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Abstract: Ground-source heat pump systems are renewable and highly efficient HVAC systems
that utilise the ground to exchange heat via ground heat exchangers (GHEs). This study developed
a detailed 3D finite element model for horizontal GHEs by using COMSOL Multiphysics and
validated it against a fully instrumented system under the loading conditions of rural industries in
NSW, Australia. First, the yearly performance evaluation of the horizontal straight GHEs showed an
adequate initial design under the unique loads. This study then evaluated the effects of variable trench
separations, GHE configurations, and effective thermal conductivity. Different trench separations that
varied between 1.2 and 3.5 m were selected and analysed while considering three different horizontal
loop configurations, i.e., the horizontal straight, slinky, and dense slinky loop configurations. These
configurations had the same length of pipe in one trench, and the first two had the same trench length
as well. The results revealed that when the trench separation became smaller, there was a minor
increasing trend (0.5 °C) in the carrier fluid temperature. As for the configuration, the dense slinky
loop showed an average that was 1.5 °C lower than those of the horizontal straight and slinky loop
(which were about the same). This indicates that, when land is limited, compromises on the trench
separation should be made first in lieu of changes in the loop configuration. Lastly, the results showed
that although the effective thermal conductivity had an impact on the carrier fluid temperature, this
impact was much lower compared to that for the GHE configurations and trench separations.

Keywords: ground-source heat pumps; horizontal ground heat exchangers; finite element modelling

1. Introduction

A ground-source heat pump (GSHP) system is a type of heat pump system that utilises
the ground as a heat source or sink for heating and cooling purposes. Such systems have
been increasingly utilised in the United States, Europe, Canada, China [1], Korea, and
Australia [2] over recent years [3—-6]. To exchange heat with the ground, ground heat
exchangers (GHESs) are typically used; they comprise high-density polyethylene (HDPE)
pipes, and a carrier fluid (typically, a solution of water and antifreeze) circulates inside the
HDPE pipes [7,8]. GHEs can be integrated into various spaces and structures, including
vertical boreholes, horizontal trenches, energy piles, energy-retaining walls, and energy
tunnels [9]. Among these, vertical boreholes and horizontal trenches are the two most
commonly utilised for 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 and two metres below the surface. Horizontal GHEs
normally require a large field of land for their installation, but their installation is typically
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more economical than installation in vertical boreholes. As the heat exchangers are close to
the ground’s surface, their thermal performance can be impacted by daily and seasonal
variations in the air temperature [9] and soil moisture content, with the latter affecting the
thermal conductivity of the ground [10,11]. A well-designed GSHP system with horizontal
GHEs can typically operate with a coefficient of performance (COP) of between three
and five [12-18]. 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 from/injected into the ground, only one kWh energy of electricity is consumed
by the GSHP.

The current applications of GSHP systems span a wide range of end uses, including
in commercial office buildings, residential buildings, schools, hospitals, and underground
metro stations [3-8]. However, there is a very limited focus on applying this relatively new
technology in rural industries, which could potentially be largely beneficial. In Australia,
the industries of agriculture and the related processing contribute to 12% of the national
gross domestic product [19]. As an example of the Australian agriculture sector, this paper
primarily focuses on the poultry industry. Within the poultry industry, over 600 million
chickens are raised yearly [20]. One of the major costs borne by poultry farmers and
the environment is that of the energy required to heat and cool large poultry breeding
houses (estimated at AUD 80 million per year) [21]. The uniqueness of the heating and
cooling load profiles of chicken brooder houses (also known as sheds), together with the
high risk of storing high volumes of combustible gases and the lack of access to (cheap)
natural gas in the rural areas in which these houses are located, makes the GSHP or a
shallow geothermal alternative a very attractive option. Its adoption could transform the
poultry farming industry by significantly reducing energy consumption (and energy bills
to farmers), greenhouse gas (GHG) emissions, odours, volatile compounds (e.g., ammonia
gas production, hydrogen sulphide, mercaptans), and chicken mortality; thus, it would
notably impact the economics and environmental performance of the Australian poultry
industry. As rural industries” unique loading patterns can be highly different from those of
residential, commercial, and public buildings, detailed analyses are required in order to
attain an appropriate design for GSHP systems that are specifically for rural industries.

A detailed analysis could also be significant in the optimal design of horizontal GHEs.
Researchers have developed numerical simulation models for analysing GSHP systems
with horizontal GHEs. As an example, Transient System Simulation Tool (TRNSYS) sim-
ulations are widely used in various types of building energy simulations, as well as in
the prediction of the performance of GSHPs and GHEs [22-24]. By using full implicit
finite difference methods to solve three-dimensional meshed soil and GHE models, this
approach can be implemented in common practice for GSHPs with vertical or horizon-
tal GHEs [25-27]. For when a more detailed analysis is required, researchers have also
developed other numerical simulation models and approaches, including finite element
modelling and computational fluid dynamics [28-31]. The results of numerical simulations
can be in good agreement with the respective experiments; thus, they contribute to the
optimal design of horizontal GHEs.

There are various factors that can impact the performance of horizontal GHEs and
have been investigated by previous researchers. First, the pipe configuration is essential in
any horizontal geothermal system, as it influences the density of pipes as well as the way
that the pipes thermally interact with the soil. The commonly used configurations include
the horizontal straight pipe, vertical slinky, and horizontal slinky systems [8,14]. It is also
worth noting that the detailed distributions of different configurations need to be carefully
considered; these details include the distance between the trenches that host the loops, the
diameter /material of the pipe, the loop pitch and diameter of the slinky system, and the
number and distribution of the pipes in horizontal systems. Recently, a helical system was
introduced in some countries, such as Korea; it can significantly increase the pipe density,
which is vital for the thermal performance of a geothermal system [32]. However, as there
are very strict requirements for the pipe and backfilling materials, this system is not yet
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available in Australia. Another innovative configuration is the vertical helix system. This
system places several helical pipes vertically—similarly to the vertical system—but at a
very shallow depth. This technology uses less land to achieve a high pipe density and,
hence, improves the performance [33].

In addition to the configuration of the pipes, soil properties also have a strong influence
on the performance of geothermal systems [28]. The soil thermal conductivity determines
the thermal interactions between the pipes and the ground. The soil moisture content
also has a strong impact on the performance, and it directly influences the soil thermal
conductivity. Furthermore, a recent study revealed that soil heterogeneity is another
factor that is worth considering. In 2014, Simms et al. built a two-dimensional FEM
model in order to investigate the impact of soil heterogeneity on the functioning of a
horizontal geothermal system [34]. Their results showed that for a constant mean soil
thermal conductivity, the higher the standard deviation is, the better the performance of
the geothermal system. It is also known that increasing the trench spacing increases the
performance of the system. However, this result is based on the use of only one specific
heat pump and does not consider the operational cost of the circulation pump. The soil
thermal conductivity data were randomly generated as well. A recent work investigated the
thermal and energy performance of earth-to-air heat exchangers by using an innovative 2D
model that was developed in COMSOL [35]; the results revealed that a significant reduction
in the length could be achieved when the earth-to-air heat exchanger was employed as a
pre-treating unit.

Despite the increasing number of studies on the thermal performance of horizontal
GSHP systems, the effects of variable trench separations and pipe configurations have not
yet been studied in detail. The challenges in reliable and detailed analyses of horizontal
systems’ efficiency are caused by the lack of both instrumented cases and detailed and
accurate simulation models.

The aim of this research is to develop and calibrate next-generation computational
models for direct geothermal energy systems with horizontal GHEs in various configura-
tions that are tailored to the poultry industry in Australia. The performance of horizontal
GHEs can be highly subject to the loading patterns. By considering various factors, includ-
ing the pipe configuration, trench separation, and soil thermal conductivity, the optimum
design for GHEs under the loading conditions of the poultry industry can be achieved.

2. Methods
2.1. Finite Element Model

This research aims to advance the understanding of the engineering of direct geother-
mal systems and ground heat exchangers with applications specific to rural industries that
involve animal husbandry (e.g., the poultry industry). This is achieved through sophisti-
cated modelling coupled with an internationally unique, highly detailed dataset from resi-
dential installations around Victoria, Australia, and a comprehensive, multi-instrumented,
full-scale pilot test at a poultry breeding facility in Peats Ridge, NSW that provided unique
validation and calibration datasets for the specific needs of animal husbandry, which are
quite different from the requirements of residential or commercial buildings.

To conduct this research, a state-of-the-art transient 3D finite element model was
developed using COMSOL Multiphysics, a widely used finite element simulation soft-
ware [36]. Within the finite element package, the governing equations for the heat transfer
and fluid flow were numerically coupled in order to evaluate the thermal performance of
GHEs. The heat transfer around and in the GHEs was primarily modelled through the
conduction and convection, where conduction happens in the ground (soil in this study),
pipe wall, and partially in the carrier fluid, and convection takes places in the carrier fluid
that circulates in the pipes. As horizontal loops are usually shallow, the groundwater flow
is assumed to be zero, although this condition can be included with an additional coupled
Darcy model. Specifically, the heat transfer in the fluid and fluid flow are simulated using
1D elements and are coupled to the 3D heat transfer in the surrounding soil and the GHEs.
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To model the 1D fluid flow inside the pipes, the continuity and momentum equations for
an incompressible fluid are used as follows [37]:

V-(Apwv) =0 M

Jv _ P
pum = VP fDZdhlvlv 2)

The energy equation for the fluid flow, which is used to describe the convective—
conductive heat transfer for an incompressible fluid, is [38]:

oT A
PwACP,wg + pwACwoVT = V(AA,VT) — poZWTh|U|UZ+Qwall 3)

Quall = f(T(m,pipewall)TAPiPEdPiP"’) )

The above equations were solved for pressure p, velocity field v, and temperature field
T in the carrier fluid and were coupled to the temperature field T, which was obtained
from the conductive heat transfer equations that were solved for the soil, the GHEs, and
the pipes (Equation (5)):
0Ty,

This model, complete with appropriate initial and boundary conditions, was recently
validated against available analytical solutions and full-scale experimental data. This
model is capable of accurately predicting a GHE'’s performance in both the laminar and
turbulent regimes, as well as homogeneous and heterogeneous ground profiles; it is ade-
quately flexible for exploring a number of different pipe placement configurations, ranging
from well-known U-pipe configurations to slinky configurations and others. Given the
nonsymmetries encountered for a number of such configurations, the expensive 3D simu-
lations were supported by using more powerful workstations and the high-performance
computing facilities at the University of Melbourne.

In this study, three different pipe configurations with same pipe length (300 m) were
considered. Theses configurations were the horizontal straight pipe, slinky, and dense
slinky configurations. These configurations had same length of pipe in one trench, and the
first two had the same trench length. This study then evaluated the effects of variable trench
separations in the horizontal ground heat exchangers. Different trench separations—from
1 to 5 m—were selected and analysed while considering the three different horizontal pipe
configurations. Different effective thermal conductivities of the ground were also evaluated
to provide different scenarios. The details of the simulation parameters are discussed next.

2.2. Simulation Parameters

To conduct this research, a state-of-the-art transient 3D finite element model was
developed at the University of Melbourne by using COMSOL Multiphysics, a widely used
finite element simulation software. As explained in Section 2, this model was developed by
coupling the governing equations of both the heat and mass transfer in the soil and fluid
flow in horizontal ground heat exchangers. The heat transfer mechanism in this model was
primarily the heat conduction in the soil, the pipe walls, and partly in the carrying fluid, as
well as the heat convection in the carrying fluid. It should be noted that the seepage flow
of the water into the soil was not considered in this study.

2.2.1. Rural Industries’ Heating Load Patterns

As mentioned in the introduction, because rural industries’ thermal load patterns can
be highly different from those of buildings with commercial and residential applications,
the design of a GSHP system requires a precise and detailed analysis. As an example of
these rural industries” unique thermal load patterns and to provide an example of a region
with a temperate climate, in this investigation, a chicken shed building located in Peats
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Ridge, NSW, Australia, was adopted. A schematic drawing of a typical test broiler house
(or shed) with a hybrid GSHP system can be seen in Figure 1.

Ground loops

P e e e e e e — - [il

GSHP(s)FGas Burner(s)

Poultry shed

Figure 1. Diagram of the hybrid geothermal system for poultry sheds. Each trench is 75 m long and
contains 300 m of HDPE pipes (highlighted in red).

A building energy simulation model was developed for the shed with the TRNSYS
18 numerical simulation software, which was used to simulate the heating and cooling
loads for the shed. The location and parameters used for the simulation are summarised
in Table 1. For this study, the shed was used for six chicken-raising cycles per year (from
chicks to chickens for meat) according to the typical operation of broiler houses. The first
raising cycle for the chickens was assumed to start on the 1st of January (the second month
of summer in Australia). Each cycle was assumed to last for seven weeks with a two-week
break between batches [18].

Table 1. Dimensions of a typical broiler house and the location of the temperate climate case study.

Dimensions Height: 2.7 to 4.3 m, Width: 18.3 m, Length: 138.7 m
Insulation with thin layers of metal cladding. No windows on the wall of roof.
Building Envelope Insulation thickness: 0.075 m, thermal conductivity: 0.039 Wm~!K~!, density:
16 kg m 2, specific heat: 340 Jkg 'K~!
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 [39]

It was identified in a previous study that—despite the high cooling demand—cooling
can be economically provided by evaporative coolers [21]. Hence, the primary focus of this
work is on providing heating via a GSHP (or hybrid GSHP) system. Figure 2 shows the
simulated heating power demand of the shed based on the building energy consumption
model. It was estimated that the annual heating energy of the shed was 58,477 kWh, with
a peak heating demand of 208 kW. During each heating cycle, the heating demand was
usually at its maximum at the start of each cycle—when the lowest metabolic heat was
generated by chickens and, at the same time, the required indoor temperature was at its
maximum (typically 31 °C). The heating demand decreased later in each cycle due to the
increase in metabolic heat generated by the chickens and the lower indoor temperature
requirements corresponding to the point in the cycle (typically reaching a minimum of
19 °C within 21 days of the start of the cycle).
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Figure 2. Hourly heating demand of the chicken shed: (a) yearly loading pattern showing the six
batches; (b) details of these six heating cycles over one year.

One thing to be noticed is that a heat pump is a type of machine that moves heat
from a heat source to another—hotter—heat source by conducting work. The work is
normally conducted by using electricity. When in heating mode, the heating loads from
the building’s side are not the heat taken from the ground. As there is not a heat pump in
the COMSOL model, a modification was made to convert the building heating demands
into the heat that was extracted from the ground.

2.2.2. Trench and Pipe Configurations

To study the impacts of different pipe configurations on the performance of horizontal
ground heat exchangers, an experimental site with twelve trenches (8 trenches were 75 m
long and 4 trenches were 38 m long; all were at a depth of 1.5 m) was used. Each trench/loop
consisted of HDPE pipes (with a length of 300 m) with an outside diameter of 32 mm
(inner diameter of 26 mm; SRD11). Together, these made up a total pipe length of 4.8 km,
excluding the header pipes.
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The twelve trenches were placed in groups of four trenches. The first four trenches
contained horizontal straight pipes, which consisted of four parallel pipes with a 30 cm
spacing between each pipe in a 1.2 m wide, 1.5 m deep, and 75 m long trench; 3.5 m of space
was left between each trench. The slinky pipes had a loop diameter of 0.9 m and a loop pitch
at 1.37 m, which caused them to have the same pipe length in the same length of trench
as the horizontal pipe (four metres of pipe in one metre of trench). These pipes were also
buried at a depth of 1.5 m within a 75 m long trench, with a spacing of 3.5 m between each
trench. By comparing the performance of the slinky trenches and the horizontal trenches,
the impacts of the different pipe layouts on the performance of the horizontal ground heat
exchangers under rural industrial conditions could be studied. Lastly, the dense slinky
pipes—with a diameter of 0.9 m and a loop pitch of 0.46 m—caused this configuration to
have twice the pipe length in the same length of trench in comparison with the previous two
configurations (eight metres of pipe in one metre of trench). The trench spacing remained
consistent with that of the other configurations (3.5 m). By comparing the performance
of these two types of slinky trenches, the impacts of the different pipe densities on the
performance of the horizontal ground heat exchangers under rural industrial conditions
could be studied. The details of these configurations are shown in Figure 3.

Figure 3. Ground heat exchangers in the field: (a) horizontal straight loop in a trench; (b) horizontal straight loop; (c) slinky
loop; (d) dense slinky loop.

2.2.3. Other Parameters

The model used in this research was based on the typical weather and ground condi-
tions in Peats Ridge, NSW, Australia, as well as the material properties used, which are
presented in Table 2. The dimensions and geometries used for the models of the GHEs
were typical for the region, and they are depicted in Figure 4. It should be noted that while
typical GSHP systems include a field with multiple GHEs, in this work, each simulation
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focused on one single GHE to isolate the effects of the separation of pipes within the GHE
from the thermal interference that may arise from adjacent GHEs.

Table 2. Material properties.

Parameter Value(s) Unit Description
Effective thermal conductivity of
Aground 1.0,15,25 W/ (mK) the ground
Oground 2000 kg/m3 Density of the ground
Cp ground 1480 J/(kg-K) Specific heat capacity of the ground
T yndisturbed 16.1 °C Undisturbed ground temperature
Muid 0.582 W/ (mK) Thermal conductivity of the carrier fluid
Pftuid 1000 kg/m?3 Density of the carrier fluid
Cp fluid 4190 J/(kg-K) Specific heat capacity of the carrier fluid
Qftuid 0.42 L/s Flow rate of the carrier fluid

LA/
T
AT )7

TN

Figure 4. Detailed configuration of the inlet and outlet pipes.

2.2.4. Initial and Boundary Conditions

1 The initial ground and GHE temperatures and the far-field boundary temperature,
which was equal to the undisturbed ground temperature, were modelled here as
either a uniform temperature (16.1 °C in the experimental field) or as a time- and
depth-varying temperature according to Baggs’ adjusted empirical formulations [40]:

T =16.1(°C) (6)
or:
1 0.5 2t 1 0.5
T(z,t) = (Tg)+1.07kvAsExp[—o.0031552z(E) ] xcos [ﬁ((t—t0—0.183355z(5) ] 7)

2 The time-dependent carrier fluid temperature at the inlet, T;,;), which can be defined
as a function of the carrier fluid temperature at the outlet, T,,;(;), was obtained from
the numerical model and the prescribed time-dependent GHE thermal load, Qg (1)
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This effectively acts as the transfer function of a heat pump that receives the fluid at a
certain temperature and extracts/rejects heat, thus changing the temperature of the
fluid, which is reinjected into the ground. The details are illustrated in Figure 4.

Tint)= Tour(r) — Qone()/ (P ACpw) ®)

3 A boundary condition of the fluid flow rate at the inlet pipe (s) of about 1.7 L/s or
3.47 m/s was assumed.

Vo= 3.47 ? )

4 A reference atmospheric pressure in the outlet pipe (s) for the purpose of forced
convection was assumed:
po = 101,325 Pa (10)

5 Finally, as shown in Figure 4, there were thermal insulation conditions on both short
sides of the field and a symmetric condition on both long sides of the field. The top
boundary was set to the outdoor temperature and the bottom to the undisturbed
ground temperature (16.1 °C in the experimental field). A symmetric boundary
condition was applied at the planes of symmetry, which indicated zero heat flux
through the symmetric planes:

—n-(=AuVT)po =0 (11)

3. Results and Discussion

After the adoption of the methodologies, this section presents the key results and
discussions of the study. Ultimately, in this study various simulations were conducted
in order to evaluate the performance of a GSHP system with horizontal GHEs under
different conditions. To achieve this, first, a validation was performed with consideration
of the dimensions of the field and the thermal conductivity of the soil and comparison
metrics are introduced. Later, a comparison between different GHE configurations was
undertaken. Then, an investigation was performed to evaluate the impacts of different
trench separations. Finally, simulations that considered two different effective thermal
conductivities, i.e., 1.0 and 2.5 W/(Km), were performed.

3.1. Validation and Comparison Metrics

The performance of the finite element model presented in the previous sections mod-
can be evaluated by examining the resulting fluid temperatures within the horizontal GHEs.
In order to quantify the temperature of the circulating fluid, the average fluid temperature
of a pipe loop was used and this was calculated as the average of the temperatures at the
inlet and outlet of the fluid in pipes.

To find reasonable dimensions of the soil field, different dimensions of the soil domain
were modelled in a steady-state simulation. It was found that larger dimensions of the
soil/ground domain lead to more stable and consistent inlet and outlet temperatures of
the fluid. The acceptable length and depth of the field were determined to be 120 m
(90 m for dense slinky loops, which is 30 m shorter) and 60 m. Apart from the size of
the soil field, the mesh size is another factor that impacted the accuracy of the simulation
results. Different mesh sizes were tested, and extra-fine mesh was found to be optimal. The
time step was also an important parameter when conducting the finite element simulation.
The time step to achieve accurate simulation results is related to the spatial resolution, i.e.,
a denser mesh size requires a smaller time step. In this study, it is found that the time step
needed to be set to about 1 h.

Through a comparison against nine-hour field-testing results, this FEM model was vali-
dated, and a effective soil thermal conductivity was found to be approximately
1.5 W/(mK) for bets fit. Previous field tests showed an in situ value between 1.8 and
2.2 W/(mK) (thermal needle probe technique on small soil samples). One possible reason
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for this decrease in the effective soil thermal conductivity was that the soil was not com-
pacted and consolidated enough after excavation and backfilling in the real system tested.
The RMSEs of the validation results against inlet and outlet fluid temperatures are shown
in Table 3, showing around 0.6 °C mean error between numerical and experimental results.

Table 3. Validation parameters. Comparison between numerical and experimental inlet and outlet temperatures.

Thermal Conductivity, W/(mK) RMSE (Outlet), °C RMSE (Inlet), °C RMSE (Temperature Difference), °C
15 0.638 0.595 0.058
1.8 0.729 0.685 0.056
2.1 0.798 0.750 0.059
2.5 0.873 0.825 1.543

Having shown relatively good performance of the numerical model, in the parametric
analysis the follows, various combination of input parameters presented in Table 2 are used
into simulations with different trench separations while considering three different pipe
configurations, i.e., the dense slinky, slinky, and horizontal straight pipe configurations.
Later, simulations were conducted to evaluate the importance of the effective thermal
conductivity for the performance of ground heat exchangers. As there were a large amount
of combinations of input parameters, to be able to perform a large-scale analysis, a single
value was used to evaluate the performance of GHEs. This single value captures the
difference between simulations of various trench separations for a specific input parameter
combinations. As the fluid temperature computed had a yearlong distribution (one value
for each hour of simulation), the mean absolute error (MAE) metric in terms of temperature
difference was adopted for this study:

1 t=8760
Tmae = g7eh

- T (12)

avg,t vg,t

It is noted that, given the imbalanced heating and cooling loads (Figure 2), in-
creases/decreases in the ground temperature by a few degrees in long periods can be
possible. In this study, one-year long simulations were considered to be conservative and
appropriate. Moreover, to evaluate the direction of the influence, the average difference

was introduced:
1 t=8760

T S
Tdiff ~ 8760 15:21 (Tavg,t_ ;vg,t) (13)

The simulation results are illustrated in the next section using this metrics.

3.2. Performance of Horizontal GHEs under Rural Industrial Loading Conditions

In order to better understand of the performance of horizontal GHEs under rural
industrial loading conditions, the yearlong simulation responses for the horizontal GHEs
in different configurations were analysed first.

As shown in Figure 5, the commonly used horizontal straight GHEs under rural in-
dustrial loading conditions resulted in minimum and maximum carrier fluid temperatures
of approximately 9.5 and 21.5 °C, respectively, which fit the typical working range of most
heat pumps, indicating an adequate initial design.
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Figure 5. Outlet and inlet temperatures of the FEM-simulated GHESs: (a) results for one TMY; (b) results for batch 4.(system
turned off at about 4800 h, ~12 days of heating in this batch).

Corresponding to the six different heating demand cycles shown in Figure 3, there
were six operating cycles for the horizontal GHEs within each year. Apart from the
operation time, the temperatures of the inlet and outlet were equal and subject to daily
and seasonal air temperature variations. A parametric analysis of the different GHE
configurations and trench separations is shown in the next section.

3.3. Impacts of the Different GHE Configurations and Trench Separations

To understand the potential influences of the different GHE configurations and trench
separations on the performance of a GSHP system, as mentioned in Section 3.2 (Figure 3),
three GHE configurations were analysed in this study;, i.e., the horizontal straight pipe,
slinky, and dense slinky loop configurations. To control the variables, all three configura-
tions had the same pipe length (300 m). The horizontal straight and slinky loop configura-
tions had pipes that were spread over 75 m of trench (4 m of pipe for 1 m of trench). The
dense slinky was spread over about 40 m of trench; thus, it was twice as dense (8 m of pipe
for 1 m of trench).

Table 4 shows the Ty and Ty;f¢ values for the three configurations with various
trench separations and an effective thermal conductivity of 1.5 W/(Km). It was observed
that, with the same trench separation, both the Tygar and Ty;f¢ for the horizontal straight
pipe and the slinky loop were minor. In the dense slinky loop, the Tj;¢r and Ty4p were, on
average, 1.5 °C lower than in the other two configurations. This was possibly caused by
the smaller field size of the dense slinky loop (only 53% of the size of the previous two).

Table 4. Ty and Ty; 17 values for difference configurations and trench separations (using the straight pipe configuration

with a 3.5 m separation as reference data).

Tmae (°C) Taifr O
Trench Separation 3.5m 20m 1.5m 1.2m 35m 20m 1.5m 1.2m
Straight N/A 0.43 0.52 0.66 N/A 0.16 0.30 0.46
Slinky 0.47 0.47 0.52 0.63 —0.06 0.08 0.22 0.36
Dense Slinky 1.74 1.87 2.02 2.26 1.74 1.87 2.02 2.26

When comparing the Tj;rr and Tyag values for various trench separations, there
was an increasing trend in the carrier fluid temperature when the trench separations were
smaller. When the separation was shortened from 3.5 to 1.5 m, the temperature difference
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increased to about 0.4-0.6 °C. This implies that the trench separation had an impact on the
temperature, but it was smaller than the impact of the pipe configuration.

3.4. Impacts of Different Effective Thermal Conductivity

The effective thermal conductivity of the ground was validated as 1.5 W/(Km) based
on experimental tests. However, in other, similar practices, this value may vary depending
on the geological conditions. Further analysis with two different thermal conductivities,
i.e, 1.0 and 2.5 W/(Km), was conducted in order to improve this study’s applicability. The
details can be seen in Table 5.

Table 5. Ty and Tj;¢f values for difference thermal conductivities with the straight pipe configuration (using the same

configuration and separation with a thermal conductivity of 1.5 W/(Km) as reference data).

Trmag CC) Tyir CO)
Trench Separation 3.5m 20m 1.5m 12m 3.5m 20m 1.5m 12m
Aground = 1.0 W/ (Km) 0.36 0.47 0.36 0.37 —0.12 —0.36 —0.02 0.04
Aground = 2.5 W/ (Km) 0.42 0.56 0.63 0.75 0.15 —0.01 —0.15 —0.30

8

4. Conclusions

This research developed and validated a new generation of computational models
for ground-source heat pump systems with horizontal GHEs. The simulations considered
various parameters, including the effective thermal conductivity of the ground, undisturbed
ground temperature, properties and flow rates of the carrier fluid, loop configurations,
and weather data. Using this model, this study investigated the effects of the trench
separation, configuration, and effective thermal conductivity of the soil on the performance
of horizontal GHEs under unique rural loading patterns.

First, a yearly performance evaluation of horizontal straight GHEs was conducted
under rural industrial loading conditions. The results showed minimum and maximum
carrier fluid temperatures of approximately 9.5 and 21.5 °C, respectively, which are within
the working range that is typically required by most heat pumps, suggesting an adequate
initial design under the unique rural loading patterns.

Next, different trench separations (from 1.2 to 3.5 m) were selected and analysed
while considering three different horizontal loop configurations, i.e., the horizontal straight,
slinky, and dense slinky loop configurations. These configurations had same length of
pipe (300 m) in each trench. The horizontal straight and slinky configurations had the
same trench length (75 m), which was about twice that of the dense slinky configuration.
The results reveal that there was a minor increase (0.5 °C) in the carrier fluid temperature
when the trench separation became smaller. As for the configuration, the dense slinky
loop configuration showed an average that was 1.5 °C lower than those of the horizontal
straight and slinky loop configurations (which were about the same).

The numerical examples included here suggest that this FEM model can predict the
performance of horizontal GHEs reasonably well under the conditions of rural industries’
unique loading patterns. The different trench separations and loop configurations had an
impact on the performance of the horizontal GHEs. When the same pipe lengths were used
for a given trench length, the impact of the pipe configuration on the performance was
minor and sometimes negligible (horizontal straight and slinky examples). Moreover, the
trench separation seemed to have less of an impact than the switch from the slinky loop to
the dense slinky loop. This indicates that, when land is limited, compromises on the trench
separation should be made first rather than changing the loop configuration. Lastly, the
impact of the effective thermal conductivity on the performance of the horizontal GHEs was
investigated. These results showed that, although there was an impact of effective thermal
conductivity on the carrier fluid temperature, this impact was much smaller than those
of the GHE configurations and trench separations. Future investigation could continue
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to perform more tests under different conditions and location to expand the findings of
this research.

Author Contributions: Conceptualization, Y.Z.; methodology, Y.Z., A.B., N.M. and G.N; validation,
Y.Z. and G.N.; formal analysis, Y.Z.; investigation, Y.Z.; writing—original draft preparation, Y.Z.;
writing—review and editing, A.B. and N.M.; visualization, Y.Z.; supervision, G.N.; project adminis-
tration, G.N.; funding acquisition, G.N. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the Australian Research Council (ARC), grant numbers
FT140100227 and LP160100070.

Data Availability Statement: Data is contained within the article.

Acknowledgments: The support from the University of Melbourne, Ground Source Systems, and
Golder Associates is highly appreciated.

Conflicts of Interest: The authors declare no conflict of interest.
Nomenclature

Roman symbols

A The inner cross-section of the HDPE pipe

Cp ground Specific heat capacity of the ground

Cp fuid Specific heat capacity of the carrier fluid

Cpw Specific heat capacity of the fluid

Cpm Specific heat capacity

cor Coefficient of performance

dy Hydraulic diameter of the pipe

Apipe The pipe’s diameter

D Diameter of the pipe, m

f Function of the temperature of the pipe’s outer wall

fp Darcy friction factor

P fluid Density of the carrier fluid

Pw Carrier fluid density; v represents the fluid velocity field

Oom Solid material density

Pground Density of the ground

Afluid Thermal conductivity of the carrier fluid

Aw Thermal conductivity of the fluid

Apipe Thermal conductivity of the pipe

Am Thermal conductivity of the solid material

Aground Effective thermal conductivity of the ground

Q fuidi Flow rate of the carrier fluid

Quall External heat exchange rate through the pipe’s wall

Tom,pipewall) Temperature of the carrier fluid

T undisturbed Undisturbed ground temperature

Tusvg,t Average fluid temperature in the circulating pipes on day t when the trench
separation is S

Greek symbols

c Specific heat, ] kgflkf1

D Finite difference

e Efficiency, %

E Energy, |

k Thermal conductivity, W~ 'm~1K~!
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p Pressure
d Partial derivative
0 Density, kgm 3
N Thermal conductivity
T Temperature, °C
t Time
v Fluid velocity field
Subscript
air Air
C Convective
cor Coefficient of performance
f Fluid
ground Ground
FEM Finite element modelling
GHEs Ground heat exchangers
GHG Greenhouse gas
GSHP Ground-source heat pump
HDPE High-density polyethylene
HVAC Heating, ventilation, and air conditioning
mass Mass
MAE Mean absolute error
NS Navier—Stokes
o Outdoor
pipe Pipe
RANS Reynolds-averaged Navier-Stokes
soil Soil
solid Solid
surface Surface
T Turbulent
TRNSYS Transient System Simulation Tool
w Water
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