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The cold accumulation problem can lead to performance degradation of heat pumps. This paper presents the design and
optimization of a solar-assisted storage system to solve this issue. A ground source heat pump (GSHP) project was established
using the transient system simulation program (TRNSYS) based on a ground heat exchange theoretical model, which was
validated by a previously established experiment in Beijing. The Beijing, Harbin, and Zhengzhou regions were used in numerical
simulations to represent three typical cities where buildings require space heating (a cold region, a severe cold region, and a hot
summer and cold winter region, respectively). System performance was simulated over periods of ten years. The simulation
results showed that the imbalance efficiencies in the Beijing, Harbin, and Zhengzhou regions are 55%, 79%, and 38%,
respectively. The annual average soil temperature decreases 7.3°C, 11.0°C, and 5.3°C during ten years of conventional GSHP
operation in the Beijing, Harbin, and Zhengzhou regions, respectively. Because of the soil temperature decrease, the minimum
heating coefficient of performance (COP) values decrease by 23%, 46%, and 11% over the ten years for GSHP operation in these
three regions, respectively. Moreover, the simulation data show that the soil temperature would still be decreasing if based on
the previous solar energy area calculation method. Design parameters such as the solar collector size are optimized for the
building load and average soil temperature in various cold regions. Long-term operation will test the matching rate of the
compensation system with the conventional GSHP system. After the system is optimized, the solar collector area increases of
20% in the Beijing region, 25% in the Harbin region, and 15% in the Zhengzhou region could help to maintain the annual
average soil temperature balance. The optimized system could maintain a higher annual average COP because of the steady soil
temperature. It provides a method for the design of a solar collector area which needs to be determined in the seasonal heat
storage solar ground source heat pump system.

1. Introduction

Compared with outdoor air, the ground retains a relatively
stable temperature because of its large heat mass. The ground
can be used as a heat source or sink to meet the needs of
ground source heat pump (GSHP) systems for heating and

cooling of building spaces. In recent years, many GSHP sys-
tems have been developed and installed because of their envi-
ronmentally friendly performance and high efficiency [1].
Ground heat exchangers (GHEs) are an emerging technol-
ogy, which are an important component of GSHP systems
for extracting ground heat during the heating season and
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injecting absorbed dwelling heat into the ground during the
cooling season [2]. In established GSHP systems, high-
performance GHEs result in lower CO2 emissions and less
electrical load on the power grid.

However, under the two main working conditions domi-
nated by heating and cooling, there can be a large gap
between the heating and cooling load which the ground
self-recovery cannot match [3]. In China, the government
has encouraged GSHP systems for conventional heating,
ventilation, and air conditioning. Thus, China has become
the largest GSHP-system-practicing nation in the world.
After several years of continuously increasing sales, the
GSHP market share reached 7% of the total central air condi-
tioning market by 2010. However, the market share of
GSHP systems has shown a downtrend in recent years and
decreased to 2.2% by 2016 [4]. Some GSHP systems installed
several years ago have now been decommissioned for not
achieving the desired energy savings, especially in typically
cold regional cities such as Shenyang in northeast China
[5]. When GSHP systems are used in cold regions, more heat
is extracted from the ground than is injected back into it. This
leads to cold accumulation and long-term decreases in soil
temperature. This thermal imbalance over a long-term oper-
ation decreases the temperature recovery ability, degrades the
heating performance of GSHP systems, and can lead to com-
plete GSHP system failure [6]. Studies indicate that heat
injected into the ground and heat extracted from the ground
should balance, to preserve the geothermal resource for
sustainable utilization as a heat source or sink [7]. To achieve
this, studies suggest that partial compensation between win-
ter heating and summer cooling is necessary for a single line
or two staggered lines of infinite GHEs, even with a large dis-
tance between adjacent GHEs. For a square field of infinite
GHEs, near complete compensation of winter and summer
loads is necessary [8].

Compensation heat sources such as gas boilers, waste
heat sources, and solar collectors can be used to avert this
annual energy imbalance and solve this problem in cold
regions. To extract less heat from the ground, gas boilers
are commonly used during the peak heating load, and the
GSHP system provides the remaining heating. Alavy et al.
[9] investigated the characteristics of a GSHP system assisted
by a gas boiler. A heating load ratio of 60% for the GSHP sys-
tem and 40% for the gas boiler was found to be the most eco-
nomical operation and did not lead to any obvious increase
in energy consumption.

Another approach of compensating the heat into the
ground from another energy source has also been explored.
There are two approaches to heat storage: low-temperature
storage and high-temperature storage. In the low-temperature
heat storage, the heat is mainly used to compensate for the
annual heat imbalance or to increase the ground temperature
within several degrees K to increase the heat pump COP [10].
High-temperature heat storage is another approach to sea-
sonal heat storage and requires higher input fluid tempera-
ture and insulation of a storage medium boundary [11].
Although the ground is rarely used as a high-temperature
storage medium, water has proven to be a more effective sea-
sonal heat storage medium. However, if there is no natural

reservoir, such a system is more expensive than the ground
storage system because of the need for a large tank (usually
underground) to store water [12].

Solar energy is the most advantageous renewable energy
source. It collects and converts the abundant energy of the
sun into available energy. Evacuated tube collectors (and
similar devices) convert solar energy into heat energy, which
can be applied to the space of residential and commercial
buildings or water heating and air conditioning. Hybrid
GSHP systems compensate for the ground heat loss by pro-
viding additional heat into the soil. Energy storage technol-
ogy, such as solar energy storage, is commonly applied to
store natural underground energy [13]. Solar-assisted GSHPs
(SA-GSHPs) installed for a residential building in Tianjin,
China (a cold region similar to Beijing), were studied by
Wang et al. The system performance during long operating
periods was simulated by unit modeling, and its parametric
effects were discussed [14]. The experimental results of
Bakirci et al. showed that the coefficients of performance
(COP) of the heat pump and the overall system were 3.0–
3.4 and 2.7–3.0, respectively [15]. The results showed that
SA-GSHPs could be used for residential heating in the cold
region of Erzurum, Turkey. The study demonstrated that
the hybrid GSHP system incorporating solar thermal collec-
tors was feasible for the space conditioning for heating-
dominated houses. Rad et al. reported that solar thermal
energy storage in the ground could significantly reduce the
necessary GHE length [16].

Lazzarin showed that compared with the independent
GSHP system, the SA-GSHP system has a shorter length of
heat exchanger and a lower investment cost [17]. Macía
et al. showed the COP of the heat pump and the efficiency.
The design method of the SA-GSHP system is evaluated to
generate an analysis model and numerical model [18]. A
house with GSHP and a solar seasonal heat storage system
was simulated in Harbin, China. This study showed that
the vertical ground heat exchanger model has better simula-
tion results than the field data. Therefore, in the heating sea-
son, the average soil temperature and inlet and outlet
temperature of the vertical surface heat exchanger decreased
significantly. In general, the proposed system meets the heat-
ing and cooling requirements of buildings [19].

The performance of an SA-GSHP for heating a detached
house in Harbin, China, was experimentally studied byWang
et al. The average COPs of the heat pump and overall system
were 4.29 and 6.55 for operation in heating mode, respec-
tively [20]. Karagiorgas et al. reported a hybrid system com-
posed of a GSHP system and a solar-assisted GSHP system,
along with a simulation model developed in TRNSYS (a tran-
sient system simulation tool) for predicting key issues in the
design process [21].

Liu et al. carried out experimental research on a GSHP
system with thermal energy storage under different loads.
The results show that the heating and cooling capacity can
be increased by 37.5% and 15.8%, respectively, by integrating
heat storage with the GSHP system [22]. The above studies
asserted that SA-GSHPs are a promising technology for
matching the gap between cooling and heating loads in cold
regions, but solutions for GHE heat injection performance
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are complex. The thermophysical properties of the ground
and the operation of a compensation system are always the
determinants of the size of the solar collector and water stor-
age tank system [23].

The thermal transport efficiency of the GHE in the
ground plays a vital role in the efficiency of the overall GSHP
system, so the operation of GHEs should be examined care-
fully [24]. To reduce interference on the refrigerating process
in summer, the heat storage process is usually applied in
autumn. Considering the heat self-recovery in the soil,
the sizes of the solar loops are usually optimized based
on the results of long-term case studies. Simulation results
are analyzed to determine the necessary parameter of the
GSHP for storing heat in selected regions. Methods for deter-
mining the specific heat storage and heat storage mode are
then developed.

A comprehensive review of the relevant literature of SA-
GSHP systems shows that a large amount of work has been
done in terms of technical feasibility, detailed modeling,
and field test experiments with many innovative ideas. It
has been shown that the viability of an SA-GSHP system in
residential sectors and the demand for heating and cooling
are very high. One of the important aspects to be considered
in the construction of SA-GSHP is to specify the optimal size
of the system. Emmi et al. [25] demonstrated the factors for
optimal size of solar hybrid systems and the importance of
optimal size in the residential sector.

In this paper, the aim is to confirm whether the system
needs specific heat storage and a heat storage mode. Based
on the finite-line source model, the performance of GHEs is
simulated. The ground thermal performance is studied by
injection experiments, and the mathematics model is vali-
dated to optimize the energy storage. A simulation of the
GSHP system combining solar seasonal energy storage is car-
ried out to predict the long-term ground temperature field
variation. The suitability of the systems to three regions in
China was simulated. The surface temperature and system
efficiency of the regenerative system are compared.

2. Mathematical Modeling of GHEs

Using solar energy for seasonal heat storage can overcome
the ground thermal imbalance that occurs over long-term

operation. For the long-term simulation of systems that
include seasonal solar energy storage in this study, the GHE
model needed to connect with other equipment, making
the simulation complicated and time-consuming. Analyti-
cal methods have advantages in their lower computa-
tional expense and higher speed. A typical simulation
model involves a composite linear source model to simulate
the thermal processes of the borehole and pile. A reasonable
prediction can then be made of the thermal behavior of the
GHEs [25].

To build a two-dimensional (2D) finite-line source model
in cylindrical coordinates, it is practical to determine the
equivalent U-tube geometry, as illustrated in Figure 1.
Figure 1(a) shows the physical configuration and relative
positions of the working fluid, U-tube geometries, concentric
grout, and soil. Figure 1(a) also shows the parameters charac-
terizing the heat exchange process, such as the temperature of
the borehole wall (Tb), the inlet fluid temperature (T f1), and
the outlet fluid temperature (T f2). In Figure 1(b), R1

∗ and R2
∗

are the equivalent thermal resistances between the fluid of
two legs of the U-tube and the borehole wall, respectively.
R12

∗ is the equivalent thermal resistance from the fluid of
one leg to another. q1 and q2 are the heat transfer rates per
unit length from a certain leg to the borehole wall, respec-
tively. q12 is the heat rate per unit length pipe between two
legs of the U-tube. As shown in Figure 1(c), the classical
finite-line heat source model adopted in this study derives
an analytical solution for the transient temperature response
in a semi-infinite medium. The borehole is treated as a finite-
line heat source.

If the thermal interference between the two adjacent
legs of the U-tube is not considered, the proposed finite-
line heat model can be used to analyze and calculate the
heat conduction of the vertical boreholes for their long-
term operation in GSHP systems. Therefore, the model is
based on typical simplifying assumptions and is commonly
utilized to address these types of problems. The specific
assumptions are as follows:

(1) The thermal properties of the ground are constant
and the soil is assumed to be isotropic

(2) Moisture migration is neglected
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Figure 1: Heat transfer network of the borehole.
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(3) The borehole size is neglected, so the borehole can be
regarded as a linear heat source

(4) The heat conduction along the borehole axis, includ-
ing the heat flux through the surface and bottom of
the borehole, is neglected to make the heat conduc-
tion one-dimensional

(5) There is considered to be no contact thermal resis-
tance between the borehole and the ground

2.1. Heat Transfer Model inside the Borehole. The description
of the borehole model consists of the resistances associated
with the fluid, pipe, and grout. In accordance with Figure 1,
the energy balance equation inside the borehole is given by
the following equations:

Mc
∂T f1 Zð Þ

∂z
= Tb − T f1 Zð Þ½ �

R∗
1

+ T f2 Zð Þ − T f1 Zð Þ½ �
R∗
12

,

−Mc
∂T f1 Zð Þ

∂z
= Tb − T f2 Zð Þ½ �

R∗
2

−
T f2 Zð Þ − T f1 Zð Þ½ �

R∗
12

,

8>>><
>>>:

ð1Þ

whereMc is the total heat mass of the unit inside the borehole
per length. The parameters R1

∗, R2
∗, and R12

∗ are expressed
as follows [26]:

R∗
1 =

R11R22 − R12ð Þ2
R22 − R12

,

R∗
2 =

R11R22 − R12ð Þ2
R11 − R12

,

R∗
12 =

R11R22 − R12ð Þ2
R12

,

8>>>>>>>>><
>>>>>>>>>:

ð2Þ

where R11 and R22 are the thermal resistances between the
circulating fluid in a certain U-tube leg and the borehole wall.
R11 = R22 when the U-tube legs are buried in the borehole
symmetrically. R12 is the resistance between the two individ-
ual legs. By analyzing the steady-state conduction problem in
the borehole cross-section through the line source, the fol-
lowing relationships can be obtained [27]:

where rb is the radius of the borehole; rp and rpi are the outer
and inner radii of the pipe, respectively; k is the conductivity
of the grout; kb is the conductivity of the pipe material; D is
the distance between the centers of the pipe and borehole;
and h is the convective heat transfer coefficient. Using the
method of Diao [28], the inlet and outlet temperatures with
time can be obtained as

T in τð Þ = Tb τð Þ + Q
ε _mc

,

Tout τð Þ = T in τð Þ − Q
_mc

,

8>><
>>:

ð4Þ

whereQ is the total heat transfer rate of the borehole, _m is the
total mass flow rate of the fluid, and the borehole heat trans-
fer efficiency ε and parameter β are expressed as

ε = H/Mcβð Þ 1/R∗
1ð Þ + 1/R∗

2ð Þð Þsh βð Þ
ch βð Þ + H/2Mcβð Þ 1/R∗

1ð Þ + 1/R∗
2ð Þð Þsh βð Þ , ð5Þ

β =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
H2

4 Mcð Þ2
1
R∗
1
+ 1
R∗
2

� �2
+ H2

Mcð Þ2R∗
12

1
R∗
1
+ 1
R∗
2

� �s
, ð6Þ

where shðβÞ and chðβÞ are the double sine function and dou-
ble cosine function of parameter β, respectively.

2.2. Heat Transfer Model outside the Borehole. The finite-line
source model in this study is based on the solution of the heat
conduction exclusively in a homogeneous medium. This
problem is solved by using the superposition principle to
approximate the borehole as a finite-line source [29]. The
model accounts for the influence between boreholes by an
intricate superposition of numerical solutions with transient
radial-axial heat conduction, one for each borehole. The
response to any heat input can be calculated by devolving
the heat injected into the ground by a series of step functions.
The temperature response (θ) in the ground is then obtained
from the sum of the time step responses and calculated by the
following equation [30]:

R11 =
1

2πkb
In rb

rp

 !
+ kb − k
kb + k

⋅ In r2b
r2b −D2

� �" #
+ 1
2πkp

In
rp
rpi

 !
+ 1
2πkpih

" #
,

R12 =
1

2πkb
In rb

2D
� �

+ kb − k
kb + k

⋅ In r2b
r2b +D2

� �� �
,

h =
0:023Re0:8Prnλf

dpi
,

8>>>>>>>>>><
>>>>>>>>>>:

ð3Þ
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where the heat transfer rate per length in extracted or
injected heat in time τi step is qi, the radius r and depth z
express the position of the aiming point, and α is the thermal
diffusion coefficient. The temperature response at the bound-
ary of the borehole (θb) is therefore

θb = θ rb, z, τð Þ: ð8Þ

The temperature response θb presented above is for a sin-
gle borehole. For the case of multiple boreholes with n GHEs,
the total temperature response on the borehole wall or other
position of a certain GHE, θb,n, can be obtained by summing
all the temperature responses [31]:

θb,n = 〠
n

j=1
θ r j, z, τ
	 


: ð9Þ

The advantage of this model is that a spatial superim-
position is used to account for the temperature responses
for multiple boreholes. In addition, the sequential tempo-
ral superimposition is used to calculate the temperature
response for any arbitrary heat injection or extraction, which
can be decomposed into a set of single pulses. In other words,
the overall temperature response of the GHEs to any heat
injection or extraction at any time can be determined by
the spatial and temporal superimpositions.

3. Experimental System Description
and Verification

3.1. Experimental System. An experimental system of
GHEs was set up in Beijing, China (altitude 40m, latitude
39.95°N, longitude 116.35°E). A schematic diagram of the
experimental system is shown in Figure 2. The system con-
sists of three components: (1) GHEs, (2) monitoring devices,
and (3) thermostatic water bath as a heat source.

The GHE system consisted of four boreholes (Figure 2)
that were drilled to an average depth of 70m. In the vertical
heat exchanger, a U-tube of DN32 (nominal diameter) made
from high-density polyethylene was buried in the ground,
and the boreholes were back filled with grout.

The monitoring system included PT1000 temperature
sensors (shown in Figure 3(a)) that were attached to the tube
exterior wall at intervals of 10m in each borehole. Two fur-
ther temperature sensors were placed to allow the measure-
ment of the GHE inlet fluid temperature T in and outlet
fluid temperature Tout.

Figures 3(c) and 3(d) show digital photographs of soil
samples taken during drilling. The installation of the water

separator makes it possible to run each GHE individually or
in combination.

Some boreholes were used to test the action of thermal
fluids, while others were used to observe the surface temper-
ature of inactive thermal fluids. The working fluid flow rates
were measured by a metal tube flowmeter (Figure 4(e)). All
measured variables were recorded using an Agilent data
acquisition device every ten minutes as shown in Figure 4(f).
Before installation of the sensor device, all temperature sen-
sors were calibrated by a constant-temperature water bath
with a water temperature accuracy of 0.1°C.

A constant-temperature water bath, which provides a
constant inlet temperature for the buried heated tube
through insulated pipes, was used as the storage source. This
instrument was equipped with an electric water heater and a
rotary compressor. The maximum heating and cooling out-
puts were 9 and 5 kW, respectively. The operating tempera-
ture of the water tank and the operation mass flow rate
were both measured. The accuracy and measuring range of
the sensor used in the experiment are shown in Table 1. To
avoid freezing, the fluid was an antifreeze mixture of propyl-
ene glycol (20%) and water.

In the heat storage experiment in this study, the sur-
rounding borehole played a monitoring role when some of
the GHEs were in action. From the autumn of 2015, a series
of heat injection experiments were performed, as shown in
Table 2. This study focused on the heat storage performance
of GHEs under existing geological conditions, for which the
performance of the GHEs is strongly dependent on the
real-world situation. The test parameters of the experiment
are shown in Table 3.

The recording of experimental data was completed in
September 2016. The initial soil temperature was moni-
tored without thermal disturbance from the heat source.
The ground temperature profile in July 2015 is shown in
Figure 5. The curve shows that the soil temperature was
about 16°C and that the soil below 35m was slightly cooler.

3.2. Verification of the Simulation Result by Comparison with
Experimental Data. In the heat storage operation, verification
of the simulation result against the experimental data con-
sists of two aspects: the GHE fluid outlet temperature (T)
and the soil temperature variation caused by heat injection
at different depths. Figure 4 shows the simulation and exper-
imental results during the process of this operation.

In Experiment 1, Borehole 4# is the working GHE and
Borehole 2# is used for observation. The two boreholes are
spaced by a distance of 2.5m. The fluid inlet temperature
T in, fluid outlet temperatures Tout (exp.) and Tout (num.),

θ r, z, τð Þ = 〠
n

i=1

qi − qi−1
4λπ

ðH
0

erfc
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2 + z − hð Þ2

q
/2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
α τn − τi−1ð Þ/h2

q� �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2 + z − hð Þ2

q −
erfc

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2 + z + hð Þ2

q
/2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
α τn − τi−1ð Þ/h2

q� �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2 + z + hð Þ2

q
8>><
>>:

9>>=
>>;

dh,

ð7Þ
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Figure 2: Schematic diagram of the experimental system.
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Figure 3: Digital photographs of the soil sampling process.
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and soil temperature increases ΔT (exp.) and ΔT (num.) for
the numerical model and experimental data are shown in
Figure 4(a). The absolute error values of the outlet tempera-
tures between the experimental and simulated results are less
than 0.6°C. The absolute error values of the 3# borehole tem-
perature increases are less than 0.3°C.

Figure 4(b) shows the validation of the inlet and outlet
temperatures from the numerical model against those
from the experimental data for the constant input test.
Based on the experimental data from this constant input test,
the inlet and outlet temperatures of the numerical model
were verified.

In Experiment 2, the 1# and 3# boreholes are the working
GHEs and the 2# and 4# boreholes are used for soil tem-
perature observation. The inlet temperature T in, outlet tem-
peratures Tout (exp.) and Tout (num.), and soil temperature
increases ΔT ,2# (exp.), ΔT ,2# (num.), ΔT ,4# (exp.), and ΔT
,4# (num.) from the numerical model and experimental
data are shown in Figure 4(b). The absolute error values
of the outlet temperatures are between 0.13°C and 1.15°C.
The absolute error values for the 2# borehole and 4# bore-
hole temperatures increase by 0.01°C to 0.13°C and by
−0.02°C to 0.04°C, respectively.

The maximum relative percentage error for the soil
simulation tests is relatively small, at 4.4% for all verifica-
tions. Maximum percentage error of 4.4% could explain
the mismatch between the experimental and simulated
results. The above discussion demonstrates the effectiveness
of the developed model.

4. Case Study

Different combinations of solar-assisted auxiliary heat source
and conventional GSHP can lead to different soil tempera-

ture properties and system efficiencies. The main objective
of this study is to analyze the performance of SA-GSHP sys-
tems and to optimize the solar collector size for SA-GSHP
systems operating in cold regions. The main components of
the SA-GSHP system are the heat pump, borehole heat
exchangers, solar collectors, and storage tank. The overall
system was dynamically simulated in the TRNSYS software
package. The GHEs validated above and experimental data
were modeled in MATLAB and linked to the main TRNSYS
project. Other components (such as the heat loads, solar
thermal collectors, storage tank, weather calculator, valves,
pumps, and controllers) were simulated using TRNSYS
built-in models. When the location characterized by a cold
climate was confirmed, the building load profile was calcu-
lated. That load was then used to simulate the plant system,
which consists of a GSHP coupled with or without solar ther-
mal collectors. The building and its characteristics were the
same for all simulations in each of the three regions. TRNSYS
can be used to study each subsystem of the whole power plant
in detail and consider the actual coupling and control strat-
egy in a step-by-step manner. The proposed system is shown
in Figure 6. The thermal plant system was initially designed
by selecting the surface size of the solar thermal collectors,
the volume of the storage tank, and the total borehole length.

4.1. Heating Load. The cities of Beijing, Harbin, and Zheng-
zhou in China are regions in which GSHP systems cause cold
accumulation and decreased soil temperature. These three
regions are characterized by different climates and were used
for analysis [32], which is appropriate because SA-GSHP
systems are aimed at meeting building heating loads. The
ambient dry-bulb temperature and wet-bulb temperature
(i.e., humidity) for these three regions are shown in the left
diagrams of Figure 7. The hourly heating and cooling loads
for a 2000m2 residential building are simulated using the
DeST software package, and the results are shown in the right
diagrams of Figure 7. Figures 7(a)–7(c) show the peak heat-
ing loads for the Beijing, Harbin, and Zhengzhou regions
when the building is used for residential heating.

4.2. Heat Pump. The heat pump is connected to the GHEs on
the evaporator side and connected to the building on the
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Figure 4: (a) Inlet and outlet temperatures in borehole 2#. (b) Inlet and outlet temperatures in boreholes 2# and 4#.

Table 1: Accuracies and measuring ranges of the sensors in the
experimental system.

Temperature Volume flow rate

Instrument measuring accuracy ±0.1°C ±0.5%
Measuring range −100–100°C 1–30m3/h
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condenser side. The type 668 models used a water-to-water
heat pump that can operate with any kind of liquid (not
necessarily water). Thus, the heat pump can be used as a
geothermal heat pump if coupled with a GHE. This compo-
nent reads an external file prepared by the user, consisting
of the load, source temperature, and COP of the heat pump.
These data are available from the manufacturer’s catalog.
Table 4 shows the data file used for the GSHP heating capac-
ity of 44 kW, which can satisfy the peak heating load and
peak cooling load. The number of heat pumps in different
regions was adjusted according to the maximum load. Specif-
ically, two heat pumps were used in the Beijing region, three
were used in the Harbin region, and one was used in the
Zhengzhou region.

These values are a function of the source and load tem-
peratures. All the data were processed, and the simulation
results show the COP, heating capacity, and return tempera-
ture from the evaporator to the storage tank (on the heat
source side) for each time step.

In the previous section, the GHE model was validated by
comparing simulated results with the experimental data. In
the current section, the calculation code implemented in
MATLAB was linked to the main TRNSYS project and inte-
grated with the other components. The total length of the
GHEs required to meet the heating and cooling loads is the
main parameter in the GSHP design process. In typical
ground conditions for a borehole heat exchanger, the bore-
hole length is sized for a heat extraction rate (qdesign) of
50W/m of borehole length [32]. Consequently, the GHE’s
total length can be calculated by

Lheating =
qheating,max
qdesign

× 1 − 1
COPheating

 !
,

Lcooling =
qcooling,max
qdesign

× 1 + 1
COPheating

 !
,

L =Max Lheating, Lcooling
� �

,

8>>>>>>>><
>>>>>>>>:

ð10Þ

where qheating,max and qcooling,max are the peak heating load and
peak cooling load, respectively; COPheating and COPcooling are
the COPs under heating and cooling conditions, respectively;
and Lheating, Lcooling and L are the designed GHE total length
under heating conditions, cooling conditions, and the final
selected GHE length, respectively. The characteristics of the
borehole GHEs and the thermal properties of the ground
are summarized in Table 5. The initial soil temperature was
set to 16°C, as shown in Figure 5.

4.3. Solar Collectors. The heat from solar radiation was cap-
tured by solar thermal collectors installed on the south-
facing roof at a 45° slope. The properties of this system
are summarized in Table 6. The heat-carrier fluid of the
solar thermal collectors is a 50% propylene glycol in water,
and its mass flow rate (pump no. 1 in Figure 1(a)) is
1.65 kg/s. The thermal behavior of the solar thermal collec-
tors was simulated by the Type 1c function of the TRNSYS
tool, which models the thermal performance of flat-plate
solar collectors utilizing the g0, a1, and a2 coefficients, as
declared by the manufacturer. The thermal performance
of the collector array is determined by the number of mod-
ules in series and the characteristics of each module. The
effects of off-normal solar incidence radiation are evaluated
by incidence angle modifiers which are read from an exter-
nal data file as a function of the incidence angle. In the sim-
ulation, the surface areas of solar collectors in the different

Table 2: Experimental conditions.

Experiment no.
Continuous experiment

period
Borehole
in action

Operation mode Flow rate (kg/s)
Average inlet

temperature (°C)

1 16 Aug. 2015–15 Oct. 2015 #4
Single-U heat injection

(storage mode)
0.34 30.3

2 14 Jul. 2016–17 Sep. 2016 #1 and #3 Single-U heat injection (storage mode) 0.34 30.3

Table 3: Experimental parameters of the GHEs.

Parameter Value

Grout conductivity 1.7W/(m·K)
Soil conductivity 1.43W/(m·K)
Pipe conductivity 0.39W/(m·K)
Soil density 1900 kg/m3

Soil specific capacity 2.086 kJ/(kg·°C)
Working fluid capacity 3.7 kJ/(kg·°C)
Working fluid density 1027 kg/m3

Test flow rates 1.224m3/h
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Figure 5: Plot of the initial soil temperature with depth.
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regions need to be calculated. This is achieved using the
following equations:

qgap = qheating,total × 1 − 1
COPheating

 !

− qcooling,total × 1 + 1
COPcooling

 !
,

ð11Þ

A =
kc × f × qgap

90 × 3600 × Sy ×U × Δt
, ð12Þ

where f is the solar energy guarantee rate (%); kc is the
time-varying coefficient of solar radiation illumination, which
is 1.5–1.8 (this benefits the utilization of solar energy but
increases the cost); Sy is the local average daily sunshine
hours per year (h); U is the heat transfer coefficient of the
heat exchanger, which is determined according to the techni-
cal parameters of the heat exchanger; A is the heat exchanger
area (m2); and qgap is the average daily heat supply of the
solar heating system during the heating season (kW) [26].

4.4. Heat Storage Tank. Heat storage is important in solar
systems to compensate for time differences between the avail-
ability of the heat source and the availability of the heating
demand. A stratified fluid storage tank was considered in
the current study. The storage tank was modeled using the
TRNSYS software Type 4d function [33], based on the
assumption that the tank can be divided into N fully mixed
equal subvolumes. The tank is also equipped with a pressure
relief valve, to consider boiling effects. The model also con-
siders the energy released by the fluid flowing through the
valve, whereas the corresponding loss of mass is neglected.
This subroutine simulates a fluid-filled constant-volume
storage tank and simulates a cylindrical tank with a vertical
configuration. The fluid in the storage tank interacts with
the fluid that may exist in the heat exchanger, with the ambi-
ent air, and with flow streams that pass into and out of the
storage tank [34].

4.5. Control Strategy. In the simulation, the imbalance effi-
ciency need to be calculated. This is achieved using the fol-
lowing equations:

ηie =
Qheating,total −Qcooling,total

Qheating,total


, ð13Þ

where ηie is the imbalance efficiency, Qheating,total is the sum of
the energy storage during the ten years, and Qcooling,total is the
sum of the energy absorbed during the ten years.

In this paper, a method for optimization of the area of the
solar collector for a seasonal heat storage solar ground source
heat pump system is proposed. The specific calculation steps
are shown in Figure 8.

The initial solar thermal collector area is first put into the
seasonal heat storage SA-GSHP system and it is determined
whether the efficiency is less than 1%. If Qheating,total <
Qcooling,total and the efficiency are greater than 1%, the area
will increase by 5%. Otherwise, it should be reduced by 5%
to obtain a new solar thermal collector area, and then simu-
lation calculation can be carried out.

Figure 9 shows the control strategy. In the heating season,
if the average temperature of the building is lower than 18°C,
the heat pump is turned on. When the temperature is higher
than 24°C, the heat pump is turned off.

In the cooling season, if the average temperature of the
building is lower than 18°C, the heat pump is turned off. When
the temperature exceeds 24°C, the heat pump is turned on.

In the nonheating (cooling) season, the heat exchanger
of the solar energy system unit is connected with the GHE
circuit for heat storage.

5. Simulation Results and Discussion

Based on the model discussed in the previous section, case
studies were conducted in Beijing, Harbin, and Zhengzhou.
The main purpose of the long-term simulation was to com-
pare the performance of the proposed SA-GSHP combined
system with that of the conventional GSHP system.

Borehole heat
exchangers

Ground loop

Heat pump
Heat

exchanger
Solar loop

Tank

Building

Building loop

Solar
thermal

collectors

Figure 6: Proposed system involving GSHP and solar thermal collectors.
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Figure 7: Climate characteristics and dynamic building loads for different uses in the Beijing, Harbin, and Zhengzhou regions.
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The imbalance efficiency in the three regions was simu-
lated, as shown in Figure 10. The imbalance efficiency in
the three places is obviously different from that shown in
the figure.

In the Beijing region, the Qheating,total is 4:99 × 108 kWh,
the Qcooling,total is 11:2 × 108 kWh, and the imbalance effi-
ciency is 55%. In the Harbin region, the Qheating,total is
14:3 × 108 kWh, the Qcooling,total is 2:98 × 108 kWh, and the
imbalance efficiency is 79%. In the Zhengzhou region, the

Qheating,total is 9:63 × 108 kWh, the Qcooling,total is 5:97 × 108
kWh, and the imbalance efficiency is 38%.

The temperature of soil in the three regions was simu-
lated, as shown in Figure 11. The x-axis represents time in
hours, and the y-axis represents soil temperature.

The soil temperatures in the different regions all show
significant decreases, especially in the Harbin region where
the soil is needed to store heat [35].

In the Beijing region, for the conventional GSHP system,
the annual average soil temperature decreases from 15.8°C to
8.5°C during ten years of operation. As heat extracted by the
heat pump unit from the ground decreases yearly, the rate
of reduction in the average soil temperature slows. For the
SA-GSHP system, the soil temperature fluctuates between
13.1°C and 17.9°C.

In the Harbin region, for the conventional GSHP system,
the annual average soil temperature decreases from 10.6°C to
3.1°C during the ten years of operation. For the SA-GSHP
system, the soil temperature fluctuates between 8.2°C and
12.5°C. The annual average soil temperature remains stable
over the decade.

In the Zhengzhou region, for the conventional GSHP sys-
tem, the annual average soil temperature decreases from
18.3°C to 14.1°C during the ten years of operation. For the
SA-GSHP system, the soil temperature fluctuates between
10.9°C and 16.2°C.

Figure 12 shows the ten-year trend in dynamic quality
during heating for the GSHP and SA-GSHP systems. The
x-axis represents time in hours, and the y-axis represents
COP.

Table 4

(a) Cooling characteristics of the heat pump

Tsource (
°C)

0 6 12 18
Power COP Power COP Power COP Power COP

T load (
°C)

5 17.43 2.66 19.64 2.70 21.85 2.78 24.05 2.84

10 17.49 2.83 19.33 2.87 21.19 2.90 23.03 2.93

20 15.82 3.43 17.40 3.50 17.92 3.56 21.56 3.63

29 14.31 3.80 15.92 3.85 17.52 3.90 19.13 3.95

32 14.24 3.98 15.68 4.03 17.13 4.08 19.57 4.13

38 13.32 4.30 14.66 4.33 15.99 4.36 17.33 4.40

(b) Heating characteristics of the heat pump

T load (
°C)

35 40 45 50
Power COP Power COP Power COP Power COP

Tsource (
°C)

−4 18.72 2.52 18.22 2.80 17.72 3.08 17.21 3.36

0 22.37 2.71 21.77 3.00 21.17 3.29 20.57 3.58

4 26.02 2.90 25.32 3.20 24.63 3.50 23.93 3.80

10 30.27 3.37 29.46 3.69 28.66 4.00 27.85 4.32

20 39.22 4.24 38.17 4.60 37.12 4.96 36.07 4.32

29 43.71 4.82 42.55 5.20 41.39 4.58 40.23 4.96

Table 5: Characteristics of the double U-tube heat exchanger.

Pipe

Material
High-density
polyethylene

Thermal conductivity W/(m·K) 0.4

Outside diameter mm 26.0

Inside diameter mm 32.0

Number of pipes 4

Distance between pipes
(center to center)

mm 50.0

Borehole diameter mm 140.0

Connection between the
two U tubes

Parallel

Grout thermal conductivity W/(m·K) 2.0

Heat-carrier fluid
50% mixture of
propylene glycol

11International Journal of Photoenergy



In the Beijing region, the average annual COP in winter
for the first year is 3.9, while in the tenth year, it is 2.9 and
the COP decreases by 23%. For the SA-GSHP system, the rel-
atively stable soil temperature results in the average annual
COP of the heat pump unit remaining at around 3.9 over
the ten years.

In the Harbin region, the average annual COP in the first
year is 3.7, while in the tenth year, it is 2.0 and the COP
decreases by 46%. For the SA-GSHP system, the annual aver-
age COP of the heat pump unit remains at around 3.6 over
the ten years, because of the relatively stable soil temperature.

In the Zhengzhou region, the average annual COP in the
first year is 3.8, while in the tenth year, it is 3.4 and the COP
decreases by 11%. For the SA-GSHP system, the relatively
stable soil temperature results in the average annual COP of
the heat pump unit remaining at around 3.8 over ten years.

Figure 13 shows the first year and the tenth year during
heating for the GSHP and SA-GSHP systems. The x-axis rep-
resents time in hours, and the y-axis represents the on/off
state of the heat pump.

In the Beijing region, as the soil temperature decreases,
the operating time of the heat pump unit of the conventional
GSHP system increases from 2626 hours in the first year to
2767 hours in the tenth year. In contrast, the heat pump unit
of the SA-GSHP system has a running time of approximately
2581 hours per year. The operating time of the heat pump
unit of the SA-GSHP system is 45 hours lower in the first year
and 186 hours lower in the tenth year, when compared with
the conventional GSHP system. The total operating time over
ten years of the heat pump units in the GSHP and SA-GSHP
systems is 27,120 and 25,917 hours, respectively.

In the Harbin region, the operating time of the heat
pump unit for the traditional GSHP system increases from
2855 hours in the first year to 3221 hours in the tenth year.
In contrast, the heat pump unit of the SA-GSHP system
operates for approximately 2784 hours per year. The operat-
ing time of the heat pump unit for the SA-GSHP system
decreases by 71 hours in the first year and by 437 hours in
the tenth year, compared with the conventional GSHP

Table 6

(a) Characteristics of the solar thermal collectors in the Beijing
region

Total area of solar thermal collectors m2 300.58

Area of the single collector m2 2.26

Number of collectors 133

Number of collectors in series 6

η0 0.768

α1 W/(m2·K) 3.4

α2 W/(m2·K) 0.0089

Heat-carrier fluid
50% mixture
of propylene

glycol

(b) Characteristics of the solar thermal collectors in the Harbin
region

Total area of solar thermal collectors m2 800.04

Area of the single collector m2 2.26

Number of collectors 354

Number of collectors in series 6

η0 0.768

α1 W/(m2·K) 3.4

α2 W/(m2·K) 0.0089

Heat-carrier fluid
50% mixture
of propylene

glycol

(c) Characteristics of the solar thermal collectors in the Zhengzhou
region

Total area of solar thermal collectors m2 201.14

Area of the single collector m2 2.26

Number of collectors 177

Number of collectors in series 6

η0 0.768

α1 W/(m2·K) 3.4

α2 W/(m2·K) 0.0089

Heat-carrier fluid
50% mixture
of propylene

glycol

Heat supply of the
 solar source

Total area of solar
thermal collectors

Increase or decrease
5%  of solar

thermal collectors

Imbalance
efficiency <1%

N

Y

Output result

Figure 8: Optimization of solar collector area.
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system. The total operating time over ten years of the heat
pump units for the GSHP and SA-GSHP systems is 29,433
and 27,853 hours, respectively.

In the Zhengzhou region, the operating time of the
heat pump unit for the traditional GSHP system increases
from 2379 hours in the first year to 2443 hours in the
tenth year. In contrast, the heat pump unit of the SA-
GSHP system operates for approximately 2355 hours per

year. The total operating time over 10 years of the heat pump
units for the GSHP and SA-GSHP systems is 24,183 and
23,535 hours, respectively. There is not much difference
between the two systems.

Among the three cities, they have different building loads.
Harbin has the smallest cooling loads in summer and the
largest heating loads in winter. So the problem of soil cold
accumulation is very serious. Compared with Harbin, Beijing
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Figure 11: Soil temperature in the Beijing, Harbin, and Zhengzhou regions.
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has more cooling loads in summer and less heating loads in
winter. Zhengzhou has the largest cooling loads in summer
and the smallest heating loads in winter; the soil temperature
drops less and the system is relatively stable.

6. Conclusion

This paper reports a method for analyzing the imbalance effi-
ciency, specifically, to determine whether a GSHP system
requires additional heat storage. Three typical cities, Beijing,
Harbin, and Zhengzhou, are selected from the cold region,
the severe cold region, and the hot summer and the cold win-

ter region for simulation, and the performance and parame-
ter variations of GSHP systems are analyzed.

It was found that the imbalance efficiency of Beijing,
Harbin, and Zhengzhou is 55%, 79%, and 38%, respectively,
after 10 years of operation. The average soil temperature
decreased by 7.3°C, 11°C, and 4.3°C, respectively, which
resulted in obvious cold accumulation. The COP of the heat
pump also decreased by 23%, 46%, and 11%, respectively.
By the tenth year, the operation time of the system is
increased by 186 hours, 437 hours, and 88 hours compared
with the first year, respectively.

The dynamic simulation results in TRNSYS show that
the proposed SA-GSHP system has great energy saving
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Figure 12: Ten-year trend in dynamic quality during heating for the GSHP and SA-GSHP systems.
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Figure 13: Ten-year trend in pump operating signal during heating for the GSHP and SA-GSHP systems.
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potential. The system operation time of SA-GSHP is shorter
than that of GSHP which could save more energy. After the
system is optimized, the solar collector area increases by
20% in the Beijing region, 25% in the Harbin region, and
15% in the Zhengzhou region could help to maintain the
annual average soil temperature balance. The simulation
results show that the system can stabilize space heating. By
storing solar energy into the soil in the transitional season,
the imbalance efficiency can be kept at 1% to decrease the
phenomenon of cold accumulation in the soil and ensure
the COP stability of the heat pump unit.

For the cold and severe cold region represented by Beijing
and Harbin, it is suggested to add heat storage equipment to
the GSHP system because soil temperature and COP
decrease greatly. For a hot summer and cold winter region
like Zhengzhou, soil temperature and COP have little change
and there is no significant impact on equipment operation; it
is not recommended to conduct heat storage.

Nomenclature

A: Heat transfer area (m2)
cp: Specific heat capacity (kJ/(kg·K))
D: Distance (m)
f : Solar energy guarantee rate (%)
kc: Time-varying coefficient
h: Heat transfer coefficient (W/m2·K)
L: Length (m)
Mc: Total heat mass of the unit inside the borehole (W/m2)
_m: Fluid flow rate (kg/s)
p: Pressure (kPa)
P: Power (kW)
Pr: Prandtl number
Q: Heat transfer quantity (kW)
q: Heat transfer rate per unit (W/m2·K)
r: Radius (m)
R: Thermal resistance (m2·K/W)
Re: Reynolds number
Sy: Local average daily sunshine hours (h)
T : Temperature (K)
U : Coefficient of heat transfer (W/(m2·K))
v: Specific volume (m3/kg)
w: Specific work (kW/kg)
W: Work (kW)
z: Depth (m)
τ: Transmission coefficient.

Subscripts

B: Borehole
Con: Condensation
Cooling: Cooling season
Crit: Critical pressure
Exp: Experiment
Evp: Evaporation
Ex: Exothermic process
Heating: Heating season
In: Tube inlet
Num: Numerical

Min: Minimum
Max: Maximum
Natural: Natural convection
Out: Tube outlet
Pump: Pump.

Greek Symbols

α: Convective heat transfer coefficient (W/(m2·K))
ε: Efficiency of the heat exchanger
η: Efficiency
ρ: Density (kg/m3)
λ: Thermal conductivity
θ: Temperature response.

Acronyms

COP: Coefficient of performance
GHE: Ground heat exchanger
GSHP: Ground source heat pump
SA-GSHP: Solar-assisted ground source heat pump.
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