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Abstract: The ground source heat pump (GSHP) is receiving increasing attention due to the global
trend of energy-saving and emission reduction. However, projects with ground heat exchangers
(GHEs) buried in fractured rock bodies are scarce, and the impacts of water flow in fractures on the
system performance are short of detailed investigations. In this paper, a three-dimensional model was
built to study the temperature distribution underground and the relative performance of heat pumps
and GHEs influenced by groundwater flow in fractures. Three factors including fluid flow velocities
in fractures, the number of fractures and the distributions of fractures were taken into consideration,
a range of indicators including outlet temperature of GHEs, mean temperature of “Energy Storage
Rock Body” (ESRB) and heat injection rate per unit length were examined. It was found that the heat
injection rate per unit length of a U-pipe in fractured rock body could be up to 78.83% higher than that
of a U-pipe in integrated rock. Likewise, the coefficient of performance of cases with fractures was
identified to be up to 4.50% higher than the integrated rock case. In addition, differently distributed
fractures also have different impacts on the heat transfer efficiency of heat pumps and GHEs.

Keywords: fracture water flow; ground source heat pump; ground heat exchanger

1. Introduction

The building sector is one of the largest energy-consuming sectors after the industry and
transportation sectors, and also a significant contributor to greenhouse gas emissions [1,2]. It occupies
20-50% of whole energy consumption worldwide [3] and 47% in China [4]. Renewable energy resources
appear to be a prime alternative energy resources for the purpose of curbing energy consumption
and emissions. As a foremost means to efficiently utilize the shallow thermal energy to achieve
energy saving, ground source heat pump (GSHP) systems are receiving more attention. Special plans
have been rolled out in many nations for utilizing shallow geothermal energy to alleviate the carbon
emission. As a consequence of more GSHPs installed in different regions, impacts of various geological
conditions, including fractured rock bodies filling with groundwater, on the performance of GSHPs
need to be well evaluated.

Although GSHP systems have been adopted in various areas around the world, only a few
projects have been established in rock formations where fractures, caves, and underground rivers
are developed for groundwater migrating. A piece of evidence is that most GSHPs built in China
are distributed in the north and east regions [5] instead of south and southwest where the Karst
formations are developed, and the groundwater might be a potential benefit to accelerate the heat from
indoor cooling load dissipating in the carbonate bedrock [6]. Fractured rock bodies, including but not
limited to those in Karst regions, are extensively distributed. It is inevitable to investigate heat transfer
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characteristics in diverse geologic features involving fractured rock bodies to promote the application
of the GSHP all over the world due to the strong reliance of GSHP performance on the groundwater
flow regime [7], and one of the priorities is how the groundwater flow in rock fractures influences the
relative performance of ground heat exchangers (GHEs) and heat imbalance in the rock formation over
long term operation.

However, most previous studies about GSHP were related to the impacts of groundwater flow in
pores of the formation or seepage. Through a 2D finite element model, Meng et al. [7] compared seasonal
coefficient of performance (COP) of GSHP in terms of different flow rates, and it was concluded that
with the groundwater flow velocity increasing, heat transport transforms from conduction-dominated
to advection-dominated, and a moderate increase of groundwater flow has a significant effect on the
energy performance. Hua et al. [8] compared the temperature distributions near the GHE with/without
seepage by a 2D model, and identified that the soil temperature near the GHE recovers quickly when
the groundwater seepage velocity is greater than 5 x 107® m/s. Hecht-Méndez et al. [9] found that
the temperature difference between operation strategies with and without load-optimized is closely
related to the groundwater flow velocity, the higher groundwater flow velocity, the more advective
heat is supplied, the temperature decrease difference with and without the optimized strategies are
more noticeable. You et al. [10] also compared the temperature distributions around the energy piles
with and without groundwater flow, which alleviated the soil temperature decrease near the energy
piles in the heating season, but also led to a much higher heat exchange rate of the energy piles. It was
also identified that the drop of COP of the heat pump during the case with groundwater flow was
significantly slower than that without groundwater flow.

On the basis of those extensive 2-D simulation researches, a few scholars started to establish 3-D
simulations incorporating GHEs performance. Li et al. [11] used 3-D models to study the heat transfer
ability over the long and short term with and without seepage, indicating the soil temperature is more
stable with the condition of ground seepage. Tang and Nowamooz [12] evaluated the performance
of the GHEs installed in sand and clay in terms of 15 factors entailing various groundwater flow
velocities in porous media, which has little effect on the heat pump COP. Hein et al. [13] studied the
influences of different Darcy velocities on recovery efficiency of the shallow geothermal reservoir and
pointed out that, as the Darcy velocity increases, the recovery ratio increases in an exponential manner
until it approaches a turning point. Lei et al. [14] built a 3-D model to study the temperature field
around pipes buried in the ground with various hydraulic conditions, they studied the temperature
distribution between two pipes with a spacing of 9 m, and found the heat concentrated 1-2 m away
from the individual buried pipes. Zhang et al. [15,16] carried out mathematical models to study the
heat transfer of GHEs with 3-D groundwater seepage at various velocity components. They evaluated
the heat transfer on the XOY, XOZ, and YOZ planes at different angles, and established that the angles
between the velocity and axis play an important role in the influence of groundwater seepage, directly
relating to the performance.

These aforementioned studies mostly focused on the influences of groundwater in pores of soil
and rocks, where the groundwater flow was basically depicted by the Darcy’s Law. However, there
are few pieces of researches about the GHEs performance influenced by fracture water flow in rock
formations. In Karst terrains, not only large amounts of fractures extensively distribute, but also
various forms of groundwater sources exist, including conduit water, confined water, and water in
porous media [17,18]. It is obvious that the hydraulic conditions in Karst areas or other fractured
rock formations are more complicated, and the corresponding heat transfer mechanism, as well as
their impacts to the relative performance of GHEs and heat pumps remain unclear. Zeng et al. [6,19]
mentioned that the outlet temperature difference of two GHEs installed apart 2 m during an on-site
test was probably caused by the Karst groundwater flow passing by one of the two individual U-pipes,
but no more extended investigations.

In this work, based on known characteristics of fractured formations, a numerical model was
carried out to evaluate the heat transfer performance of heat pump and GHEs buried in rock formations
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containing horizontal and vertical fractures, as well as the heat imbalance potential in the rock formation.
Three influencing factors, embracing water flow velocities in fractures, the number of fractures and the
distributions of fractures, were investigated. The temperature field in the vicinity of GHEs and outlet
temperature of GHE of different cases were collected, and corresponding COP values and heat injection
rate per unit length were derived for assessing the heat transfer performance of GHEs influenced by
diverse fractures and hydraulic conditions. This study presents a detailed investigation into the heat
transfer mechanism between GHEs and the host fractured formation, and identifies the influencing
extent of the above factors. The model can be used by designers and operators to more accurately
evaluate the risk of heat imbalance and the performance of GHEs and GSHPs, respectively.

2. Methodology
2.1. Mathematical Model

2.1.1. Hydraulic Transfer in Porous Media

The Darcy’s law equation visualizes the hydraulic potential field by considering the difference in
both pressure and elevation potential from the start to the end points of the flow line, the equation is
given as:

UF:—£0W+4@VD) (1)

where u (m/s) is the Darcy velocity or specific discharge vector, ¥ (m?) is the permeability of the
porous medium, u (Pa-s) is the fluid’s dynamic viscosity, p (kg/m?) is the fluid density, g (m/s?) is the
magnitude of gravitational acceleration, and VD (dimensionless)is a unit vector in the direction over
which the gravity acts.

The water flow in most small-size fractures still follows the Darcy’s Law. Parameters such as
permeability and porosity in fractures are different from those of matrix. The fracture flow equation uses
the tangential derivatives of Darcy’s law to define the flow along the interior boundaries representing
fractures within a porous block:

K
w=—f%Ww+%Wm 2)

where ¢ (m?/s) is the volume flow rate per unit trace length in the fracture, x f (m?) is the fracture’s
permeability, df (m) is the aperture or fracture thickness, V denotes the gradient operator restricted
to the fracture’s tangential plane, p (Pa) is the pressure, and D (dimensionless) represents the
vertical coordinate.

2.1.2. Heat Transfer in Porous Media and in U-Pipe

The energy balance equation in porous media is given as:
aT
mePE + pCpu-VT + V- (-kVT) = Q 3)

where py, (kg/m?) is the porous media’s density, Cp (J/kg-K) is the specific heat capacity at constant
pressure, T (K) is the temperature, ¢ (s) is time, u (m/s) is the velocity vector, k (W/m-K) is the thermal
conductivity, and Q (W/m?3) is the heat source other than viscous dissipation.

The heat transfer mechanism among heat carrying flow, U-pipe and host rock include conduction,
advection, and transfer through walls based on the principle of energy conservation, the energy
equation for an incompressible fluid flowing in a pipe is given as:

pfACpa—T + pfACpu -VT =V -AkVT +

ot

fopgA
51+ Qg+ Quan @
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where py (kg/m?) is the fluid density, A (m?) is the pipe cross section area available for flow, the
second term (W/m) on the right hand side corresponds to friction heat dissipated due to viscous shear
(W/m), fp (dimensionless) is the Darcy friction factor, dj, (m) is the mean hydraulic diameter, Q, (W/m)
represents a general heat source, and Quw,; (W/m) represents external heat exchange through the
pipe wall.

The heat transfer from the surroundings into the pipe is given by:

Qwait = (hZ)of(Text = T) ©)

where (hZ), ¢ is an effective value of the heat transfer coefficient h (W/m?K) times the wall perimeter
Z (m) of the pipe, and Tex: (K) is the external temperature outside of the pipe.

2.1.3. Heat Pump COP

COP of the heat pump in this paper is the cooling mode coefficient of performance and defined as
the ratio between the delivered cooling load (kW) and the input electric power of heat pump (kW) [20].
The COP value varies linearly with the carrying fluid outlet temperature [13,21-23]. According to [12],
an alternative equation can be used to determine the COP of a heat pump rather than using directly
the carrying fluid outlet temperature to evaluate the GHE performance. In the following work, it is
assumed that the same GCHP system was used in all different examined cases, and all COP values
could be calculated by Equation (6), so the influences of considered factors on COP were compared on
the same base. For the Dimplex SI 30TER+, the relation between the carrying fluid outlet temperature
and the heat pump COP is given as [13]:

COP = —0.12T s + 8.6 6)

where Ty (°C) is the outlet temperature of the U-pipe.

2.2. Geometric Model

The geometric model was designed based on real situations to serve the purpose of this study.
The model contains different forms of fractures and is capable of comparing different cases on the
same base.

During operation, a U-pipe could be influenced by others around it, so the model contained 9
numbered U-pipes buried in heat exchange holes. The length of the depth of the heat exchange hole
was assumed to be 100 m, and the spacing between holes was assumed to be 5 m, like most real projects.
All simulations were carried out on a domain of 40 m X 40 m X 115 m in size with homogeneous
properties (Figure 1). It was certified by an experimental simulation that this domain size is sufficiently
large with no interfering with the model boundaries. At the top of the model, there is a horizontal
pipe network with an individual inlet and outlet of carrying fluid respectively. In the middle of the
model, a 20 m X 20 m X 110 m cuboid encompassing the 9 U-pipes was used to simulate the near field
called the “energy storage rock body” (ESRB). In the study, the mean temperature of the ESRB was
calculated to evaluate the level of heat imbalance, because the heat was mainly accumulated in the
specific near-field volume containing the U-pipes. The heat exchange holes where the U-pipes were
buried with backed filled materials of the original excavation.
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Figure 1. Geometrical model.
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Formations with diverse numbers of horizontal and vertical fractures were modeled in the study

(Figures 2 and 3):

e  No fracture (NF);

e 1 horizontal fracture (H1);
e 2 horizontal fractures (H2);
e 3 horizontal fractures (H3);
e 1 vertical fracture (V1);

e 2 vertical fractures (V2);

e 3 vertical fractures (V3).
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Figure 2. Horizontal fractures distribution: (a) cross-sections at the YOZ plane and (b) a cross-section

at the XOY plane.
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Figure 3. Vertical fractures distribution of V3: (a) a cross-section at the YOZ plane and (b) a cross-section
at the XOY plane.

Figure 2 depicts all the horizontal fracture cases at the YOZ and XOY planes, and Figure 3 shows
the Case V3 at those two planes (Cases V1 and V2 eliminated two and one fractures, respectively, and
kept the middle one for obtaining the No.5 U-pipe’s performance in cases). Fractures in all cases shared
the same size and same distance (5 m) between each other for the purpose of comparing consequences
on the same base. Each vertical fracture was 0.5 m apart from the individual row of U-pipe as shown
in Figure 3b.

In the following section, a validation work based on an on-site thermal response test (TRT) was
first performed to assure the accuracy of the model above. Then, the effects of three factors (water
flow velocities in fracture, numbers of fractures, and distributions of fractures) on the temperature
field and performance of GHEs and the heat pump were evaluated. Firstly, the effect of different
water flow velocities in one horizontal fracture was examined. Then, with a fixed fracture water flow
velocity, different numbers of horizontal and vertical fractures were modeled correspondingly, and
indicators of performance were obtained to compared with each other and especially with those of the
no fracture scenario. These different simulated scenarios were based on the same geometric model,
thermophysical properties, and operation mode.

3. Validation of the Numerical Framework

Before proceeding to further modeling, the proposed simulation approach, modules of software
and control equations were validated by simulation work corresponding with a TRT conducted on the
campus of Guizhou University in 2014. The on-site TRT was conducted by using a dual U-pipe heat
exchanger to evaluate the applicability of GSHP for the university library.

3.1. Geometry Model of the On-Site TRT

It should be noted that the geometric model in the validation work is a simplification of the model
in Section 2.2, because the TRT incorporated only one GHE. However, the heat transfer between the
U-pipes and outside (porous matrix) is still governed by Equation (5) regardless of the number of
U-pipes. Further, the fluid transfer in fractures is governed by Equation (2), which is modified from
Darcy’s law. While the validation model employs Darcy’s law to calculate the porous flow. Therefore,
the validation work proved the reliability of the model used in the following sections. The geometric
GHE model of the TRT is shown in Figure 4.
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Figure 4. The geometric model of the ground heat exchanger (GHE).

3.2. Validation Results

In the validating numerical simulation, the geometry of the model and input parameters were set
the same as that of the field test listed in Table 1.The simulated results of the outlet temperatures were
obtained after the unit running for 48 h and compared with the record from the field test (Figure 5).
The root means square error (RMSE) was used for verification of the simulation accuracy:

@)

where t, (°C) is the recorded outlet temperature of the TRT, £;(°C) is the simulated outlet temperature,
and 7 is the number of the obtained data.

Table 1. Thermal response test and formation thermal property parameters.

Name Value Unit
The depth of the hole 102 m
The depth of heat exchangers 11 m
The outer diameter of buried tube 32 mm
The inner diameter of buried tube 26 mm
U-tube spacing 100 mm
Thermal conductivity 2.85 W/m-K
Formation specific heat capacity 800 J/(kgK)
U-tube thermal conductivity 0.34 W/m-K
The thermal conductivity of backfill material 2.2 W/m-K
The specific heat capacity of backfill material 840 J/(kgK)

Figure 5 shows the comparison between the in-situ tested and simulated outlet temperatures by
reporting the RMSE. The good agreement between the actual recorded data and the predicted data
verifies the reliability of the proposed numerical framework and simulation approach to use in the
following sections.
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Figure 5. Comparison between the recorded and simulated outlet temperatures.
4. Results and Discussion

Three factors impacting heat imbalance in rock body and performances of GHEs and GSHPs were
evaluated:

e Different velocities of fluid flow in fractures,
e Diverse numbers of fractures, and,

e Distributions of fractures.

In order to evaluate the impact of fracture water flow more straightforwardly, an extreme situation
was considered—the load was only in the cooling mode, which means heat was only injected into the
ground but not extracted. This assumption also matches some real cases in the Karst region in South
China, where the climate is subtropical. Through simulating, indicators of heat imbalance in rock
body (temperature contours in rock formation and matrix mean temperature of ESRB) and indicators
of performance (outlet temperature, heat pump COP, and heat injection rate per unit depth) were
obtained. U-pipe No. 5 shown in Figures 1-3 was selected to observe the impact on the heat injection
rate per unit length. Referred and assumed parameters used in the simulation are listed in Table 2.

Table 2. Parameters used in simulations.

Parameter Value/Range Unit
Permeability of Limestone 10715 [24] m?
Fracture conductivity 1075 [25] m/s
Thermal conductivity 3 W/m-K
Matrix heat capacity 800 J/(kgK)
Carrying fluid velocity 0.7 m/s
Inlet temperature 308 K
Fluid flow velocity in fracture 0.05,0.5,5 mm/s
Initial temperature 291.15 K

U-Pipe inner diameter 30 mm
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4.1. Velocity of Fluid Flow in Fractures

To investigate the influence of the velocity of fluid flow in a horizontal fracture, a 24-month
continuous working simulation was carried out with three different velocities: 0.05 mmy/s, 0.5 mm/s,
and 5 mm/s. The specific temperature contours are shown in Figure 6, and graphs of other indicators
are depicted in Figure 7.

Unit: K
310

-ﬂ m .ﬂ 308

306
1 304
1 302
1 300

298

296

294

292

(a) 0.05mm/s (b) 0.5mm/s (c) 5Smm/s

Figure 6. Temperature contours (K) at the YOZ plane (X = 40 m) of fluid flow in fracture with different

velocities in the 24th month.

Each contour in Figure 6 shows that various fluid flow velocities in fractures made no difference
to the temperature distributions. It also can be established from Figure 7 that the influence caused
by velocities to GSHP performance was limited, as the COP of the three scenarios shared identical
curves and values. This phenomenon can be discussed by comparing it with the case of formation
with pore water seepage. According to [8], heat accumulation could be neglected when the seepage
velocity in the matrix is higher than a critical value of 5 x 107® m/s. This could also be true in the case
of fracture water flow. In the modeling results in Figure 5, in the area immediately close to the fracture,
heat accumulation was almost eliminated. This means that the modeled flow velocity range was above
a critical value. It is worth noting that most field-measured velocities of fracture flow were within
the modeled range (0.005-5 mm/s) [26]. Therefore, most fracture flows should be able to eliminate
heat accumulation in areas immediately around fractures, and their effects on temperature and system
performance should have little difference.
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Figure 7. Four indicators reflecting the heat pump performance and bedrock temperature under
different velocities: (a) is the outlet temperature of GHESs, (b) is the coefficient of performance (COP) of
the heat pump corresponding with outlet temperature, (c) is the heat injection rate per unit length of NO.
5 U-pipe at the 24th month, and (d) is the mean temperature of the “energy storage rock body” (ESRB).

4.2. The Number and Distributions of Fractures

To evaluate the level of heat imbalance in the rock formation, as well as the relative performance
of heat pump and the U-pipe heat exchanger, simulations of 2 operation years (24 months) in the
subtropical region were conducted by a different pattern. That is, in each operation year, the first 5
months was the cooling period (from May to September), and the following 7 months (from October to
April) was the shutdown period. The six cases mentioned in Section 2.2: H1, H2, H3, and V1, V2 V3,
plus NF as a base reference were modeled with the same parameters listed in Table 2 and supplemented
by Table 2. The fracture water velocity was fixed at 5 mm/s.

4.2.1. Temperature Distribution

The consequences of temperature distributions are illustrated in Figures 8-11. Figures 8-10 show
the temperature fields of different cases in the 15th month, which was in the middle of the second
cooling period.
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Figure 8. The temperature distributions (K) of different cases at the YOZ plane (X = 40 m) in the 15th
month (the middle of second cooling period).
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Figure 9. The temperature distributions (K) of Case H1 and H2 at the depth of —47.5 m in the 15th month.

Unit: K
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(b) V2 (V3

Figure 10. The temperature (K) distribution of Vertical fracture cases (Z = —60 m) in the 15th month.
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Unit: K
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Figure 11. The temperature (K) distribution at the YOZ plane (X = 40 m) in the 23rd month, near the
end of the second shutdown period.

Figure 11 shows the temperature fields of different cases in the 23rd month, which was near the
end of the second shutdown period.

According to the temperature contours, all cases show a remarkable lower temperature level near
the fractures owing to the fracture water flow high-speed migrating when it was over the working
condition and the shutdown period. Specifically:

In the horizontal fracture cases, as shown in Figure 8a—c, the lower temperature areas only
concentrated on the depth where fractures located, but had rapid diminishing impacts on other depths.
This means the impact of water flow on the thermal properties of the rock is confined in a small region
around individual fractures.

Figure 9b shows the temperature contours in the middle of the interval between two fractures (2.5
m from each fracture) in Case H2. It demonstrated that the fracture water flow had a cooling influence
on the interval between the two fractures. To compare, Figure 8a shows the temperature contour also
2.5 m away from the fracture in Case H1. However, since there was only one fracture, the cooling effect
was not so obvious at the same depth as that of H2. This also supports that the inference above that the
impacted region of water flow in an individual fracture is limited.

In terms of the vertical fracture cases, the low-temperature field was concentrated in the region
where the fractures were located, according to the YOZ plane contours in Figure 8. As shown in
Figure 10, at the XOY plane, because the vertical fractures were close to the U-pipes, water flow in
them had an effect on a limited region around the U-pipes rows, not the entire region.

Similarly, during the shutdown period (Figure 11), the temperatures in all cases were in the similar
range. This was also consistent with the mean temperatures in the ESRB shown in Figure 12. The
influenced region still appeared exclusively near the U-pipes where the fractures were located.

4.2.2. Performance of U-Pipes and Heat Pump

Indicators of U-pipes and the heat pump performance are shown in Figures 12-15. Figure 12
shows the mean temperature of ESRB, Figure 13 shows the outlet temperature of GHEs, Figure 14 is
the heat injection rate per unit length of the No. 5 U-pipe at the 15th month, and Figure 15 illustrates
the COP of a specific heat pump. Specifically:

As depicted in Figure 12, the recovery of ESRB benefited greatly from the fracture water flow. In
all cases, the mean temperature of ESRB at the end of the second shutdown period was higher than that
of the first shutdown period, indicating there was a risk of heat accumulation over long term operation.
However, such a risk could be mitigated as there were more fractures. For example, after the operation
of 2 years, the mean temperature of ESRB in Case H3 was 1.77 K lower than that in the Case NF.
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It was also found that the mean temperatures of ESRB in horizontal fracture cases were lower
than those in vertical fracture cases. According to [27], heat transfer in the formation most occurs in
horizontal planes, as indicated in the modeling results, the water flow in horizontal fractures was more
capable of mitigating heat accumulation than that in vertical fractures.
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As the temperature of ESRB changed, the GHESs outlet temperature fluctuated. From Figures 12
and 13, the outlet temperatures of GHEs in all cases increased from cooling Period 1 to Period 2, due
to the rise of mean temperature in ESRB. It can also be seen that in each operation period, the cases
with high outlet temperature, in turn, were NF, V1, V2, V3, H1, H2, and H3. In addition, the curve
gradient in the second period of the two indicators was smaller than that in the first period, because
the initial temperature at the second operating period of the ESRB had increased, leading to a lower
heat exchange efficiency.

As the number of fractures increased in Figure 13, the outlet temperature decreased. It is worth
noting that each horizontal fracture case showed a lower outlet temperature than their vertical case
counterparts. The reason was mentioned in the last section—water flow in the horizontal fracture was
more capable than vertical fractures in enhancing heat transfer among GHEs, ESRB, and surrounding
formations. It can also be seen from Figure 14 that the heat transfer efficiency of U-pipes decreased from
Cooling Period 1 to Period 2, indicating the heat transfer performance suffered from the irreversible
change (heat accumulation) even though there were fracture water flow in the shutdown period. It is
clear that the heat transfer efficiency from high to low is H3, H2, H1, V3, V2, V1, and NF. Specifically,
during the second period, the figure for Case H3 was 78.83% higher than Case NF, and the most
unfavorable case V1 was still 23.93% higher than Case NF.

Furthermore, the drop in heat transfer efficiency of the U-pipe in horizontal fracture cases was
slighter than that of vertical fracture cases, and the drop of heat transfer efficiency in the NF case was
greater than all other cases. This indicates that the decrease in heat transfer efficiency of the U-pipe
was obviously suppressed by the fracture flow. It is also noticed that the heat injection rates of vertical
cases were so close to each other, as stated above, the thermal impact of the fracture water flow was
constrained within the near vicinity of the fractures.

The relationship between fractures and COP was in the inverse proportion (Figure 15 and Equation
(6)). It is found that:

The more fractures, the higher COP, and the horizontal fracture cases all showed a higher COP
than their vertical counterparts. Specifically, Case H3 showed 4.5% higher COP than Case NF, 2.30%
higher than Case H1 and 2.61% higher than Case V3.

In the Cooling Period 2, the gap of COP values between fracture cases and NF cases became larger
than in Period 1. This is because the fracture cases had a better ability to mitigate heat accumulation,
hence improving COP. In general, because of the stronger ability of horizontal fractures to enhance
heat transfer, its benefit to heat pump performance was more obvious.

5. Conclusions

In this study, a numerical simulation was performed to investigate the performance of GHEs and
GSHPs, as well as heat accumulation risk in the formation, under the influence of fracture water flow.
Examined factors included water velocities, different fracture numbers, and distributions of fractures.
It was concluded that:

e  The fluid velocity in the fracture had a limited effect on the temperature distribution and heat
pump performance.

e  Fracture water flow affected the temperature distribution in the vicinity of the fracture planes
rather than a larger region and had a positive influence on GHE and heat pump performance.

e In general, compared with vertical fractures, horizontal fracture water flow exerted a better
influence on the performance of GHEs and GSHPs, and constraining the development of
heat imbalance.

e Itis suggested that to take advantage of the influences of fracture water flow in designing and
operating GSHP projects in regions with fractured rock formations and groundwater to improve
system performance.



Energies 2020, 13, 1647 16 of 17

The benefits of groundwater flow in fractures to the performance of GCHP have been observed in
real projects. The authors communicated with the operation contractor of a GCHP project in Tongren,
Guizhou, China, where the heat exchanger pipes are buried in rock bodies contained developed
horizontal fractures with abundant water flow. This office building project has a ratio of heat extracted
from formation over released to formation equal to 0.5 and has been in operation for four years. Due
to the heat transfer enhanced by water flows, the monitored ground temperature in ESRB has kept
relatively constant. However, contributions of different influencing factors and detailed mechanisms
remain unclear to the operator. The model in this study identified the factors and the extent of their
impacts. In further work, this model can be refined to include the actual hydrogeologic conditions of a
specific project, and support the designers and operator more accurately evaluation the heat imbalance
and key techno-economic parameters of the GSHP system.
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