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Abstract

Geothermal heat pump has been widely recognized as one of the promising technologies for building applications because of its
high energy efficiency and low operating expense, however the high capital investment and installation costs discourage building
owners to choose such a system. The horizontal geothermal heat pump system with reduced cost is a viable option that would
be utilized widely, the aim of this paper is to catalogue and critique a range of effective approaches for the horizontal geothermal
heat pump systems in different regions based on techno-economic assessment data. A ground heat exchanger is a vital component
of the horizontal geothermal heat pump. The state-of-the-art analytical and numerical models of the linear-loop, slinky-coil and
spiral-coil ground heat exchangers are generalized, in addition to their advantages and disadvantages. A large number of
economic evaluation methods for analysing the financial performance of the horizontal geothermal heat pump system are
presented. At the end, the standpoints, recommendations and potential future study on the horizontal geothermal heat pump
system are deliberated.

Keywords: Horizontal geothermal heat pump, Ground heat exchanger, Analytical models, Numerical models, Economic

evaluation approaches

1. Introduction

A great majority of the worldwide energy is consumed for space heating/cooling and electricity generation, with the plurality
coming from fossil fuels [1]. The utilization of fossil fuels is destructive to the environment due to greenhouse gases emission,
which has been identified as the major contributor to the climate change [2, 3]. To attack the climate change, it is significant to
develop alternative energy technologies like solar [4], wind [5], biomass [6] and geothermal energy [7, 8], which are able to
provide energy in more efficient and healthy way. In this context, geothermal heat pump (GHP) system has already turned into
a dominant choice for energy supply in commercial and residential buildings owing to its high Coefficient of Performance (COP)

[9]. The global GHP capacity is anticipated to increase by about 150% from 2013 to 2020 [10], as shown in Fig.1.
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Fig. 1. World installed and predicted capacity of GHP units from 2013 to 2020 [10]
In comparison to other traditional heating and cooling units, the GHP system has a lower operating cost and less influence on
the atmosphere [11, 12]. Soil temperature is normally lower than the ambient air temperature in cooling season, but higher in
heating season. As a result, the GHP system makes use of the soil as a heat source in heating season, and as a heat sink in cooling

season. In general, a GHP system composes of three major elements: ground heat exchanger (GHE), heat pump and heat

Heating
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distribution subsystem as given in Fig. 2.

Cooling
(Summer)

Heat Heat
Release Extraction

Fig. 2. Schematic of GHP system for space heating and cooling [13]
Moreover, the GHP system is divided into open-loop and closed-loop types, and extracts/rejects thermal energy from/to soil via
circulating a working fluid within the GHE [13, 14]. Two popular closed-loop ground loops are utilized in the GHES: vertical
and horizontal types. Specifically, the vertical GHE requires approximately 50-150 m deep holes in the soil, and its main
configurations include the U-tube, concentric tube and pile heat exchangers. In comparison, the horizontal GHE can be installed

in shallow horizontal trenches 1-2 m deep, and its typical configurations are the linear-loop, spiral-coil and slinky-coil heat



exchangers [15, 16]. Furthermore, the installation of the vertical GHE is expensive compared with that of the horizontal GHE,
but the horizontal GHE needs the large land area [17, 18]. Notably, in recent years, researches into the horizontal GHE focus on
analytical and numerical models, system performance and behaviour of energy storage for various loop configurations and
working conditions [19, 20].

The application of the GHP system for space heating and cooling has been improved in recent years, it is predicted that this trend
will carry on in the next decades [21, 22]. Notably, the geothermal energy is less influenced by weather condition than other
renewable energies like wind and solar [23].

There are many techno-economic studies on the horizontal GHP system with diverse scenarios. Hence, lots of economic
performance indicators are used to analyze the GHP finical benefits, such as Life Cycle Cost (LCC) , Levelized Cost of Heat
(LCOH), Levelized Cost of Service (LCOS), Net Present Value (NPV) , Bin method , Capital Recovery Factor (CRF) , Present
Worth (PW) , Annual Worth (AW) , Discounted Cash Flow Analysis (DCFA) [34], Internal Rate of Return (IRR) , Simple
Payback Period (SPP) and Discounted Payback Period (DPP) approaches. But there is still a research gap in the light of
generalizing the techno-economic solutions to evaluate technical and economic factors that influence the horizontal GHP system
design and performance. The economic feasibility of a GHP system heavily depends on the capital and installation expenses of
the GHE. Therefore, the aim of this study is to fill this research gap by offering not only an overall review but also a systematic
summary of analytical, numerical and economic models for the horizontal GHP. Moreover, this work improves the awareness
of different methodologies and hypotheses for these models, along with their major advantages and disadvantages. Additionally,
the alternative methods, recommendations and future studies are illustrated as well. In the meantime, the vital demands for
comparing the economic indicators in financial analysis for the horizontal GHP system are identified including LCC, LCOH,
LCOS, NPV, Bin method, CRF, PW, DCFA, IRR, SPP and DPP. At the end, the summaries of the techno-economic solutions
are produced in choosing an appropriate model for predicting the system energy output, efficiency, economic benefit, return on
investment and payback time. This paper is presented in the following structure: a brief background concerning different types
of the horizontal GHP system is introduced in Section 2, the technical and economic approaches are illustrated and generalized
in Section 3, the challenges of the horizontal GHP system and suggestions for future study are given in Section 4, the important
conclusions are summarized in Section 5.

2. Types of the horizontal GHE

The horizontal GHE has been extensively applied in the GHP system in several regions of the world. Thermal performance of
the horizontal GHP system is comparatively lower than the vertical GHP system’s owing to the seasonal soil temperature
variation, thereby the horizontal GHP system needs larger land area and longer pipe. However, the horizontal GHE is able to

offer a cost-effective option as the excavation expense of horizontal trench is much lower than the vertical installation cost. The



horizontal GHE is classified into three styles including linear, slinky-coil and spiral-coil arrangements as shown in Fig. 3. The

spiral and slinky configurations have higher heat transfer rates per trench unit length [24].

(a) (b) (©)

Fig. 3. Horizontal closed GHEs: (a) linear-loop; (b) slinky-coil; (c) spiral-coil [24]

2.1 Linear-loop GHEs

In term of the closed-loop system with sufficient ground area, the ground loop is arranged horizontally underneath the surface
of ground within backfilled trenches. Three basic configurations including the trench, series and parallel loops, are presented in
Fig.4. Their arrangements mainly rely on land availability and heat transfer demand. The series and parallel layouts typically
require smaller land regions. Moreover, the series and parallel loops are able to be combined, improving the flexible horizontal
fittings. The horizontal GHP systems are generally more cost-effective than vertical types for installations, on the basis of lower
expenses in comparison to drilling [24, 25]. And the horizontal linear loops are laid and buried typically 1-2 m below ground

surface [25].
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Fig. 4. Schematic of linear GHEs: (a) trench configuration loop; (b) series loop; (c) parallel loop [25]

2.2 Slinky-coil GHEs

To make full use of available land area for trenching, the horizontal GHE can be installed as slinky loops that are positioned

either horizontally or vertically as presented in Fig. 5.

Fig. 5. Schematic of horizontal slinky GHEs: (a) horizontal; (b) vertical [25, 26]

The slinky GHE is typically sited vertically in the narrow trench when the excavation is made with a trenching machine. On the
contrary, normally mounted horizontally [26]. The long pipe increases circulation pump work thus lowering the system COP.

Loop pitch is the distance between two slinky coils and typically in the range of 0.6-1.2 m [25]. For the slinky GHE, the width



of trench ranges 0.8-1.8 m with separation distance in multiple trenches of 2—4 m [25]. The loops sit in upright position in
narrower trench generally with 15-20 cm wide [25]. Narrower trench requirement in vertical layout could reduce the total
installation cost.

2.3 Spiral-coil GHEs

Spiral loop layouts are similar to the slinky-loops’, because they are normally horizontally oriented in shallow trenches as given

Inlet ‘

in Fig. 6.

Outlet

i Bottom of Building

Fig. 6. Schematic of horizontal spiral-coil GHE [27]
Nonetheless, the piping is arranged within circular loops in the trench [28]. The spiral loops need less regions than traditional
loops and have lower trenching demands, however, they require greater piping length for a fixed load [28]. The main merit of
the spiral-loop arrangement is the decreased horizontal region demand, which permits diverse trenching equipment to be utilized,
sometimes producing beneficial economics [29, 30]. An optimal design condition concerning coil pitch and setting depth are
0.08 m and 2.5 m, respectively [29, 31].
3. Techno-economic models
3.1 Technical models
Nowadays, technical models are still an important domain for research. They have been regarded as essential implements for
long time performance assessment, energy output and system optimisation. In fact, heat transfer analysis inside a horizontal GHE
contains several uncertain factors as illustrated in Fig. 7, for example installation depth, working fluid rate, thermal conductivity

of the soil and pitch spiral diameter [32].
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Fig. 7. The impact factors of thermal performance of horizontal spiral-coil GHE [32]
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Because of this reason, the physical process of heat transfer within the GHE is quite complex and typically divided into two parts.
One part is the ground region, whereas another part is the GHE region containing the refrigerant within the pipe and buried pipes.
At present, many prevalent analytical and numerical models are used in the process of heat transfer analysis in the horizontal
GHE through involving linear-loop GHE , slinky-coil GHE and spiral-coil GHE models. These analytical and numerical models
are illustrated in the following section.

3.1.1 Linear-loop GHE models

Kupiec et al. [18] setup one-dimensional transient heat transfer model for the horizontal linear GHE to assess the system
performance. Fig. 8 (a) depicts the GHE as a fictitious cuboid wherein heat is produced. Temperature difference along the y-axis
is analysed by means of classifying the heat exchanger into stages. A thermal fluid flows in series by the neighbouring stages,
which is regarded as perfect-mixing tanks in the model. Fig. 8 (b) displays the thermal fluid flow between the upper and lower

heat exchangers.

4
Ta=Tio

(a) (b)

Fig. 8. Schematic of: (a) GHE as a fictitious cuboid; (b) working fluid flow within the GHE [18]

The initial condition is given as follows:

t=00 T=T,+ B~exp(—%) ~005[w(t—tmax)—E] )

Where B is the half of the annual maximum temperature range; o is the frequency.
The boundary condition is written as follows:
x=hy, T=T, (2)

— Vinf 1
The heat transfer rate between the soil and working fluid in the j" stage is given as:
Qj =M CL(TLj _TL,j—l) (3)

The total heat transfer rate within the GHE is expressed as:

Q=30, @

j=t



The model is validated by test data, then utilized to assess heat exchange rate of the horizontal GHE for long-term operation
period. Meanwhile, it can also be used to study the effect of different process parameters on the GHE efficiency.

Li et al. [19] established a 3D heat transfer model of HGHE system to estimate the effects of soil surface boundary conditions
and diurnal shading on the system performance. A schematic diagram of the HGHE system is shown in Fig. 9. Meanwhile, the
basic heat transfer equations of HGHE system, soil surface boundary and shading are illustrated in Table 1. The results indicated
that high building load and shallow buried depth of HGHE have significant influences on system performance, and daily variation
in shading exhibits impact on outlet temperature of HGHE up to buried depth of 2.5 m.

(a) P (®)
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Fig. 9 (a) A typical horizontal heat pump system; (b) computational soil domain [19]

Table 1 Heat transfer equations of HGHE system [19]

Description Equation
The working fluid flow in the HGHE: aT 1. pA,, 3
PrALC, ¢ gf +peALC,u- VT = Ak V- (VTf )+ EfD ;hp |u| +Qua
The heat transfer between the pipe and nearby soil: Qua =N (T - T;)
The heat transfer in the soil: oT,
PsCps E = ksV ’ (VTS) - Qwall
The soil surface boundary condition: oT.
—k56—zss = (- )R +&.0(Ty,  —Te ) +h (T,-T,)-E,
The diurnal shading X, cose-e)H

OTW tan, W

Pu et al. [20] investigated the effects of the five arrangements on HGHE performance by ANSYS Fluent 15.0 as shown in Fig.
10, and concluded from Fig. 11 that the heat transfer rates of U-pipe and serpentine pipe are lower than that of single pipe, which

means single pipe has better thermal performance.
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Serpentine 1(77=3) Serpentine 2(n=15) Serpentine 3(n=7)

Single pipe(n=0) U pipe(n=1) 4
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Fig. 10. Five arrangements of HGHE [20]
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Fig. 11. The effects of five shapes arrangement of HGHE on thermal performance [20]
Meanwhile, the comparison between in-line and relative displacement of staggered pipes on the HGHE performance is presented
in Fig. 12. It is found from Fig. 13 that the performance of HGHE in staggered arrangement is better than that of in-line

arrangement, however, when the relative offset distance D/S < 1/3, the in-line arrangement shows a better system performance.
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Fig. 12. In-line and staggered layouts [20]
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Fig. 13. The heat transfer rate vs. the offset distance [20]
Noorollahi et al. [33] studied a horizontal GHP system to fulfil a 1000 m? greenhouse energy demand in Iran as shown in Fig.14.
To evaluate the GHP system performance, the heat transfer equations within the GHP system are given in Table 2. The heat
transfer equations are resolved based on the Cranke Nicolson approach. The results demonstrate that increasing the length of

GHE decreases the number of heat pumps required for the greenhouse, and also decreases the power consumption.

Fig. 14. The schematic of GHE system applied in the greenhouse [33]

Table 2 The heat transfer models for the greenhouse [33]

Description Equation
The energy conservation for the greenhouse: dT
MCyir —— = Qamp t Asun T A + a
dt
The heat transfer in the soil: OT 10T 14T
_ =
o’ ror oot

The heat transfer in the pipe wall:
PIP kp—ZT (R,t)=h[T(R,t)-T,]
r

The outlet fluid temperature: 2nRh
T =T, +(T, - T,)exp(- o Az)

w

11



Todoran and Balan [34] investigated a horizontal GHP system for space heating within a small residential house as presented in

Fig. 15. The basic energy balance equations are given in Table 3.
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Fig. 15. The schematic diagram of GHP system applied for a small residential house [34]

Table 3 Heat transfer equations within the GHP system [34]

Description Equation
The heat output from heat pump condenser: Qc=m,-c,-At,
The heat source provided for heat pump evaporator: Qy=m,-C,-At,
The electricity consumption from heat pump compressor: Pe=Q—Q
Q_ Q
The heat pump COP: COP =
PP P, Qu-0Qy
Q Q
The whol m COP: COP..=—Sk —_ <k
e whole system CO TP, P.+P,+P
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Fig. 16. Power variations of the heat pump elements, COPxp and COPsys: (a) autumn; (b) winter; (c) spring [34]
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Fig. 16 illustrates electricity consumption variations of the heat pump components, COPwe and COPsys. The mean COPyp for
each operational period are 6.4 in autumn, 3.9 in winter as well as 4.7 in spring, meanwhile the mean COPsys for each operational
period are 5.4 in autumn, 3.5 in winter as well as 4.0 in spring.

Sofyan et al. [35] developed an innovative three-dimensional transient model for the horizontal linear GHE with considering the
impact of seasonal ground temperature change. Fig. 17 displays a graphic of the horizontal linear GHE and experimental rig.

Atmosphere  Oreflection  QConvection  QRadiation Flow meter

45 x 500 W projectors

————— r\\ .
.l

OConduction 96 Channel data logger

Lighting dimmer rack

Sensor mounting panel

PVC water pipe

Hot water system—

(@) (b)
Fig. 17. Diagram of the horizontal linear GHE: (a) 3D model; (b) experimental rig [35]
The heat transfer numerical formulations in terms of the ground, pipe wall and thermal fluid are obtained as:

The ground region is given as:

10T T OT H :
as 6t aXZ ayz ks ( )
where os is the soil diffusivity (m? /s); Ts is the soil temperature (K); t is the time period (s); Hs is the soil source term (W/md);
ks is the soil conductivity (W/m K); x and y are the distance in the x and y directions (m).

The pipe wall region is written as:

kA

aT,
Cpppr E = Ahf (’Tf - Tp) +
The thermal fluid region is expressed as:

aT, aT,
CfpfAEf = ndi;hy (T, = Ty) —mye 6_Zf )

Fig. 18 demonstrates the calculating region of the horizontal linear GHE through the explicit finite different method (FDM), the

pipe of the horizontal GHE is set as the symmetric boundary.

13
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Fig. 18. Horizontal linear GHEs: (a) buried in the ground region; (b) calculating region [35]
The ground region is discretised on the basis of the structured rectangular mesh which has an equal distance in the x and y
directions. The heat transfer of ground surface is affected by vegetation cover, solar radiation, evaporation and precipitation. It
is found that the numerical results exhibit good precision compared with the measurement data, and the model can be used to
examine the system performance and soil temperature change for a long-term operating period.
Kayaci and Demir [36] built a two-dimensional numerical heat transfer model for the horizontal GHE to simulate the system

energy output for a 200 m? office in Istanbul. Fig. 19 depicts the soil domains and horizontal GHE pipe.

Fig. 19. Schematic of horizontal GHE pipe and soil domains [36]

The transient two-dimensional heat conduction equation is expressed as:

eT oT_tar o
o o a, ®)

The working fluid temperature in the pipe is given as:

dT.
f,0i — q dl (9)
do mCy

where m is the mass fluid flow rate (kg/s); q is the heat flux (W/m?); Cyris the specific heat of fluid (J/kg-K).

14



Based on the energy equilibrium, the surface heat fluxes are determined with consideration of the surface-ambient heat
interaction as given in Table 4. The heat transfer formulations are solved numerically by using the ADI approach which deals
with the tri-diagonal matrix systems easily.

Table 4 The heat fluxes on soil surface [36]

Item Equation
Energy equilibrium (soil surface) G =G+ 0, + G, + G, + 0

_ . _ X, (=1 LU
Convection Uy =P.CoaDhl(T, ~T,) . " [nz/z)P . © (@+10Ri). '  T,U?
Evaporation d, = 0.0168fh, [P, —P,]

. Ta

Incident radiation q, =1.08{1— exp[—(0.01e,) 5 36 T?
Emitted radiation de, =—¢oT!
Solar radiation 0, = (1— Albedo)[S,, +S, Re(exp(iot +¢,)]

3.1.2 Slinky-coil GHE models

In comparison to the linear-loop GHE, the slinky-coil GHE uses superimposed loops arranged horizontally along the bottom of
a wide trench. Based on the heat pump's specification, environmental conditions and soil properties, the slinky-coil trenches are
installed from 1/3 to 2/3 shorter than conventional one. In fact, they are more space-efficient and cost-effective, and fitted in
regions with restrictions on land space. Therefore, many analytical and numerical models have been established to evaluate the
energy efficiency of the slinky-coil horizontal GHE.

Xiong et al. [26] established an analytical model on the basis of the principle of superposition to determine the temperature

response function for the slinky-coil horizontal GHE as shown in Figs. 20 and 21.

p= Pitch
D= Ring Diameter
do=Tube Outer Diameter
L="Trench Length
The Ground Surface, T, =0
The Ground Surface, T, = T,{1) (Isothermal) The Ground Surface, T, = T.(1)

YVYYY 1 (.v.v.v.v.)
(.A.A.A.L.) i AVAVAVAN

—-(06000)~ . L R |
(a)

Fig. 20. (a) Simplification of a slinky loop; (b) principle of superposition [26]
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d(P;;,P))

Fig. 21. Distance between points P; and P;j on ring source j [26]

The continuous point source method is expressed as:

_ 9 d
AT(d,t) = o erfo( V%) (10)

where q is the heat rate (W); d is the distance between two points (m); t is the time (s); T is the temperature (°C).

The temperature perturbation at point P; is calculated by:

d(P;,P)
, erfc[—1—="]
AT(P, 1) = IR [ g (11)
Ankd®  d(P,P)

where P is the point; R is the radius of ring (m); i and j are the arbitrary indices.

Their simulation results indicate that £1% deviation in temperature response factor causes the maximum £0.2 °C error in the
predicted heat pump inlet working fluid temperature for one year operating period. Meanwhile, this analytical model exhibits
good precision and decreases the calculation time dramatically, making the calculation time of temperature response factor in a
rational range for the whole building energy analysis.

Sangi and Muiller [37] developed a called Modelica-model for the slinky-coil horizontal GHE as given in Fig. 22. The heat

transfer model between the working fluid and pipe wall is developed by the Modelica Standard Library (MSL).

Heat port Heat port Heat port

Fluid port ‘— - MQ - OFIuid port

[ Boundary slinkyElement |

| Boundary SlinkyPipe |

Fig. 22. Modelica-model [37]
The heat transfer equation of soil region is obtained as:

T1 _Tz

Qg =M (12)
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where Ty and T are the temperatures on both sides of the wall (°C); & is the wall thickness (m); A is the soil thermal conductivity;
A is the area (m?).

The heat transfer between pipe wall and working fluid is written as:
Qconv = GA(Tquid _vall) (13)
where « is the heat transfer coefficient;

The radial heat transfer from the refrigerant to the external pipe wall is given as:
2L
Q= 1 1 X (Thuig = Toan) (14)

+
krinner A

 In(Coer)

inner

pipe

where L, rinner and roueer are the pipe length, internal and external pipe radii (m), respectively.

The numerical predictions are verified by the published test results, which proves the accuracy and reliability of the model.

Li et al. [38] proposed a moving ring source model considering the influence of subsoil water flow to study the temperature
response of the horizontal slinky-coil GHE and multiple’s performance. Fig. 23 describes the schematic diagram of a single
moving ring source model within an infinite medium. In order to further simplify the calculation process, both the adiabatic and

constant boundary conditions are assumed via the method of images as shown in Fig. 24.

> ] Px,y .z) >
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- > ’.’ : _—
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groundwater flow
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—_— —_—

Fig. 23. Diagram of the single moving ring source method [38]
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Fig. 24. The established boundary conditions by using the method of images [38]
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Fig. 25. Arrangements of the multiple ring sources [38]

Temperature rise at point P is given as:

kr, & ‘
Oip :7z®inf,i(Ri’Pe?F0)

r i=0
2n
Ointp = Oy & = % _[ eXp{[Pew]'f(R;,Pe,Fo)}dc
, a 0
f(R;,Pe,F)) = 2 1w PR serfo(R PRy | e PR yerfe(R* PeFy,
R 2 2JF, > 2F,
- i i i ur, at . R z X
where U is the groundwater constant velocity along x-direction, Pe:7, F = = R ==, Z:? and X:r—-
0 0 o

(15)

(16)

(17

Fig. 25 illustrates the calculation process of multiple slinky ring source based on the superposition principle. When a slinky GHE

comprises of n ring source units, the temperature increases at point P within a semi-infinite medium are given as:

kr, & ,
045 = ?ZGinf,i(RiaPe7Fo)
i-0

r

0, (R',Pe,F,) =0, Ko - %exp(})eg) joz"[f(R;, Pe,F,) +f(R,Pe,F,)ldo
q

r

~ (\/(x —X')? + (Y —1,€086)* +[z — (=z'+ 1, 5in5)]°
rO

R

+

~ (\/(x —x')? + (Y —T1,€080)* + [z~ (z'+1,5in0)]°
rO

R

(18)

(19)

(20)

(21)

where R is the distance from point to ring source (m); F, is the Fourier number; 0 is the temperature response (°C); r is the radial

coordinate (m); r, is the ring source radius (m).
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The ring coil surface temperature is written as:

®sf—i = ®sf—sur + z ®sf—RSU (22)
j=1,j#i
where Osrs;j is the temperature interference from adjacent ring sources RS; (j=1,2,3, ...... , j —1) toring source RS;.
® =ij2"® do (23)
sf—RS;o 275 0 sf

This proposed analytical model is used to study thermal efficiency of a spiral heat exchanger under different circumstances and
quickly estimate the mean pipe wall temperature.

3.1.3 Spiral-coil GHE models

The horizontal spiral-coil GHE is widely utilized because it has large heat exchange area and better flow mode without air
chocking in the pipes compared with the linear and slinky-coil GHES. Moreover, the spiral-coil GHE could reduce the
complication of the pipe connections and the effect of thermal short-circuiting between inlet and outlet pipes. Thereby, a number
of models have been proposed in order to study thermal physical characteristics of the spiral-coil GHE.

Jeon et al. [13] developed a novel Green's function analytical model of horizontal spiral-coil GHE by the mirror image and
superposition approaches. This model is used to study the influence of a semi-infinite medium and soil temperature distribution.

Fig. 26 (a) shows the graphic vision of a spiral coil source for the horizontal GHE.

N Iimage source 4 image shk
— ' . o ‘ -q
- Image “‘—.__*Q__V.-" .Q
d Spial ol sk ey Adiabatic surface - H '\ N Isothermal ground
X Nl S0 Y s surface temperature
' » . Sdd o |
» ¥ .

A AK A
L
\d
-

v, . Spiral coil source T TN N
l +q
¥ Source X Source
k

py gl (a) Adiabatic surface condition (b) Isothermal ground surface condition

(a) (b)
Fig. 26. (a) Horizontal spiral-coil GHE; (b) mirror image method [13]
According to Fig. 26 (b), the boundary of soil surface is regarded as isothermal or adiabatic condition, relying on the symbol of

the source in the image. The temperature change because of the image spiral-coil GHE is given as:

q to q o h, R (xy'2)+(y-y)
B(u,t) =— | [ G(u,t|u", t)du'dr = — e U dy'de 24
pc'(l;.! | 8(na)3/2£(t_r)3/2_([ ( )
F.(XY',2) =X+ (z+d)* + 12 —2xr, cos(%) —2(z+ d)rosin(%) (25)
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o RGYD)Hy-y) Fin (XY 2)+(y-y)’

t
J‘ 1 J’ 4o(t-1) —e 4o(t-1) dy'dT (26)
0

qlloc i 1
0w, 1) = [ [G(u, t|u', t)du'dt =
(u,t) c-!;[ (u,t]u’,t)du'dr = 8(71(1)3/2

i)

F(X,y',2) =x> +(z—d)* +r2 —2xr, cos(zﬂ) -2(z- d)rosin(zny
ps ps

(27)

where u’ is the position of the image spiral coil source; q is the temperature (°C); Q (u, t) is the source density; u is the position
vector.

The error equation is written as:

erfc[A, (u,y) / 24at] erfe[A,, (u, y)/zf

Lh
0= 7»! Aqy(u,y") A (0,y) (28)
A (UY) = R (%, Y',2) + (¥ — ¥ (29)

The results of the numerical model display a good fit with the experiment data with an average difference of 0.3%. The model
is capable of capturing the structure of the spiral coil accurately, and therefore it provides a more precise assessment for the soil
temperature.

Kim et al. [29] established a 3D numerical model of HGHE by CFD software as presented in Fig. 27. The 3D numerical model
has 472626 elements that are setup as a tetrahedral type. The average mesh element quality is about 0.6581. It can be obtained
from Fig. 28 that the outlet fluid temperature is lower than the inlet fluid temperature, finally reaches 32.09 °C which is lower

than the entering water temperature of 32.2 °C.
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Fig. 27. (a) Horizontal spiral-coil GHE; (b) CFD model and boundary conditions [29]
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Fig. 28. Numerical simulation results [29]
Li et al. [39] studied the operating features of the horizontal spiral-coil GHP to analyse the influences of heat pump and

groundwater movement on the system performance as illustrated in Fig. 29.
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Fig. 29. The schematic of the horizontal spiral-coil GHP system [39]
The heat transfer model between the working fluid and pipe is illustrated as [39]:
an 1 ppr 2

PeA,C, ra PeA,Cou-VT, =V (A K VT,)+ EfD Tlulu + Quua

" (30)
A, is the cross section area of pipe (m?); gs is the working fluid density (kg/m?3); t is the time (s); u is the working fluid velocity
(m/s); fo is the Darcy friction factor; dh is the hydraulic pipe diameter (m); Tr is the working fluid temperature (°C); Cpy is the
heat capacity of fluid (J/kg-°C); ks is the thermal conductivity of fluid (W/m-°C).

The heat transfer between the ground and pipe is given as [39]:

Quar = ("2) o (T, =T) (1)
where Ts is the ground temperature (°C); (hZ)est is the whole thermal resistance of the pipe wall (K/W).

The thermal resistance in a circular pipe is written as:

2n

(hZ) eff = r
InC?)

(32)
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where r; and r, are the inner and outer radius of the pipe respectively (m); h; is the convection coefficient within the pipe

(W/m2-°C); ky is the thermal conductivity of the pipe wall (W/m-K).

The heat exchange within the soil region is described as:

oT,

PCys Y =V-(kVT)-Q

wall

where subscript s denotes the soil.

In heating season, the thermal load of GHE (Qgcre) is given as:

eatin 1
gH:E = Qbuilding - copP )

heating

In cooling season, the thermal load of GHE (QgHe) is expressed as:

coolin 1
GHIE = Qbuilding (1+ W)

cooling

Electricity input to the compressor of heat pump is calculated by:

p— Qo

COoP

where P is the heat pump power (W); COP is the coefficient of performance; Qe is the thermal load of GHE (W).

The initial and boundary conditions are given in Table 5.

Table 5 The initial and boundary conditions [39]

(33)

(34)

(35)

(36)

Description

Equation

The initial conditions of the soil and fluid are

regarded as same
Initial conditions

The soil temperature Ts (z,t)

T (Y. 2|, =Tz,

Ts (Zv t) = Tmean ™ Tamp 67 Jg COS[(J)(t - tC) - 24 ’ 2(2 ]

Atwallz=0

Atwall z=H
Boundary conditions

Atwally=0andy=L

Atwall x=0and x =W

T.06Y,2,7)],_ = Trean — Tump cOS[@(t—1,)]

Tz, , =Tz,

T.Y.20), =@, .
OT,(X,Y,2,1) 0
6X x=0,x=W

Fig. 30 illustrates the comparison among outlet fluid temperatures calculated by numerical model and Mei’s model, and

experiment data. It can be found that the outlet fluid temperatures in numerical model give a good agreement with the test results.

The maximum and average errors are 1.1 °C and 0.2 °C, respectively [39].
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Fig. 30. Comparison among numerical model, experimental results and Mei’s model [39]
Moreover, the results reveal that the differences between mean inlet fluid temperatures with and without heat pump in cooling
and heating modes reach 4.1% and 11.5%, respectively. Furthermore, the pipe spacing and soil thermal conductivity have great
influences on the horizontal GHP system performance.
Kim et al. [40] simulated a horizontal spiral-coil GHE to compare its heat transfer rate with the slinky-coil GHE’s by using the

computational fluid dynamics (CFD) software as shown in Fig. 31.

Fig. 31. Numerical simulation: (a) 3D geometric model; (b) mesh model [40]

Small error of about 8-10% between the numerical and experimental results is obtained. It is concluded that the horizontal spiral-
type GHP could achieve better performance than the slinky-coil GHP. In addition, the soil thermal conductivity and GHE
configurations are the key factors to calculate the GHE heat transfer rate while the pipe diameter has little impact on the GHE
performance.

Go et al. [31, 41] established a three-dimensional model of a horizontal spiral-coil loop to investigate thermal behaviour based

on the FEM as shown in Fig. 32 (a).
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Fig. 32. (a) Heat transfer process; (b) finite element model [31, 41]

The heat transfer equation in the region is expressed as:

or oT oT 2T aT 62T
(PC)u (& 5 ?) X( ay ) Q (37)

where u is the fluid velocity (m/s); T is the soil temperature (°C); A is the soil thermal conductivity (W/m-K); Q is the heat
sources (W/m?).

The fluid equation within a pipe is given as:
oT,
pprCpE+ piA,Cou-VT, =V-(AA VT, )+ f |u|u +Q+Q,u (38)

where ris the refrigerant density (kg/md); A, is the area of pipe cross-section (m?); C,, is the specific heat capacity at a constant
pressure (J/kg-°C); u is the fluid velocity (m/s); 1/2fppAp/2d is the friction heat dissipated due to viscosity; Q is the normal heat
source (W/m); Qwan is the heat source term (W/m).
The heat transfer equation between the working fluid and solid mass is written as:

Quan = (02)s (T =) (39)
where Tex is the external temperature outside the pipe (°C); Z is the perimeter of the pipe wall (m).
To analyse heat exchange of the horizontal GHE, a finite element model is established with dimensions of 30 mx 15m x 5 m by
COMSOL Multiphysics software as depicted in Fig. 32(b).
According to Fig. 33, the mean relative error is less than 2.5% between the prediction of the numerical model and test data. It is
concluded that the rainfall infiltration leads to a widening working fluid temperature gap between the inlet and outlet, and it
could increase the thermal efficiency. Meanwhile, the groundwater movement has a positive influence on the system performance,

and the advection effect varies with the soil hydraulic conductivity and void ratio.
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Fig. 33. Validation between numerical and experimental results [41]
3.1.4 Comparison of technical models
To decrease the horizontal GHE pipe length, required land region and enhance thermal performance, the comparative study of

analytical and numerical models is done for three types of the horizontal GHE .
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Fig. 34. Diagram of a horizontal GHEs (a) linear; (b) helical; (c) slinky [15]
Dasare and Saha [15] analysed the annual performance of the horizontal GHE with different configurations based on three-
dimensional FEM model for short-term operation as presented in Fig. 34. It is revealed that the spiral coil-type GHE presents
superior performance in the light of heat energy extraction compared with the linear horizontal GHE. Moreover, the trench depth

is not a significant factor affecting the GHE performance.
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Habibi and Hakkaki-Fard [42] presented a three-dimensional numerical model by the finite volume method (FVM) to evaluate
thermal performances of different horizontal GHEs as given in Fig. 35. The diagram of the heat transfer analysis based on the
equivalent thermal resistance circuit is given in Fig. 36.

Loop diameter
»

i Loop diameter
- »

H
ch
>

p pitc

Loo)

~—

(a) (b) (c) (d)

Fig. 35. Schematic diagram of GHESs (a) calculation domain; (b) slinky; (c) spiral; (d) linear [42]
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Fig. 36. The heat transfer analysis based on the thermal resistance circuit [42]

The heat transfer rate along the buried GHE pipe is obtained as:

1

dQ = Ty, - T —)dx (40)

GHE

where T is the circulating fluid temperature (°C); Tgs is the soil temperature nearby the pipe (°C); Rere is the GHE thermal

resistance (W/m).
The disturbed soil temperature is given as:

Tds (t) = Tson (y, t)‘ y=ve +f (t)

(41)
where Y. is the depth of the GHE center (m); f(t) is the thermal influence of the GHE on the soil surrounding the pipe (m).
The overall heat transfer rate is expressed as:
dQ = mwatercwater dldx
dx (42)

where Muaer is the water mass flow rate (kg/s); Cwater iS the specific heat of water (kJ/kg-s).
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The thermal load of the GHE is given as:

1
QGHE - Qbuilding (1_ ﬁ) (43)
COP = Qu
QH - QL (44)
3 . 2n 1 . 2n
Qbuitding = ZAO Sm[% (t—t,) + 1 A, sm[% (t—1t,)] (45)

where Qu is the heat transfer rate in the heat pump condenser such as the building thermal demand (Quuilding) (KW); Qv is the heat
transfer rate in the heat pump evaporator such as the GHES load (Qcre) (KW); Ao is the maximum amount of heat that is injected
to the building by the GHP during the cold period of the year (kW). The thermal resistance equations within the GHE are
illustrated in Table 6. The results indicate that the linear arrangement has the highest heat transfer rate per pipe length.

Table 6 The thermal resistance heat transfer equations within the GHE [42]

Description Equation
The thermal resistance of GHE (RgHe): Ree = Reon + Rpipe + R
1
The thermal resistance between the internal pipe wall and fluid: Reonw = D.h
In%
The thermal resistance of the pipe wall: R = Din
" 2mk,
pipe
- - . 1 DOLIl + dconstant
The thermal resistance between external pipe wall and soil: Ry = o [In( D )]

soil out

Furthermore, an innovative design concept for the height of the secondary soil (HSS) is proposed to improve thermal performance

of the horizontal GHE system. Fig. 37 depicts the schematic of spiral GHE in parallel arrangement with secondary soil. The HSS

is defined as the height of the secondary soil used on top of the GHE.
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Fig. 37. Schematic diagram of horizontal GHESs buried in secondary soil [42]
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According to Fig. 38, it can be concluded that the secondary soil has better heat transfer rate during 80% of the heating season.
Meanwhile, it is also demonstrated that the saturated secondary soil is able to decrease the initial installation expense of the GHE

up to 40% in comparison with the system without the secondary soil.
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Fig. 38. Influence of different secondary soil types on heat transfer rate of horizontal GHE [42]
Han et al. [43] established a three-dimensional heat transfer model of the horizontal GHP to calculate the annual system
performance for various GHE arrangements. Fig. 39 exhibits the geometries of those horizontal GHE configurations. Results of

this study demonstrate that the soil temperature and thermal properties contribute to enhancing the GHE system performance for

long-term and short-term operating periods.

A pattern(l) =1 Tive=624 b Lne: Temperabure (degl)
Acrom Lise: Velocity

arn

o

> N

B pattenn(2)=2 Tima~624 b Line: Temperature (degl)
Asrow Lise: Velocky

3
®|12m a0 pa @ 12m
"
@ 1am 2 ® 18
' 20 o4
w
% L" » 02
° 0
°
vo vo
C poteeniXied Thrme3d b Lise: Tomperature (d05C) D Pamernitind Twrars2dh Line: Tomparaturs (Segc)
Asrow Line: Yelocty Astow Lise: Velocky
a3 aco
4
2 § a8
o7
o8
®|oom ‘ z - ps
® 1m0 o 0 ol X IBEL
1.8m 20 ) 2 #*
04 |
21m < N 0 p 3 20 o3 9@ 12
y t/'. 10 02 ¥ t/. 0 - o6m
ol
° 0 o 0
°
vo v5 610
E pesternill=l Threstad b Line: Temperabure [0egc) F PAten(Z)=2 Tirm=t24 b Line: Temperstyre (Oegt)

row Lise. Velocky

a0
0
>
s .
19
e {
20
H o
y t/ G 10
10 °
vo

Asrow Lise: Velocky

aly

Fig. 39. Geometry of different horizontal GHEs in heating mode [43]
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Selamat et al. [44] developed a three-dimensional CFD model to optimize the design for the horizontal GHE by means of different
GHE arrangements and pipe materials. Fig. 40 shows the pressure distributions of flow path under different layouts. It is found
that the slinky-coil GHE has high heat transfer rate compared to the straight GHE. Furthermore, copper pipe could improve
energy efficiency by 16% over high-density polyethylene (HDPE) pipe.
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Fig. 40. Schematic diagram of pressure distribution: (a) linear; (b) slinky; (c) vertical slinky; (d) inverted vertical slinky [44]
To sum up, the merit of analytical models is that the straightforward complicated mathematical algorithm could be easily
combined into a simulation/design program. Meanwhile, the essential calculation time of the analytical method is much less in
comparison to the numerical method’s. However, the accuracy of analytical results is slightly low because of the assumptions
and simplifications. Therefore, the numerical models are more attractive to attain high accurate results based on the FEM, FDM,
FVM, ADI and commercial software. It is found that the numerical models of the horizontal GHE normally conduce to more
comprehensive investigations of the GHP performance in the design and optimization phases. In comparison to the analytical
models, the numerical models often provide a better approximation of the energy efficiency, temperature variation as well as soil
heat and mass transfer rates. Nevertheless, they are impractical for engineering application for three reasons as below: 1)
numerical models are more time-consuming and complicated for the computing process; 2) it is very difficult to setup a normal
mesh production program for different arrangements; 3) the majority of the numerical methods are performed by the CFD,
Matlab, COMSOL and FEFLOW software. Table 7 demonstrates the comparison of the main analytical and numerical models

for the horizontal GHE.
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1  Table 7 Comparison of analytical and numerical models

Technical models

All  thermal and physical
properties of materials are set as
the uniform; 4) Soil is treated as
the homogeneous medium; 5)
Heat transfer in the soil region is
defined as pure heat conduction;

are defined as the undisturbed soil
temperature; 3) The mean working fluid
temperature is set as the inlet fluid
temperature of the simulated loop.

about 4.5% compared
with the analytical
results.

Model Type Assumption conditions Initial and boundary conditions Key findings —
Approaches used Error assessment Scope of applications
Neupauer Linear-loop GHE | 1) The thermal interaction is | 1) The initial soil temperature is set as | Based on the line | The difference | To assess the long-term variation
etal. [17] overlooked between soil surface | 21.49 °C; 2) The initial heat flux is defined | source model. between the 1D | in the soil temperature.
and nearly soil; 2) The refrigerant | as 48.2W/m; analytical model and
temperature variation alongside | 3) The soil surface is defined as: experimental analysis
the pipe length is ignored. q. . [4at ¥ oY is approximately
=T +2[|— -2 )-y. —_— 04-309
T=Ty + k[J:eXP( 4at) y-er 0(2\/&)] 20%-30%.
Xiong etal. | Slinky-coil GHE | 1) The heat flux is uniformalonga | 1) The initial condition is defined as: | Based on the | The maximum error | 1) To calculate the thermal
[26] ring; 2) The heat flux of every ring T2(x,2,0) = T*(x, 2,0) + T2(, 2,0) principle of | of the inlet fluid | influence of the soil temperature
within the GHE region is the same; 2) The soil surface is set as superposition. temperature of heat | change; 2) To calculate the
3) The soil is regarded as a semi- pump is only 0.8% | system performance and energy
infinite uniform medium; (Tsz)otsszd—T between analytical | output; 3) To significantly
dz model and | improve computation speed.
T=T,(t),z=0 experimental result.
Sangi and | Slinky-coil GHE | 1) The heat transfer of ground is | 1) The boundary of calculation domainisset | Based on the | Thedeviationisabout | To evaluate the system
Miiller [37] assumed as the heat conduction; 2) | as 55x24x10m; 2) The pipes of the GHE are | thermal resistance | 2.1 °C between the | performance and parameter
The influence of heat radiation and | laid out 1.5 m below the surface. method. analytical model and | analysis.
convection are neglected in the test result.
model; 3) The ground
temperatures at the surfaces are set
Analytical to be constant.
models Li et al. | Slinky-coil GHE | 1) The soil surface is regarded as | 1) The average original ground temperature | Based on the | The relative | 1) To analyze the thermal
[38] the constant value; 2) The soil is | is defined from the ground surface to the | Green’s function | difference is less than | performance with considering
treated as a homogeneous infinite | depth of 5m; 2) The working fluid | and line source | 2% based on the error | the ground water flow; 2) To
porous medium; 3) The velocity of | temperature of 20 °C is set as the initial | model. functions. determine the pipe wall, soil
soil groundwater flow is assumed | temperature; 3) The adiabatic boundaries are temperature.
as a constant value along one | set between the symmetry of the heat source
direction; and virtual heat sink/source.
Jeon et al. | Spiral-coil GHE 1) The calculation domain is | 1) The initial condition is given as: | Based on the | The error betweenthe | To provide a more accurate
[13] defined as a homogeneous, | 6(u,0)=j(u,0) ; 2) The Dirichlet boundary | Green’s theory and | analytical and | prediction of soil temperature.
isotropic solid body; 2) The model N ) 0 mirror image | experimental results
is assumed in the semi-infinite | condition is set as: —-aA0=Q(u,t) ; | method. is about 0.3%.
medium. a
0(u,t) =h(u,t).
Habibi and | Linear-loop, 1) System is utilized merely for | 1) The initial soil temperature is defined as | Based on the | The maximum error | 1) To investigate the thermal
Hakkaki- slinky-coil, and | space heating; 2) All components | the undisturbed soil temperature; 2) The soil | thermal resistance | observed from the | performance and initial
Fard [42] spiral-coil GHEs | are regarded as the steady-state; 3) | surface and bottom boundaries of the domain | method. experimental data is | installation cost among the three

types of GHEs; 2) To assess the
effect of the secondary soil layer
on the three types of GHEs
system performance.

30




6) The pipe wall is assumed to be
smooth with no-slip condition.

Numerica
| models

Kupiec et | Linear-loop GHE | 1) The ground is treated as a semi- | 1) The initial condition is given as: t=0: | Model equations | The soil temperature | 1) The model can be used to
al. [18] infinite body; 2) The soil is | T=f(x); 2) The first boundary condition for | are solved by the | difference in the | determine the soil surface
regarded as a heat conduction . . 4T FDM wusing the | simulated model is | temperature and heat transfer
process; 3) The heat exchange the soil surface is x=0: ’k&:ho(Ta’To) 3) Cranke  Nicolson | are consistent with | rate from soil to working fluid; 2)
between the soil and environment | The second boundary condition is given as: | Scheme. the experimental | The mean temperature of the
is assumed as heat convection. X o0, T=Ts results (error <10%). | subsurface layer of the soil are
determined.
Noorollahi | Linear-loop GHE | 1) The greenhouse and soil are | 1) The initial condition is written as: | The heat transfer | The maximum error | 1) The proposed model can be
etal. [33] regarded as the heat sources or | &T ) ... . | equation is solved | is about 13.1% | utilized to obtain the GHP
sinks; 2) Heat transfer model is | 5 0=0" 2) The boundary condition is | )" tha Cranke- | between numerical | system energy output for
divided into two parts, namely | . . . _ Nicolson method | model and  test | greenhouse; 2) To Analyse the
internal and external of the | 90" o Tr>o)=T,:T(10)=T,. based on the Matlab | results. heat transfer process between
greenhouse. software. soil and working fluid.
Sofyan et | Linear-loop GHE | 1) The heat transfer in the soil | 1) The soil seasonal variation are determined | 1) The 3D model is | 1) The maximum soil | The model is used to conduct a
al. [35] domain is assumed as the pure heat | via using an interior source term method: | solved based on the | temperature error | sensitivity analysis to investigate
conduction; 2) The heat transfer AT, | . .| explicit FDM; 2) | between the 3D | the effects of the pipe length,
between working fluid and soil is H, PSS 2) The soil temperature is The time step At is | model and  the | fluid flow rate and inlet working
regarded as 2D model. assumed as the constituent value at the depth given based on the | measured result is | fluid temperature of the
of 10m; 3) The computational domain of soil | Courant- 0.3 °C; 2) The | horizontal GHE.
is treated as the symmetry boundary. Frleijlchs—Le\{v_y measured ou_tlet _fIU|d
stability condition: | temperature is higher
Az than the 3D model.
<L, A<=
Uy
Kayaci and | Linear-loop GHE | 1) The horizontal parallel pipesare | 1) The initial condition is given as: Based on the ADI | The maximum errors | 1) The model is used to solve
Demir [36] assumed as the same depth; 2) The ~E t p method. between  numerical | efficiently with the tri-diagonal
influences of mass transfer to total | T®0 =T+ T ™ °°5(2“E‘Y\j:p) and  experimental | matrix algorithm; 2) The model
heat transfer rate are overlo_oke(_j; 2) The boundary conditions are given as: results of mean iqlet can be used_ to determine _the
3) Ground thermal properties is oT oT and outlet working | annual heating and cooling
regarded as the constant; 4) The | Ti=T(x,t), t=0; — =0; — =0;q fluid temperatures are | energy output for a long-term
working fluid rate is the same X o X lxepr2 verified as 1.09°C | operation.
within each pipe; (W/m2), y=H; g¢ (W/m?), y=0. and 0.86°C,
respectively.
Li et al. | Spiral-coil GHE | 1) The heat exchange between soil | 1) The initial conditions of the working fluid | Based onthe FEM. | The maximum error | 1) To study the effect of heat
[39] and working fluid is assumed as | and ground are considered as the same: of  outlet  fluid | pump COP, ground and working
the pure heat conduction; 2) The T (X,yyzyt)‘ko =Ts(th)\,,0 : 2) The soil temperature is 1.1 °C | fluid temperatures; 2) To analyse
thermal load of GHEs is assumed boundar 7d't' o R and the mean error is | the impact factors including the
to be equal to the building undary condition are given as. z=0, 0.2 °C. pipe spacing, buried depth as
demands; 3) COP is calculated by: | T2 0], =T = Tom, COS[(t —t,)] ; 3) well as soil thermal conductivity,
COP =0.003T7, +0.056T7, +5.784 | z=H, T.(x,y,.z.t) _,=T.(z7)_, ; 4) y=0 on system performance.
and y=L, Ts(x,y,z,t)\yzoyy:L:Ts(z,r)\y:o‘y:L :
5) x=0 and x=W, 9L(*.y.2.1) ~0
aX x=0,x=W
Kim et al. | Spiral-coil GHE | The heat transfer process is treated | 1) The initial inlet working fluid temperature | Based on the FEM | The difference is | 1) To precisely assess the
[40] as the heat conduction in the | is setas 16 °C; 2) The boundary of model is | and CFD. about 8%-10% | thermal performance of the
ground region. defined as 5Smx1mx1m. between  numerical | horizontal GHEs; 2) To study the
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and
results.

experimental

influence of design factors on the
heat exchange rate.

Go et al
[31, 41]

Spiral-coil GHE

1) Soil region is regarded as a
porous medium including the solid
particles and pores; 2) Fluid region
is treated as 1D model 3) The soil
properties are regarded as constant
values at all depths and
temperatures.

1) The initial soil temperature and fluid
velocity are 15.2 °C and 0.5m/s, respectively;
2) The calculation domain boundary 3D
model is set as 30 mx15mx5m; 3) The inlet
pipe wall temperature is regarded as the
ground surface temperature.

Based on the FEM
coupled with CFD
analysis.

The mean difference
is 3.92%, while the
maximum difference
is 8.85%.

1) To assess the influence of key
input parameters on the system
performance; 2) To provide an
optimum design condition for
the horizontal GHP unit; 3) To
analyse the capital cost and
payback time.

Dasare and
Saha [16]

Linear-loop,
slinky-coil, and
spiral-coil GHEs

1) The influence of acceleration is
ignored; 2) No slip boundary
conditions at the walls.

1) The initial condition is treated as the inlet
fluid temperature: T(x,y,H,t=0)=%7°C;

2) The 3D calculation domain of size is
defined as 2 mx2mx1.5m;

Based on the CFD
analysis.

The discrepancy is
less than 10%
between 3D model
and test data.

1) To investigate the thermal
performance of different types of
horizontal GHEs; 2) To analyse
the effects of different factors on
the heat transfer rate.

Han et al.
[43]

Linear-loop,
slinky-coil, and
spiral-coil GHEs

1) The working fluid flow is
simplified as 1D model; 2) The
heat transfer in the cross-section of
working fluid inside the pipe is
ignored,;

1) The original inlet temperature is assumed
as 6 °C; 2) The original soil temperature is
also assumed as 6 °C; 3) The computational
domain is assumed to be 35 x 32 x 10 m; 4)
The GHE pipes are thought to be buried with
the mean depth of 1.5 m underneath the soil
surface; 5) The side and bottom boundaries
of the soil region are defined as the Dirichlet
boundary condition ; 6) The top of soil
surface boundary is set as the Robin
boundary condition;

Based on the
COMSOL
Multiphysics.

N/A

1) To study the heat transfer rate
among the different horizontal
GHEs; 2) To analyse the
seasonal soil properties
variation; 3) To assess the annual
system performance.

Selamat et
al. [44]

Linear-loop,
slinky-coil, and
spiral-coil GHEs

1) The influence of soil
temperature on the far-field
boundaries is ignored; 2) The
influence of groundwater
movement, rain infiltration and
contact thermal resistance are not
taken into account.

1) All side walls are assumed as adiabatic
boundaries; 2) The bottom boundary is
defined as a constant heat flux of 65 W/m2,

Based on the CFD
analysis.

The difference is in
the range from 1°C to
2°C.

1) To optimize the designs for
horizontal GHEs based on
various arrangements and pipe
wall materials; 2) To assess the
heat exchange rate of GHEs.
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3.2 Economic evaluation approaches

Over the past few years, there has been an increasing number of articles which report on the cost of the horizontal GHP and
compare with the conventional air-conditioning system. In this section, some economic indicators and feasibility solutions are
reviewed. The horizontal GHP has substantially higher capital cost than the conventional air-conditioning system, mostly
because of the initial expenses of heat pump and ground trench excavation work which take up almost 60% of the total
construction expense. However, the horizontal GHP has low operational expense because of its high efficiency. Many economic
indicators and methods are used to investigate the GHP initial cost, investment on return and payback period, including Levelized
Cost of Heat (LCOH), Levelized Cost of Service (LCOS) , Capital Recovery Factor (CRF), Present Worth (PW) , Discounted
Cash Flow Analysis (DCFA) , Internal Rate of Return (IRR) , Discounted Payback Period (DPP) , Simple Payback Period (SPP) ,
regression model and “NPV/operating duration” methods. These approaches are demonstrated in detail in the following section.
3.2.1 LCOH approach

Wang [45] adopted the levelized cost of heat (LCOH) approach to fulfil heat requirements for various domestic buildings. Three
categories of heating technology are investigated and compared, including an air source heat pump (ASHP), a gas boiler and a

GHP. This approach is given as:

Z[Capitalt +0 &M, +Fuel, + Carbon, ]
@+n)

MWh, (46)
Z[(1+ r'

LCOH =

where Capital; is the capital expenditure in the year t (E); O&M: is the operation and maintenance expenses (£); Fuel; and Carbon;
are the fuel and carbon costs in the year t (£), respectively; (1 + r).is the discount factor in the year t with the discount rate r (%);

MWh; is the heat generated (MWh).

150

90

LCOH(E/MWhth)

30

Detached Semi-detached Bungalow Flat Terraced Average
mGas boiler Ground source heat pump ™ Air source heat pump

Fig. 41. The LCOH for gas boiler, ASHP and GHP for different dwelling categories [45]
Fig. 41 shows the LCOH results for five categories of domestic building with the average heating load. It is found that a gas

boiler is the cheapest method to fulfil the heating requirements in all houses, with an overall LCOH of £75/MWh in a detached
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house and just over £90/MWh in a flat. By comparison, a GHP system is the most expensive facility for fulfilling heating
requirements in all dwelling categories. Furthermore, the LCOH for a flat is the highest because of its low yearly heat need
reaching £140/MWh, roughly 20% higher than the ASHP and 30% higher than the GHP.

Welsch et al. [46] analysed the GHP by the LCOH method and presented:

a,

L con Z;yg+ma+a—&ya+n*

Y50 e’

x100 (47)

where aeng is the over the assumed valuation period; | is the investment cost (£); M is the maintenance cost (£); F is the operating
costs for fuel and electricity (£); r is the interest rate (%); Q is the system’s discounted thermal energy output (kW).

Their results indicate that the energy expense, capital cost and interest rate are sensitive to the LCOH variation.

Daniilidis et al. [47] integrated the Ex-Post and Ex-Ante criteria to assess the financial cost of a GHP in Netherlands through the
LCOH, NPV and Expected Monetary Value (EMV). The basic economic assessment method is written as:

zn CapEx, + OpEXx,
= @+71)!

Zn Heat
“(141)

LCOH = (48)

where CapEXx is the capital cost in year t (£); r is the discount rate (%); OpEX is the operation expense in year t (£); Heat is the
produced energy in year t (kW).

>, CR
NPV=2 oy (49)

t=0

where CF is the net cash flow; t is the year.

The Expected Monetary Value (EMV) is defined as [47]:

EMV =POS- NPV + (1-POS) - COF (50)
where POS is the Probability of Success for the doublet drilling; COF is the Costs of Failure which are the monetary values for
a successful and a failed doublet drilling, respectively.

According to Fig. 42, it can be found that the drilling and piping system deployment expenses are the major initial disbursements,
however, the sensitivity discloses that the NPV is mostly affected by the gas saturation and flow rate. The LCOH indicatrix is
mainly sensitive to geological parameters including permeability and depletion, operational parameters including injection
temperature and load factor as well as technical inputs parameters including network length and expense, the efficiency of heat

exchanger [47].
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NPV (M€) Input values Levelized Cost of Heat (LCOH) (€/kWh,,)
o 10 20 30 40 50 60 70 80 Lower Middle Upper Input values

0.06 0.08 0.10 0.12 0.14 0.16 Lower Middle Upper
e = effective flow rate m¥/hr| 80.0 150.0 3200
I reservoir gas saturation %| 50 100 150 I effective flow rate m'fhr | 80.0 1500 320.0
—— discount rate %| 5.0 7.0 9.0 e injection temperature Cdeg| 40.0 550 70.0
[ 1} OpEx percentage CapEx %lyr| 2.5 5.0 75 | OpEXx percentage CapEx Hiyr| 2.5 5.0 7.5
[ | injection temperature Cdeg| 400 550 700 | Transmission eff data %| 750 850 950
— HT households - | 8000.0 10000.012000.0 — permeability -| P10 PS5O P90
[ ] network length km| 201 250 2 _— depletion bar| 00 1000 200.0
] Gas heat consumer price €6 180 210 241 - infletion rate el Lo 1S 20
- crea etwork cost em| 8201 1000.0 1179.9 - production temperature Cdeg| 1150 1200 125.0
— development duration ol 21 30 39 - heat exchanger eff data %| 80.0 90.0 950
" - netwaork length km| 20.1 250 299
[ | Transmission eff data %| 750 850 950
- network cost €/m| 8201 1000.0 1179.9
] geothermal to gas heat ratio %| 80.0 90.0 100.0
- temperature loss doublet cdeg| 20 60 100
] infsten Fate S| L@ LS 20 ] Injection well MD m|4106.0 4562.0 5018.0
- depletion bar| 0.0 1000 2000
- \sgertas eyr| 2500 3000 3500 | ] Exploration duration yr| 31 4.0 4.9
X well scalling cost -l 16 17 19
- Exploration duration yr| 31 40 49 = pamp et N -
= heat exchanger eff data %| 80.0 90.0 950 F pump efficiency | 586 650 714
= production temperature Cdeg | 115.0 1200 125.0 ] development duration vl 21 320 39
— effective capacity MWl 100 125 150 ] abandonment cost per well Me| 08 10 1.2
[ | Injection well MD m |4106.0 4562.0 5018.0 ] production well MD m|3582.0 3980.0 4378.0
[ | temperature loss doublet Cdeg| 2.0 6.0 10.0 1 producer well contingency %| 93.3 100.0 106.7
L ] SDE max number of years yr| 11.2 150 188 1 ESP pump cost ke| 600.0 800.0 1000.0
] LT fraction %| 50 150 250 ] injector well contingency %| 1014 1141 119.9
[ | well scalling cost - 16 17 19 1 drilling Installation cost ME| 15 1.6 2.0
] pump failure rate -l 01 02 03 | Usage fee €yr| 2500 3000 3500

Fig. 42. Sensitivity analysis for: (a) NPV index; (b) LCOH index [47]
3.2.2 LCOS approach
Wiryadinata et al. [48] utilized the levelized cost of service (LCOS) approach to analyse the potential benefits of the GHP for

the low-rise lodging and multifamily facilities in USA. The LCOS is expressed as:

i > [(R,)-n@+n)"]
[+ -1y, ° > (CLy +HL)]

(51)

d+s,))
L+n)

P,= Zjﬁcoy[ | (52)

where P is the NPV over their lifetime ($); Co is the expense at the first year ($); n is the yearly interest (%); s is the annual price
escalation rate (%); M is 20 years; y is the different element of total expense ($).

Itis indicated that the energy LCOS savings are lower than the maintenance LCOS savings. Specifically, the total LCOS savings,
which are evaluated to become between $1.7/m?/year and $3.6/m?/year, are affected by a mass of assumption conditions. The
GHP initial cost is the most sensitive to installation expense and system efficiency.

3.2.3 PW approach

Present worth (PW) is also known as the present value (PV), which is the current value of a future sum of money or stream of
cash flows given a specified rate of return. Noorollahi et al. [33] investigated the economic benefits of the GHP for a greenhouse

in Iran by the PW method.
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Fig. 43. Cash flow diagram of projects [33]
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It can be seen from Fig. 43 that the cash flow diagram contains a capital expense (P) and an operation expense in the first year
(Al) inflated by the rate of j in the next year.
The PW of the cash flow is expressed as:

1-Fy

PW =P+ Al[iiljji ] (53)
where P is the initial expense; Al is the operating expense in the first year; i is the minimum attractive rate of return; j is the
inflation rate (%).

Four different inflation rates of 15%, 20%, 25%, and 30% are compared to obtain the most economical solution. It is denoted
that the GHP with five heat pumps and 2500 m GHE is the most economically attractive among all GHP projects for 30 years of
operation.

Hakkaki-Fard et al. [49] performed a LCC assessment to study the difference between the capital and 10-year operation expenses
of the ASHP and GHP by means of the PW method in Canada. The PW is written as:

COST, . y
PW,ecticity = w -(1+DISC)* (54)

where COSTanmual is the annual electricity expense (£); DISC is the real Montreal discount rate (%); ESC is the electricity
escalation rate (%).
The total cost is given as:

LCC=IC+ PWictrcity (55)

where IC is the capital investment of heat pump at year 0.

It is found that the payback period of the GHP is more than 15 years. Nevertheless, the payback period would be fallen to just a
few years if the GHE installation price is decreased by 50%.

3.2.4 IRR approach

Internal rate of return (IRR) method also considers the time value of money. It is used to study an investment project by
comparing the internal rate of return to the minimum required rate of return of the project [50]. Morrone et al. [50] implemented
the financial analyses of energy pile systems over 20 years of operation in Naples and Milan, Italy. The main economic indicators

including the NPV, IRR and Profitability Index (PI) are given as:

DPB

> s (+i)*=0C (56)
NPV = %sk @1+i)*-oc (57)
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0= fsk (1+IRR) ™ -0C (58)

k=1

NPV

Pl=——
oc

(59)

where Sy is the economical saving per annum (€/year); OC is the whole expense of the alternative system to the conventional

one (€); i is the yearly discount rate (%).

Net Present Value -Naples Net Present Value -Milan
15,000 38,000
- 33,000
10,000 - 2.5% . 28,000
_ 5,000 _ 23,000
= & 18,000
N o e N
= _ £ 13,000 _ A
< : 2 Z 8,000 Ak
5,000
3,000 =4
10,000 | -2,000
7,000 (b)
15,000 12,000
6 2 4 6 8 10 12 M 16 18 20 o 2 4 6 8 10 12 14 16 18 20
year year

Fig. 44. NPV variation with time at different interest rates: (a) Naples; (b) Milan [50]

Fig. 44 presents the yearly savings of the horizontal GHP at different discount rates of 2.5%, 5% and 7.5% in Naples and Milan
for 20 years’ operation. The NPV trend in Naples is similar to the one in Milan, but the economic performance in Milan is much
better than that in Naples. Specifically, in Milan, the Pl is 243% in terms of a discount rate of 5%, which stands for a wonderful
economic performance, and the IRR shows a high value of 28.2%, by contrast in Naples, the PI of the investment with a discount
rate of 5% is around 70%, which indicates the IRR index is equivalent to 12.4% displaying that the margin of revenue is quite
limited [50].

Ghoreishi-Madiseh and Kuyuk [51] implemented an economic analysis of the GHP by means of the NPV and IRR methods.

The NPV is written as:

CK (60)

NPV =
= (+IRR)!

where CF; is the cash flow at time t (£); IRR is the interest rate (%); n is the years of operation (year).

$140.0 28% —=—— CAPEX 1- NPV
Strongly-feasible

24% CAPEX 2 - NPV

CAPEX 4 - NPV
Fairly-feasible
--4---CAPEX1-IRR

IRR - 10 YEARS (%)

Weakly-feasib =} CAPEX2-IRR

CAPEX 3 - IRR

--------- CAPEX 4 - IRR

Fig. 45. Effect of COP on IRR and NPV [51]
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Fig. 46. NPV variation with discount rate for IRR assessment [52]

Fig. 45 describes the influences of heat pump COP on the IRR and NPV values. The IRR is largely a discount rate that brings
the NPV to zero, thereby the IRR is able to be calculated by an NPV versus discount rate curve as shown in Fig. 46 [52]. These
results conclude that the predictable growth rates that vary from 25.6% to 33.5% are higher than the said discount rate (15%),
which discloses the proposed deployment scheme of the GHP should be quite attractive in terms of the investment perspective.
3.2.5 DCFA approach

Gabrielli and Bottarelli et al. [53] compared the economic benefits of the GHP versus traditional condensing boiler (CB) to
attain the cost-benefit analysis (CBA) based on the discounted cash flow analysis (DCFA).

The cost of investment C; is determined as:

C = C+ZC Tt .t

= 1+ r) -1 (l+r)] (61)

where Cy is the instalment cost (£); r is the discount rate (%).

The operating cost is given as:

1+9)'
Ce = ZC e (62)

where Ce is the operating expenses (£); g is the increasing rate (%).

3.2.6 SPP approach

The simple payback period (SPP) is the span of time needed to recover the expense of a capital investment. However, the SPP
overlooks the time value of money.

SPP = Initial investment_ made (63)
Net annual cash inflow
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Ren et al. [54] assessed the financial benefits of the GHP with both polyethylene and steel heat exchangers in China, and indicated
that the payback periods of the polyethylene and steel heat exchangers are individual 3.45 years and 1.83 years, based on the
SPP method. Kharseh et al. [55] assessed a GHP as a heating, ventilation, and air conditioning (HVAC) unit for a domestic
building in Qatar, and denoted that the SPP is about 9 years, whereas for similar application in Melbourne the SPP is 4.24 years
[56].

3.2.7 DPP approach

The discounted payback period (DPP) method is a capital budgeting process to regulate the profitability of a project. The basic
equation is expressed as below:

Cumulative cash flow in year before recovery

DPP = Year before the DPP occurs + — - (64)
Discounted cash flow in year after recovery
Gabrielli and Bottarelli [53] studied the DPP for a domestic building in Italy given as:
< r 1 - r 1
COGHP + zco[(ti_l) 7] - Co + ZCOCB[(ti_l) T]
DPP = t=0 q q t=0 q q (65)

3 Cerol 22T 3 ConelE2 9

where Cochp is the investment expense for the GHP (£); Cocs is the investment expense for traditional condensing boiler (£);
Cechr is the operating cost for the GHP (£); Cecs is the operating cost for the CB (£).

Their results denote that when the PBP is lower than some predicted number of years (15 years), the initial cost of the GHP is
worthy undertaking. Morrone et al. [50] compared the payback times of the GHP in Naples and Milan by using the DPP method,
and illustrated that the GHP cost-saving can be attained about 20% with 8-11 years’ DPP compared to the traditional system in
Naples, by contrast, the energy-saving is assessed not more than 10% with 4 years’ DPP in Milan. Imal et al. [57] performed the
payback time analysis of a GHP for a 25 years’ lifetime, and obtained that the GHP saves $791/year with 8 years of payback

period as presented in Fig. 47.
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Fig. 47. PW variation with DPP [57]
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3.2.8 Other approaches
Yousefi et al. [10] proposed a regression model to predict the annual expense based on the ambient temperature and building
cooling/heating loads in Iran. The equation is given as:

Y =7.32X, +117.13X, —1840.26 (66)

where Y is the yearly expense (£); X1 is the temperature (K); Xz is the cooling/heating ratio (%).
It can be found from Fig. 48 that the cooling/heating demand ratio varies from 0.66 to 3.45, and the cooling/heating ratio can be

utilized to forecast the yearly expense.
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Fig. 48. A comparison between energy ratio and total annual system expense [10]

Kayaci and Demir [58] utilized the capital recovery factor (CRF) method to do the economic analysis in Turkey. The annual

amount (A) is calculated by using the CRF at a constant interest rate expressed as:

A=(C,+C,)-CRF (67)

where C;j is the initial cost (£); C. is the energy cost of the system (£); CRF is utilized to allocate a single amount invested today

over a uniform series of end year payment. The equations are obtained as follows:

Ci = Cpipe + Ceanhwork + Cheatpump + Ccirculationpump + Clabor (68)
n=10
C,=C,,+2.C.e (69)
n=2
i(i+1)°
=l (70)
(i+1)

where i is the interest rate (%); v is the year of payback period (year).

Nguyen et al. [59] performed an economic analysis for a fast food restaurant (NPV) by a new variable “NPV/operating duration”
method. Fig. 49 displays the annual NPV variation in the operating period. The yearly system expense decreases with the
operating duration, this reflects the fact that the initial investment is spread over a longer timeframe. Thereby, the fast food

restaurant NPV cost per annum levels off after very long duration of operation.
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Fig. 49. Variation of NPV per annum with operating time for a fast food restaurant [59]

3.2.9 Comparison of economic evaluation methods

A number of economic approaches have been utilized extensively to evaluate the financial factors which impact the market for
the horizontal GHPs in different countries. According to these research results, it can be found for the horizontal GHP that: 1)
the NPV is about £24000—-£30000 for a 20-30 years’ service lifetime; 2) the payback period is in the range of 4 to10 years on
the whole. Apart from the variety of economic indicators, there is often a remarkable discrepancy in the economic impact factors
such as time and location, inflation and discount rates, fuel expense, mortgage interest, electricity tariff as well as incentives,
which could lead to substantial differences in the key financial performance and investment decision. Hence, a comparison of all

proposed economic models is presented in Table 8.
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183  Table 8 Comparison of economic models

Impact factors

Model name 2%’2%? Annual | Initial | O&M | Fuel | Carbon | Replacement | Discount | Interest | Inflation V;Ln;%f Net cash | Discounted igi}:gg/
generation costs costs costs costs costs cost rate rate rate money flow cash flow ratio
EZ%Z*ISE%’]‘ v v x x x x x x x x x x x v
LCOH [45-47] v v v v 4 4 X v v X v v v X
LCOS [48] v v v v x x x x v x v v x x
CRF [58] v v v v x x x x v x x v x x
PW [33, 49] v v v v x x x x v v v v x x
IRR [50, 51] v v v v x x x v x x v x v x
DCFA [53] v v v v b4 X X v X X v X v X
5D7Fip [50, 53, x v v v x x x v x x v x v x
SPP [54-56] x v v v x x v x v x x v x x
S'UF;;/I/igﬂe[r gg]”g v v v v x x v x v v x v x x
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4. Critical observations and recommendations for future study

The techno-economic assessment of the horizontal GHP is an imperatively challenging area of research. The analytical and

numerical models are combined as a useful tool to predict the working fluid temperature, heat transfer rates within a GHE, system

performance and energy output. Additionally, some methods are also necessary to assess the financial benefits of the horizontal

GHP. Yet, some techno-economic models of the horizontal GHP have been generalized in detail.

Most analytical models are established based on the principle of superposition, thermal resistance, mirror image and Green’s

function methods, in which the temperatures of the GHE and neighbouring ground are determined through a series of temperature

nodes. Many amendments have been put forward on the analytical models, normally by adding a point heat source, and dividing
the GHE into two or more regions. Nevertheless, when a high accuracy is required, more nodes are needed to be supplied, leading
to massive of formulations that must be resolved properly to satisfy for accuracy requirement. Owing to a mass of differential
equation requisites for a proper discretization in the GHE, several models are limited to the analytical type. Numerical methods
are more accurate and dynamic, and performed by using the innovative methodologies and have been applied in the recent years.

Meanwhile, the numerical models permit any category of geometry and conduce to determining the soil temperature within the

GHE. On the other side, the numerical methods have the ability to assess the transient refrigerant flow along the pipe. The effects

of the ground thermal conductivity, refrigerant flow rate, GHE depth and pitch spacing on the outlet refrigerant temperature,

thermal short-circuiting loss and mean heat exchange rate can also be clarified.

Most economic feasibility assessments conducted for the horizontal GHP adopt a number of simple economic approaches, such

as LCOH, IRR, PW, and SPP. More advanced approaches such as LCOS, regression model, CRF,NPV/operating duration,

DCFA and DPP are also utilized. The merit of the advanced economic approaches is considering all future costs. These methods

offer the assessment of future expenses with today’s expenses. On the other hand, the cash flow considers the time value of

money and future inflation rate.

Although more efforts have been focussed on the application and enhancement of the techno-economic assessments, there are

still a few domains that require to be given attention to create the framework for forthcoming study in order to spread out the

applicability of the horizontal GHP technology, those domains are summarized in the following:

e A number of existing analytical and numerical methods have not taken into account the influence of the moisture on the
performance of the horizontal GHE, where the groundwater advection is sensitive to the depth, number and spacing of the
GHEs. More researches should be focused on this aspect.

e To decrease the installation expense and promote the horizontal GHP technology, the minimum required length of GHE
needs to be precisely deduced through analytical or numerical approach. The possibility of further reducing trench size by

using smaller loop slinky coil and its effect on thermal performance should be investigated.
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The dynamic ground surface temperature cannot be presumed as an adiabatic boundary value or a constant value because of
the complicated processes and mutual effects including the influences of cloud cover, solar radiation, relative humidity,

ambient temperature, rainfall, wind speed, surface reflectivity as well as snow cover and so on.

5. Conclusions

The GHP system, which makes use of the soil as the heat source or sink, has high energy efficiency and low carbon emission.

Despite its merits, the comparatively high capital expense is still an obstacle preventing the application of the vertical GHP

technology. In comparison, the horizontal GHP system, which is mounted in a shallow trench with linear-loop, or slinky-coil or

spiral-coil GHE, is a cost-effective option as the excavation expense of the horizontal trenches is prominently lower than the

drilling expense of the vertical GHE. It is necessary to review various horizontal GHE options, typically in terms of system

energy generation, economic and environmental benefits. Some important outcomes are obtained as follows:

1)

2)

3)

4)

Heat transfer models of different horizontal GHE geometric structures are generalized including the linear-loop, slinky-coil
and spiral-coil types. The spiral-coil GHE exhibits a better performance in the light of heat exchange rate compared to the
linear-loop and slinky-coil types. Moreover, the soil thermal conductivity and working fluid flow rate within the pipe play
important roles on heat transfer for the horizontal GHE arrangement but the installation depth of the horizontal GHE has
weak influence.

Most analytical models are developed on the basis of the principle of superposition, line source model, thermal resistance
theory, Green’s function and mirror image methods. The heat transfer mechanism is usually treated under the steady-state
and determined through a sequence of temperature nodes. Although analytical models need less calculating time, they are
weak for high precision simulation with a long-term operation. To solve the issue, several numerical models are established
by the FEM, FDM, FVM, ADI with some commercial software including the CFD, Matlab, FEFLOW and COMSOL due
to more accurate nature. Numerical models consider the effects of the soil thermal conductivity, working fluid flow rate,
thermal short-circuiting between the pitch spacing and ground surface. However, the main drawback of numerical
approaches is their long computation periods in terms of the complex heat transfer and discretization procedures.

Most economic analyses for the horizontal GHP system use a number of simple approaches like LCOH, IRR, PW, and SPP
methods. More innovative approaches such as LCOS, regression model, CRF, NPV/operating duration, DCFA and DPP
methods are rarely employed. The advantage of using the advanced economic approaches is considering all future costs and
economic parameter variations, the cash flow is determined by the time value of money and future inflation rate.

For future investigations, the computer programs should be further established, and a comprehensive evaluation is definitely
needed to proof their precisions for the practical applications. Moreover, for the horizontal GHP system, the minimum pipe

length is needed to be precisely decided through analytical or numerical approaches for research and engineering practices.
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