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Abstract

Soil thermal imbalance of heating-dominant ground source heat pump systems with a large
number of energy piles without appropriately designed configurations will be more likely to
cause the soil temperature decrease and the heating performance degradation for long-term
operation. The ground source heat pump systems with spiral-coil energy piles are promising for
building energy saving in high-density cities. To analyze the effect of different influential
factors on the soil thermal imbalance of these systems, an analytical model for spiral-coil energy
pile group under seepage conditions is proposed, considering different heat fluxes of different
piles and time variation of heat fluxes. A sandbox experiment is set up to validate the precision
of the proposed model. Based on the proposed model, the ground source heat pump system
model is further established to investigate the system performance. Results show that 1) the
energy piles in the outer layers of group, at the upstream of seepage flow direction, with large
pile spacing, or arranged in a line shape can exchange more heat with soil; 2) the groundwater
effectively alleviates the temperature decreases of soil near the energy piles and located at the
upstream; 3) the groundwater flow, slim pile layout, large pile spacing, and short pile length are
effective to alleviate the decreases of outlet fluid temperature and heating coefficient of

performance, contributing to higher heating capacity and lower energy consumption.

Keywords: soil thermal imbalance; energy pile; spiral coil; analytical model; groundwater;

ground source heat pump



48 Nomenclature

a thermal diffusion coefficient, m%/s

b coil pitch, m

c specific heat, J/(kg-K)

G volumetric flow rate, m*/s

H depths of the pile, m

h convective heat transfer coefficient of the fluid, W/(m?*-K)
L length, m

m mass flow rate, kg/s

P power consumption of the heat pump unit, kW
0 heat capacity of the heat pump unit, kW

q heat flux, W/m

R thermal resistance, (°C-m)/W

r radius, m

t temperature, °C

u velocity of groundwater flow, m/s

X, Y,z coordination of points in the soil, m
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Greek letters

Abbreviations

DeST
GHX
GSHP
SEPGS

SSEPS

Subscript

ci

dimensionless excess temperature

time, S

excess soil temperature, °C

the thermal conductivity, W/(m-K)

efficiency of the water pump

Designer's Simulation Toolkit

ground heat exchanger

ground source heat pump

the analytical model for spiral-coil energy pile group with seepage

the model of single spiral-coil energy pile with seepage

spiral pipe wall

cooling mode

condenser inlet
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co

ei

in

ni

out

wp

condenser outlet

evaporator inlet

Fluid

heating mode

heat pump unit

inlet fluid of the spiral pipe

serial number of energy piles in the soil (ni=1, 2, ...

outlet fluid of the spiral pipe

Soil

water pump
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1 Introduction

Ground source heat pump (GSHP) systems use the soil as the heat sink or heat source to provide
space heating or cooling for the buildings, reducing the energy consumptions and pollutant
emissions [1-3]. These advantages have attracted wide financial incentives from governments
[4], stimulating fast-increasing applications all over the world. However, the conventional
GSHPs require large land areas for the installation of boreholes, which prevents the wider
applications in dense cities. GSHPs with energy piles [5-7], of which the ground heat
exchangers are buried inside the building pile foundations, can greatly reduce the land
occupation and drilling cost, attracting increasing attention from researchers and engineers [8-
9]. Amongst different pipes inside the energy piles, the spiral pipes attached to the
reinforcement cage perform well in heat transfer [10-12]. However, problems caused by soil
thermal imbalance remain to be solved in heating-dominant GSHP systems [13-14]. Since the
accumulated heating load is far higher than the accumulated cooling load (on an annual basis)
in these systems, the heat extracted from the soil is much more than that injected into it. This
cold accumulation in the soil will cause the soil temperature decrease [15] and the heating
performance decline year after year. In addition, the imbalance is aggravated in energy pile
groups due to less heat dissipation boundaries per soil volume, leading to more serious problems.
The parameters of spiral-coil energy pile groups, including pile layout, pile spacing, pile depth
and groundwater flow, have great influences on the soil heat transfer and the system operating
performance. It is of significance to establish accurate heat and mass transfer models of energy

pile groups for optimizing the GSHP system design and operation. Currently, the ground heat
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exchanger (GHX) group models are classified into two types: the analytical models and the
numerical models. The current analytical group models mainly target on the U-pipe borehole
group, instead of spiral-coil energy pile group with seepage. They assume the same heat flux
intensities and same pipe wall temperatures among different boreholes, with the soil
temperature directly superposed by the heat contribution of each individual borehole. These
models ignore the thermal interaction between boreholes and the heat flux differences among
different boreholes located at different positions in a borehole group. Cimmino et al. [16]
proposed a borehole group model based on the analytical finite line source model to
approximate the g-functions. Li et al. [17], Yu et al. [18] and Rang [19] assumed the same heat
fluxes among different boreholes to analyze the soil temperature variation, while the convective
heat transfer of fluid inside the pipe was ignored. Katsura et al. [20] reduced the calculation
time of analytical models for multiple ground heat exchangers by the approximation of the
temperature responses in different time scales. Co et al. [21] proposed the analytical model of
a single energy pile and assumed the same heat fluxes for different energy piles to calculate the
dimensionless soil temperature in a pile group with different layouts. The existing numerical
GHX group models were usually for two-dimensional simulations, ignoring the influence of
pipe depth and fluid velocity inside the pipes. Choi et al. [22] used the two-dimensional coupled
heat conduction-convection model to analyze the effect of groundwater flow on the
performance of borehole GHX arrays. Loveridge and Powrie [23] used a two-dimensional
numerical model to deduce the g-function for multiple energy pile GHXs. Gao et al. [24], Lee
and Lam [25] built the 3D numerical models of a single energy pile, but these models were not

suitable for a group of energy piles due to the heavy calculation load. As a summary, the
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currently existing models are not suitable to analyze the variable outlet fluid temperature and
heat transfer of energy pile groups, as well as the transient performance of GSHP systems with
energy piles under seepage conditions and unbalanced building loads. The influences of
different factors on the soil thermal imbalance of GSHP systems with spiral-coil energy piles
are also difficult to be analyzed by the currently existing models.

In this paper, an analytical model for spiral-coil energy pile group with seepage (SEPGS model)
is proposed. It takes into considerations the different heat fluxes of different piles, the heat
interaction between different piles, the actual geometry of spiral coils, the convective heat
transfer of fluid inside the pipe, the groundwater flow, the heat transfer of soil surface, and the
time variation of pipe heat fluxes. The software DeST (Designer's Simulation Toolkit) is used
to simulate the hourly building load for the system analysis. The GSHP system model is
established by combining the SEPGS model and other main component models. The influences
of groundwater velocity, pile layout, pile spacing, and pile depth on the soil thermal imbalance
of GSHP system will be investigated. This study aims to facilitate better design of GSHP
systems with SEPGS model to alleviate the performance decline caused by soil thermal

imbalance.

2 Principles of the SEPGS model

In this section, the SEPGS model is derived from the model of single spiral-coil energy pile with
seepage (SSEPS model) by applying the superposition principle through matrix operations. A
sandbox experiment is further set up to validate the accuracy of the proposed model for GHX

groups.
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2.1 Basic theories

2.1.1 The SSEPS model

Energy pile

Figure 1 Diagram of a single spiral-coil energy pile with seepage

The diagram of a single coil energy pile with seepage is shown in Figure 1. Zhang [26, 27]
proposed an SSEPS model based on the Green function, as shown in Equation (1). The soil is
considered as a semi-infinite medium with a homogeneous initial temperature and the soil
surface keeps a constant initial temperature. The pipe in energy pile is deemed as a finite spiral
coil. The medium outside the spiral pipe is sole soil. Besides, the homogeneous groundwater
flow with a constant velocity is considered in the model.

The dimensionless excess soil temperatures influenced by the seepage and the pile geometry at
different coordinates and different time are the integral of Green function along the spiral line
and over the releasing time of constant heat fluxes. Based on Equation (1), the dimensionless
excess soil temperature has no relationship with the value of the heat flux. The dimensionless
excess soil temperature at 7" time step (@) stands for the excess soil temperature at 7" time step
(6=t-to) divided by the constant heat flux of an energy pile starting from the initial time step (qi)

(Equation (1a)).
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where @ is the dimensionless excess temperature; the dimensionless parameters are B=—,
r
0

Fozﬂ, xzi, Yzl, Zzi, leﬂ, H2:—,S:%;bis the coil pitch, m; 7o is the
r, a

radius of spiral coil, m; a is the thermal diffusion coefficient, m?/s; 7 is the time, s; x, y, z is the
coordination of points in the soil, m; /1 and 4> are the depths of the top and bottom of the pile,
m; u is the velocity of groundwater flow, m/s; 4s is the thermal conductivity of the soil, W/(m-K);

g1 1s the heat flux of the energy pile, W/m; fo is the initial soil temperature, °C.
2.1.2 Superposition principle

Assuming that the soil thermal properties are not affected by the temperature, the heat transfer
in the infinite soil follows the space and time superposition principle [28]. Based on this
principle, the multi-pile model [29] and variable heat fluxes model [30] were deduced,
respectively.

(1) Multi-pile model

Following the space superposition principle, the soil temperature influenced by different
independent heat fluxes is the superposition of soil temperatures influenced by each heat flux.

For the soil encompassing multiple piles, the actual excess soil temperature is the sum of excess
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soil temperatures influenced by all the energy piles, as shown in Equation (2).

0(jAr) Z (jAr) )

ni=1

where 6hi(jA7) is the excess soil temperature influenced by the ni energy pile, °C; ni is the
serial number of energy piles in the soil (ni=1, 2, ..., N).

(2) Variable heat fluxes model

Qia

A
a(347) G

@A) qaa

ai(Az)

ai(A7) 5A
ai(5A7) ai(2A7)-qi(A7)

0i(3A7)-01(2A7)
> T
0 Ar 2Ar 3Ar dAc T 0 Ac2Ac3Ardde 0 r)

qGAD)-q(dA7) L

(a) Variable heat fluxes (b) Equivalent constant heat flux differences

Figure 2 Diagram of the superposition of variable heat fluxes
Following the time superposition principle, the soil temperature influenced by variable heat
fluxes is the superposition of soil temperatures influenced by each separated constant heat flux
difference starting from different time steps. The variable heat fluxes are the sum of all the
equivalent constant heat flux differences starting from different time steps, as shown in Figure
2. Therefore, the excess soil temperature under variable heat fluxes is equal to the equivalent
constant heat flux differences timing the dimensionless excess soil temperatures at the

corresponding time steps, as shown in Equation (3).
i

6(iar)=— 3[4 (iar) g ((i-1)a7)Jxe((j-i+1)ar) ®

q,(0)=0 (3a)

where i, j are the serial numbers of the time step.
6
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2.2 The SEPGS model

The diagram of an energy pile group with variable heat fluxes is illustrated in Figure 3. For the
GSHP system, the inlet fluid temperatures of the energy piles in a group are usually identical.
Due to different positions in the group, the heat fluxes of different piles are different and the
wall temperatures of the spiral pipes are different as well. It should be noted that the wall
temperature of each spiral coil is influenced by the heat fluxes of all the energy piles (including
the pile itself and all other piles) in the soil. Based on the basic theories of the SSEPS model

and the superposition principle, the SEPGS model is proposed in this section.

ground
A
— Qin
= q ain Qin3
— In/”\\ = Qin.2
u
— . Qin,1—
Energy pile
% e
~N—
—
0 11121314 ‘[V

Figure 3 Diagram of energy pile group with variable heat fluxes

2.2.1 Interactions of pipe wall temperatures in the energy pile group

The excess wall temperature of each spiral pipe is influenced by the heat fluxes of all the pipes
in the energy pile group all the time. It is calculated by superposing the products of the
equivalent constant heat flux differences [qini(iA7)- qini((i-1)A7)] and the corresponding
dimensionless excess temperatures [Onin((j-i+1)A7)] of each energy pile, as shown in Equation
(4). In other words, in terms of the heat transfer outside a pipe, the heat flux of an energy pile

can be expressed based on the dimensionless excess temperatures and the superposition
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principle.

6, (A7) —%ii[qlm iAT)—q, ((i- )Ar)}x@ni’n((j—Hl)Ar) (4)

s nicl il
6, (ia7)=t, (jAT)—t, (4a)

where Oyn(jA7) is the excess wall temperature of the spiral pipe in the n'" energy pile at the j*
time step, °C; qini(iA7) is the heat flux intensity of the ni™ energy pile at the i time step, W/m;
Ohin((j-i+1)A7) is the dimensionless excess wall temperature of the spiral pipe in the n™ energy
pile influenced by the heat flux of the ni™ energy pile at the (j-i+1)" time step; f.n(jA7) is the
wall temperature of the spiral pipe in the n'™ energy pile at the j™ time step, °C.

To simplify the calculation, the wall temperature at the middle depth (z=0.5H) is used as the
average pipe wall temperature of the spiral pipe. Since the dimensionless excess temperatures
are influenced by independent different heat sources and have no relationship with the heat
fluxes of the heat sources, the dimensionless excess wall temperature of a spiral pipe influenced

by the pipe itself and pipes in other energy piles can be calculated in advance based on the

SSEPS model.
B ground
hl - =
— T
P3 —
u Pc Engrgy
P2 P1 N pile
P4 )
—
—
h2 |
(a) Representative points for the temperature (b) Representative points for the temperature
calculation influenced by the pipe itself calculation influenced by the other energy piles

Figure 4 The representative points of the spiral pipe wall

For the calculation of the dimensionless excess wall temperature influenced by the pipe itself,

8
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4 typical points at the middle depth of the pipe are selected, as shown in Figure 4(a). The
dimensionless temperatures of these 4 typical points influenced by the pipe itself are shown in
Table 1. For a certain groundwater velocity, the dimensionless temperatures of 4 points are
nearly the same with only tiny differences. The average dimensionless temperatures of the 4
points are considered as the dimensionless pipe wall temperatures influenced by the pipe itself.
For the calculation of the dimensionless excess wall temperature influenced by the pipes in
other energy piles, the center of the cross-section at the middle depth of the energy pile is
selected as the typical point, as shown in Figure 4(b). The dimensionless temperatures of this
point are considered as the dimensionless pipe wall temperature influenced by pipes in other

energy piles. So, Equation (5) can be further deduced from Equation (4).

an(jAr)
=23 0) -, (-ar) ] 3 0, (-1 +1a7) ®
ﬂi i Zjl[qm(mr) qlm(( )AT)J ”"Pc((j_”l)AT)

ni=1(ni=n) i=1

where @n pi((j-i+1)A7) is the dimensionless excess temperature of Pi ( Pi=P1~P4) in the n'" energy
pile influenced by the heat flux of the n™ energy pile itself at the (j-i+1)™ time step; Onipc((j-
i+1)A7) is the dimensionless excess temperature of P. in the n™ energy pile influenced by the

heat flux of the ni™ energy pile ( ni#n ) at the (j-i+1)™ time step.

Table 1 Dimensionless temperatures of 4 typical points at the middle depth of a spiral pipe

Groundwater velocity P1 P2 P3 P4
0 0.42452 0.42688 0.42579 0.42565
6x107 m/s 0.22997 0.22993 0.23004 0.22990
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2.2.2 Heat flux matrix of the energy pile group

In terms of the heat transfer inside a pipe, the heat flux of an energy pile is equal to the internal
energy variation corresponding to the fluid temperature difference between the inlet and outlet

of the whole pipe, as shown in Equation (6).

tout,n(jAT)=tin(jAr)_M (6)

f mf

where fin(jA7) is the inlet fluid temperature of the spiral pipe at the /™ time step, °C; foutn(jA7) is
the outlet fluid temperature of the spiral pipe in the n™ energy pile at the ;" time step, °C; H is
the depth of the energy pile, m; cr is the specific heat of fluid inside the spiral pipe, J/(kg-K);
my is the mass flow rate of fluid, kg/s.

In terms of the heat transfer between the fluid inside and the outer wall of the spiral pipe, the
heat flux of the energy pile can be calculated by the method of thermal resistance, as shown in
Equation (7). The fluid temperature is approximately equal to the average value between the

inlet and outlet fluid temperatures (Equation (7(a))). The thermal resistance between the fluid

r
In2)

p

and the outer wall of the pipe is composed of the thermal conduction resistance (

. . 1 . .
and thermal convection resistance (ﬂ) (Equation (7(b))). The convective heat transfer
7l

coefficient of the fluid is based on the Nu number and the empirical equations [29] shown in

Equation (7(c)) and Equation (7(d)).

tf,n(jAT)_tb,n(jAT) Lpipe
R “H )

p

i n ( jAT) =

H tin(jAT)+tou n(JAT)
tf,n(JAT): 2 -

(7a)
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Nu =1.86-(Re-Pr-—r‘J Re < 2200,Pr > 0.6
pipe

where Lyipe is the length of the spiral pipe in the n'™ energy pile, m; R, is the thermal resistance
between the fluid and the outer wall of the pipe, (°C-m)/W; f:n(jA7) is the average fluid
temperature of the spiral pipe in the n energy pile, °C; tn(jA7) is the wall temperature of the
spiral pipe in the n'" energy pile at the /™ time step, °C; 4, is the thermal conductivity of the
spiral pipe, W/(m-K); r; and r, are the inner and outer radii of the spiral pipe, m; / is the
convective heat transfer coefficient of the fluid, W/(m?-K); A is the thermal conductivity of the
fluid, W/(m-K).

Based on Equations (4)~(7), the heat flux of the energy pile can be calculated by 3 different
processes, which are the heat transfer outside the spiral pipe, heat transfer inside the spiral pipe,
and the heat transfer between the fluid and the outer wall of the spiral pipe. Through the
intermediate parameters (the heat flux and pipe wall temperature), the heat transfer outside and
inside the spiral pipe can be combined and the heat flux matrix of all the pipes can be constituted
to calculate the actual heat flux of each energy pile, as shown in Equation (8). It considers the
difference of heat fluxes among different piles and at different time steps. It also considers the

heat transfer inside the pipe and the fluid temperature variations.
1
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2.2.3 Soil temperature distribution
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where O is the matrix of heat fluxes of different energy piles.

excess soil temperatures [ Onis((j-i+1)A7)] of each energy pile.
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/15
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After the calculation of variable heat fluxes of all the pipes, the soil temperature distributions
can be achieved based on Equation (9). It is the superposition of the products of equivalent

constant heat flux differences [qini(iA7)- ¢ini((i-1)A7)] and the corresponding dimensionless

©)



255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

where the subscript s denotes the point in the soil for temperature calculation.

2.3 Model validation

Since the SSEPS model had already been validated in the previous research [26], the proposed
SEPGS model can be validated as long as the calculation method for GHX group is validated.
In this part, the calculation method of GHX group is validated by a sandbox experiment.

The experiment rig set up is composed of a sandbox, five U pipes, a water bath, thermocouples,
a glass rotameter and a data logger. The Im x1m Xx1m sandbox is filled with sand, and the
homogeneous initial temperature is 21 °C. Five U pipes are buried in the sand with the layout
shown in Figure 5. The inlet temperatures of all the pipes are kept constant at 31 °C by a water
bath. The water pump with a constant frequency is used for the water circulation. A glass
rotameter with testing uncertainty about +0.1 LPM monitors the total flow rate of five pipes.
The flow rate is measured to be constant at about 4 L/min. Four T-type thermocouples are placed
next to the central pipe at the depth of 0.5 m to test the sand temperature variations, as shown
in Figure 5(b). The testing range of the thermocouples is -10~40 °C and the testing uncertainty
is £0.5 °C. The thermophysical properties of sand are tested by the cutting-ring method, drying
method, and the transient hot-wire method [31-33]. The results show that the density and

thermal diffusivity of sand are respectively 1.26 g/cm® and 0.24 mm?/s.
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(a) The sandbox
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(b) The layout of U pipes

Figure 5 The sandbox experiment rig

The sand temperature variations of four typical points are measured by the thermocouples for

24 hours. They are also simulated by the analytical calculation method of GHX group based on

Equations (8) ~ (9). The result comparisons of both experiment and analytical GHX group

model are illustrated in Figure 6. For a certain soil point, the temperature variations obtained

by both methods have the same trend and the absolute errors are less than 0.25 °C. Consequently,

the analytical model for GHX group can be validated well by the experiment. The accuracy of

the proposed SEPGS model can be validated as well.

Experiment: —a—PpP1
Simulation: --e-- P1

—+—P2

~e - P2

——P3
--o-P3

—+— P4

--o - P4
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| I
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W
Y
L)
|\
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U
|,y
)

Excess soil temperature ('C)

1
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8 10 12 1
Time (h)

16 18 20

22 2

Figure 6 The soil temperature variation obtained by experiment and simulation
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3 System model and design

In this section, the GSHP system model is built based on the SEPGS model and other main

component models for long-term simulations.

3.1 Building model

A 6200 m? residential building in Beijing is selected for simulation. The heating season is 15%
November ~ 15" March and the cooling season is 1 June ~ 31™ August. The hourly building
load is simulated using DeST and the result is shown in Figure 7(a). A time step of one month
is selected for the system simulation, so the monthly building load is derived from the hourly
load. The maximum monthly heating and cooling loads are respectively 27.24 W/m? and -8.35
W/m?. The accumulated heating load is about 60.93 MWh in a whole heating season, which is

much higher than the accumulated cooling load (13.89 MWh) in a cooling season.

Heating load - Cooling load

B O
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o
L

20 -

Building load (W/m?2)
S

0 1460 2920 4380 5840 7300 8760
Time (h)

(a) Hourly building load
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Figure 7 Heating and cooling loads of the residential building

3.2 Heat pump model

The heat pump model is fitted based on the manufacturer performance catalog [34], as shown
in Equation (10). The capacity and power consumption of the heat pump for heating and cooling

are determined by the fluid temperatures of the evaporator and condenser.

Q. =591, —1.24t / +162.99 (10a)
R, =0.46t; +0.64t  +5.78 (10b)
Q. =—1.64t; +201.21 (10c)
Ry =0.65t; +22.40 (10d)

where Q is the heat capacity of the heat pump unit, kW; P is the power consumption of the heat
pump unit, kW; ¢ is the fluid temperature, °C; the subscript /4p stands for the heat pump unit; £
and ¢ stand for heating and cooling mode, respectively; ei, ci, and co stand for the fluid

temperatures at the evaporator inlet, condenser inlet, and condenser outlet, respectively.
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3.3 Water pump model

The water pump model is shown in Equation (11). The flow rate of the water pump (Gwp) is
determined by the water temperature difference and the heat capacity of the heat exchanger in
the circuit. The water head of the pump (Hvp) is determined by the flow resistance. Based on

the flow rate and the water head, the power of the water pump (Pwp) can be calculated.

G,,xH
L — (1

where G is the volumetric flow rate, m%/s; H is the water head, kPa;  is the efficiency of the

water pump, 0.6; the subscript wp stands for the water pump.
3.4 GSHP system design

The schematic diagram of the GSHP system with spiral-coil energy pile group under seepage
condition is shown in Figure 8. The main components of the system are the building, heat pump,
energy piles and water pumps. Based on the SEPGS model, building model, heat pump model

and the water pump model, the GSHP system model can be established.
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Figure 8 Schematic diagram of the ground source heat pump system with energy piles

To satisty the heating and cooling demand of the building, the heating capacity of the heat pump
is designed as 178.6 kW under the rated condition (the inlet water temperature of the evaporator
is 0 °C and the outlet water temperature of the condenser is 40 °C). A group of 25 spiral-coil
energy piles is designed according to the pre-simulation. The initial soil temperature is 14 °C in
Beijing, which is 1.5 °C higher than the local average annual air temperature [34]. The thermal
conductivity, density and specific heat of soil are respectively 1.74 W/(m-K), 1690 kg/m>, and
1800 J/(kg-K).

To analyze the influence of different factors, including the groundwater velocity, pile layout,
pile spacing as well as the pile depth on the system performance, different cases are simulated.
The parameter designs of the energy pile group in different cases are shown in Table 2. The
investigated influential factor is changed while other factors are kept the same in a contrasting
case group. The velocity of groundwater flow is set to 0, 3x107 m/s, and 6x107 m/s. The pile
layout includes a matrix shape, a stripe shape, and a line shape, as shown in Figure 9. The pile
spacing can be 3 m, 5 m, and 7 m. The pile depth is designed as 10 m, 30 m, and 50 m. For case
groups 1 to 3, the energy piles in each case have the same total pipe length and are designed to
meet all the building loads in the first year. However, in case group 4, as the energy piles with
different pile depths have different total pipe lengths, the total capacities provided by all the
energy piles in each case are different while the provided capacities per depth of the energy pile

are the same.

Table 2 Parameter designs of the energy pile group
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Case

Influential factor Other factors
groups
. Groundwater velocity: 0, 3x107 m/s, Pile layout: matrix shape, Pile spacing: 5 m,
6x107m/s Pile depth: 50 m
5 Pile layout: matrix shape, stripe shape, Groundwater velocity: 0, Pile spacing: 5 m,
line shape Pile depth: 50 m
. . Pile layout: matrix shape, Groundwater
3 Pile spacing: 3m, 5m, 7 m ) )
velocity: 0, Pile depth: 50 m
) Pile layout: matrix shape, Groundwater
4 Pile depth: 10 m, 30 m, 50 m ) ) )
velocity: 0, Pile spacing: 5m,
y y y
20 @ @ @ @ O 0 O 1200 ©
55 O O 115 O
5 @ @ @ @ @ 50- O O 10} ©
- © © O O O A : A
5 @ O © O O 10 O O 10 O
5p O O 5 O
or O O O O O
or O O or O
0 5 10 15 2 X 0 5 X 0 X
(a) Matrix shape (b) Stripe shape (c) Line shape
Figure 9 The layouts of energy pile groups
4 Results

Based on the system model and the system design, the soil thermal characteristics and system
heating performance are investigated under different influential factors. In addition, the heat
fluxes of different energy piles and the soil temperature distribution are investigated. The outlet
fluid temperatures of different energy pile groups and the heating COP variations in 10 years
are analyzed under the influences of different factors. The capacity deficiencies of supplied heat

compared to the heating load in ten years are simulated in the time step of one month.
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4.1 The heat fluxes of different energy piles

For the GSHP system, the inlet fluid temperatures of the energy piles in a group are usually
identical. Due to different positions in the soil, the heat fluxes of different piles are various.
Figure 10 shows the different heat fluxes of each energy pile at the end of 10 years under
different conditions. It can be seen that 1) the energy piles in the outer layers of the groups, 2)
the upstream energy piles along the groundwater flow, 3) the energy piles with large pile spacing,
and 4) the energy piles arranged in a line shape can exchange more heat with soil. For the energy
pile group in a matrix shape with a pile spacing of 5 m and no groundwater (Figure 10(a)), the
maximum heat flux of energy pile is about 74.8 W/m in the outside corner while the minimum
value is about 63.8 W/m at the center of the group. For the energy pile group with a groundwater
velocity of 6x107 m/s (Figure 10(b)), the maximum heat flux of energy pile is about 104.2 W/m
in the upstream outside corner of the group while the minimum value is about 8§1.9 W/m at the
downstream center. For the energy pile group with a pile spacing of 7 m (Figure 10(c)), the
maximum and minimum heat fluxes of energy piles are respectively 82.8 W/m and 67.7 W/m.
For the energy pile group in a line shape (Figure 10(d)), the maximum and minimum heat fluxes
of energy piles are respectively 93.1 W/m and 84.7 W/m. The total heat fluxes of the pile group
in Figure 10(a)~(d) are respectively 1701.1 W/m, 2286.2 W/m, 1853.9 W/m, and 2143.5 W/m.
The groundwater flow and the line-shape pile layout are more effective to increase the soil heat

exchange intensity.
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Figure 10 Heat fluxes of energy piles under different conditions

4.2 The soil temperature distribution after one year

The soil temperature distribution after one operation year (at the end of December) is shown in
Figure 11. For the case with no groundwater flow, the soil temperature distribution is
symmetrical. The soil temperature near the energy piles is as lowest as 3.2 °C in the group. For

the case with groundwater flow, the soil temperatures in the downstream of groundwater flow
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can be reduced, while the soil temperatures in the upstream can be increased in the heating
season. The groundwater flow can also alleviate the soil temperature decreases near the energy
piles. When the velocities of the groundwater flow are 3x107 m/s and 6x107" m/s, the lowest

soil temperatures in the group are 4.0 °C and 5.1°C, respectively.
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Figure 11 Soil temperature distribution influenced by groundwater after one operation year

4.3 Outlet fluid temperature of energy pile group

As mentioned in section 3.1, the heating and cooling loads are unbalanced. It causes a much
higher accumulated heat extraction (about 309.5 MWh) than heat injection (about 112.1 MWh)

in the first year. Consequently, the soil temperature and outlet fluid temperature decrease year
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by year. The outlet fluid temperature variations of the energy pile group in 10 years influenced
by different factors are illustrated in Figure 12. The groundwater flow, slim pile layout, large
pile spacing, and short pile length are effective to alleviate the decrease of outlet fluid
temperature.

When the groundwater velocity is 0 m/s, the outlet fluid temperature decreases by 5.4 °C in the
first year. Although the decrease becomes gentle in the following years, the total decrease
reaches about 11.8 °C in 10 years and the minimum outlet fluid temperature is as low as -5.8
°C. When the seepage exists, the drop in outlet fluid temperature can be effectively mitigated.
With groundwater velocities of 3x1077 m/s and 6x107 m/s, the outlet fluid temperature only

decreases by 8.0 °C and 5.3 °C in 10 years, respectively.
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(a) Different groundwater velocities
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Figure 12 Outlet fluid temperature of energy pile groups in ten years

24



405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

When the pile layout is arranged in a stripe shape or line shape (without groundwater flow), the
outlet fluid temperature decreases by 10.5 °C or 9.0 °C in 10 years. This is because the piles in
the slim layout have larger boundary areas per soil volume, which strengthens the heat exchange
with the soil outside the energy pile group. In addition, a larger pile spacing can increase the
occupied soil volume of a pile group. Consequently, when the pile spacing is 3 m and 7 m, the
outlet fluid temperature decreases by 11.9 °C and 10.7 °C in 10 years. When the pile depth
decreases to 30 m and 10 m, the heat from the soil surface per soil volume becomes higher,
which helps the soil temperature recovery and the outlet fluid temperature decreases by 9.0 °C

and 5.5 °C in 10 years, respectively.

4.4 Heating COP

Since the outlet fluid temperature of the energy pile group decreases year by year caused by the
unbalanced building loads, the heating COP of heat pump also declines, as shown in Figure 13.
Nonetheless, applying different design modifications can help reduce the deterioration of the
heat pump performance.

When the groundwater velocity is 0 m/s, the seasonal average heating COP drops from 3.86 to
2.59 in 10 years. When the groundwater velocity increases to 3x10”7 m/s and 6x107" m/s, the
average heating COP in the 10™ year increases to 3.11 and 3.46.

When the pile layout is arranged in the stripe shape and line shape, the average heating COP is
enhanced to 2.82 and 3.07 in the 10™ year. When the pile spacing is changed to 3 m and 7 m,
the average heating COP becomes 2.39 and 2.79 in the 10™ year. With a decreased pile depth

of 30 m and 10 m, average heating COP is improved to 2.75 and 3.47 in the 10™ year.
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Figure 13 Heating COP of heat pump unit in ten years

4.5 Heating deficiency

Since the soil imbalance between the heat extraction and injection causes the outlet fluid
temperature decrease year by year, the GSHP heating capacity may not meet the building
heating load in the following operation years. The heating deficiency is defined as the difference
between the supplied heating capacity and required heating load at the same time. The heating
deficiencies under different influential factors in 10 years are shown in Figure 14. It indicates
that the groundwater flow, slim pile layout, large pile spacing, and short pile length are effective
to reduce the heating deficiency.

The heating demands can be satisfied in the first year for all the three different velocities of
groundwater flow. However, in the following years, the heating deficiency continuously
increases. When the groundwater velocity is 0, the annually accumulated heating deficiency is
83.7 MWh in the 10™ year and amounts to 515.7 MWh in total during the ten-year period. When

the groundwater velocities are 3x107" m/s and 6x10”7 m/s, the annual heating deficiencies are
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reduced to 29.0 MWh and 4.7 MWh in the 10 year. The total accumulated heating deficiencies
are respectively 211.8 MWh and 35.9 MWh during the ten-year period.

When the piles are arranged in a stripe shape and line shape, the annual heating deficiency is
reduced to 56.1 MWh and 29.7 MWh in the 10" year while the total accumulated value is
respectively 283.8 MWh and 132.1 MWh in the ten-year period. When the pile spacing is
changed to 3 m and 7 m, the annual heating deficiency increases to 112.9 MWh and decreases
to 59.9 MWh in the 10" year and the total accumulated value is respectively 894.1 MWh and

286.0 MWh during the ten-year period.
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Figure 14 Heating deficiency of GSHP system in ten years

Although the heating capacity is deficient under a groundwater velocity of 0 m/s, the decreasing
outlet fluid temperature causes declined heating performance, and the total power consumption
for heating is still as high as 1312.4 MWh in 10 years. When the groundwater velocity increases
to 3x1077 m/s and 6x10”7 m/s, the accumulated power consumption for heating decreases to
1286.3 MWh and 1241.4 MWh, respectively.

When the piles are arranged in a stripe shape and line shape, the accumulated power
consumption for heating decreases to 1297.9 MWh and 1272.0 MWh, respectively. When the
pile spacing is changed to 3 m and 7 m, the accumulated power consumption for heating
becomes 1330.0 MWh and 1295.9 MWh, respectively. It can be concluded that the groundwater
flow, slim pile layout, and large pile spacing can not only enhance the heating capacity but also

lower the power consumption.

5 Conclusion

The analytical SEPGS model is proposed in this paper, considering the influences of the

different heat fluxes of piles and the time variation of heat fluxes. The SEPGS model is
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validated by a sandbox experiment, based on which the GSHP system model is built and the
GSHP system with spiral-coil energy piles is designed. The influences of groundwater velocity,
pile layout, pile spacing and pile depth on the soil thermal imbalance and long-term
performance of the GSHP system are analyzed. The conclusions are drawn as follows:

(1) In the energy pile group, with the same inlet fluid temperature, the heat fluxes of different
energy piles are various due to different pile positions in the soil. The energy piles in the outer
layers of the groups, the upstream energy piles along the groundwater flow, the energy piles
with large pile spacing, and the energy piles arranged in the line shape can exchange more heat
with soil.

(2) The comparison of soil temperature distributions shows that the groundwater alleviates the
temperature decreases of soil near the energy piles and located upstream. When the groundwater
velocity increases from 0 to 3x107 m/s and 6x107'm/s, the lowest soil temperature in the group
increases from 3.2 °C to 4.0 °C and 5.1°C.

(3) The groundwater flow, slim pile layout, large pile spacing, and short pile length are eftective
to alleviate the decreases of outlet fluid temperature and system heating COP, contributing to
higher heating capacity and lower power consumption.

(4) When the groundwater velocity increases from 0 to 3x10”" m/s and 6x107 m/s, the outlet
fluid temperature drop is respectively reduced from 11.8 °C to 8.0 °C and 5.3 °C in 10 years,
the seasonal average heating COP respectively increases from 2.59 to 3.11 and 3.46 in the 10%
year, and the heating deficiency respectively decreases from 515.7 MWh to 211.8 MWh and
35.9 MWh in 10 years. When the pile layout is changed from the matrix shape to stripe shape
or line shape, the outlet fluid temperature drop is respectively reduced from 11.8 °C to 10.5 °C
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and 9.0 °C in 10 years, the seasonal average heating COP respectively increases from 2.59 to
2.82 and 3.07 in the 10" year, and the heating deficiency respectively decreases from 515.7
MWh to 283.8 MWh and 132.1 MWh in 10 years. With the pile spacing increasing from 3 m
to 5 m and 7 m, the outlet fluid temperature drop is respectively reduced from 11.9 °C to 11.8
°C and 10.7 °C in 10 years, the seasonal average heating COP respectively increases from 2.39
to 2.59 and 2.79 in the 10" year, and the heating deficiency respectively decreases from 894.1
MWh to 515.7 MWh and 286.0 MWh in 10 years. With the pile depth decreasing from 50 m to
30 m and 10 m, the outlet fluid temperature drop is respectively reduced from 11.8 °C to 9.0 °C
and 5.5 °C in 10 years, and the seasonal average heating COP respectively increases from 2.59

to 2.75 and 3.47 in the 10" year.
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