). 

It should be noted that 86% of the time when heating is 
needed, the peak demand of the shed is lower than 80 kW. 

This means that if a hybrid heating system with an 
installed GSHP capacity of about 40% (~80 kW) of the 
peak heating power demand (195 kW) is used for heating, 
about 86% of the annual heating energy can still be 
satisfied by the GSHPs. This illustrates the advantage of 
a hybrid heating system, as it could satisfy most heating 
requirements with cost-effective, renewable energy 
resources and a lower initial capital cost (since a 
significantly reduced GHE field would be needed). The 
next section of the paper introduces variations of such 
hybrid systems. 

• Hybrid geothermal-solar-gas system: 
efficiency, pricing and embodied emissions 
Figure 1 shows the schematic diagram of the hybrid 
geothermal-solar-gas system under study. The heating is 
delivered by several identical GSHPs connected in 
parallel to a main header. Each GSHP is coupled with a 
series of ground heat exchangers (GHEs). The GSHPs are 
assisted by Flat Panel Solar Collectors (FPSCs) connected 
to the GHEs. The FPSCs are designed to complement the 
heat extracted from the ground, as well as to recharge the 
ground. Upstream, the GSHPs are connected to a buffer 
tank to minimise the cycling of heat pump on and off. The 
existing gas (LPG) burners installed in the shed can top 
up heating when needed. Solar Photovoltaic (PV) panels 
offset electricity consumption of the hybrid system, 
primarily driven by the operation of the GSHPs. 

‘Shave factor’ S is used to describe the capacity portion 
of the GSHP in the hybrid system. It is defined as the ratio 
of the installed capacity of the GSHP system to the peak 
heating demand of the load to be satisfied by the hybrid 
system (Alavy et al. 2013; Mikhaylova et al. 2016). For 
example, 0% of the shave factor means a full gas heating 
system and 100% shave factor means a full geothermal 
system, noting that the ‘solar’ components are tied to the 
GSHPs in this investigation. 

 𝐶𝐶 = 𝐼𝐼𝑛𝑛𝑐𝑐𝑡𝑡𝐼𝐼𝐼𝐼𝐼𝐼𝐺𝐺𝑑𝑑 𝐶𝐶𝐼𝐼𝑝𝑝𝐼𝐼𝑐𝑐𝑖𝑖𝑡𝑡𝐶𝐶 𝐺𝐺𝑜𝑜 𝐺𝐺𝐺𝐺𝐺𝐺𝐿𝐿𝑐𝑐
𝐿𝐿𝐺𝐺𝐼𝐼𝑒𝑒 𝐺𝐺𝐺𝐺𝐼𝐼𝑡𝑡𝑖𝑖𝑛𝑛𝑔𝑔 𝐿𝐿𝐺𝐺𝐼𝐼𝑑𝑑𝑐𝑐

× 100%            (1) 

To perform the optimisation, energy efficiency, price and 
GHG emissions for each main component of the proposed 
hybrid system are required. Table 1 presents the system 
component efficiencies and assumptions used in the 
optimisation.  

 
Table 1 Energy Efficiency and Prices of Gas and Electricity for the Systems Investigated 

•  

 
LPG Burner 

 
(G) 

GSHP 
 

(Eg) 

Hybrid 
GSHP+FPSC 

(Eg+S) 

Hybrid GSHP+FPSC 
and Solar PV 

(Es+S) 
System energy efficiency, % 85 300* 320+ 320 
Energy source price, c/kWh 7 10 10 10 

Solar offset, % Nil Nil Nil 100 
Notation: G = Gas; Eg = Electricity from grid; Es = Electricity from solar PV; S = Solar (assumed price = Nil); *COP = 
3; +COP of GSHP integrated with FPSC = 3.2 (based on Kjellsson et al 2010) 
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   Figure 1 Schematic Drawing for the Hybrid Geothermal-Solar-Gas System   
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The energy prices used in this study were obtained from 
the current gas and electricity contracts of the farm owner 
in NSW (note that gas and electricity prices can differ 
from farm to farm depending on contracts with suppliers, 
pricing for this farm is particularly competitive). Annual 
average system energy efficiency of each equipment was 
assumed based on the equipment currently available on 
the market in Australia. 
 
It is important to note that for GSHP systems, the energy 
efficiency is usually expressed via a Coefficient of 
Performance (COP), which is defined as the ratio of 
output heat power to the input electric power. To be 
consistent with the LPG system, whose efficiency is 
approximately 85%, the performance of GSHP systems 
are expressed in energy efficiency, where 300% of energy 
efficiency means a COP of 3.0.  

Flat plate solar collectors (FPSCs) are cost-effective solar 
thermal collectors that utilise solar energy for heating. 
Previous studies (Eslami-Nejad & Bernier 2011; 
Kjellsson, Hellström & Perers 2010) confirmed that with 
the integration of FPSCs, the performance of the GSHPs 
can be improved at least by between 5% and 10%. In this 
study, it was assumed that the system heating coefficient 
of performance (HCOP) of solar-assisted GSHPs 
increases from 3.0 to 3.2 with the installation of 7.5 𝑚𝑚2 
of FPSCs per 5 kW of heat pump nominal heating 
capacity (no FPSC optimisation was undertaken in this 
investigation). The addition of FPSC reduces the 
electricity consumption of the overall system by 
improving the COP of the heat pump. 

Solar PV modules convert solar radiation into electricity. 
In this investigation, it is proposed that solar PV modules 
are installed to offset grid electricity consumption of the 
heating system for the shed. The PV array is sized to 
provide the amount of electricity equivalent to all the 
electricity used by the hybrid heating system in annual 
basis (no PV sizing optimisation was undertaken in this 
investigation). As the shed investigated located in large 
farm with eight sheds, it was assumed that in during the 
day, the solar PV provides electricity to all (hybrid and 
non-hybrid) sheds, and during the night, the electricity 
from the grid is used. With the utilisation of the solar PV 
array, the cost of electricity for the shed heating system 
can be completely offset. It was assumed 1 kWp installed 
capacity of solar PV requires 7 𝑚𝑚2  of PV panels and 
generates 3.9 kWh of electricity daily on average in NSW. 

Regarding embodied GHG emission of the various 
components of the hybrid Geothermal-Solar-Gas system, 
the following information is used.  

GSHPs (and associated circulation pumps driving fluid 
thought the GHEs), consumes electricity for their normal 
operation. The GHG emission is estimated at 0.83 kg 
CO2-e per kWh of electricity consumed in NSW 
(Australian Government Dept. of the Environment 2017). 
This investigation assumed a reduction in GHG emission 
factor for electricity generation of 1% per year. This 
assumption is based on the Australian government’s 
commitment to reduce the GHG emissions by 26 % to 28 % 
below the 2005 levels, by 2030, which represents about 
1 % GHG emission reduction per year (Department of the 
Environment and Energy (2017)). 

In 2017, the GHG emission factor for LPG use in NSW 
was 0.186 kg CO2-e per kWh of energy consumption 
(Australian Government Dept. of the Environment 2017). 
Unlike for electricity, the GHG emissions for LPG is 
assumed to be constant over time in this investigation. 

Regarding the solar components of the hybrid system, the 
embodied GHG emissions for 1 𝑚𝑚2 of FPSC is estimated 
as 21.28 kg/ 𝑚𝑚2  (Krauter & Rüther 2004; Leckner & 
Zmeureanu 2011; Nawaz & Tiwari 2006). The calculated 
initial GHG emissions of FPSC for one kW capacity of 
the GSHP system is shown in Table 2. The embodied 
GHG emissions for 1 𝑚𝑚2 of solar PV is estimated as 42 
kg/𝑚𝑚2  (Krauter & Rüther 2004; Leckner & Zmeureanu 
2011; Nawaz & Tiwari 2006). 

From the information summarised, the initial embodied 
GHG emissions of Solar PV for one kW capacity of the 
GSHP system is estimated and shown in Table 2. The 
information for initial GHG emissions of GSHPs and gas 
burners are calculated based on a lifecycle analysis 
undertaken for a typical 10 kW heating system in 
Australia (Lu 2018).  

• Annual GHG emissions analysis of 
hybrid heating systems 
Annual operational GHG emissions of shed heating by the 
hybrid system (Geothermal-Solar-Gas) with different 
shave factors were calculated using the annual heating 
demand estimated from the verified EnergyPlus model 
(Zhou et al., 2018) and the assumptions shown in Table 1.  

• Table 2 Initial GHG Emission and Lifetime for Different Components 
•  

 GSHP Above Ground 
Components (Including 
GSHP, water tank, air 

handling units) 

GSHP Under Ground 
Components (Including 
ground loops, trenching 

and backfilling) 

Solar PV FPSC LPG 
Burner 

Initial GHG Emission, 
kg CO2-e per kW GSHP 

capacity 
67 93.8 170.9 31.9 10.2 

Lifecycle, years 20 40 20 20 10 
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Figure 2 shows the annual operational energy 
consumption and GHG emissions of the hybrid 
geothermal-solar-gas heating system with different shave 
factors (and for adjusted FPSC and PV panels whose size 
are tied to the size of the GSHPs), as well as the portions 
of the heating energy provided by the GSHP system in 
each sizing combination of the hybrid system. It is 
apparent from the figure that the maximum and the 
minimum annual energy investment and GHG emissions 

are expected when the gas-only and the GSHP-only 
heating systems are used for the shed, respectively.  

Even though there are significant benefits in the reduction 
of annual operational energy consumption and GHG 
emissions comparing with original LPG heating system, 
the construction and installation of the hybrid geothermal-
solar-gas system would result in high initial capital cost 
and GHG emissions. The next section analyses the 
lifecycle GHG emissions. 

Figure 2 Hybrid Geothermal-Solar-Gas System: (a) Annual Energy Consumption; and (b) Annual GHG Emission 

(b
) 

(a
) 
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• Analysis for lifecycle GHG emissions of 
hybrid heating systems 
As the GSHP system, FPSC and Solar PVs have higher 
embodied GHG emissions comparing to gas heating 

system, it is important to take them into account by 
conducting a lifecycle analysis. The lifetime considered 
in this study is 40 years. The data used in this analysis are 
shown in Table 1 and Table 2.  

Figure 3 shows the lifecycle GHG emissions with 
different shave factors, shown in grams of CO2 equivalent 
per kWh of heating energy provided. The lifecycle cost 
shown here is the same one from a previously published 
study (Zhou et al 2018). It can be seen that the GHG 
emissions are reduced significantly with an increasing 
shave factor until it reaches around 75%. Based on a more 
detailed analysis, the minimum lifecycle GHG emission 

(11.38 g CO2-e per kWh) is found to exist at shave factor 
73%, which is 95% less than the normalised emissions of 
that of a gas-only (LPG burners) heating system. However, 
when considering the design of this system, it is important 
to take both lifecycle cost and life cycle GHG emissions 
into account. The next section contains a brief discussion 
regarding these two objectives.

Figure 3 Lifecycle GHG Emissions and Cost for Hybrid Geothermal-Solar-Gas System •  

• Pareto front solutions and discussion 
By employing an excel macro program, the lifecycle cost 
and GHG emissions have been calculated for a number of 
cases where the shave factors varied from 0 % to 100 %. 
Based on the minimum lifecycle cost approach. The 
optimum shave factor is found at 48% with a cost of 
A$294,358 and GHG emission of 23.84 g CO2-e per kWh. 
On the other hand, based on the minimum lifecycle GHG 
emission approach, the optimum shave factor is found to 
be at 73%with a cost of A$342,090 and GHG emission of 
11.38 g CO2-e per kWh. 

Hence, the design objectives need to be considered 
throughout the design process as different optimisation 
point exists for these hybrid design approach. Since the 
lifecycle cost increases and the GHG emissions decrease 
between the shave factors of 48% and 73%, there is no 
way to minimise either of them without the increase of 
another. As shown in Figure 4, the values corresponding 
with shave factors from 48% to 73% has Pareto front for 
this investigation.  

At this stage, a trade-off can be made to balance these two 
objectives, but it is beyond the scope of this investigation. 
The authors are developing a full scale experimental 
monitoring facility to validate the results of this 
investigation. 
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Figure 4 Pareto Front Solutions of the Optimisation 

• Conclusions 
We investigated the optimisation of a hybrid geothermal-
solar-gas system sized for a typical poultry shed located 
in Peats Ridge, New South Wales, Australia based on 
forty-year lifecycle GHG emissions and costs. The 
analysis started with building energy performance 
simulation model for the poultry shed. This model 
provided an hourly heating demand for the poultry shed. 
Based on this verified simulated hourly heating loads, the 
hybrid heating system with various sizes of components 
was analysed, through a simplified analysis using shave 
factors. 

The results suggest that a hybrid geothermal-solar-gas 
system provides advantages in both lifecycle cost and life 
cycle GHG emissions over the gas only heating system. A 
significant amount of operational GHG emissions (up to 
100%) and lifecycle GHG emissions (up to 95 %) can be 
reduced, should the current LPG gas system be replaced 
by a hybrid geothermal-solar-gas system. These energy 
and GHG emission savings were achieved because of the 
high energy efficiency of GSHPs and electricity offset by 
solar PV. Within the solar components of the hybrid 
system, Solar PVs are more beneficial than FPSCs as the 
former can fully offset the electricity bills and GHG 
emissions of the heating, while the later could only 
improve the performance of GSHPs by 5% to 10%. 

With the lifecycle cost analysis from previous studies, a 
multi-objective optimisation was conducted and the 
Pareto front (between the shave factor 48% and 73%) for 
the system is identified. Further analysis requires a trade-
off between lifecycle cost and lifecycle GHG emissions. 
A hybrid heating system is to be installed to supply the 
heating energy required to the shed and monitor its 
performance to validate the results of this investigation.  
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Abstract: Poultry sheds have unique indoor air temperature requirements to raise poultries 
(chickens: broilers & layers, turkeys, ducks), which determine their unique heating and cooling 
demand cycles. In this paper, heating options of a typical chicken shed for broilers in Peats Ridge, 
NSW are investigated. The farming operation of this shed involves six heating and cooling cycles 
in one year, each cycle lasting for seven weeks. The thermal load for the first three weeks of the 
cycle is heating dominated, while the load for the rest of the cycle is cooling dominated. The chicken 
shed typically utilises evaporative coolers and liquefied petroleum gas (LPG) heaters to maintain 
required indoor air temperature. To reduce the cost of heating the shed, hybrid geothermal-gas and 
geothermal-solar-gas heating systems are proposed. In these systems, the baseload heating 
capacity is supplied by ground source heat pumps (GSHPs) that use the ground as a heat source. 
It should be noted that a continuous operation of the heat pump may decrease the ground 
temperature over time and thus reduce the energy efficiency of the system; therefore, flat plate 
solar collectors are proposed to be coupled with the GSHPs to thermally recharge the ground and 
increase energy efficiency of the heating system. Moreover, gas boilers are proposed to be 
integrated with the GSHPs to reduce the overall installation costs of the heating system. This paper 
discusses the sizing of various components of these hybrid systems. Preliminary results revealed 
that, if hybrid systems are used for heating, significant savings of annual heating costs can be 
expected. 
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1 Introduction 
In Australia, agriculture and related food processing industry contribute 12% to the national 
Gross Domestic Product (GDP) (NFF 2016; NFF 2012). Annually, about 600 million 
chickens are raised nationwide (Australian Bureau of Statistics 2016). Chicken sheds 
consume a significant amount of energy, which is mainly used for heating and cooling. An 
estimation by Zhou et al. (2017) suggested that about A$ 80 million is spent annually for 
this purpose. To reduce operational costs of chicken sheds, their energy bills could be 
reduced. Since existing cooling systems for chicken sheds can be very cost-effective to 
operate (for example, if evaporative cooling systems are used), the primary focus should 
be on the reduction of heating costs. 
 
In Australia, the primary energy sources for heating are network piped natural gas and 
bottled liquefied petroleum gas (LPG) (Allison Ball et al. 2016). These fuels are not only 
expensive to utilise but also produce significant amount of greenhouse gas (GHG) 
emissions (Australian Government. Dept. of the Enviroment 2015). Through the partial 
replacement of current gas heating systems with high-performance equipment that uses 
renewable and more sustainable energy sources, both operational cost savings and GHG 
emission reductions could be potentially achieved. 
 
A Ground Couple Heat Pump (GCHP) system extracts thermal energy from the ground 
during heating mode and rejects heat into the ground during cooling mode. By utilising the 
ground as a heat source and heat sink, GCHP systems provide low-carbon thermal energy 
for heating and cooling (Johnston, Narsilio & Colls 2011). If the systems are applied for 
heating only utilising ground as a source they are termed Ground Source Heat Hump 
(GSHP) systems. In the previous few decades, GSHP systems have been installed 
worldwide for different applications and such systems are especially popular in the United 
States, Canada, Sweden and China (Lund & Boyd 2016). GSHP systems have also been 
introduced for the heating of poultry sheds (Kharseh & Nordell 2011). 
 
Despite the relatively high energy efficiency of the GSHP systems, they require 
considerable capital investments. It has been demonstrated that hybrid systems where 
GSHPs are coupled with other types of systems can be more economical for heating 
(Eslami-Nejad & Bernier 2011; Kjellsson, Hellström & Perers 2010). For example, gas 
boilers and gas burners have relatively low installation costs and can be integrated with 
GSHP systems to reduce installation costs of these systems. To boost heating efficiency 
of GSHP systems, renewable solar thermal systems can also be coupled to form solar 
assisted GSHP systems. By combining these three sources of thermal energy, lower 
operational heating costs as well as lower installation costs of heating systems can be 
potentially achieved. 
 
This study investigates financial benefits of a geothermal-solar-gas hybrid heating system 
for poultry sheds in Australia. In particular, the paper discusses optimisation of a hybrid 
geothermal-solar-gas heating system for a typical chicken shed in Peats Ridge, NSW, 
Australia. A building energy simulation model of the shed was developed using 
EnergyPlus and verified against current energy consumptions. By using this verified 
energy model, an optimisation of the installed capacities of different components of the 
geothermal-gas-solar hybrid heating system was performed to minimise the operational 
cost of the hybrid as well as the 40-year lifetime cost of heating. The 40-year lifetime is 
considered in this study because the lifetime for ground heat exchangers is at least 40 
years and the shed are also expected to be used for the next 40 years. Based on the 
optimisation study, the proposed design of the hybrid system for the shed is discussed. 
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2 Heating Cycles of Chicken Shed 
In this case study, a chicken shed located in Peats Ridge, NSW, Australia was examined 
to exemplify the study for temperate climate regions. The main parameters of the shed are 
presented in Table 1. An EnergyPlus building energy simulation model was developed for 
the shed. The energy model simulates the heating and cooling loads for the shed using 
‘ideal air flow’ option in EnergyPlus. The performance data of components (GSHP, FPSC, 
Solar PV) were based on the equipment currently available on the market in Australia. 

 
Table 9 Chicken Shed Parameters 

 
Location Peats Ridge, NSW, Australia (33°23’49”S, 150°24’09”E) 
Dimensions Width:18.3 m, Length:138.7 m, Height: 2.7 to 4.3 m  

Wall/Roof Material 
No windows; Insulation with thin layers of metal cladding. 
Insulation thickness: 0.075 m, thermal conductivity: 0.039 𝑊𝑊𝑚𝑚−1𝐾𝐾−1, density: 
16 𝑘𝑘𝑘𝑘 𝑚𝑚−3, specific heat: 340 𝐽𝐽𝑘𝑘𝑘𝑘−1𝐾𝐾−1 

Climate Data Typical Meteorological Year (TMY) data (Remund et al. 2016) 
 
Zhou et al. (2017) demostrated that the operational schedule significantly influences the 
heating energy consumption of chicken sheds. They estimated that up to 20% variation in 
the annual energy consumption can be expected for different starting dates of batches 
(growing cycles for young chicks grow up fully to the market which usually last seven to 
eight weeks in Australia). For this study, the first batch is assumed to start on 1st of January 
and that the shed is used for six batches per year. Each batch is assumed to last seven 
weeks with two weeks break time in between batches. 
 
Similar to the normal operation of the case study shed, 50,000 chickens are assumed at 
the beginning of each batch. Three harvests are expected in one batch, happening in the 
mid-night of the end of the fifth, sixth and seventh weeks of the cycle. The first harvest is 
assumed to depopulate 15,000 chickens while the second one 10,000 chickens and the 
last harvest remaining 25,000 chickens. Mortality of chicken during growing cycles is not 
considered as no detailed reliable mortality data is available. 
 
The chicken weight gain and metabolic heat generation data applied in each cycle are 
presented in Table 2. This data is in accordance with the chicken growing 
recommendations provided by the shed owner and operator. 

 
Table 2 Chicken growth and metabolic heat generation 

 
Day of growing 

cycle 
Mass 

per chicken (kg) 
Heat generation 
per chicken (W) 

Number of 
chicken (-) 

Indoor setpoint 
temperature (°C) 

1 0.054 0.82 50,000 31.0 
7 0.180 2.02 50,000 28.6 

14 0.438 3.93 50,000 26.1 
21 0.829 6.34 50,000 23.7 
28 1.337 9.08 50,000 21.2 
35 1.897 11.80 50,000 19.0 
42 2.444 14.27 35,000 19.0 
49 2.873 16.11 25,000 19.0 

 
Currently, the case study shed has been heated by LPG burners. The energy consumption 
model developed was calibrated and verified with the two-year LPG bills provided by the 
farm owner. To match the actual LPG consumption, we adjusted the ventilation rate (air 
exchange rate with the outdoor environment). The calibrated ventilation rate of 
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 (Vest & Tyson 1991) was applied to closely match the actual and 
calculated annual heating costs. 
 
Fig. 1 shows the simulated heating power demand of the shed based on the verified 
energy consumption model developed. It was estimated that the annual heating energy of 
the shed is 143,811 kWhh* with a peak heating power demand of 195 kWh. During each 
heating cycle, the heating demand is at its maximum at the start of each cycle when the 
least metabolic heat is generated by chickens and, at the same time, the required indoor 
temperature is at maximum (Table 1). The heating demand decreases later in each cycle 
due to the increase in metabolic heat generated by chickens and lower indoor temperature 
requirement corresponding to the age of the batch (Table 1). 
 

 
Figure 16 Hourly heating demand of the chicken shed 

 
It should be noted that most of the time, the heating demand of the shed is lower than 
80 kWh (Fig. 1). This means that if a hybrid heating system with an installed GSHP 
capacity of about 40% (~80 kWh) of the peak heating power demand is used for heating, 
more than 86% of the annual heating energy can still be satisfied by the GSHP. This 
illustrates the advantage of a hybrid heating system as it could satisfy most heating 
requirement with cost-effective, renewable energy resources with a relatively lower initial 
capital cost. The next section of the paper discusses such potential operational cost 
savings of hybrid systems in detail. 

3 Annual Heating Cost Analysis of Different Hybrid systems 
This section discusses operational costs of different sizing combinations of the hybrid 
geothermal-gas and geothermal-solar-gas heating systems for the chicken shed 
presented in previous sections. To describe the capacity portion of the GSHP in the hybrid 
system, ‘shave factor’ is used. It is defined as the ratio of the installed capacity of the 
GSHP system to the peak heating demand of the load to be satisfied (Eq. 1) by the hybrid 
system (Alavy et al. 2013; Mikhaylova et al. 2016). 
 
 
 
 

1134 kgs m1004.1 --−×

*subscript h represents heating, while subscript e represents electricity. 
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%   (1) 

 
As an example, a shave factor of 40% in a geothermal-gas hybrid (195 kWh peak load) 
means that the installed capacity of a GSHP system within a hybrid system is 

, and the installed capacity of a boiler will be 117 kWh. 
 
Table 2 presents the system component efficiencies and assumptions used in the 
analyses. The energy prices used in this study were obtained from the current gas and 
electricity contracts of the farm owner in NSW (note that gas and electricity prices can be 
differ for farm to farm depending on the contracts with the suppliers). System energy 
efficiency of each equipment was assumed based on the equipment currently available on 
the market in Australia. Annual operational costs of shed heating using a LPG boiler and 
a GSHP system as well as two types of hybrids with different shave factors were calculated 
using the annual heating demand presented in Fig. 1 and the assumptions shown in Table 
2. It is important to note that for GSHP systems, the energy efficiency is usually expressed 
in Coefficient of Performance (COP), which is defined as the ratio of output heat power to 
the input electric power. To be consistent with the LPG system, the performance of GSHP 
systems are expressed in energy efficiency, where, 300% of energy efficiency means the 
COP of 3.0. The employments of flat plate solar collector (FPSC) and solar PV will reduce 
the electricity consumption by improving the efficiency as well as the electricity offset. The 
results of these calculations are discussed in the following section. 

 
Table 10 Energy Efficiency and Prices of Gas and Electricity for the Systems Investigated 

 

 LPG 
Boiler GSHP Hybrid 

GSHP+FPSC 
Hybrid GSHP+FPSC and 

Solar PV 
System energy efficiency, % 85 300 320 320 
Energy source price, c/kWh 7 10 10 10 
Solar offset, % Nil Nil Nil 100 

 

3.1 Hybrid Geothermal-Gas Heating System 
Fig. 2 shows the annual operational cost of the hybrid geothermal-gas heating system with 
different shave factors as well as the portions of the heating energy provided by the GSHP 
system in each sizing combination of the hybrid system. It is apparent from the figure that 
the maximum and the minimum annual heating costs are expected when the gas-only and 
the GSHP-only heating systems are used for the shed, respectively. In addition, as the 
shave factor increases, the annual heating cost decreases. These observations are 
explained by the higher energy efficiency of the GSHP compare to the LPG boiler (Table 
1). At the same time, the increase in the shave factor to more than 50% does not seem to 
have any significant reduction of the annual operational cost (Fig. 2). 
 
The maximum 60% reduction in operational cost in comparison with the original gas-only 
system can be achieved when the shave factor of the hybrid geothermal-gas system is 
100%. However, with a shave factor of 40%, about 87% of the annual required heating 
energy can be delivered by the GSHP and the operational cost can be reduced by about 
50% compared to the gas-only system. This observation implies that a significant 
reduction in operation costs may be still achieved with a GSHP system that is half the size 
of that corresponding to the maximum possible reduction, which in only marginally better. 

100
load heatingPeak 

GSHP ofcapacity  Installed
×=S

hh kW 7840kW 195 =× %
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Figure 17 Annual Heating Cost of a Hybrid Geothermal-Gas System 
 

3.2 Hybrid Geothermal-Solar-Gas Heating system 
“Solar” may refer to solar thermal or solar photovoltaic (PV) systems. FPSCs are cost-
effective solar thermal collectors that utilise solar energy for heating. Previous studies 
(Eslami-Nejad & Bernier 2011; Kjellsson, Hellström & Perers 2010) confirmed that with the 
integration of FPSCs, the performance of the GSHPs can be increased. In this study, 
based on the work of Kjellsson, Hellström & Perers (2010) in Sweden, it was assumed 
that the system heating coefficient of performance (HCOP) of solar assisted GSHPs 
increases from 3.0 to 3.2, with the installation of 7.5 𝑚𝑚2 of FPSCs for 5 kW of heat pump 
nominal heating capacity. 
 
Solar PV modules are the equipment that can convert solar radiation into electricity. In this 
study, solar PV modules are proposed to be installed to offset electricity consumption of 
the heating system for the shed. The PV array is sized to cover all the annual electricity 
used by the shed hybrid heating system. Hence, with the utilisation of the solar PV array, 
the cost of electricity for the shed heating system can be completely offset. 
 
With the adoption of FPSCs and solar PV modules, a large amount of operational cost 
could be saved. Fig. 3 shows the annual operational costs of the different configurations 
of hybrid geothermal-solar-gas systems for the shed. With the FPSCs and solar PV 
modules, 50% operational cost reduction in comparison with the original gas-only system 
can be achieved for a shave factor of only 20%. In addition, with a shave factor of 75%, 
the annual heating cost can be effectively reduced to zero. It should be noted that as 
demonstrated in Fig. 3, the high operational cost savings can be achieved using hybrid 
geothermal-solar-gas heating system, however, this always comes at higher capital 
investment costs than the capital cost of the gas-only system. The next section discusses 
the lifecycle costs of hybrid systems to find a balance of capital cost and the operational 
cost savings. 
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Figure 18 Annual Heating Cost of a Hybrid Geothermal-Solar-Gas System 
 

4 Life Cycle Cost Analysis of Different Hybrid Systems 
As discussed in the previous section, with the adoption of the hybrid geothermal-gas 
heating system, a significant amount of operational cost reduction can be expected (up to 
60% as shown in Fig. 2). By employing FPSCs and with electricity offset from solar PV 
modules, the operational cost can be reduced even further down to zero (as shown in Fig. 
3). However, high operational cost savings are often related to high capital investment 
costs of the systems. 
 
For decision making in balancing initial investment and future return (operational cost 
savings), various methods have been applied, which include Simple Payback Period 
(SPP), Discounted Payback Period (DPP), Internal Rate of Return (IRR), External Rate of 
Return (ERR) and Lifecycle Cost Analysis (LCCA) (Lu et al. 2017). In this study, LCCA is 
used to guide the optimisation of size of different components of hybrid heating systems 
for the shed. 
 
LCCA is a financial analysis that evaluates the financial feasibility of a project over a long 
period (Kirk & Dell’Isola 1995). This analysis considers the net present values of the capital 
investment cost, operational and maintenance costs and the final disposal cost. In this 
paper, the life cycle cost of the heating system is calculated using Eq. 2 (Markvart 1994): 
 

    (2) 

 
where, C is the initial capital cost, Cr is the recurring cost in a time period, d is the real 
discount rate, and t is the project life time in year. 
 
The initial capital costs and life times of different components applied in the analysis are 
listed in Table 3. These figures are estimated based on average current market data for 
the various system components. The costs of LPG heaters, GSHPs and ground loops are 
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calculated per unit heating capacity. The cost of FPSCs is calculated per heating capacity 
of GSHPs. The cost of solar PV modules is calculated per installed peak electricity 
generation capacity of solar PV, while the overall installed capacity of solar PV panel is 
based on the annual electricity consumed by the system. The details regarding the sizing 
of these components are discussed in Section 5. The current energy prices and the energy 
efficiency of different components of heating systems were assumed to be the same 
values as provided in Table 2. 

 
Table 11 Initial Capital Costs and Life Times of Equipment 

 

 LPG 
boiler HP Ground 

loops FPSC Solar PV Modules 

Initial Cost, (A$/kW) 100 750 750 A$ 180 per kWh 
of GSHPs 

A$ 1,250 per kWp of 
PV capacity 

Life Time, (years) 10 20 40 20 20 
 
In this analysis, the price escalation rate for LPG was assumed to be the same as natural 
gas, which is 6.14% and the price escalation rate for electricity was assumed to be 6.20% 
(Lu et al. 2017). It should be noted that these rates were estimated based on the actual 
fuel prices in Australia from 2000 to 2015. As the project is assumed to be of relatively low 
risks, the real discount rate in this study is set to be 5.08%, which was derived from the 
typical current business loan rates of the major banks in Australia. 
 
Fig. 4 shows the 40-year lifecycle costs of different configurations of a hybrid geothermal-
gas heating system. As shown in the figure, the minimum lifecycle cost is found to be at 
the shave factor of 40%. This minimum lifecycle cost is 72% of the cost of the original gas-
only system. When the shave factor is larger than 40%, the lifecycle costs of the system 
are higher than the minimum lifecycle cost because increase in capital investment and 
replacement costs outweigh reduction in operational costs. 
 
With the adoption of FPSCs and solar PV modules, the minimum lifetime cost of the 
heating system (Fig. 5) is lower than the minimum lifetime cost of the system in 
geothermal-gas hybrid configurations (Fig. 4). From Fig. 5, the minimum lifecycle cost of 
the hybrid geothermal-solar-gas heating system is only 47% of the original gas-only 
system (A$294,843 vs A$624,277). This minimum cost corresponds to a shave factor of 
50%. This considerable amount of saving is achieved due to the near to zero operational 
cost achieved by electricity offset provided by the solar PV modules (Fig. 3). 
 
The results presented in Fig. 4 and 5 demonstrate that hybrid geothermal-gas and 
geothermal-solar-gas heating systems can be more beneficial than gas-only and 
geothermal-only systems. If geothermal-gas and geothermal-solar-gas systems are 
compared, the results show that geothermal-solar-gas hybrids with solar PV modules to 
offset the electricity used by heating system can have lower lifecycle cost (up to 53%) and 
be more financially attractive. 
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Figure 4 Lifecycle Cost of Hybrid Geothermal-Gas Heating Systems 

 

 
Figure 5 Lifecycle Cost of Hybrid Geothermal-Solar-Gas Systems 

 

5 Future Investigation on Optimum Design for the Hybrid Geothermal-Solar-Gas 
System 

Considering the results of the annual operational cost and lifecycle cost analyses (Fig. 2-
5), a hybrid geothermal-solar-gas heating system has been proposed as a cost-effective 
and energy-efficient alternative to the current heating system of the chicken shed. The 
lifecycle cost analysis showed that a hybrid system with the shave factor of 50% is the 
most optimal configuration (Fig. 5) for the set of assumptions made. Such proposed hybrid 
system will be used for an experimental research of the performance of the system 
components and for validation of energy and ground heat exchanger models. However, 
due to budget constraint, an experimental hybrid system with a shave factor of 40% is 
being installed. Based on the LCCA results in Section 4, 52% reduction in the lifecycle 
cost can be achieved for a hybrid geothermal-solar-gas system with this shave factor of 
40%. This is only 1% less than the maximum cost reduction when the hybrid is sized to 
the shave factor of 50%. The schematic drawing of the system proposed is shown in Fig. 
6. 
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The heating is delivered by the four identical GSHPs connected in parallel to a main 
header. Each GSHP is coupled with a series of ground heat exchangers. The GSHPs are 
assisted by FPSCs connected to the ground heat changers, The FPSCs are designed to 
contribute to the heating energy extracted from the ground as well as to recharge the 
ground. The GSHPs are connected to a buffer tank to minimise heat pump on and off 
cycling. The existing gas burners installed in the shed will top up heating energy when 
needed. 
 

6 Conclusions 
This study evaluated the unique annual heating load pattern of a typical chicken shed in 
Peats Ridge, NSW, Australia. It proposed an energy-efficient and cost-effective heating 
system for the shed. Considering the annual heating demand of the shed, two alternative 
hybrid heating systems for the shed were considered: a hybrid geothermal-gas system 
and a hybrid geothermal-solar-gas system. For both systems, annual operational cost and 
lifecycle cost analyses were performed to optimise the sizes of the hybrids’ components 
and determine the most cost-effective configuration of a hybrid. For the geothermal-solar-
gas hybrid, solar PV modules are proposed to be installed to supply electricity to offset 
operational electricity costs of the heating system. 
 
The results of the analyses suggest that both geothermal-gas (up to 28% lifecycle cost 
reduction) and geothermal-solar-gas (up to 53% lifecycle cost reduction) hybrids can be 
more economical than the original gas-only heating system of the shed considering the 
life cycle costs of the systems calculated for the 40-year lifetime of the shed. In addition, 
the geothermal-solar-gas hybrid heating system sized to 50% shave factor and supported 
by solar PV modules is the most cost-effective configuration (53% reduction in the life 
cycle cost) of the heating systems considered for the shed. Based on the analyses 
conducted, a preliminary schematic of the geothermal-solar-gas system proposed for the 
shed has been presented. After the installation, this system will be monitored and used as 
an experimental facility to investigate energy-efficiency of the system components and for 
validation of energy consumptions and ground heat exchanger models. 
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Figure 6 Schematic of a Hybrid Geothermal-Solar-Gas Heating System for the Shed 
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This appendix contains the site investigation reports from our industry partner 
Golder Associate Pty Ltd which is related to Chapter 3
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1. Excavation

2. Spoil
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This report of test pit photographs must be read in conjunction with accompanying notes and abbreviations.  It has been prepared
for geotechnical purposes only, without attempt to assess possible contamination.  Any references to potential contamination are

for information only and do not necessarily indicate the presence or absence of soil or groundwater contamination.
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TOPSOIL: SAND
fine to medium grained, sub-rounded, grey brown, trace silt, with
some rootlets

SAND
fine to medium grained, sub-rounded, orange brown and pale
grey, trace ironstone gravel

with some ironstone cobbles and boulders up to 500 mm in
diameter

TEST PIT DISCONTINUED @ 1.30 m
REFUSAL ON IRONSTONE BOULDERS
GROUNDWATER NOT OBSERVED
BACKFILLED AND TAMPED
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X

TP04-01
BDS 0.50-0.60 m
Rec = 100/100 mm

D
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L -
MD
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0.60 m:
Temperature = 13.05 degrees C
Termal resistivity = 60.54 (degrees
C.cm/W)
Error = 0.0019
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This report of test pit must be read in conjunction with accompanying notes and abbreviations.  It has been prepared for
geotechnical purposes only, without attempt to assess possible contamination.  Any references to potential contamination are for

information only and do not necessarily indicate the presence or absence of soil or groundwater contamination.
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1. Excavation

2. Spoil
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This report of test pit photographs must be read in conjunction with accompanying notes and abbreviations.  It has been prepared
for geotechnical purposes only, without attempt to assess possible contamination.  Any references to potential contamination are

for information only and do not necessarily indicate the presence or absence of soil or groundwater contamination.
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TOPSOIL: SAND
fine to medium grained, sub-rounded, grey brown, trace silt, with
some roots

SAND
fine to medium grained, sub-rounded, orange brown

with some iron stone cobbles

orange brown to pale grey

TEST PIT DISCONTINUED @ 1.45 m
REFUSAL ON IRONSTONE BOULDERS
GROUNDWATER INFLOW @ 1.0 m DEPTH
BACKFILLED AND TAMPED
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Rec = 100/100 mm

D

M

W

L

L -
MD

L

0.85 m:
Temperature = 11.87 degrees C
Termal resistivity = 43.19 (degrees
C.cm/W)
Error = 0.0066
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This report of test pit must be read in conjunction with accompanying notes and abbreviations.  It has been prepared for
geotechnical purposes only, without attempt to assess possible contamination.  Any references to potential contamination are for

information only and do not necessarily indicate the presence or absence of soil or groundwater contamination.
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1. Excavation

2. Spoil
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DATE:  30/8/19

This report of test pit photographs must be read in conjunction with accompanying notes and abbreviations.  It has been prepared
for geotechnical purposes only, without attempt to assess possible contamination.  Any references to potential contamination are

for information only and do not necessarily indicate the presence or absence of soil or groundwater contamination.
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TOPSOIL: SAND
fine to medium grained, sub-rounded, brown grey, trace silt, trace
rootlets

SAND
fine to medium grained, sub-rounded, orange brown

orange brown and red brown, with some ironstone cobbles

with some ironstone boulders

TEST PIT DISCONTINUED @ 1.20 m
REFUSAL ON IRONSTONE
GROUNDWATER NOT OBSERVED
BACKFILLED AND TAMPED
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0.7 m:
Temperature = 12.81 degrees C
Termal resistivity = 57.13 (degrees
C.cm/W)
Error = 0.0028
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1. Excavation

2. Spoil
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DATE:  30/8/19

This report of test pit photographs must be read in conjunction with accompanying notes and abbreviations.  It has been prepared
for geotechnical purposes only, without attempt to assess possible contamination.  Any references to potential contamination are

for information only and do not necessarily indicate the presence or absence of soil or groundwater contamination.
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L

TOPSOIL: SAND
fine to medium grained, sub-rounded, dark brown, trace silt, trace
rootlets

SAND
fine to medium grained, sub-rounded, orange brown, trace clay

Clayey SAND
fine to medium grained, sub-rounded, pale grey with red brown,
high plasticity clay

TEST PIT DISCONTINUED @ 2.60 m
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Error = 0.0021
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1. Excavation

2. Spoil
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This report of test pit photographs must be read in conjunction with accompanying notes and abbreviations.  It has been prepared
for geotechnical purposes only, without attempt to assess possible contamination.  Any references to potential contamination are

for information only and do not necessarily indicate the presence or absence of soil or groundwater contamination.
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TOPSOIL: SAND
fine to medium grained, sub-rounded, dark brown, trace silt

SAND
fine to medium grained, sub-rounded, orange brown, trace clay

Clayey SAND
fine to medium grained, sub-rounded, orange brown

with some medium to coarse grained, sub-rounded gravel

Clayey Sandy GRAVEL
medium to coarse grained, sub-rounded to sub-angular, orange
brown, fine to medium grained sand

TEST PIT DISCONTINUED @ 2.40 m
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GROUNDWATER NOT OBSERVED
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TOPSOIL: SAND
fine to medium grained, sub-rounded, dark brown, trace silt, with
some rootlets

SAND
fine to medium grained, sub-rounded, brown

Clayey SAND
fine to medium grained, sub-rounded, pale grey with orange
brown and red brown, high plasticity clay

Sandy CLAY
low plasticity, pale grey with red brown and orange brown, fine
grained sand

SANDSTONE, fine grained, pale grey, extremely weathered,
extremely low strength

TEST PIT DISCONTINUED @ 2.00 m
REFUSAL ON SANDSTONE
GROUNDWATER NOT OBSERVED
BACKFILLED AND TAMPED
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TP09-02
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MD

VSt -
H 1.6 m: Thermal resistivity test undertaken

on excavated lump of clay
Temperature = 14.58 degrees C
Termal resistivity = 42.02 (degrees
C.cm/W)
Error = 0.0057
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GAP Form No. 6 RL7 
August 2010 

EXPLANATION OF NOTES, ABBREVIATIONS & TERMS 
USED ON BOREHOLE AND TEST PIT REPORTS

DRILLING/EXCAVATION METHOD 
AS* Auger Screwing RD Rotary blade or drag bit NQ Diamond Core - 47 mm 
AD* Auger Drilling RT Rotary Tricone bit NMLC Diamond Core - 52 mm 
*V V-Bit RAB Rotary Air Blast HQ Diamond Core - 63 mm 
*T TC-Bit, e.g. ADT RC Reverse Circulation HMLC  Diamond Core – 63mm 
HA Hand Auger PT Push Tube BH Tractor Mounted Backhoe 
ADH Hollow Auger CT Cable Tool Rig EX Tracked Hydraulic Excavator 
DTC Diatube Coring JET Jetting EE Existing Excavation 
WB Washbore or Bailer NDD Non-destructive digging HAND Excavated by Hand Methods 
PENETRATION/EXCAVATION RESISTANCE 

L Low resistance. Rapid penetration possible with little effort from the equipment used. 

M Medium resistance.  Excavation/possible at an acceptable rate with moderate effort from the equipment used. 

H High resistance to penetration/excavation.  Further penetration is possible at a slow rate and requires significant 
effort from the equipment.  

R Refusal or Practical Refusal.  No further progress possible without the risk of damage or unacceptable wear to the 
digging implement or machine. 

These assessments are subjective and are dependent on many factors including the equipment power, weight, condition of 
excavation or drilling tools, and the experience of the operator. 

WATER    

 Water level at date shown  Partial water loss 

 Water inflow  Complete water loss 

GROUNDWATER NOT 
OBSERVED 

The observation of groundwater, whether present or not, was not possible due to drilling water, 
surface seepage or cave in of the borehole/test pit. 

GROUNDWATER NOT 
ENCOUNTERED 

The borehole/test pit was dry soon after excavation.  However, groundwater could be present in 
less permeable strata.  Inflow may have been observed had the borehole/test pit been left open 
for a longer period. 

SAMPLING AND TESTING  
SPT 
4,7,11 N=18 
30/80mm 
RW 
HW 
HB 

Standard Penetration Test to AS1289.6.3.1-2004 
4,7,11 = Blows per 150mm. N = Blows per 300mm penetration following 150mm seating 
Where practical refusal occurs, the blows and penetration for that interval are reported 
Penetration occurred under the rod weight only 
Penetration occurred under the hammer and rod weight only 
Hammer double bouncing on anvil 

DS Disturbed sample   
BDS Bulk disturbed sample   
G Gas Sample   
W Water Sample   
FP Field permeability test over section noted 
FV Field vane shear test expressed as uncorrected shear strength (sv = peak value, sr = residual value) 
PID Photoionisation Detector reading in ppm 
PM Pressuremeter test over section noted 
PP Pocket penetrometer test expressed as instrument reading in kPa 
U63 Thin walled tube sample - number indicates nominal sample diameter in millimetres 
WPT Water pressure tests 
DCP    Dynamic cone penetration test 
CPT     Static cone penetration test 
CPTu  Static cone penetration test with pore pressure (u) measurement 
Ranking of Visually Observable Contamination and Odour (for specific soil contamination assessment projects) 

R = 0 
R = 1 
R = 2 
R = 3 

No visible evidence of contamination 
Slight evidence of visible contamination 
Visible contamination 
Significant visible contamination 

R = A 
R = B 
R = C 
R = D 

No non-natural odours identified 
Slight non-natural odours identified 
Moderate non-natural odours identified 
Strong non-natural odours identified 

ROCK CORE RECOVERY 
TCR = Total Core Recovery (%) SCR = Solid Core Recovery (%) RQD = Rock Quality Designation (%) 

100
runcoreofLength

eredcovrecoreofLength
  100

runcoreofLength
eredcovrecorelcylindricaofLength

   100
runcoreofLength

mm100coreoflengthsAxial



   

 



GAP Form No. 5 
RL8 

 METHOD OF SOIL DESCRIPTION
 USED ON BOREHOLE AND TEST PIT REPORTS

 
 
 
 
 
 
 
 
 
 
 
Combinations of these basic symbols may be used to indicate mixed materials such as sandy clay. 

CLASSIFICATION AND INFERRED STRATIGRAPHY 
Soil and Rock is classified and described in Reports of Boreholes and Test Pits using the preferred method given in 
AS1726 – 1993, (Amdt1 – 1994 and Amdt2 – 1994), Appendix A.  The material properties are assessed in the field by 
visual/tactile methods. 

Particle Size Plasticity Properties 

Major Division Sub Division Particle Size 

BOULDERS > 200 mm 

COBBLES 63 to 200 mm 

Coarse 20 to 63 mm 

Medium 6.0 to 20 mm GRAVEL 

Fine 2.0 to 6.0 mm 

Coarse 0.6 to 2.0 mm 

Medium 0.2 to 0.6 mm SAND 

Fine 0.075 to 0.2 mm 

SILT 0.002 to 0.075 mm 

CLAY < 0.002 mm 
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MOISTURE CONDITION    AS1726 - 1993 
Symbol Term Description 

D Dry Sands and gravels are free flowing.  Clays & Silts may be brittle or friable and powdery. 
M Moist  Soils are darker than in the dry condition & may feel cool.  Sands and gravels tend to cohere. 
W Wet Soils exude free water.  Sands and gravels tend to cohere. 

CONSISTENCY AND DENSITY   AS1726 - 1993 
Symbol Term Undrained Shear 

Strength 
 Symbol Term Density Index % SPT “N” # 

VS Very Soft 0 to 12 kPa  VL Very Loose Less than 15   0 to 4 
S Soft 12 to 25 kPa  L Loose 15 to 35 4 to 10 
F Firm 25 to 50 kPa  MD Medium Dense 35 to 65 10 to 30 
St Stiff 50 to 100 kPa  D Dense 65 to 85 30 to 50 

VSt Very Stiff 100 to 200 kPa  VD Very Dense Above 85 Above 50 
H Hard Above 200 kPa      

In the absence of test results, consistency and density may be assessed from correlations with the observed behaviour of 
the material. 
# SPT correlations are not stated in AS1726 – 1993, and may be subject to corrections for overburden pressure and 
equipment type. 

 

FILL 

GRAVEL (GP or GW) 

SAND (SP or SW) 

SILT (ML or MH) 

CLAY (CL, CI or CH) 

ORGANIC SOILS (OL or OH or Pt) 

COBBLES or BOULDERS 

CL  
Low plasticity  

clay 

CL/ML Clay/Silt 

OL or ML - Low liquid limit silt

CI 
Medium 
plasticity 

clay 

CH 
High plasticity 

clay 

OH or MH 
High liquid limit 

silt 

OL or ML 
Low liquid 

limit silt 



GAP Form No. 7
RL6

TERMS FOR ROCK MATERIAL STRENGTH & WEATHERING
AND ABBREVIATIONS FOR DEFECT DESCRIPTIONS

STRENGTH

Symbol Term
Point Load
Index, Is(50)

(MPa)
Field Guide

EL Extremely
Low

< 0.03 Easily remoulded by hand to a material with soil properties.

VL Very
Low

0.03 to 0.1 Material crumbles under firm blows with sharp end of pick; can be peeled
with knife; too hard to cut a triaxial sample by hand.  Pieces up to 30 mm
can be broken by finger pressure.

L Low 0.1 to 0.3 Easily scored with a knife; indentations 1 mm to 3 mm show in the specimen
with firm blows of pick point; has dull sound under hammer.  A piece of core
150 mm long by 50 mm diameter may be broken by hand. Sharp edges of
core may be friable and break during handling.

M Medium 0.3 to 1 Readily scored with a knife; a piece of core 150 mm long by 50 mm diameter
can be broken by hand with difficulty.

H High 1 to 3 A piece of core 150 mm long by 50 mm diameter cannot be broken by hand
but can be broken with pick with a single firm blow; rock rings under hammer.

VH Very
High

3 to 10 Hand specimen breaks with pick after more than one blow; rock rings under
hammer.

EH Extremely
High

>10 Specimen requires many blows with geological pick to break through intact
material; rock rings under hammer.

ROCK STRENGTH TEST RESULTS

u Point Load Strength Index, Is(50), Axial test (MPa)

w Point Load Strength Index, Is(50), Diametral test (MPa)

Relationship between Is(50) and UCS (unconfined compressive strength) will vary with rock type and strength, and should
be determined on a site-specific basis.  UCS is typically 10 to 30 x Is(50), but can be as low as 5.

ROCK MATERIAL WEATHERING
Symbol Term Field Guide

RS Residual
Soil

Soil developed on extremely weathered rock; the mass structure and
substance fabric are no longer evident; there is a large change in volume
but the soil has not been significantly transported.

EW Extremely
Weathered

Rock is weathered to such an extent that it has soil properties - i.e. it either
disintegrates or can be remoulded, in water.

HW

DW
MW

Distinctly
Weathered

Rock strength usually changed by weathering.  The rock may be highly
discoloured, usually by iron staining.  Porosity may be increased by leaching,
or may be decreased due to deposition of weathering products in pores.  In
some environments it is convenient to subdivide into Highly Weathered and
Moderately Weathered, with the degree of alteration typically less for MW.

SW Slightly
Weathered

Rock is slightly discoloured but shows little or no change of strength relative
to fresh rock.

FR Fresh Rock shows no sign of decomposition or staining.

ABBREVIATIONS FOR DEFECT TYPES AND DESCRIPTIONS
Defect Type Coating or Infilling Roughness

B Bedding parting Cn Clean Sl Slickensided
X Foliation Sn Stain Sm Smooth
C Contact Vr Veneer Ro Rough
L Cleavage Ct Coating or Infill
J Joint Planarity

SS/SZ Sheared seam/zone (Fault) Pl Planar
CS/CZ
DS/DZ
IS/IZ

S
V

Crushed seam/zone (Fault)
Decomposed seam/zone
Infilled seam/zone
Schistocity
Vein

Un
St

Undulating
Stepped

Vertical Boreholes – The dip
(inclination from horizontal) of the defect
is given.
Inclined Boreholes – The inclination is
measured as the acute angle to the
core axis.
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Appendix C System design and instrumentation drawings 

 
 

This appendix contains the system design and instrumentation drawings (as-built 
status) prepared by the author which is related mainly to Chapter 3. 

 

  





















































Appendix D Parameters for FEM model 

1. Finite Element Model

To conduct this research, a state of art transient 3D finite element model was developed 
at The University of Melbourne, using COMSOL Multiphysics, a widely-used finite 
element simulation software. This model was developed by coupling both the governing 
equations of the heat transfer in soil and the fluid flow in horizontal ground heat 
exchangers [37]. Heat transfer around and in the GHEs occurs primarily by conduction 
and convection. Heat conduction takes place in the ground (soil or rock) and pipe wall, 
and partially in the carrier fluid; while heat convection dominates in the carrier fluid 
circulating in the pipes (i.e., water or water-antifreeze solution). It is assumed that there 
is no groundwater flow in the ground, although this condition can be included with an 
additional coupled Darcy’s model. The fluid flow in the pipes is described by the Navier-
Stokes (NS) equations in the laminar regime. In the transitional and turbulent regimes, 
obtaining detailed information about the fluid fluctuations is computationally 
expensive. To this end, the Reynolds-averaged-Navier-Stokes (RANS) equations, which 
are the governing equations used in so-called k-ε turbulent models, will be employed 
instead of NS. 

On the other hand, as the existence of moving fluid within the pipes requires heat to be 
modelled by conduction and convection, the heat equation should also include a 
convective term. For incompressible fluids, a generalised energy conservation law is 
used. The velocity field u, found by solving the governing NS or RAMS Equations for 
fluid flow, is used in the convective term of the generalised energy conservation 
equation when modelling the heat transfer by conduction and convection within the 
pipes. In the ground and the pipe wall, the velocity field is null in the absence of 
groundwater flow. In fact, heat transfer occurs in ground primarily by conduction under 
the expected site conditions. The heat capacity and thermal conductivity are the key 
fundamental thermal properties, which will be known for the site and fluid, including 
their variations with temperature. These equations must be solved with appropriate 
initial and boundary conditions, importantly the ground far-field temperature (ground 
and surface air) and fluid temperature at the inlet of the ground circuit. Taken together, 
these equations can be used to calculate total heat exchanged between the ground and 
the sheds. This model is capable of accurately predicting the GHE performance in both 
laminar and turbulent regimes, homogeneous and heterogeneous ground profiles, and 
is adequately flexible to explore a number of different pipe placement configurations, 
ranging from well-known U-pipe configurations to slinky and others. Given the non-
symmetries encountered for a number of such configurations, the expensive 3D 
simulations are supported by using more powerful workstations and the ‘Argali’ 
supercomputer of the High-Performance Computing facilities at The University of 
Melbourne. 
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In this study, three different pipe configurations with same pipe length (300 metres) 
are considered. Theses configurations are horizontal straight pipe, slinky and dense 
slinky. These configurations have same length of pipe in one trench, while the first two 
have the same trench length as well. This study will then evaluate the effect of variable 
trench separation of horizontal ground heat exchangers. Trench separations of 3.5 
metre was selected and analysed considering three different horizontal pipe 
configurations. Different effective thermal conductivities of the ground have also been 
evaluated as different scenarios. The detailed simulation parameters are discussed next. 

2. Simulation Parameters

The modelling mimics typical weather and ground conditions in Peats Ridge, NSW, 
Australia, with the material properties used presented in table. The geometry and 
dimensions used for the modelled GHE are of typical practice in the region as well and 
are depicted in Figure 3-11 a and b. It should be noted that while typical GSHP systems 
include a field with multiple GHEs, in this model each simulation focuses on one single 
GHE to isolate the effects of pipe separation within the GHE from the thermal 
interference that may arise from adjacent GHEs. This is indeed the case for the relative 
short-term testing data collected (see Figure 3-23).  

Material Properties. 

Parameter Value(s) Unit Description 

λground 1.0, 1.5, 2.5 W/(mK) Effective thermal conductivity of ground 

ρground 2000 kg/m3 Density of ground 

Cp ground 1480 J/(kgK) Specific heat capacity of ground 

Tundisturbed 16.1 °C Undisturbed ground temperature 

λfluid 0.582 W/(mK) Thermal conductivity of carrier fluid 

ρfluid 1000 kg/m3 Density of carrier fluid 

Cp fluid 4190 J/(kgK) Specific heat capacity of carrier fluid 

Qfluid 0.42 L/s Flow rate of carrier fluid 

To find the reasonable dimension of the soil field, different dimensions of the soil has 
been modelled in a steady state simulation. It was found that with the increase of the 
dimension, the inlet and outlet temperature of the fluid become more stable and reach 
a plateau. The acceptable length and depth of the field were determined as 120 m (90 
m for dense slinky loops, which is 30 m shorter) and 60 m. A temporal and special mesh 
sensitivity analyses was also undertaken, resulting in different mesh sizes, with high 
refinement near the pipe loops and time step needs to be set to about 1 hour. 
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Boundary conditions of the FEM model. 

In terms for boundary conditions, thermal insulation was prescribed on both short side 
of the field and symmetric condition on both long side of the field. The top boundary 
was set to be the outdoor temperature and the bottom to be undisturbed ground 
temperature (16.1 deg C in the experimental field). Based on the fluid flow rate and 
heating loads shown in Fig 5-5, the GHE inlet temperature is generated as input 
parameter for the GHE and the experimental field. With these input and boundary 
conditions, and by numerically solving the governing equations, the GHE outlet 
temperatures are computed over time. This is an accurate and rigorous treatment, but 
it is computationally expensive, and in many cases prohibit use for large scale 
optimisation studies. 

With the boundary and initial conditions shown above, a comparison between the 
FEM simulation and experimental data recorded (shown in Fig. 3-22) was made to 
validate this model. In the validation, the geometry of the pipe was redesigned to 
slinky loop to mimic the experimental condition. The following figure shows the 
comparison results, from 12:00 pm to 10:00 pm, Oct. 8, 2019. It can be seen that the 
simulation data is in reasonably good agreement with the experimental data recorded. 
The RMSE calculated for this case is only 0.169 °C. 
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Comparison of the FEM simulation with experimental data recorded. 
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