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The single-well closed-loop heat extraction technology can realize efficient ex-
ploitation of mid-to-deep geothermal resources. A two-dimension heat transfer
model is established. The effects of flow rate, inlet temperature, length and di-
ameter of insulated tubing on heat extraction power and outlet temperature were
investigated by the two-way absolute grey correlation analysis method. Results
indicate that thermal power increases with the increase of displacement and length
of insulated tubing, and decreases with the increase of injection temperature, outer
diameter of insulated tubing and inner diameter of insulated tubing.
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Introduction

The development of mid-to-deep geothermal resources is typically categorized into
open-loop geothermal systems and closed-loop geothermal systems [1]. Conventional open-
loop heat extraction systems face challenges such as reinjection difficulties, high stratum con-
dition requirements, corrosion, and scaling, limiting their application areas [2-4]. As a result,
coaxial closed-loop geothermal systems (CCGS) are considered the most viable approach to
developing deep geothermal resources. Particularly since 2010, heat extraction technologies
that do not rely on water have advanced rapidly. Song et al. [5-9] have proposed various sin-
gle-well closed-loop heat extraction systems. However, the single-well closed-loop geothermal
system requires stringent insulation measures to achieve optimal heat extraction during fluid
circulation. Consequently, research on insulated oil tubings has become crucial for efficient
heat extraction in the single-well closed-loop geothermal system [10-13].

In order to promote the research of single-well heat extraction technology, a two-di-
mension heat transfer model is established for the single-well closed-loop heat extraction sys-
tem with a double-layer insulated tubing, and the influence of parameters such as flow rate,
inlet temperature, length and diameter of insulated tubing string on heat extraction power and
outlet temperature is analyzed. A two-way absolute grey correlation analysis model [14] is
utilized to determine the correlation coefficient and rank the related sequences. The findings
offer guidance for optimal design and parameter selection of a single-well closed coaxial heat
exchanger system.
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Double-layer insulated tubing single-well
closed-loop heat extraction system

The principle of single-well closed-loop
heat extraction system is shown in fig. 1. First,
a vertical well was drilled and insulated tubing
was installed inside. The high pressure pump
and the ground heat exchanger are installed on
the ground. The high pressure pump is con-
nected with the annulus between the insulated
tubing and the casing. The heat exchanger is
connected with the insulated tubing and high
pressure pump. The cryogenic fluid is pumped
into the annulus between the insulated tubing
e ' and the casing. In the process of flowing to the
bottom of the well, the fluid continuously ex-
changes heat with the formation through the
Figure 1. Schematic diagram of single-well casing and, cement, efc., an(_l the temperature
closed-loop heat extraction system gradually rises. When the fluid reaches the bot-

tom of the well, it reaches its highest tempera-
ture and then enters the insulated tubing and begins to flow upward. Then it enters the ground
heat exchanger, and after the heat exchange is completed, it becomes a low temperature fluid
again and enters the circulation again to complete the geothermal single-well heat extraction
process. In this study, double-layer insulated tubing is used, that is, it is composed of an inner
tubing and an outer tubing, and there is air between them, and its thermal conductivity is 0.023
W/mK.
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Model assumptions and governing equations

A model for a single-well closed-loop heat extraction system has been established, as
shown in fig. 2, where heat is transferred from the reservoir to the cement, casing, and working
fluid in sequence, and the fluid inside the central tubing exchanges heat with the annular fluid
through the insulated tubing [15]. The heat transfer model assumptions for the system are:

— Neglect vertical heat conduction.
Heat pump

Extracted Injection Cement

High pressure pump

|
Insulated  Casing Formation
ubing

Figure 2. Schematic diagram of heat transfer system and grid
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— Forced convection heat transfer between the working fluid and the casing.
— Consider only the variation in physical properties of the working fluid.
The thermal resistance and thermal capacity were calculated in [15]. The energy bal-
ance equation for the fluid inside the tubing is represented:
5T T,-T ST
lelc15—Z'+2T1]:a1p1015—; (1)
where T} is the temperature of the working fluid inside the insulation oil column, 75— the tem-
perature of the insulation oil column, z — the depth of the well, 7 — the time, and R, — the thermal
resistance between each grid cell.
The energy balance equation for the circulating fluid in the annulus:
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where T is the temperature of the working fluid in the annulus and 7, — the temperature of the casing.
The energy balance equation for the casing, cement annulus, and reservoir is repre-

sented:
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where j is the number of radial grid cells, 7, — the temperature of the j* grid cell, 7, — the tem-
perature of the adjacent grid cell on the left side of the /™ grid cell, and 7}, 1 — the temperature of
the adjacent grid cell on the right side of the j™* grid cell.

Model validation

A well at a depth of 2530 m with a sealed wellbore at 1800 m was selected to val-
idate the heat transfer model [15]. The results of on-site experiments [15] or a single-well
closed-loop heat extraction system with the insulated tubing was calculated and validated based
on this model. The specific wellbore data is shown in tab. 1. As shown in fig. 3. The model
can predict well outlet temperature under experimental conditions, and the maximum error is
about 4.8%.

Table 1. Field test well operation parameters

Geothermal gradient Inlet flow rate Injection Insulated tubing thermal | Circulating
[°C per 100 m] [m? per hours] | pressure [MPa] | conductivity [Wm'°C ] fluid
p p p ty
2.7 23 10 0.026 Water
Influence of key parameters o e |
g-) o .easure
For single-well closed-loop coaxial heat exchange ¢ ** Smulated
systems, the most commonly applied scenarios are new- g 22
ly developed geothermal wells or abandoned oil wells. &
A 3000 m deep well is taken as an example to carry out =
. . . o 18
a single-well closed-loop heat extraction design. The
effects of flow rate, inlet temperature, length of insulat- 16
ed oil tubing, and diameter of insulated tubing on heat 1
extraction power and outlet temperature are studied. Ta- T T T T T s s
ble 2 shows the wellbore structural data and working . Time [day]
parameters Figure 3. Outlet temperature curve

with time
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Tabele 2. Wellbore structural data and working parameters

Parameters Value Parameters Value
Depth 3000 m Inlet flow rate 30~70 m?® per hours
Wellbore diameter 315.34 mm Injection temperature 5~25°C
Geothermal gradient 3 °C per 100 m Insulation length 500~2500 m
Surface temperature 20 °C Insulated tubing outer diameter 88.9~114.3 mm
Operation time 30day Insulated tubing inner diameter 53.1~97.2mm

Firstly, the influence of flow rate on thermal power and outlet temperature is studied.
The simulation results after 30 day production are shown in fig. 4. With the increase of dis-
placement, the amount of heat exchanged with strata during the unit time increases, causing
increased thermal power, which ranges from 625 kW to about 725 kW. However, at the same
time, due to the increase in flow rate, shortening heat exchanging time, and a large amount of
heat in the strata was taken away, resulting in a decrease in outlet temperature, which is reduced
by about 9 °C. However, with the increase in flow rate, the cycle resistance will increase greatly,
the flow rate needs to be optimized according to the situation.
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i 725 Outlet temperature 138 % E 9001 44 _
% 136 ‘g i:‘ =T Thermal power 4140 %
S700F 8 £ o0} E
e 18 2
2675t _32‘%33 §750- 36§
650 130 o Fer E
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625+ Thermal power 128 cool
426 Outlet temperature 128
600 3IO 4IO 5‘0 6IO 7I0 5500 1 é) 2I0 30
Inlet flow rate [m’h™'] Injection temperature [°C]
Figure 4. Effect of flow rate on heat recovery Figure 5. Effect of inlet temperature
on heat recovery
ool laa Then the effect of inlet temperature for
£ 00| B the 30" day is shown in fig. 5. As the inlet tem-
% el Lo % perature increases, the? temperature d1fference
§600 i Thermal power E between the cyclic fluid and the fomatlon be-
g ol g come less, e.lnd .the heat exchgnge is not suffi-
g et temperature |2 § cient, resultn}g in a.decrea.se in thermgl power.
% Atthe same time, with the increase of inlet tem-
asor 15,8 perature, on the basis of heat extraction with the
400 strata, the outlet temperature also increases ac-
0F ‘ , ‘ A PN cordingly. Therefore, the inlet temperature can
500 1000 1500 2000 2500 be designed according to the requirements of
Instlation section length (m] thermal power and outlet temperature.
Figure 6. Effect of insulated tubing length on The effect of insulated tubing length of
heat recovery the 30" day is shown in fig. 6. As the length

of the insulated tubing increases, the contact
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length between the injected low temperature fluid and the return high temperature fluid de-
creases. Therefore, both the thermal power and the outlet temperature increase. However, as the
length of the insulated tubing increases, the operating cost will increase. Therefore, the length
of the insulated tubing needs to be determined based on the actual situation. In order to obtain
better heat extraction performance, it is recommended to achieve full wellbore insulation.

The effect of outer insulated tubing outer diameter and inner insulated tubing inner
diameter of the 30" day is shown in figs. 7 and 8. As the outer insulated tubing outer diameter
increases, the annulus between the insulated tubing and the casing becomes smaller, causing
the annular flow velocity to be higher and the heat exchange time to shorten, resulting in both
thermal power and outlet temperature becoming smaller. When the outer diameter of the outer
insulated tubing increases, the inner diameter of the insulated tubing can also increase. At this
time, the flow velocity in the tubing decreases and the time for the high temperature fluid to
return to the ground becomes longer. Therefore, the thermal power and outlet temperature both
decrease. But the absolute value of the decrease is very little. Besides, as the inner diameter of
the insulated tubing increases, the fluid-flow resistance decreases. Under the same conditions
of the ground pump unit, more fluid can be pumped, thereby obtaining higher thermal power.
It is recommended that the outer diameter of the outer insulated tubing be smaller and the inner
diameter of the inner insulated tubing be larger.
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Figure 7. Effect of tubing outer diameter Figure 8. Effect of tubing inner diameter
on heat recovery on heat recovery

Bidirectional absolute grey relational analysis

The grey correlation analysis shows potential for quantitatively analyzing influencing
factors. However, previous models have limitations when it comes to analyzing multiple factors
with both positive and negative correlations [16-18]. The bidirectional absolute grey correlation
degree model, enhanced in [14], can analyze factors with positive, negative, and unclear cor-
relations. By comparing reference sequences of heat power and outlet temperature, the factors
influencing thermal power and outlet temperature are evaluated.

After obtaining the results, a comparative analysis can be conducted by referring to
tab. 3 (Javed’s grey incidence). As shown in fig. 9, there is a strong correlation between the
injection flow rate and outlet temperature, and a close correlation between the insulated tubing
length and thermal power. However, the insulated tubing diameter shows a weak correlation
with thermal power and outlet temperature.
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Table 3. Javed’s grey incidence (JGI) scale

| & | [0.5000, 0.6000) | [0.6000, 0.7000) | [0.7000, 0.8000) | [0.8000, 0.9000) | [0.9000, 1.0000)
Categories Level 1 Level 2 Level 3 Level 4 Level 5
. . Moderatel Appropriatel Sufficientl Extremel
Interpretation| Weak relation Y ppropriately Y y
strong relation strong relation | strong relation | strong relation
1.0 — - 1.0
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Figure 9. The correlation between different parameters and
heat extraction performance; (a) thermal power and (b) outlet temperature

Conclusion

The single-well closed-loop heat extraction technology can realize efficient exploita-
tion of geothermal resources. A 2-D transient heat transfer model was developed to analyze its
thermal performance. The bidirectional absolute grey correlation degree method was employed
for the analysis. The developed 2-D non-steady-state heat transfer model shows a strong fit
with a maximum error of 4.8% in a 30 day field experiment. It shows that as the displacement
increases, the thermal power increases, but the outlet temperature decreases.
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Nomenclature

a —area, [m]

¢ —thermal capacity, [Jkg '°C ]
R — thermal resistance, [mMKW™]
T — temperature, [°C]

Greek symbiol
p — density, [kgm~]

References
[1]

(2]
(3]

Lu, Y., et al., Research on Geothermal Resource Exploration and Development Issues in the New Era (in
Chinese), Exploration Engineering, 45 (2018), 3, pp. 1-8

Cui, G, et al., Particle Migration and Formation Damage During Geothermal Exploitation from Weakly
Consolidated Sandstone Reservoirs Via Water and CO, Recycling, Energy, 240 (2022), 2, ID122507
Song, W., et al., Migration-Deposition Characteristics of Exogenous Particles Near the Injection Well in
a Groundwater Heat Pump System, Geothermics, 94 (2021), 7, ID102097



Li, J.

-B., et al.: Influencing Law of Key Parameters on the Thermal ...

THERMAL SCIENCE: Year 2024, Vol. 28, No. 2A, pp. 1037-1043 1043

(4]
(3]
(6]
(7]
(8]
(9]
(10]
(1]
[12]

[13]
[14]
[15]
[16]
[17]

(18]

Cao, Q., et al., Current Status and Implications of Geothermal Reinjection Development at Home and
Abroad (in Chinese), Oil Drilling and Production Technology, 43 (2021), 2, pp. 203-211

Song, X., et al., Heat Extraction Performance of a Downhole Coaxial Heat Exchanger Geothermal System
by Considering Fluid-Flow in the Reservoir, Geothermics, 76 (2018), Nov., pp. 190-200

Song, X., et al., Study on Thermal Conductivity of Cement with Thermal Conductive Materials in Geo-
thermal Well, Geothermics, 81 (2019), 9, pp. 1-11

Holmberg, H., et al., Thermal Evaluation of Coaxial Deep Borehole Heat Exchangers, Renewable Energy,
97 (2016), 11, pp. 65-76

Huang, Y., et al., Thermal Performance Analysis on the Composition Attributes of Deep Coaxial Borehole
Heat Exchanger for Building Heating, Energy and Buildings, 221 (2020), 8, ID110019

Wang, G., et al., Heat Extraction Analysis of a Novel Multilateral-Well Coaxial Closed-Loop Geothermal
System, Renewable Energy, 163 (2021), 1, pp. 974-986

Zhang, K. M., et al., Development and Application of BLD Series High-Efficiency Insulation Steel Tub-
ingsfor Geothermal Wells (in Chinese), Drilling Project, 48 (2021), 11, pp. 56-64

Delafkaran, M., et al., Design and Analysis of High Temperature, Thermally Insulated, Pipe-in-Pipe Ris-
ers, Proceedings, Offshore Technology Conference, Houston, Tex., USA, 1997

Ferreira, M. V., et al., Thermally Insulated Tubing Application Prevent Annular Pressure Buildup in Bra-
zil Offshore Fields, Proceedinhs, SPE Deepwater Drilling and Completions Conference, Houston, Tex.,
USA, 2012

Azzola, J. H., et al., The Heat Transfer Characteristics of Vacuum Insulated Tubing, Proceedings, SPE
Annual Technical Conference and Exhibition, Houston, Tex., USA, 2004

Javed, S. A., et al., Bidirectional Absolute GRA/GIA Model for Uncertain Systems: Application in Project
Management, /EEE Access, 7 (2019), Mar., pp. 60885-60896

Dai, J., et al., Analysis of Thermal Performance of Coaxial Borehole Heat Exchanger Using Liquid Am-
monia, On-line first, https://papers.ssrn.com/sol3/papers.cfm?abstract id=4082872, 2022

Deng, J. L., Grey Control Systems (in Chinese), Journal of Huazhong Institute of Technology, 3 (1982),
pp- 9-18

Wang, Y. M, et al., Application of Improved Grey Correlation Analysis in Environmental Quality Assess-
ment, Sichuan Building Materials, 48 (2022), 07, pp. 60-61+63

Cao, M. X., Study on Grey Correlation Analysis Model and Its Application (in Chinese), Ph. D. thesis,
Nanjing University of Aeronautics and Astronautics, Nanjing, China, 2007

Paper submitted: July 15, 2023 © 2024 Society of Thermal Engineers of Serbia
Paper revised: August 22, 2023 Published by the Vinca Institute of Nuclear Sciences, Belgrade, Serbia.
Paper accepted: November 9, 2023 This is an open access article distributed under the CC BY-NC-ND 4.0 terms and conditions



