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Abstract: Medium-deep Borehole Heat exchanger (MBHE) has been widely paid attention for
building heating. In order to avoid the thermal interference of adjacent MBHEs, temperature
distribution characteristics of medium-deep rock-soil was investigated in this work. The evolution
on maximum rock-soil thermal affected radius (MTAR) in full life cycle was further analyzed. The
results showed that the rock-soil thermal affected area (RTAA) continuously expands in both radial
and vertical directions during a heating season. Several factors of thermal extraction load, fluid
velocity, geothermal gradient and pipe length have main impacts on the RTAA in vertical direction.
Rock-soil thermal conductivity affects the RTAA in both radial and vertical directions. In non-
heating season, temperature difference of rock-soil in radial direction dominates the temperature
recovery in the first year while geothermal flow nearly dominates temperature recovery after 20
years. The thermal affected radius (TAR) in the 30 th year could be determined as an effective MTAR
in full life cycle. In order to decrease installed distance of adjacent MBHEs, a new well layout form
by deflecting borehole was proposed. The recommended deflection angle is equal to or larger than
4 times TAR angle. This work provides scientific reference for promoting application of multiple
MBHE arrays.

Keywords: medium-deep; heat transfer; geothermal heating; thermal interference; life cycle

1. Introduction

With energy and environmental issues become increasingly prominent, the aim of carbon peak
and carbon neutralization has been established by many countries in the world [1]. Energy structure
adjustment is coming through various walks of life. There is a trend to exploit renewable energy
sources instead of traditional fossil fuels energy. Spaceheating is traditionally sourced by coal, natural
gas but nowadays the use of geothermal energy gradually plays an important role in order to
depollute atomosphere and decarbonize [2-4].

According to ground layer depth, geothermal energy resources could be classified into shallow
geothermal energy (<200 m), medium-deep geothermal energy (200~3000 m) and deep geothermal
energy (>3000 m). The shallow and medium-deep geothermal energy have been successfully applied
in spaceheating [5-10] whereas the deep geothermal energy was more used for power generation due
to its high energy grade [11-13]. With a growing awareness of underground environment protection,
the geothermal heating technique of indirect heat transfer has been widely promoted especially in
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the form of shallow borehole heat exchanger (SBHE) [6-7]. However, SBHE system needs a large
amount of ground occupation area, which is not preferred in densely populated area. Hereto the
medium-deep borehole heat exchanger (MBHE) usually with the depth of greater than or equal to
2000 m was proposed due to its less land demand and used into heating demonstration projects [8-
10]. In view of advantages of environmental friendliness and high heating energy efficiency, multiple
MBHE arrays have been applied in some heating projects [14-15].

In earlier studies, some field tests [16-18] and numerical simulations were carried out for a single
MBHE in order to ensure its thermal extraction capacity. Due to the difference from the field test
results, for example, that the measured thermal extraction capacity of single MBHE was ranging from
158~288 kW[17], the effects of the influencing factors including operating parameters (such as inlet
temperature [19-20], flow velocity [21-23]), geological parameters (such as rock-soil thermal
conductivity [24-25], rock-soil heat capacity [26] and geothermal gradient [27-28] and design
parameters (such as pipe depth [29], pipe diameter [30], inner pipe thermal conductivity [31] on the
thermal extraction capacity of MBHE were investigated by numerical analysis, which contributes to
accurately evaluating the thermal extraction capacity. However, the relevant studies found that
thermal interference exists in MBHE arrays [15, 32-33]. Cai [15] initially analyzed the thermal
performance of 5 MBHEs with the maximum adjacent spacing of 30 m according to a practical heating
engineering and found the thermal interactions do exist among MBHEs which have about 12 %
shifted thermal load during 20-year operations. Based on this research [15], Cai [32] investigated the
effects of soil thermal properties on the thermal performance of multiple MBHE arrays and optimized
the system layouts. Zhang [33] proposed a superposition dimension reduction algorithm to fast
calculate the fluid temperature of multiple MBHE arrays. By continuously computing the fluid
temperatures in the conditions of various spacing and comparing their difference, the optimal design
spacing of MBHE arrays can be ensured .

As mentioned above, the applied amount of MBHE developes from single to multiple arrays.
The attendant problem is how to avoid the thermal interference between adjacent MBHEs to keep
high energy efficiency and well stability of heating. In order to ensure a rational spacing distance, the
key issues of demonstrating the temperature distribution characterisitics of medium-deep rock-soil
needs to be solved, which helps to determine the maximum rock-soil thermal affected area (RTAA).
According to the studies of single MBHE, it can be seen that many of the influencing factors highly
impacts the thermal performance whereas there is a lack of related studies for their effects on the
temperature distribution of medium-deep rock-soil. Thus, the temperature distribution
characteristics of medium-deep rock-soil have not be fully clarified. Furthermore, the operation mode
of MBHE is extracting the geothermal energy in heating season and stopping geothermal extraction
in non-heating season. MBHE has a long thermal response period in heating season so that the
analysis on rock-soil temperature distribution through a complete heating season is necessary. In non
heating season, the rock-soil temperature starts to recover whereas how the RTAA is evoluting under
the effects of both rock-soil temperature difference and geothermal flow has not been reported. Thus,
the effect of the operation mode shoule be taken into account in analysis of rock-soil temperature
distribution. At present, Cai [32] investigated the distribution patterns of maximum RTAA during
15-year operations but the thermal performance of MBHE has not come into a quasi-steady state
according to Ref. [34], indicating the mentioned maximum RTAA may still changes with following
operating years. Zhang [33] analyzed the evolution in 30-year operational fluid temperature of
multiple MBHE arrays but did not payed attention to the RTAA. In order to determine a rational
spacing distance, the most direct and effective method is to demonstrate the characteristics of
medium-deep rock-soil temperature distribution and further analyze the maximum thermal affected
area. It is necessary to carry out the studies on the effects of the various influencing factors on the
maximum medium-deep RTAA in the full life cycle. Additionally, Zhang [33] concluded that the
spacing between adjacent MBHEs comes to 50~60 m which is 10 times larger than spacing between
adjacent SBHEs [7]. In this case, the multiple DBHE arrays will also occupy a large amount of ground
area, which is detrimental to the application in densely populated area. Thus, how to decrease ground
surface occupation of multiple MDBHE arrays is urgent to be solved.
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Based on the analysis of previous studies, the medium-deep rock-soil temperature distribution
characteristics in different time scales was investigated in this work. By proposing the numerical
model of heat transfer between MBHE and surrounding rock-soil, the effects of influencing factors
including thermal extraction load, operating parameters, geological parameters and design
parameters on the medium-deep rock-soil temperature distribution were analyzed, whilst ensure the
main factors which largely impact the maximum thermal affected radius (MTAR). Combining with
the operation mode of extracting geothermal energy in heating season and stopping geothermal
extraction in non-heating season, the effective MTAR in full life cycle was analyzed and determined.
Last but not least, a new-type well layout was proposed to decrease ground surface occupation of
mutiple MDBHE arrays. The conclusions of this work could guide the spacing design and optimize
the well layout in the application of MBHEs.

2. Methodology

2.1. Heat Transfer between MBHE and Rock-soil

Due to high energy grade of medium-deep rock-soil, MBHE usually extracts the geothermal
energy for building heating in the heating season and stop running in the non-heating season (Figure
1). During the heating season, the fluid with low temperature flows downstairs in annular space and
absorbs the heat from surrounding rock-soil, where the fluid temperature increases but the rock-soil
temperature decreases. Then, the heated fluid with high temperature is transported by inner pipe to
ground surface. At the end, the energy contained in the high-temperature fluid is utilized by heat
pump for building heating. During the non-heating season, the fluid keeps still in MBHE, thus there
is no thermal extraction from medium-deep rock-soil. The rock-soil temperature recovers under the
effect of heat supply from geothermal heat flow. Figure 2 shows the positional relationship between
MBHE and surrounding rock-soil.

Heating Season |—'| Non-heating Season |

Geothermal heaz;’i‘:mp user Stop geothermal heat pump - user
. . uni 7
extraction extraction

Figure 1. Periodic heat transfer process of MBHE.
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Figure 2. Positional relationship between MBHE and rock-soil in cross section.
2.2. Numerical Simulation and Analysis Method

2.2.1. Balance Equations in Numerical Model

The numerical model is generated based on an 1D MBHE element coupled with a 2D rock-soil
element. Four energy balance equations are needed as follows:
Energy equations of inner pipe fluid:

o, 0, T) k(T -T))

ot oz PrAc,
where Tt, Vi, Tean, ke, 0, Ar, cpt are fluid temperature in inner pipe, fluid flow velocity in inner
pipe, fluid temperature in annular space, heat transfer coefficient between fluids in inner pipe and

annular space, fluid density, cross section area of inner pipe, fluid heat capacity, respectively.
Energy equations of annular space fluid:

D

o, OV, L) KT,-T,) kT, ~T;) 2
ot oz Pra.c, Pra.c,

where Vian, kig, Tg, Aan are fluid flow velocity in annular space, heat transfer coefficient between
fluid in annular space and backfill material, backfill material temperature, cross section area of
annular space, respectively.

Energy equations of backfill material:

ai= kfg(TfM _T:g) + kgb(Tb _]—’g)
ot P Agcpg P Agcpg

®)

where g, Ag, Cpg, ke, Tv are backfill material density, cross section area of backfill material,
backfill material heat capacity, heat transfer coefficient between backfill material and borehole wall,
borehole wall temperature, respectively.

Energy equations of rock-soil:

o, o9, ,dT_ 19 oT.
== (A=) (A=) (4)
Py T e o
where s, cps, Ts, As are rock-soil density, rock-soil heat capacity, rock-soil temperature, rock-soil
thermal conductivity, respectively.

2.2.2. Model Solving and Analysis Method

The numerical model is discretized by finite volume method (FVM) and solved by tridiagonal
matrix algorithm, which has been validated in our previous work [34]. The same methodology of
initial and boundary condition setting was also employed in this work. Figure 3 shows the discretized
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model which consists of MBHE area and rock-soil area. The temperatures of different elements in the
numerical model could be computed so that the rock-soil temperature distribution characteristics
could be analyzed.

| MDBHE area Rock-soil area N
[ [ 1

® Thermal extraction ® Geological parameters: Rock-soil thermal conductivity, geothermal gradient, etc.
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Figure 3. Discretized model and investigated influencing factors.

The thermal performance of MBHE is affected by various influencing factors including
geological parameters in rock-soil area, and thermal extraction load, operation parameter, design
parameter in MBHE area (Figure 3). The rock-soil temperature distribution is also impacted by the
above-mentioned factors which is taken into account in our numerical model. According to our
previous work[34], the thermal extraction load of MBHE, the rock-soil thermal conductivity,
geothermal gradient of geological parameters, the flow velocity of operation parameter, the pipe
length, inner pipe diameter, outer pipe diameter, inner pipe thermal conductivity of design
parameters have a larger impact on the thermal performance than other factors such as outer pipe
thermal conductivity, backfill material thermal conductivity. Therefore, the effects of the 8
influencing factors (as shown in Figure 3) on the rock-soil temperature distribution characteristics
were investigated in this work. Combining with the previous experimental and simulated work on
MBHE, the analyzed parameters and benchmark parameter were listed in Table 1.

Table 1. Analyzed parameters and benchmark parameter.

No Factor (unit) Analyzed parameters Benchmark
parameter

(a)  Thermal extraction load (W-m) 75,100, 125 100

(b)  Rock-soil thermal conductivity (W-m™-K-) 2.0,2.5,3.0 2.5

() Geothermal gradient (°C-km™) 25, 30, 35 30

(d)  Flow velocity (m-s?) 0.5,0.6,0.7 0.7

(e)  Pipelength (m) 2000, 2500, 3000 2500

(f) Inner pipe diameter (m) 0.045, 0.055, 0.0625 0.055

(g)  Outer pipe diameter (m) 0.0889, 0.1096, 0.1223 0.0889

(h)  Inner pipe thermal conductivity (W-m1-K) 0, 0.20, 0.45 0.45

The aim of the analysis on medium-deep rock-soil temperature distribution is to ensure RTAA,
which has a strong practical meaning to spacing design for MBHE arrays application. Unlike rock-
soil temperature surrounding SBHE, the medium-deep rock-soil has characteristics of temperature
gradient, i.e. a higher temperature with deeper position. Meanwhile, the heat transfer intensity along
the MBHE varies from different depths according to our previous work [30]. It can be concluded that
during a heating season, the change degree of rock-soil temperature along the depth direction is
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different. In order to determine the thermal affected radius (TAR) at different depths, the evolution
of medium-deep rock-soil temperature in both radial and vertical directions during full life cycle was
analyzed in this work. The temperature change compared with the undisturbed condition can be
expressed as follow:

as(zs’rs’t)ZT;(Zs’rs’t)_ZO(Zs”;’O) (5)

where 0s, Ts, Tso are rock-soil temperature change amount, rock-soil temperature at t time,
undisturbed rock-soil temperature, respectively. zs, rs are depth and radial distance, respectively.

3. Results and discussion

3.1. Rock-soil Temperature Distribution in one Heating Season

Figure 4 shows the rock-soil temperature distribution in a heating season (4 months). The
longitudinal coordinate-axis represents rock-soil depth below the ground surface and the horizontal
axis represents the radial distance between MBHE and rock-soil. A smaller radial distance means that
rock-soil is closer to MBHE. In order to analyze the temperature distribution characteristics with
thermal extraction time of MBHE, the calculated rock-soil temperature in typical time nodes of 30, 60,
90, 120 days were chosen. It can be seen the rock-soil temperature largely decreases at smaller radial
distance. As the thermal extraction proceeds, the rock-soil temperature drop exists in both radial
direction and vertical direction (Figure 4(A)). In general, the temperature change in radial direction
is paid more attention because of its practical significance on spacing design. According to the change
trend of the isotherm, it can be found the rock-soil temperature hardly changes beyond the radial
distance of 6,9, 11, 12 m at 30, 60, 90, 120 days, respectively. During a whole heating season, the TAR
of medium-deep rock-soil gradually increases. At the end of the heating season, the TAR reaches
maximum. Figure 4(B) shows the rock-soil temperature change compared with the undisturbed
temperature. Three temperature drop isotherms of -0.5, -0.2 and -0.1 °C were chosen to analyze the
RTAA. By comparison with Figure 4(A), Figure 4(B) reflects the RTAA more clearly. The larger
temperature drop isotherm has a relatively smaller RTAA. According to statistics, the MTAR shown
from the isotherm of -0.1 °C is 6.3, 9.0, 10.9, 12.2 m, which is nearly consistent to the fore-mentioned
results from Figure 1(A). Thus, the isotherm of -0.1 °C is selected as a RTAA reference to analyze its
characteristics in the following analysis.
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Figure 4. Rock-soil temperature distribution characteristics during a heating season: (A) rock-soil
temperature distribution with thermal extraction time; (B) rock-soil temperature change compared
with the undisturbed condition at different time.

3.2. Effects of Influencing Factors

The effects of the 8 influencing factors (as shown in Table 1) were investigated in this section.
Because the RTAA continuously increases during a heating season, the rock-soil temperature
distribution under various conditions at the end of heating season (120 days) were chosen to analyze.

3.2.1. Thermal Extraction Load

Figure 5 shows the rock-soil temperature change in the condition of thermal extraction load of
75, 100, 125 W-m-!. Under the lower thermal extraction load condition, the rock-soil temperature
change in shallow depth is positive (Figure 5(A)), which means heat-transmission happens from
MBHE to rock-soil. The length where MBHE dissipates heat to rock-soil gradually decreases with an
increase of thermal extraction load. At the thermal extraction load of 75 W-m, about 500 m length of
MBHE is at condition of heat dissipation. When thermal extraction load increases to 125 W-m-, the
heat dissipation length disappears and the whole length of MBHE extracts the geothermal energy
from rock-soil (Figure 5(C)). In the radial direction, the maximum thermal affected radius (MTAR)
increases by 0.38 m (from 12.00 to 12.38 m) when thermal extraction load increases from 75 to 125
W-m, with an increase ratio of 3.2%. In a word, variation in thermal extraction load has an obvious
effect on the RTAA in vertical direction but it slightly affects the MTAR.
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Figure 5. Effects of thermal extraction load on rock-soil temperature change compared with the
undisturbed condition:(A) 75 W-m-, (B) 100 W-m-, (C) 125 W-m™*
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3.2.2. Geological Parameters

Quality of geothermal condition could be indirectly evaluated by geothermal flow which is
product of rock-soil thermal conductivity and geothermal gradient. In this section, the effects of these
two geological parameters on rock-soil temperature distribution were analyzed.

Figure 6 shows the rock-soil temperature change in the condition of rock-soil thermal
conductivity of 2.0, 2.5, 3.0 W-m1-K-.. In vertical direction, the geothermal energy was extracted from
surrounding rock-soil at nearly the whole depth under a lower thermal conductivity condition
(Figure 6(A)). With an increase of the thermal conductivity, the RTAA of thermal extraction moves
along the deeper depth obviously (Figure 6(C)). As for the MTAR, it increases by 0.89 m and 1.06 m,
respectively, when an increases of per 0.5 W-m-1-K! of thermal conductivity from 2.0 W-m-K-! (Figure
6(A)) to 3.0 W-m™K (Figure 6(C)). The MTAR increases by 17.2% when the thermal conductivity
increases from 2.0 to 3.0 W-m™-K-! and the increase degree would further enlarge with the thermal
conductivity increasing, which indicates that rock-soil thermal conductivity largely impacts the

MTAR.
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Figure 6. Effects of rock-soil thermal conductivity on rock-soil temperature change compared with
the undisturbed condition: (A) 2.0 W-m™-K*, (B) 2.5 W-m1-K*, (C) 3.0 W-m-K™"

Figure 7 shows the rock-soil temperature change in the condition of geothermal gradient of 25,
30, 35 °C-km’. The same with the effect of rock-soil thermal conductivity, under lower geothermal
gradient condition, the geothermal energy was extracted from surrounding rock-soil at nearly the
whole depth (Figure 7(A)). Besides, the RTAA of thermal extraction moves along the deeper depth
obviously with an increase of geothermal gradient. For the MTAR, it increases only by 0.26 m when
an increases of per 5 °C-km of geothermal gradient from 25 °C-km™ (Figure 7(A) ) to 35 °C-km!
(Figure 7(C)). The MTAR increases by 4.4% when the geothermal gradient increases from 25 to
35 °C-km, which indicates the variation in geothermal gradient slightly impacts the MTAR of
medium-deep rock-soil.
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Figure 7. Effects of geothermal gradient on rock-soil temperature change compared with the
undisturbed condition: (A) 25 °C-km, (B) 30 °C-km™, (C) 35 °C-km™" .

3.2.3. Operation Parameter

Fluid velocity is one of the most important operation parameters for thermal extraction of MBHE.
Elevating the fluid velocity contributes to improving the convective heat transfer coefficient between
MBHE and surrounding rock-soil. Figure 8 shows the effects of fluid velocity on the rock-soil
temperature change. It can be seen that the RTAA of thermal extraction mainly moves in the deeper
depth direction with the fluid velocity increasing, whereas the MTAR increases only by 0.1, 0.1 m,
respectively, when an increase of per 0.1 m-s?of fluid velocity from 0.5 m-s'! (Figure 8(A)) to 0.7 m-s-
1 (Figure 8(C)). In general, the fluid velocity of 0.7 m-s' has been at a relatively high level in the
application of MBHE because the thermal extraction capacity of MBHE could not be effectively

improved by continuously elevating fluid velocity. Based on the above analysis, it can be concluded
that the fluid velocity hardly affects the MTAR.
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Figure 8. Effects of fluid velocity on rock-soil temperature change compared with the undisturbed
condition: (A) 0.5 m-s?, (B) 0.6 m-s?, (C) 0.7 m-s.

3.2.4. Design Parameters

Design parameters of MBHE mainly involve pipe length and diameter. As is known to us, MBHE
with a longer pipe length has a better thermal extraction capacity. Figure 9 shows the surrounding
rock-soil temperature change of MBHEs with different pipe lengths. RTAA affected by different pipe
lengths mainly varies in the vertical direction. The RTAA of thermal extraction moves along the
deeper depth with the pipe length increasing (From Figure 9(A) to Figure 9(C)). In the radial direction,
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the MTAR increases only by 0.20 m when an increases of per 500 m of pipe length from 2000 m (Figure
9(A)) to 3000 m (Figure 9(C)). The MTAR increases by 3.6% when the pipe length increases from 2000
to 3000 m, which indicates the variation in pipe length slightly impacts the MTAR of medium-deep

rock-soil.
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Figure 9. Effects of pipe length on rock-soil temperature change compared with the undisturbed
condition: (A) 2000 m, (B) 2500 m , (C) 3000 m.

Additionally, the effects of inner pipe diameter (Figure S1), outer pipe diameter (Figure S2), and
inner pipe thermal conductivity (Figure S3) on the rock-soil temperature change were also analyzed.
It can be found the variation in these three factors mainly affects the RTAA in the vertical direction.
For MBHE with a smaller inner pipe diameter, larger outer pipe diameter, and/or lower inner pipe
thermal conductivity, the RTAA of thermal extraction is positioned in a deeper depth. However, the
MTAR hardly varies with pipe diameter and inner pipe thermal conductivity.

3.3. Rock-soil Temperature Distribution in Full Life Cycle

3.3.1. Rock-soil TAR

In full life cycle, MBHE extracts the geothermal energy in heating season and stops running in
non-heating season. According to the study in Section 3.1, the TAR of medium-deep rock-soil reaches
the maximum value at the end of heating season. During the non-heating season, rock-soil
temperature begins to recover under the effect of the geothermal flow, which has a non-negligible
impact on the TAR. In order to ensure the MTAR in full life cycle, the rock-soil temperature
distribution change during the duration of 30-year thermal extraction was analyzed. In every year,
the period of 4 months was set as heating season and the rest period is set as non-heating season,
which is determined according to the building heating time in northern China.

Figure 10 shows the TAR of medium-deep rock-soil at the end of heating season and non-heating
season in different years. In the first year, the decline degree of rock-soil temperature closer to MBHE
is larger with the maximum value of 50 °C and the MTAR is 12.2 m at the end of heating season.
During the non-heating season, the rock-soil temperature surrounding MBHE obviously recovers but
has not reached the undisturbed condition. The maximum temperature drop rises to 2.8 °C. It should
be noted that the MTAR continues to increase during the non-heating season and expands to 20.0 m
at the end of non-heating season which is nearly equal to the twice of the MTAR at the end of heating
season (Figure 10(A)). It can be concluded that the temperature difference of medium-deep rock-soil
in the radial direction dominates the temperature recovery of rock-soil surrounding MBHE in the
first year. As the thermal extraction proceeds, the MTARs continuously increase to 51.4, 72.5, 89.9 m
at the end of non-heating season in the 10 th, 20 th and 30 th year (Figure 10(B), Figure 10(C), and
Figure 10(D)), respectively. The increase degree of MTAR with thermal extraction time gradually
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declines. Besides, by comparing the TAR at the end of heating season and non-heating season, their
difference gradually reduces. After 20-year thermal extraction, the TAR at the end of heating season
and non-heating season tend to be consistent (Figure 10(C)), which indicates that the geothermal flow
nearly dominates the temperature recovery. In the 30 th year, the TAR at the end of heating season
and non-heating season basically coincide (Figure 10(D)).

While the MTAR may still continue to extend after 30-year thermal extraction, a balance has
basically reached between the thermal extraction of MBHE and the thermal recovery of medium-
deep rock-soil at 30 th year. The thermal extraction capacity of MBHE would keep almost constant
and comes into a quasi-steady state, which has been validated from our previous study [34]. To sum
up, the MTAR in the 30 th year could be determined as an effective MTAR in full life cycle, which
has reference value for borehole spacing design to ensure a sustainable thermal extraction of single

MBHE.
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Figure 10. TAR at the end of heating season and non-heating season: (A) 1st year, (B) 10 th year, (C)
20 th year, (D) 30 th year.

3.3.2. Main Influencing Factors Analysis

According to the analysis in Section 3.2, the rock-soil thermal conductivity has an obvious effect
on TAR. Besides, the thermal extraction loads of MBHE usually have a large fluctuation range in
different engineering projects. Thus, the effects of the mentioned two factors on the MTAR in full life
cycle were investigated. Meanwhile, the maximum radius of full life cycle was compared with the
MTAR in the first year in order to analyze the variation of TAR during full life cycle (Figure 11).

Figure 11 (A) shows the effects of thermal extraction load. Compared with the MTAR in the 1 st
year, the maximum radius in full life cycle becomes significantly larger with over 80 m. However, the
maximum radius only enlarges by nearly 5.0 m when the thermal extraction load increases from 50
W-mto 125 W-m-}, indicating an slight effect on the variations in the maximum radius. Figure 11 (B)
shows the effects of rock-soil thermal conductivity. In the first year, the MTAR at 3.0 W-m1-K- is 5.0
m larger than that at 1.5 W-m-K-1. During full life cycle, the difference of maximum radius between
the conditions of 3.0 W-m-K! and 1.5 W-m™-K- increase to 22.3 m. In the condition of higher rock-
soil thermal conductivity, the increase degree of MTAR with thermal extraction year is more obvious
and the thermal interference between adjacent MBHESs should be paid attention.


https://doi.org/10.20944/preprints202308.2183.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 31 August 2023 d0i:10.20944/preprints202308.2183.v1

13

140 140
- u- -] st year - -=- -1 st year
= 120 - —=— Maximum g 120 —=— Maximum
E E
5 100 = 100
< sof 2 80k ./_/E/
: | g |
£ o 2
2 B Benchmark parameter < 60 - Benchmark parameter
g =
E 40t £ 40}
= 2 I
20 »-—-—--- - - - H-—-----a = 20+ .__>7___-7_77___";-,,_77-
0 . ! ! L 0 . L L !
50 753 100 175 1.5 20 25 3.0
Thermal extraction load/W-m’! Rock-soil thermal conductivity/W-m™.K"!
(A) (B)

Figure 11. Comparisons between the 1 st-year TAR and the maximum radius in full life cycle: (A)
effect of thermal extraction load, (B) effect of rock-soil thermal conductivity.

3.4. New-type Well Layout Form

3.4.1. Well Layout Form Proposal

During full life cycle, the TAR significantly increases with thermal extraction year. The
maximum radius in full life cycle analyzed in Section 3.3.2 reaches over 70 m at least, which means
the spacing of more than 140 m between adjacent MBHEs should be designed. It is difficult to
implement for heating application of multiple MBHE arrays because of the limitations on the project
site area. Thus, optimizing the well layout form is urgent to be solved.

Based on the above analysis on the rock-soil temperature distribution characteristics, the main
RTAA is focused on the deep part of rock-soil and the MTAR in full life cycle is positioned nearly at
depth of pipe bottom. Hereto, a new-type well layout form of deflecting borehole was proposed in
this study (Figure 12), the aim of which is saving ground surface occupation and avoiding the thermal
interference between the adjacent MBHESs as much as possible. By deflecting the adjacent MBHESs in
opposite directions, the overlapping RTAA would decrease even if the wellhead between adjacent
MBHEs is close. The specific position relationship was shown in Figure 13. The normal MBHE is
vertically installed and the new-type layout form is obliquely installed. There is an angle (0) formed
between the normal form and the new-type form. One benchmark angle was proposed as follow:

R
O=arcsin(—= 6
arcsin( ) 6)

where 0, Rnar, H are TAR angle, MTAR in full life cycle, and pipe length, respectively. Because the
horizontal offset of MBHE bottom was determined as MTAR in full life cycle, the formed angle ( 6 )
is named as TAR angle in this work.

After deflecting

Before deflecting

Figure 12. Proposed well layout form.
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Figure 13. Positional relationship of adjacent MBHEs.

3.4.2. Thermal Affected Area Analysis

MTAR in full life cycle is significantly affected by the rock-soil thermal conductivity but hardly
affected by thermal extraction load, fluid velocity as well as design parameters. It could be concluded
that the horizontal offset of MBHE after deflecting would only result in a position shift of RTAA
rather than a variation in MTAR.

According to the optimal design method of thermal extraction capacity in our previous study
[34], the recommended thermal extraction load and optimal operating parameter in the benchmark
condition (shown in Table 1) could be determined. Then the MTAR in full life cycle obtained by rock-
soil temperature distribution analysis was 91.3 m. Consequently, the TAR angle calculated by Eq. (5)
is 2.1 °. Figure 14 shows the effects of TAR angle of different multiples on the MTAR in full life cycle.
The position of MBHE before deflecting is at x = 0 m. The black solid line represents the TAR of
different depths for MBHE without deflecting. In order to avoid the thermal interference in the right
of the line x = 0 m, the MBHE would be deflected in the opposite x direction. It is noteworthy that
after the deflection of one TAR angle, the thermal interference could only be avoided at the depth of
MBHE bottom. A large amount of RTAA still exists in the right of line x = 0 m and may result in the
thermal interference if the adjacent spacing is less than MTAR. Thus, the deflection angle needs to be
further enlarged. When the deflection angle increases to 4 times TAR angle, about 80% of the whole
depth could fully avoid the thermal interference, whilst the RTAA could not be efficiently reduced
in the right of the line x = 0 m for over 4 times TAR angle. Therefore, the 4 times TAR angle was
determined as the optimal deflection angle. Due to the deflection, the vertical depth of MBHE with 4
times TAR angle decreases by 26.6 m compared with the initial vertical depth of 2500 m, whereas the
decreased depth hardly affects the thermal extraction of MBHE according to the previous study [34].

1
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Figure 14. Analysis of RTAA in full life cycle for the proposed well layout form.

Furthermore, the optimal deflection angle of MBHE under different rock-soil thermal
conductivities were also analyzed. The results show that the 4 times TAR angle could still avoid the
thermal interference of adjacent MBHEs over 80% of the whole depth. Moreover, the thermal
interference degree in the shallow depth is largely smaller than that in the deep depth [15], and the
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thermal extraction area of MBHE is mainly positioned in the deep depth [30]. In a word, 4 times TAR
angle can be recommended as a optimal design inflection angle. The optimal TAR angles of MBHEs
and corresponding vertical depths under various rock-soil thermal conductivities of 2.0-3.0 W-m™-K-
! were tabulated in Table 2. The MBHE length ranges from 2000 to 3000 m. With the pipe length
increasing, the optimal TAR angle becomes smaller. Additionally, while the vertical depth of MBHE
after deflection declines, the decline degree hardly impacts the thermal extraction of MBHE. By the
new-type well layout form, the spacing distance between the wellhead positions of adjacent MDBHEs
could obviously reduced, which significantly contributes to save ground surface occupation.

Table 2. Deflection angle and vertical depth of MBHESs under various rock-soil thermal

conductivities.
Pipe Pipe Optimal TAR ~ Vertical depth
TAR angle/°  Vertical depth/m
length/m length/m angle /° /m
2000 2.1-29 1997.4-1998.6 2000 8.4-11.6 1958.6-1978.4
2500 1.8-2.4 2497.8-2498.8 2500 7.2-9.6 2464.4-2481.2
3000 15-2.1 2998.0-2999.0 3000 6.0-8.4 2968.6-2983.4

4. Conclusions

In this work, the medium-deep rock-soil temperature characteristics under different time scales
was investigated. By one single heating season analysis, the TAR distribution of medium-deep rock-
soil at different depths was obtained so that the MTAR could be determined. Then the rounded
parametric analysis including the effects of thermal extraction load, geological parameters, operating
parameter and design parameters on the MTAR was carried out to demonstrate the evolution of
MTAR. Next, combining with the MBHE operation feature of extracting geothermal energy in heating
season and stopping geothermal extraction in non-heating season, the evolution mechanism of
medium-deep rock-soil temperature in full life cycle was clarified and the effective MTAR was
further discovered. Finally, based on above analysis, a new-type well layout form of MBHE was
proposed, the advantage of which is effectively saving ground surface occupation and
simultaneously avoiding the thermal interference between the adjacent MBHESs. The main results are
as follows:

The results showed that the rock-soil thermal affected area (RTAA) continuously expands in
both radial and vertical directions during a heating season. Several factors of thermal extraction load,
fluid velocity, geothermal gradient and pipe parameters have main impacts on the RTAA in vertical
direction. Rock-soil thermal conductivity affects the RTAA in both radial and vertical directions. In
non-heating season, the temperature difference of medium-deep rock-soil in radial direction
dominates the temperature recovery of rock-soil surrounding MBHE in the first year but after 20-
year thermal extraction, the geothermal flow nearly dominates the temperature recovery. RTAA
rapidly expands in the initial years. The thermal affected radius (TAR) in the 30 th year could be
determined as a effective MTAR in full life cycle. In order to decrease the installed distance of adjacent
MDBHESs on the surface, a new well layout form by deflecting borehole was proposed. When the
deflection angle is equal to or larger than 4 times TAR angle, the thermal interference between the
adjacent MDBHEs could be effectively avoided. This work provides the theoretical foundation and
scientific reference for promoting the application of multiple MBHE arrays.
® The RTAA continuously expands in both radial and vertical directions during a heating season.

Among the analyzed influencing factors, only rock-soil thermal conductivity obviously affects

the RTAA in both radial and vertical directions. The MTAR increases by 17.2% when the thermal

conductivity increases from 2.0 to 3.0 W-m-K! and the increase degree would further enlarge
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with the thermal conductivity increasing. Other factors have main impacts on the RTAA only in
vertical direction.

® The temperature recovery mechanism in non-heating season of medium-deep rock-soil varies
with thermal extraction year. In the first year, the temperature difference of medium-deep rock-
soil in radial direction dominates the temperature recovery of rock-soil, whereas the geothermal
flow nearly dominates the temperature recovery after 20-year thermal extraction. In the 30 th
year, the TAR at the end of heating season and non-heating season basically coincide.

[ ]

The TAR in the 30 th year could be determined as effective MTAR in full life cycle. According to
rock-soil temperature distribution characteristics that main RTAA is focused on the deep part of
rock-soil and MTAR in full life cycle is positioned nearly at depth of pipe bottom, a new-type
well layout form by deflecting borehole was proposed. 4 times TAR angle was recommended as

optimal deflection angle, which could effectively avoid the thermal interference between the
adjacent MDBHEs.
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Figure S1. Effects of inner pipe diameter on rock-soil temperature change compared with the
undisturbed condition: (A) r=0.045 m, (B) r=0.055 m, (C) r=0.0625 m.
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Figure S2. Effects of outer pipe diameter on rock-soil temperature change compared with the
undisturbed condition: (A)R=0.0889 m, (B)R=0.1096 m, (C) R=0.1223 m.
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Figure S3. Effects of inner pipe thermal conductivity on rock-soil temperature change compared with

the undisturbed condition: (A) 0.45 W-m*-K", (B) 0.20 W-m*-K?, (C)0W-m1K*
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