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Abstract

Large-scale ground source heat pump (GSHP) systems are increasingly used for space
heating and cooling. In comparison with smaller ones, large GSHP systems are often
coupled with much more borehole heat exchangers (BHEs). Because of the intense
thermal interactions between BHEs, they are more susceptible to significant ground
temperature changes. Meanwhile, they possess the advantage that their operational
strategies can be applied with a high degree of freedom, which presents chances to
alleviate intense thermal interactions. In this study, we used a new performance indica-
tor to access the effectiveness of GSHP operational strategies on alleviating thermal
anomalies. The Daxing Airport GSHP system, contains 10,497 BHEs and is the largest

in the world; therefore, it was selected as the test case for performance enhancement
through operational strategies. We established a 2D model to predict ground tem-
perature changes during the 50-year operation of the BHEs. First, it was revealed that
the most severe thermal anomalies in the study area mainly occurred both within and
between the BHE arrays, which should be mitigated. To alleviate the thermal anoma-
lies caused by the thermal interactions of BHEs, operational strategies were applied

by adjusting the cooling/heating starting sequence, setting time-dependent thermal
loads, and reallocating thermal loads according to the position of the BHEs. Our study
demonstrates that only the operation strategy that adjusts the cooling/heating starting
sequence is beneficial for different BHE layouts, while the operational strategy that real-
locates the thermal loads depending on BHEs position may be only effective for spe-
cific BHE layouts. In addition, our new performance indicator can be used to evaluate
the effectiveness of the operational strategies and determine the spacing of adjacent
BHE arrays. Therefore, it benefits the operation management of BHE array and design of
BHE layout, and further guarantees the sustainable operation of the GSHP system.

Keywords: Large borehole heat exchanger system, Ground source heat pump,
Performance indicator, Thermal anomaly, Operational strategy, Thermal interaction
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Introduction

Ground source heat pump (GSHP) systems cool and heat buildings by circulating fluid
through pipes in borehole heat exchangers (BHEs) to exchange energy with the ground.
Owing to their environmental friendliness and sustainability, GSHP systems are witness-
ing an increasing market share in the global building sector (Bayer et al. 2019; Mene-
gazzo et al. 2022; Noye et al. 2022; van der Zwaan and Dalla Longa 2019). According
to statistics from the World Geothermal Congress 2021, the global installed capacity of
GSHPs has increased nearly 40 times from 1995 to 2020, providing a total of 599,981
TT of heating and cooling across 58 countries in 2019 (Lund and Toth 2021). In China,
owing to market demand and policy encouragement, the application of GSHP systems
has increased rapidly (Tang et al. 2021). To date, China has ranked first in the world in
installed GSHP system capacity at approximately 20,000 MWth (Song et al. 2021).

A unique feature of Chinese market is that there are increasing number of large-scale
GSHP systems, which are typically equipped with thousands of borehole heat exchang-
ers (BHEs). Owing to the high demand for land surface area, the spacing of BHEs is typi-
cally narrow. According to the technical guidelines published by the Ministry of Housing
and Urban—-Rural Development of China (MOHURD) GB50366 (MOHURD 2009), a
distance of 3—-6 m must be maintained between BHEs. In practice, 4-5 m is the most
common design for accommodating a large number of BHEs to provide a sufficient ther-
mal load within a constrained space (Cai et al. 2019; Lucia et al. 2017). The compact
arrangement of BHEs enhances thermal interactions and elevates ground temperature
changes over the long-term operation of the GSHP system, which may hamper sys-
tem efficiency and, in some cases, render the system unsustainable (Alaie et al. 2021;
Schelenz et al. 2017). Fortunately, the large-scale GSHP system can strategically operate
with many degrees of freedom, such as adjusting the operation time, circulation flow
rate and inlet temperature. In this way, accumulated ground temperature changes could
be mitigated and the performance of the BHE arrays can be improved.

Many studies have attempted to achieve high thermal efficiency by eliminating or miti-
gating the ground temperature changes through operational strategies (Arghand et al.
2021; Bayer et al. 2014; Beck et al. 2012). Ground temperature changes are caused by
unbalanced seasonal heating and cooling demands and insufficient heat recharge from
the surrounding subsurface (Choi et al. 2018; Luo et al. 2015; Yang et al. 2013; You
et al. 2016). Therefore, one effective method is to balance the seasonal heating/cooling
demand to avoid energy excess or deficit in ground. Meanwhile, reducing the amount
of energy extraction and injection could be helpful. As the enormous heat extraction
and injection can enlarge the thermal reach of individual BHEs, and leading to strong
thermal interactions between BHEs; and the huge energy excess/deficit could be hardly
compensated by the lateral heat flow (Koohi-Fayegh and Rosen 2012; Signorelli et al.
2004). The thermal interaction between adjacent BHEs is an important reason for the
occurrence of thermal anomalies, particularly in the center of a BHE array (Kindaichi
and Nishina 2018; Lazzari et al. 2010; Zhang et al. 2021), which can be addressed by
enlarging the spacing between the BHEs. However, in real-world practice, this is not a
viable option due to the land size constraints. Meanwhile, the number of BHE should

be maintained in a certain range to meet the requirement of heating/cooling demand.
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Operational strategies present a more practical approach for reducing thermal interac-
tion to ensure the effective operation of large-scale GSHP systems.

In general, heating and cooling demand of buildings is supplied by multiple energy sys-
tems, for example, air-cooled chillers for cooling and boilers for heating. In this case, the
run-time and thermal loads of BHEs can be adjust to ensure their sustainable operation.
Many studies (Kerme and Fung 2020; Ma et al. 2020; Wang et al. 2022; Zhao et al. 2017)
have investigated accessible strategies for reducing thermal interactions. For instance,
operating a BHE intermittently provides more time for ground thermal recharge and
reduces the mean ground temperature change (Arghand et al. 2021; Liu et al. 2016; Ma
et al. 2021; Yang et al. 2014). Adjusting the thermal loads of BHEs to reduce the energy
excess/deficit is a feasible approach, and the thermal load adjustment of BHEs in the
central area is more common, since the most severe thermal anomalies mainly occurred
in the center of a rectangular BHE array (Arghand et al. 2021; Yu et al. 2016).

Most previous studies have focused on the evaluation of operational strategies, but
they are all related to small-scale GSHP systems up to hundreds of BHEs. A large-scale
GSHP system with over 10,000 installed BHEs has not yet been investigated. In a large-
scale GSHP system with thousands of BHEs, the placement of the BHEs is generally
irregular, with different spacings between them, causing the complex thermal interac-
tions between thousands of BHEs. In such cases, for large-scale BHE systems, the most
severe thermal anomalies may not locate in the center of BHE arrays (due to irregular
arrangement of BHEs) as it does in small-scale BHE arrays (Beck et al. 2013). Further-
more, the effective operational strategies proved by previous studies may have differ-
ent, or even opposite, effects on the large-scale BHE system. Therefore, it is necessary
to explore effective operational strategies for the operation of large-scale GSHP systems.

Motivated by the above considerations, a large-scale GSHP system at Daxing Airport
was selected as the study case. A total of 10,497 BHE has been installed there, with an
average thermal capacity of approximately 54 MWth, making it the largest GSHP sys-
tem in the world. We established a 2D numerical model using the OpenGeosys (OGS)
(Kolditz et al. 2012) simulator to predict the evolution of the ground temperature under
the strategic operation and non-strategic operation. Furthermore, we employed a new
indicator which could reflect the degree of thermal interactions outside of BHE arrays to
assess the effectiveness of operational strategies. In this study, we aim to provide feasible
operation strategies for the large-scale GSHP system, and give insight into the relation-
ship between the effect of operation strategies and the distribution of thermal anomalies.
The workflow described herein and operation strategies analysis will assist in the opera-
tion management of a large-scale GSHP system for long-term sustainable operation.

Methodology

Our workflow comprised two parts: first, we established a numerical model simulating
the BHE operation under the operational strategies, using Daxing Airport as the study
area. Second, we evaluated the effectiveness of the operational strategies according to
the performance indicators.
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Numerical model

In GSHP systems, the circulating fluid is injected into the ground through the BHE to
store energy in summer, increasing the ground temperature around the BHEs. In winter,
the heat is extracted, thereby decreasing the ground temperature.

If the energy extraction and storage are not seasonally balanced, the ground tem-
perature continuously increases or decreases during the operation of BHEs. To predict
ground temperature changes, we used OGS software to simulate the BHE-array opera-
tions. The OGS software contains different modules for 2D (Meng et al. 2019) and 3D
(Cai et al. 2021) BHE heat-transport models. The 2D BHE heat-transport model module
was applied in our study to keep the calculation cost and accuracy at an acceptable level.
In the 2D model, the individual BHEs are represented as single nodes, where energy is
injected and extracted, and the surrounding ground is treated as surface. The heat trans-
port processes in grout and BHE pipes are ignored, and the ground thermal conductivity
given should be an equivalent parameter which considering the thermal resistance of
grout and pipes. For a site dominated by the heat conduction, the governing equation of
the heat transport process in the subsurface is expressed as the following equation:

d
3 [O0rcps + (1= 0)pgepg| Ty = V - (Ag - VTg) = Hy, (1)

where T} is the ground temperature (K), A, is the hydrodynamic thermo-dispersion ten-
sor of the ground [W/(m-K)], p is the density (kg/m?), ¢y is the specific heat capacity []J/
(kg-K)], and Hy is the thermal source term. The subscripts f and g represent the fluid
and ground, respectively.

Performance indicators

Indicator z for a single BHE array

To compare different operational strategies, the performance indicator z proposed by
Paly et al. (2012) and Bayer et al. (2014) was used. Paly et al. (2012) proposed the indica-
tor z as the target to optimize the BHE thermal load, which could represent the maxi-
mum ground temperature changes. An effective operational strategy should minimize
the maximum temperature change, since it would impact the efficiency of the BHE.
Thus, the indicator z can be used to access the effectiveness of operational strategies.
The indicator z consists of two parts: the maximum overall temperature change over
the operation time ¢ (Eq. 2), and the maximum temperature change in each time step /
(Eq. 3). The secondary part is introduced considering that the maximum overall ground
temperature may not be influenced by the load assignment in a certain period of time:

max(‘A?i'j(t,ﬁ))DV(i,j, t) €5, 2)

i max(‘A?i,/ (l, 7)
=1

) 3)
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where the AT i (t, 7) is the subsurface temperature change at position (i,;) over the
operation time ¢, with the temporal load pattern 7, and S is a set of two-dimensional
points in coordinates (i, ) and time ¢, where m refers to the number of time steps.

Indicator z (Eq. 4) is formulated by combining the two parts with a weighting factor
w, which maintains a high priority in the first part. In this study, w = 0.01, following the
work of Bayer et al. (2014).

m
z:max(A?i,j(t,ﬁ))) +W*Zmax(A7i,j(l,7)). (4)
=1

Indicators AT;; and Z for multi-BHE arrays

As mentioned above, z is controlled by the maximum change in the overall ground tem-
perature. For a rectangular BHE array, the maximum ground temperature changes were
often observed at the center of BHE arrays due to the thermal interactions between
multiple BHEs under the imbalanced seasonal use (Cai et al. 2021; Chen et al. 2022; Liu
2020). In this case, z mainly reflects the degree of the thermal anomalies near the center
of the array. However, for a large-scale GSHP system with multiple arrays, the thermal
anomalies in the periphery of the array are less severe than that in the center, it can still
be affected by the operation of neighbor arrays and become much more severe. There-
fore, we added a new indicator ﬁl, to evaluate the degree of thermal anomalies out-
side the BHE array. The temperature change at point (i, /) outside a BHE array generally
decreases when it moves away from the center of a BHE array; the further away from the
center of the BHE array, the smaller the temperature changes. Thus, the mean tempera-
ture changes outside the BHE array instead of the maximum value, was chosen to repre-
sent the thermal anomalies outside the BHE array, as follows:

_ ij A?,‘J (t, 7) * As

AT;i
ij ASZ

V(i,j) € Sa. (5)

where S, is the interacting zone outside the BHE array, which is thermally affected (here-
after referred to as TAZ) of a BHE array; Ag, is the area of the set of Sy; and As is the size
of the grid at position (i, ).

7 is the defined as the combination of these three parts (Eq. 6). It should be noted that
the parameter AT;; could only be used when the thermal anomalies outside the BHE
arrays could be determined. In our study, we chose a single BHE array in our study to
simulate its operation and to calculate this indicator. This indicator was not applied for
evaluating the thermal anomalies of Daxing Airport, but it was observed that the ther-
mal anomalies outside the BHE are not affected by certain operational strategies based
on the tests on the selected single BHE array. Although it is not the most severe thermal
anomaly, it affects the efficiency of the GSHP system and should be considered.

ﬁ
. Zf?AT,‘J(f,?) * As
Ag ’

m
7 = max(A?i,j(t,Tj))) +wx Zmax(A?Lj(l,TI)))

=1 2

(6)
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Fig. 1 Layout of the study area and arrangement of BHE arrays. The BHE system is divided into the northern

and southern districts, with a total of 30 BHE arrays

Table 1 Detailed information of the BHE system

Items Units Northern district ~ Southern district
Number of BHE arrays 20 10
BHE type Single Single
U-type U-type
Number of BHEs 7376 3121
Length of each BHE m 140 120
Building seasonally thermal demand (heating application) ~ MW-h 69,393 34,550
Building seasonally thermal demand (cooling application) ~ MW-h 43,344 21,294
Ground density kg/m? 1514 1522
Ground heat capacity J/kg-K 1480 1440
Ground thermal conductivity W/(m-K)  1.62 1.62
Ground thermal diffusivity m?%/s 10x107 1.0x107°
Initial mean ground temperature K 288.75 288.75

Model configuration
Project description

Our study area has an approximate size of 900 m x 1200 m, is located in the south of

Beijing, China. It consists of 10,497 BHE:s in a closed-loop system with a single U-type

design. BHEs are connected in parallel to form 30 BHE sub-arrays, and the distances

between adjacent BHEs are not uniform, varying from 4 to 5 m. The location of the study

area and the specific layout of the BHE sub-arrays are shown in Fig. 1.

The BHE system can be divided into the northern and southern districts, which differ

with regard to factors, such as BHE spacing and length (see Table 1). The arrangement
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of the BHE arrays is more compact in the southern district than in the northern district.
The BHE length in the north is much longer than that in the south. The main difference
between the two districts is that they are used to heat and cool different buildings. The
total seasonal thermal demand of the two districts differs owing to the different utiliza-
tion times, thermal insulation, and covered area of these buildings. The detailed param-
eters of the BHE arrays are listed in Table 1.

Geological survey

Site investigations and thermal response tests (TRTs) were conducted by the building
construction company. Because the final report of site investigations is not accessible
in public, we briefly introduce the relevant information that serves as a foundation for
numerical modeling.

Regional geological surveys revealed that the study area was covered by approximately
300 m of Quaternary sands, and the depth of the groundwater table was approximately
27 m. The subsurface was mainly composed of clay, silt, medium sand, coarse sand, and
gravel, and the thickness of each formation differs slightly between the two districts. Fig-
ure 2 summarizes the stratigraphic layering within the BHE length, which was 140 m in
the northern district and 120 m in the southern district. Based on the thickness and the
physical parameters of each formation (Table 2), the equivalent ground physical param-
eters were calculated, and are listed in Table 1.

A previous study (Sun 2021) reported that the groundwater flow direction is predom-
inately southeastward, and the flow velocity was between 0.008 and 0.04 m/d. In this
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Fig. 2 Stratigraphy of the (a) northern and (b) southern district in Daxing airport
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Table 2 Physical parameters of formations

Rock type Specific heat Porosity Density (kg/m®) The water
capacity (kJ/kg-K) content
Vad. Sat. Vad. Sat. Vad. Sat. Vad. Sat.
Clay 130 138 047 047 19x 10° 195x10° 0.23 0.28
Slit 1.40 1.40 040 040 188 x 103 192%10° 0.18 0.20
Medium sand 1.05 1.05 0.35 0.35 195 % 103 195% 10° 0.16 0.18
Grit/Coarse sand 1.05 1.05 0.38 0.38 195 % 103 195x% 10° 0.14 0.20

Vad. represents Vadose zone, Sat. represents saturated zone

case, the impact of the groundwater flow was negligible, and the heat transport process
was assumed to be dominated by heat conduction.

Based on the data of in-situ TRTs provided by the building construction company,
the thermal conductivity and initial mean ground temperature of the ground were esti-
mated. A TRT is a process that forces the closed circulation of a heat carrier that is
heated constantly (Sapifiska-Sliwa et al. 2019). Six TRTs were performed in six differ-
ent test wells (#2—#7), and the results were evaluated based on the Kelvin’s line source
theory. Through solving and applying the proposed transformation and substitution
(Sapiniska-Sliwa et al. 2019), it can be written as

s, 4o
T(t) = To= Z{”M [m( r‘;‘ﬂ’) + In(¢) — y} ?)

where T'(r, £) is the temperature at distance r at time ¢, T is the undisturbed ground tem-
perature, g, is heating power per unit depth,4.s is the effective thermal conductivity,
g is the effective thermal diffusivity, and y is the Euler—Mascheroni constant (0.57722).

From Eq. (7), the gradient of the regression line of the TRT measurement ¢ was equal

to ; ZS’; when the mean temperature of the fluid was plotted against the logarithm of
Tl

time [In(t)]. By determining the heating power and gradient, the /.4 can be calculated as
follows:

sp

A ®)

The value of g5, equals to the heating power P divided by the BHE length, which
is 140 m in our test. The heating power P can be calculated from the dependence
P=Qprc,;AT, where AT is the fluid temperature difference between the inlet and out-
let, Q is the flow flux, p;is the fluid density, and ¢, is the specific heat capacity of fluid.
We selected TRTs that met the demand that of a duration time >30 h (Sapinska-Sliwa
et al. 2019) and had a relatively high correlation (r*>0.96) (as shown in Fig. 3). Detailed
parameters are listed in Table 3. Finally, the thermal conductivity was determined to 1.62
W/(m-K), which is the mean value of the results of the four TRTs.

Before construction, the undisturbed ground temperature at the initial stage was
determined using the TRT. In contrast to TRTs conducted to determine the effective
thermal conductivity, the heater did not heat the fluid flowing out of the BHE. By con-
tinuously circulating the fluid in the pipes of the BHE, the circulated fluid temperature
gradually approached the ground temperature, and finally, no heat exchange occurred
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Fig. 3 Variation of mean temperature of fluid flowing out of BHEs with logarithm of time

Table 3 Detailed parameters measured from the TRTs

Well Mean Flow flux (m/h) Heating Heating power/ Regression Thermal
temperature power BHE length curve conductivity
difference (K) (W) (W/m) coefficient [W/

(m-K)]

#3 4.19 152 7430.3 53.1 y=245x4210 1.72

#4 436 155 7884.3 56.3 y=297x—470 151

#5 4.50 1.55 81375 58.1 y=236x+343 196

#6428 1.50 7490.0 53.5 y=327x—856 130

between the ground and circulated fluid. Therefore, the fluid temperature was the same
as the ground temperature when the fluid temperature was stabilized. In our test, the
fluid temperature was maintained at 288.75 K for approximately 24 h.

Model setup

To predict ground temperature changes under different strategic operations, we estab-
lished a 2D model to simulate the operation of the BHE array. Because of the extensive
domain size, we established separate meshes for the southern and northern districts. As
illustrated in Fig. 4, the size of the triangular elements varies from 1 to 5 m? in the two
districts because of the compact arrangement of the BHEs, with a refined mesh in the
vicinity of the BHEs, and a coarser mesh to the edge of the domain. Finally, 2,179,945
elements and 1,087,975 nodes were obtained. The adopted mesh sizes were verified to

Page 9 of 22
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Fig.4 Overview of the 2D finite-element mesh with its spatial discretization

13 Bsize=0.2 Bsize=0.5 Osize=1

Scenario #3 Scenario #4

Scenario #2 -_|

Scenario #1

Fig. 5 Comparison of Az with different mesh sizes. Az is the performance indicator difference between the
strategic operation (Scenarios #1-#4) and non-strategic operation (Scenario #0)

ensure the accuracy of the model. A single BHE sub-array (the sixth BHE sub-array in
the northern district), consisting of 384 BHEs, was chosen as an example for the mesh-
independence test. As illustrated in Fig. 5, with the decrease in mesh size from 1 to 0.2
m?, the performance indicator remained unchanged in Scenarios #1, #3, and #4 (Scenar-
ios 1-4 are described in Section ‘Scenario descriptions’). However, it visibly decreased in
Scenario #2, but remained positive. This is considered to have no effect on our results,
because a positive value declares that this operational strategy is still harmful to BHE
operation as the mesh size increases. Besides, a previous study has demonstrated that
the error of numerical model will converge with more refined meshes (Meng et al. 2019).
Thus, an accurate estimate of the effectiveness of the operational strategy was obtained
when the mesh size is 1 m?.
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In the 2D model, appropriate simplifications and assumptions on site characteriza-
tion were made, that are, the subsurface was assumed to be homogeneous and isotropic,
while the focus is on the evaluation of strategic operations. The assumption is valid as
study area is covered by approximately 300 m of Quaternary sands, which are uniform in
the lateral direction; and groundwater temperature monitoring also showed that vertical
temperature variations are less than 2 K.

Initial and boundary conditions

For the initial condition, the undisturbed ground temperature was set to 288.75 K based
on the TRT. A Neumann boundary with no heat flux was set as the side boundaries,
and large domain sizes was provided to ensure that the thermal plume caused by the
BHE operation did not interfere with the boundary of the model. In addition, the heat
fluxes across the top and bottom were negligible because of the low temperature gradi-
ent (0.014 K/m) and thermal conductivity [1.62 W/(m-K)]; thus, the surface of the model
domain was set to be Neumann boundary with no heat flux. As for the boundary con-
dition for the BHEs, the nodes representing the BHEs became active as thermal sinks/
sources with constant or time-dependent thermal load during heating/cooling periods,
and are treated as inactive during recovery phases.

The specific thermal loads of the BHE were determined from the totally heating/cool-
ing demands (listed in Table 1). Under the premise that the COP was constant and all
BHEs operate together with an equally distributed load, the specific thermal load for a
single BHE in the northern district was 16.76 W/m in summer and — 17.59 W/m in win-
ter. In the southern district, the corresponding values were 22.70 W/m in summer and
— 24.15 W/m in winter.

Scenario descriptions

In Daxing airport, the building heating and cooling demand are supplied by multiple
systems, including gas-burning boilers, waste heat from flue gas, and the GSHP system.
Thus, the operation of large-scale GSHP can be strategically adjusted with a high degree
of freedom. This allows a single BHE array or parts of it to operate alone, rather than all
BHEs operating simultaneously. In addition, a part of the BHE array is controlled by a
single pump; therefore, its heating extraction/injection rate (which is related to the ther-
mal load) can be changed by adjusting the flow rate of the circulated fluid. However, an
operational strategy that should be applied to achieve high efficiency and reduce thermal
anomalies remains an issue. This study aims to evaluate the effects of different opera-
tional strategies and improve the performance of large-scale GSHP. We simulated five
scenarios as listed in the following.

1. The baseline case (non-strategic operation) was marked as Scenario #0. In this case,
the GSHP system began operation on September 16 by heating followed by cooling.
The specific thermal load was maintained at constant values (Table 4).

2. In Scenario #1, the GSHP system began operation with cooling first, and shifted the
starting date from September 16 to March 15.

3. The operational strategy “adjustment of BHE load” determines whether the BHE load
is constant or variant. While the constant loads were modelled in Scenario #0, a vari-
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Table 4 Operation time and COP of BHE

Season Date COP Specific thermal load Specific thermal load
of the Northern district of the Southern district
(W/m) (W/m)

Heating period  Nov. 12-Mar. 14 (123 days)  5.31 — 1759 — 2415

Cooling period  May 15-Sep. 15 (124 days)  4.40 16.76 22.70

Fig.

Thermal load(W/m)

able load was imposed in Scenario #2. Figure 6 shows the evolution of the specific
thermal load applied in Scenario #2.

The operational strategy “reallocating the BHE loads according to the position of
BHESs” determines whether the thermal load of BHEs in different regions should be
the same or different. This strategy involved strategically reallocating the total ther-
mal demand to different BHEs depending on their position. Specifically, the area
where the severe thermal anomalies exist will bear less thermal load. In Scenario #3,
all BHE arrays were divided into two-regions: subregions 1 and 2, as shown in Fig. 7.
In this way, the central BHEs and peripheral BHEs were divided into the same region,
subregion 2. We divided in this way based on the result of Scenario #0, which showed
that the severest thermal anomalies occurred on the subregion 2. Both subregions
operated together with different distributed BHE loads. Specifically, subregion 2 was
set to have a higher cooling load compared to subregion 1 (the specific thermal load
of BHE is listed in Table 5), to balance the amount of heat release and heat extraction

E ol 26.816
3
k=1
<
2
'_N' -
£
5 .
=
=
-50
0 100 200 300 400 0 100 200 300 400
Time(days) Time(days)
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6 Variation of the specific thermal loads in the northern district (@) and southern district (b). The

negative value represents the heating load in winter (Nov.12-Mar.14), while the positive value refers to the
cooling load in summer (May15-Sep.15)

Set higher
thermal loads
in summer

Set lower
thermal loads
in summer

Subregion 1 Subregion 2

Fig. 7 Schematic illustration of the operational strategy that thermal load reallocation

Page 12 of 22



Ren et al. Geothermal Energy (2023) 11:16

Table 5 Specific thermal load of BHEs in Scenario #3 when = 0.96

Region Season Specific thermal load of the Specific thermal load
Northern district (W/m) of the Southern district
(W/m)
Subregion 1 Heating period —17.59 —24.15
Cooling period 16.42 2224
Subregion 2 Heating period —17.59 —24.15
Cooling period 17.10 23.16

Table 6 Operational parameters of simulated Scenario #0—#4

Scenario ID Start time BHE load Load ratio,
#0 Sep.16 Constant 1

#1 Mar.15 Constant 1

#2 Sep.16 Variable 1

#3 Sep.16 Constant 0.96

#4 Mar.15 Constant 0.96

of subregion 2. The load ratio n represents the ratio of the thermal load in subregion
1 over the load in subregion 2, which is written as

_ (qh/ qc)subregionl

n= . 9
(qh/qc)subregionZ ®)

where g, and g, are the specific thermal loads of a single BHE in heating and cooling
period.

. According to the effect of the above operational strategies (Scenarios #1-#3), Sce-

nario #4 describes the strategic operation integrating the effective operational strate-
gies based on the results of Scenarios #0—#3; that is, if the model results show that
GSHDP start in winter can alleviate thermal anomalies, this operation mode will be
adopted in Scenario #4. The operational parameters of all scenarios are summarized
in Table 6.

For comparison, all above strategies had the same amount of annual heat injection
and heat extraction (Table 1).

Results and discussion

Results of operational strategies

In this section, we analyzed the effectiveness of the operational strategies based on

the amount of ground temperature changes and resulting performance indicators.

The minimum ground temperature reflects the degree of the most severe cold accu-

mulation; therefore, in this study, the evolution of the minimum temperature was pre-

sented to show the change in thermal anomalies after strategic operation. Figure 8

shows that the minimum temperature fluctuated in all scenarios because of alternating

heating and cooling. In addition, the minimum temperature of in all scenarios shows

a visibly decreasing trend, as the energy deficit in the subsurface cannot be completely
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Fig. 8 Evolution of the minimum ground temperature simulated in Scenarios #0-#4. The left graphs show
the results for the northern district, while the right ones are for the southern district. The downward trend of
ground temperature indicates the occurrence of cold accumulation

compensated for by natural thermal flux recharge. This phenomenon indicates that the
trend of severe cold accumulation cannot be prevented through operational strategies.
However, operational strategies can relieve severe cold accumulation to a certain
extent. As illustrated in Fig. 8a, the minimum ground temperatures were approximately
4.1 K (the average of the maximum ground temperature differences in the 50-year oper-
ation period) higher in Scenario #1 than in Scenario #0, which indicated that strategic
adjustment of the starting sequence can successfully alleviate cold accumulation. This
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results of Scenario #1 is consistent with previous works (Arghand et al. 2021; Liu 2020):
the “adjustment of starting sequence” could improve the ground temperature and com-
pensate for the energy deficit in the subsurface.

Figure 8b shows that the thermal interactions of the BHEs were strengthened by
adjusting the BHE load (Scenario #2), which was inconsistent with the result of previous
study based on the lattice arrangement of BHEs (Paly et al. 2012). The failure of variable
BHE load to improve the performance of the GSHP system may be due to the linear vari-
ation of the BHE load. The high thermal load variation gradient that we set may be the
main reason for this. The highest load has a significant impact on the heat transport bal-
ance of the ground, and this impact cannot be recovered from the subsequent decreased
thermal load.

The changes caused by the reallocation of the thermal load differed between the
southern and northern districts. The strategy that reallocates the thermal load of BHEs
in areas, where severe thermal interaction has a positive effect on alleviating thermal
anomalies in the southern district; in contrast, it has an opposite effect for the north-
ern district. The effectiveness of these operational strategies depends on the location of
thermal anomalies. As depicted in Fig. 9, the maximum temperature changes, marked by
pink dots, occurred near the center and outside the BHE arrays in the southern district.
However, this only occurred outside the BHE array in the northern district. The maxi-
mum ground temperature changes occurring in the middle of a BHE array are expected,
which has been revealed in many studies (Bayer et al. 2014; Lazzari et al. 2010). The
severe thermal interactions of BHEs cause a significant ground temperature decline.
Following the same reason, the significant ground temperature changes outside the
BHE arrays are a result of the thermal interactions between the BHE arrays. The com-
pact arrangement of the BHE arrays results in this outcome. The main question is, why
the operational strategy has different effects on the two districts and what affects the
effectiveness of the operational strategy; furthermore, previous studies that improved
the efficiency of the BHE system through strategic operation based on the regular BHE
arrangement, which may not be feasible for large BHE systems with specific layouts.

Northern district

Temperature (°C)
1

Temperature (°C)
1

Fig. 9 Distribution of ground temperature after a 50-year-long period operation in Scenario #0. The 3000
mesh nodes with the lower temperature are marked by the pink dots. In the northern district (a), the most
severe cold accumulation occurs outside BHE arrays, and occurs inside and outside of the BHE arrays in the
southern district (b)
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According to the above analysis, the strategy that starts with cooling first can be used
in two districts to mitigate thermal anomalies. The operational strategy for thermal load
reallocation is effective only for the southern district. Scenario #4 refers to the opera-
tional strategy that adjusts the starting sequence and reallocates the thermal load, which
can mitigate thermal anomalies in the southern district. For comparison, the northern
district adopted the same operating method.

Figure 8d shows that the cold accumulation in Scenario #4 was less severe than that
in Scenario #0, with a significantly higher temperature by 5.6 K (the average of the max-
imum ground temperature differences in the 50-year operation period). It is expected
that thermal anomalies can be significantly alleviated through the integration of effective
operational strategies. Compared with the maximum ground temperature changes, the
performance indicator Az directly reflects the effect of combined operational strategies.
A negative value of Az indicates that the operational strategies are effective, and vice
versa, and a better benefit will be achieved with a decline in Az. From Fig. 10, it was
obvious that thermal anomalies in the southern district were further alleviated by “real-
location of thermal load (Scenario #3)” and “integrated operational strategy (Scenario
#4)”; and the integrated operational strategy had a better effect on it.

Discussion

Affected zone of “reallocation of thermal load” operational strategy

To investigate why the operation strategy that “reallocation of thermal load” operational
strategy has different effects on the two districts. We conducted extended numerical
experiments to determine the “affected zone” of this strategy. The single BHE array (the
sixth BHE sub-array in the northern district) used to carry out mesh-independence tests
was chosen as the case for the experiments. The non-strategic operation scenario and
strategic operation scenario are constructed corresponding to the Scenarios #0 and #3.
The non-strategic scenario had the same parameters as Scenario #0, and the operational
strategy scenario reallocated the thermal load between the BHEs with a load ratio of
0.93.

5 . .
Scenario #1 :i Scenario #3 Scenario #4
0

|__ Scenario #2

O Northern district

Southern district

Fig. 10 Comparison of z difference (Az) between Scenario #0 and Scenarios #1-#4. The negative value
indicates the cold accumulation is minimized, and vice versa, The strategies simulated by Scenario #1, #3 and
#4 could alleviate the cold accumulation with negative values
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Zone A
Zone B
Zone C
Zone D

BHE

n BHE array

Fig. 11 Schematic diagram of definition of Zone A-D. Zone A to D refer to the zone outside BHE arrays, the
zone between BHE arrays, the center of BHE arrays, and the zone inside BHE arrays, respectively

&

B
Temperature (C)

Z=20.73 1AT,;=2.48 7=20.54 AT,;=2.48

Fig. 12 Comparison of the temperature distribution between the non-strategic operation (a) and the
strategic operation (b). The cold accumulation in Zone Cis visibly alleviated with the lower z and temperature
value through the optimization, while the cooling in Zone A has little change with the similar AT;;

For easier description in the following section, we categorize the model domain into
several zones from A to D, as shown in Fig. 11. As depicted in Fig. 12, the thermal anom-
alies in Zone C were obviously relieved, while the thermal anomalies in Zone A remained
unchanged. The performance indicator AT also exhibited that thermal anomalies out-
side the BHE arrays (Zone A) have negligible changes. In contrast, the value of perfor-
mance indicator z declined after the application of the operational strategy. As stated
above, the value of z is negatively correlated with the degree of thermal anomalies, which
includes the most severe cold accumulation in Zones C, and AT); reflects the degree
of severest cold accumulation in Zone A. Therefore, we came to the conclusion that the
affected zone of “reallocation of thermal load” strategy does not reach to the outside
of BHE array.

Thermal anomaly outside BHE arrays

Several studies (Bayer et al. 2014; Chen et al. 2019; Gultekin et al. 2019; Zhang et al.
2021) have discovered that the most severe thermal anomalies generally occur in Zone
C, which can be explained by the significant thermal interaction between the BHEs. In
general, the most severe thermal anomalies are caused by the limited spacing of adjacent
BHEs and the heating/cooling load, which causes the overlap of the TAZ of BHEs during
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operation. Thus, for a BHE array, the spacing between the BHEs should to be larger to
avoid the overlap of the TAZ (Daemi and Krol 2019). Many countries have guidelines for
the spacing between BHEs, most of which range from 3 to 6 m (ASHRAE 2021; Miglani
et al. 2018; MOHURD 2009; VDI 2019).

In this study area, thermal anomalies occurred in Zone A due to thermal interactions,
but this differed between the BHE arrays. As illustrated in Fig. 10, the most severe ther-
mal anomalies occurred in Zone A between the BHE arrays with a narrow spacing. The
distance between the BHE arrays is also a key factor for avoiding thermal interactions to
prevent the occurrence of thermal anomalies, especially for large-scale GSHP. Owing to
the increase in large-scale GSHP, the design and arrangement of BHE arrays are impor-
tant. In our work, the distance between adjacent BHE arrays in Daxing airport is larger
than 13 m in the northern district and from 5.4 m to 19.6 m in the southern district. This
spacing is short for the study area; however, the optimal length needs to be determined.

The TAZ of the BHE array was studied to determine the optimal distance between the
BHE arrays. The 1.5 K TAZ (the zone where temperature change is over 1.5 K) can reach
27.2 m in the north—south (NS) direction and reach 32.6 m in the east—west (EW) direc-
tion, with the maximum temperature being ca. 5 m away from the BHE array (Fig. 13).
If the BHE arrays are closely arranged, the interactions between the arrays strengthen
the thermal anomaly. To avoid overlap of the TAZ of BHE arrays, the distance between
BHE arrays is recommended to be at least 5 m and preferably 27.2 m in NS direction and
32.6 m in EW direction, although this will require a significant increase of initial finan-
cial investment.

The results obtained from this study are moderate by the hypothesis that the COP
and thermal load of BHE (except for Scenario #2) were constant, as those parame-
ters are affected by the change of ground temperature. Instead of precisely predict-
ing the efficiency and thermal performance of the system, the focus of this work is to
access the effectiveness of operational strategies under the given energy extraction
and injection, which is based on the ground temperature changes in response to the
operational strategies. Significant ground temperature changes should be avoided as
this could mitigate the efficiency of the heat pump. This idea has been widely used in

——AT - - -AT=15 6 -
——AT - --AT=15

32.6m  The range of
BHE array

1 F 27.2

0 L. S oo . 0
0 50 100 150 200 250 300 0 50 100 150
Length(m) Length(m)

200 250

Fig. 13 Temperature changes distribution of section line after 50-year operation in Scenario #0. The TAZ of a
BHE array reaches to 27.2 m far away from the BHE in NS direction, and reaches to 32.6 m in EW direction
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optimizing the operational parameters, designing the arrangement of BHE, and ana-
lyzing the thermal impacts of BHE operation from environmental perspectives (Peter
et al. 2014; Beck et al. 2013). Such gain from the hypothesis and specific BHE layout
of case study is limited. Our main contribution here is to realize that the distance
between BHE arrays is a critical parameter for the arrangement of BHE array; and
demonstrate that the operational strategies could have contrary effect on the opera-
tion of GSHP systems according to the arrangement of BHEs.

Conclusions

In this study, the ground temperature changes under different operation strategies of
a large-scale GSHP system were investigated by conducting numerical simulations,
and the effectiveness of operational strategies was evaluated based on the simula-
tion results. Four different operational strategies were provided to improve the per-
formance of the GSHP system by alleviating thermal anomalies in the ground. To
compare the results of the operational strategies, a new performance indicator was
developed to reflect the effect of the operational strategies on thermal anomalies out-
side the BHE array. The major findings of this study are as follows.

(1) The thermal anomalies outside the BHE arrays are caused by strong thermal inter-
actions between the BHE arrays, and the narrow spacing between the arrays is the
main cause of these thermal interactions.

(2) For the BHE array examined in this study, the 1.5 K TAZ can extend to 27.2 m in
NS direction and 32.6 m in the ES direction after a 50-year operation, and the high-
est thermal anomaly was 4.6 m away from the BHE array. This suggests that the
distance of adjacent BHE arrays should be at least more than 4.6 m but ideally more
than 27.2 m in the NS direction and 32.6 m in the ES direction.

(3) The tendency of the ground temperature to decrease is unavoidable in the opera-
tional strategy, but operational strategies can alleviate the most severe thermal
anomalies. Adjustment of the starting sequence could help further alleviate ther-
mal anomalies in the southern district, while the operational strategy of thermal
load reallocation will be effective in certain cases. A typical example is the differ-
ent effects of this strategy on the northern and southern districts, which may be
accounted for the different BHE layouts.

(4) Thermal load reallocation could improve the performance of the GSHP system by
alleviating the thermal anomalies in the BHE arrays, while not affecting the thermal
anomalies outside the BHE arrays.

In the study area, a severe temperature change of ca. 27.3 K outside the BHE array was
identified in the large GSHP system. This finding indicates the ideal distance between
BHE arrays to avoid severe thermal anomalies. In addition, the new performance could
help to access the effectiveness of operational strategies and determine the spacing of
adjacent BHE arrays. Thus, our work will help in designing the placement of BHEs and
the strategic operation of BHE systems to avoid thermal anomalies.
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Abbreviations

BHEs Borehole heat exchanger
Ccop Coefficient of performance
EW East-west

GSHP Ground source heat pump
NS North-south

OGS OpenGeosys

TAZ Thermally affected zone

MOHURD  Ministry of Housing and Urban-Rural Development of China

Symbols

AT, Performance indicator

Ag Hydrodynamic thermo-dispersion tensor of the ground [W/(m-K)]
As, Area of the set of S,

Hyg Thermal source term

S Interacting zone outside the BHE array

To Undisturbed ground temperature (K)

Ty Ground temperature (K)

an Specific thermal load of a single BHE in heating period (W/m)
qc Specific thermal load of a single BHE in cooling period (W/m)
G Heating power per unit depth (W/m)

z Performance indicator

@t Effective thermal diffusivity (m?%/s)

Dol Effective thermal conductivity [W/(m-K)]

AT Fluid temperature difference between the inlet and outlet (K)
As Mesh size (m?)

Cof Specific heat capacity of fluid [J/(kg-K)]

Cog Specific heat capacity of ground [J/(kg-K)]

P Heating power (J)

Q Flow flux (m*/s)

S Set of two-dimensional points in coordinates (i, j)

v Euler-Mascheroni constant (0.57722)

AT (r, Tf) Temperature changes at position (j,j) over the operation time t, with the temporal load pattern G (K)
0r Fluid density (kg/m?)

0y Ground density (kg/m?)

T(r,t) Temperature at distance r at time ¢ (K)

m Number of time steps

w Weighting factor

z Performance indicator

n Load ratio

1) Gradient of the regression line of the TRT measurement
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