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At medium-deep and deep parts of the Earth’s crust lay vast and so far mostly untapped reserves of
geothermal energy. This energy source has the potential to meet humanity’s needs for energy for
thousands of years. However, the large-scale deployment has been hindered by a lack of effective and
dependable exploitation technologies. Gravity heat pipes have recently garnered significant attention
due to their exceptional heat transfer capability and their ability to harness geothermal heat without
water-mining. Nevertheless, it is a persistent challenge to extend gravity heat pipes to depths that are
sufficient to exploit deep geothermal energy. In this study, we introduce an innovative ladder-structure
inner pipe design to overcome this shortcoming. This design incorporates a series of stepped ladders
and small condensate guiding pipes, allowing for the development of super-long gravity heat pipes
(SLGHPs). Combined with an optimal working fluid, this novel structure enables kilometers-long gravity
heat pipes. As a direct outcome of this innovation, a 4149-meter-long SLGHP was constructed and
installed in a geothermal well using ammonia as the working fluid. The SLGHP geothermal system
demonstrated the ability of continuous heat output exceeding 1 MW, with a heat flux across the radial

Received 18th March 2024, section of the SLGHP reaching 4 x 10”7 W m~2. Furthermore, an ammonia vapor-driven power generator
Accepted 30th April 2024 was developed and integrated with the SLGHP system. During a 72-hour test, this generator successfully
DOI: 10.1039/d4ee01235f produced electricity at a steady rate of approximately 7 kW. The breakthrough design of the SLGHPs

holds the potential to unlock Earth's deep geothermal energy reserves, providing a sustainable and
rsc.li/ees reliable energy source for generations to come.

Broader context

The super-long gravity heat pipe (SLGHP) is a novel and promising technological advancement to exploit medium-deep to deep geothermal energy. We present
an innovative design that enables the successful development of a kilometers-long gravity heat pipe to access earth-deep geothermal energy. The SLGHP
geothermal system built here is in Xiong’an, China; this heat pipe is the longest in the world with a length of 4149 m. The SLGHP uses ammonia as the working
fluid, and the integrated power generator is driven by ammonia vapor generated by the SLGHP. The SLGHP geothermal system can continuously produce more
than 1 MW of heat, and the heat flux across the radial cross-section of the heat pipe amounts to 4 x 10’ W m™?, surpassing the heat dissipation flux of modern
electronic components, which attests to the exceptional heat transfer capability of the developed SLGHP. The world’s first SLGHP pilot power generator steadily
generated electricity at ~7 KW rate in a 72 h test. The SLGHP system is expected to be widely deployed for geothermal energy exploitation (power generation
and space heating) and for other industrial utilizations, such as underground coal fire control and heavy oil mining.
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Introduction

Geothermal energy is a clean and abundant resource that could
play a crucial role in addressing global energy shortages, air
pollution, and climate change."™ Hot dry rock (HDR) forma-
tions, located 3-10 km beneath the Earth’s crust, hold vast
reserves of geothermal energy (Fig. S1, ESIt), but traditional
extraction methods face significant challenges in accessing
these reserves. Enhanced geothermal systems (EGSs) were
developed in the 1970s to extract heat from HDRs,>” but they
encountered hurdles, such as large-scale rock fracturing®® and
induced micro-seismicity.'®* The growing demand for deep
geothermal energy urgently calls for advanced, highly efficient
geothermal heat extraction technologies.’>*® Moreover, direct
geothermal utilization via traditional methods commonly
involves underground hot water extraction, which faces major
challenges, such as geographic limitations,'”'® reinjection
restrictions,'® and thermal and chemical pollution due to
improper disposal of wastewater.>’

Heat pipes are known for their exceptional heat transfer
capabilities,>"?* and thus, they have been successfully applied
in almost all thermal engineering domains, such as solar
collectors,*** electronics cooling,® energy recovery systems,>” as
well as geothermal energy exploitation.>”*® They have emerged as
a potential solution for deep geothermal energy extraction. The
super-long gravity-assisted heat pipe (SLGHP) is an innovative
variant of heat pipes to extract geothermal energy from significant
depths,”® and it relies on gravity to return the condensed work-
ing fluid, eliminating the need for a wick®**' (Fig. S2, ESIY).
Geothermal systems with the SLGHP are straightforward and do
not require pumping mechanisms, making them an attractive
alternative to multi-well extraction and reinjection systems, such
as the EGS. Moreover, the enclosed and isolated working fluid
within the heat pipe minimizes technical challenges associated
with traditional methods. In its operation, the working fluid
absorbs heat in the evaporation section, vaporizes and rises
towards the condensation section, where it condenses and releases
heat. The condensate returns to the evaporation section under the
action of gravity, sustaining a continuous cycle. As the working
fluid primarily absorbs heat in the form of latent heat, the fluid
temperature within the heat pipe remains almost unchanged. This
feature allows for maximized temperature differences between the
heat pipe and surrounding geothermal formation, leading to
optimized heat harvesting. Moreover, the SLGHP system mini-
mizes the potential risks of scale/corrosion and loss of the working
fluid, resulting in reduced maintenance demands and a dimin-
ished environmental footprint. SLGHP systems offer the unique
advantage of direct steam production, which can be harnessed for
heat pump space heating or steam turbine power generation,
eliminating the requirement of supplementary equipment, such
as a steam separator or flash evaporator.®*>* This enhances the
SLGHP efficiency and system performance as compared to con-
ventional geothermal systems.*

Despite its wide-spectrum applications, heat pipe techno-
logy has almost been stagnant in the last two decades.’”
In particular, there have been no innovative breakthroughs in
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the development of sufficiently long gravity heat pipes that
could meet requirements for earth-deep geothermal (e.g. HDR)
heat extraction; the length of heat pipes rarely surpasses the
100-meter level.*® Gravity heat pipes exceeding this length have
been primarily confined to experimental stages and have not
demonstrated the consistent performance required for wide-
spread industrial and field use.>*”*® The effectiveness of heat
pipes depends on efficient evaporation and condensation in the
evaporator and condenser, as well as minimal resistance to
vapor flow. The extra-long configuration of the SLGHP, probably
spanning a few kilometers, introduces critical limitations.*® Issues,
such as undesirable in-pipe flow patterns and substantial pressure
drop, arise.*” Long-distance vapor/liquid countercurrent flow can
cause interphase entrainment and enhanced vapor drag, resulting
in ill performance and even failure of the system. The accumula-
tion of liquid, extending to a deep liquid pool, creates obstacles,
such as high static hydraulic pressure that inhibits evaporation,
leading to startup failures or reduced performance.*’ Moreover,
the pressure drop in the flow of the rising vapor due to frictional
and gravitational resistances is negligible in typical “short” heat
pipes, but it is notably large and exerts a detrimental impact on the
operation of the SLGHPs with lengths of several kilometers.*'
Addressing these challenges necessitates the development of a
tailored configuration, which distinctly departs from conventional
heat pipe designs, to control in-pipe flow patterns, along with a
systematic selection of the working fluid.**

Herein, we present an innovative structural design, which
enables the effective performance of kilometers-long SLGHPs.
This novel design (Fig. 1) incorporates a set of in-pipe func-
tional modules that couple the stepped reflux configuration
with liquid-vapor separation design to achieve highly efficient
evaporation and prevent the entrainment of long-distance
liquid/vapor counter-flow. A 4149-m-long heat pipe was devel-
oped in-house; this is the longest ever reported pipe, which was
installed in a geothermal well in Xiong’an New Area, Hebei
Province, China. The SLGHP was charged with ammonia as the
working fluid; an ammonia vapor-driven power generator was
developed and assembled with the SLGHP system. In opera-
tion, the SLGHP geothermal system can continuously produce
more than 1 MW of heat, and the heat flux through the radial
cross-section of the heat pipe amounts to 4 x 107 W m 2,
surpassing the typical heat dissipation fluxes of modern elec-
tronic components.** The world’s first SLGHP pilot power plant
steadily generated electricity at ~7 kW rate in a 72-hour test. As
global energy demands continue to rise, the development of
advanced technologies, such as the SLGHPs, will be essential in
harnessing the full potential of geothermal energy. By provid-
ing a sustainable and efficient means of geothermal energy
extraction, the SLGHPs can play a pivotal role in meeting the
world’s energy needs while mitigating environmental impacts.

SLGHP development

To tap into deep geothermal energy reserves, we have developed an
SLGHP capable of reaching lengths of up to a few kilometers.
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Fig. 1 Super-long gravity heat pipe and its working principle.

The unique configuration and working principle of the SLGHPs
are illustrated in Fig. 1. Featuring a pipe-in-pipe design, the SLGHP
incorporates a stepped ladder structure within the inner pipe.
Each unit module of the stepped ladder consists of a single inner
pipe step and small condensate guiding pipe. One step of the
inner pipe and outer casing pipe form an annular container, which
can hold the working fluid in the SLGHP. The small guiding pipe
regulates the depth of liquid accumulation within the annular
container as it facilitates the reflux of the working fluid. Each
ladder module measures approximately 10 meters in height, with
an assembled small guiding pipe length of 3-4 meters. Multiple
ladder modules are strategically arranged within the SLGHP
evaporation section. Along the longitudinal direction of the
SLGHP, a small gap is intentionally left between neighboring
modules to guide vapor flow into the central passage. This
innovative stepped ladder structure enables the SLGHP to
harness deep geothermal energy efficiently and maintain a con-
tinuous cycle of heat absorption, vaporization, condensation,
and reflux.

Once filled with an appropriate amount of working fluid, the
liquid primarily resides within stepped annular containers,
with minimal accumulation at the bottom of the SLGHP.
During operation, the working fluid evaporates and enters the
central passage, where the vapor flows upwards, and the liquid
condensate is directed downwards within the annular space.
Liquid accumulation is maintained at an optimal level in the
annular containers to ensure complete wetting of the SLGHP
evaporation section. Liquid accumulation in the annular con-
tainers is not very high, but it is sufficient to keep all SLGHP
evaporation sections fully wetted. This novel structure effec-
tively helps address common issues encountered in extra-long
gravity heat pipes, such as vapor/liquid entrainment and boil-
ing suppression caused by stagnant liquid pools. The innova-
tive design facilitates highly efficient evaporation and boiling of
the working fluid while segregating the flow of liquid and vapor

4510 | Energy Environ. Sci., 2024, 17, 4508-4518

components; this mitigates the long-range vapor/liquid coun-
tercurrent interference. One remaining challenge that may
affect SLGHP performance is the resistance imposed on the
vapor flow. Long-distance vapor flow can suffer from substan-
tial resistance due to gravity and viscous forces. To counteract
the effects of large vapor flow resistance, it is essential to select
an optimal working fluid for the SLGHP.

Previous research® proposed that a temperature gradient of
the working fluid should be applied along the SLGHP axis (d7/
dy) and should be used as a selection criterion. Smaller d7/dy
values indicate a better working fluid. It was found that d7/dy
remains relatively insensitive to changes in heat pipe diameter
and geothermal source temperature, when ammonia is used as
the working fluid. However, dT/dy increases significantly for
small pipe diameters and low source temperatures with water.
Further studies’* have revealed the unique phenomenological
mechanisms of the SLGHPs by comparing them with normal-
sized gravity heat pipes (NSGHPs). Operational characteristics
were analysed in these studies by taking into consideration
their distinctive geometric features. While thermal resistance
caused by vapor flow is negligible in the NSGHPs, it dominates
the overall thermal resistance of the SLGHPs. Both studies*®**
concluded that an ideal SLGHP working fluid should possess
following properties: (i) high latent heat of vaporization and
(ii) a strong dependence of saturated vapor pressure on tem-
perature. A comprehensive analysis has indicated that ammo-
nia is an optimal working fluid for most geothermal
applications (Fig. S3, ESIT).

SLGHP geothermal system

We built the SLGHP geothermal system in Xiong’an New Area,
Hebei Province, China (extended data Fig. 1). The 4507-m-deep
geothermal well, D34, is located at Liulizhuang Town, Anxin

This journal is © The Royal Society of Chemistry 2024
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County of Xiong’an New Area; geologically, this well is situated
in the northeastern part of the Gaoyang Low Uplift within the
Jizhong Depression (Fig. S4, ESIt). Based on regional exploration
data, the local constant temperature stratum is approximately
25 m below the surface, where a constant temperature of 15 °C
is observed. Owing to lithology and tectonic variations, the
geothermal gradient varies significantly with depth. The Cenozoic
stratum, 0-3455 meters subsurface, primarily consists of loam,
mudstone, sandstone, and conglomerate, and it has an average
geothermal gradient of 2.73 °C per 100 meters. In contrast, the
Proterozoic stratum, 3455-4507 meters subsurface, is predomi-
nantly composed of dolomite and has an average geothermal
gradient of 1.23 °C per 100 meters. The measured temperature is
131.8 °C at the bottom of the well.

The D34 well was drilled by the China geological survey; its
borehole featured three distinct sections with progressively
smaller diameters as it reached downward; each section was
reinforced with a casing. The first section is at a depth from 0 to
1012 meters with a casing diameter of 339.7 mm; the second
extends from a depth of 1012 to 3433 meters with a casing
diameter of 244.5 mm; the third is between the depths of 3433 and
4507 meters with a casing diameter of 177.8 mm. An SLGHP
developed in-house with a length of 4149 meters was installed
inside the wellbore (Fig. 2b). The SLGHP also consists of three
sections with different outside diameters: (1) from 0 to 752 meters
in depth, the diameter is 244.5 mm; (2) from 752 to 3105 meters,
the diameter is 177.8 mm; and (3) from 3105 to 4149 meters, the
diameter is 127.0 mm. Each section of the SLGHP is slightly
smaller in diameter than the corresponding borehole casing.
To eliminate the thermal contact resistance between the SLGHP
and geothermal formations, the annular space between the SLGHP
and casing was filled with water. It should be mentioned the
SLGHP is about 350 meters shorter than the well depth, which
helps protect the SLGHP and wellbore from potential damage.
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The pilot SLGHP geothermal system is schematically pre-
sented in Fig. 2(a). It was designed to serve two sets of tests:
heat extraction test and power generation test. For the heat
extraction test, valves 1 and 4 are turned on, while valves 2, 3, 5,
and 6 are turned off. This arrangement allows the vapor of the
working fluid to leave the SLGHP and flow directly into the
condenser, releasing latent heat into cooling water. Subse-
quently, the condensed fluid, after returning to the SLGHP,
flows into it by the force of gravity. The heated cooling water
goes to the cooling tower and releases heat to the ambient
atmosphere. For the power generation test, valves 2, 3, 5, and 6
are turned on, while valves 1 and 4 are turned off. In this setup,
the vapor of the working fluid coming from the top of the
SLGHP flows into a double-stage turbine and later into the
condenser. The condenser is cooled by circulating water; as a
result, the pressure of the working fluid in the condenser is
significantly lower than the pressure of the vapor leaving the
SLGHP and entering the condenser. This pressure difference
causes the working fluid vapor to expand, while going through
the turbine, which drives the generator to produce electricity.
The condensed fluid in the condenser is collected in a tank,
and subsequently, re-introduced into the SLGHP by a booster
pump. For both tests, cooling water circulates first through the
condenser and is then sent to the cooling tower to lower its
temperature to the required level before entering the conden-
ser. The performance of the cooling tower is adjusted by
controlling the operation of two air fans positioned at its top.
Adjusting the speed of these fans can create various cooling
conditions for the tests.

Considering the geothermal conditions and size of the
SLGHP, ammonia was selected as the working fluid for the heat
pipe** (Fig. S3, ESIt). Before charging with ammonia, the
SLGHP was vacuumed to a vacuum level lower than 0.8 kPa.
The SLGHP was charged (or discharged) many times with
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Fig. 2 (a) SLGHP geothermal system constructed in Xiong'an, China; (b)
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ammonia; each time, while charging or discharging, about
200-500 kg of ammonia was used, and the pressure in the
SLGHP condenser was recorded 24 hours after each charge
(or discharge). We checked the pressure in the SLGHP con-
denser to examine the response of the SLGHP to the charge
(or discharge) with ammonia to verify proper operation.

Fig. 3a demonstrates the pressure in the SLGHP condenser
as a function of the amount of ammonia in the SLGHP, and
Fig. 3b schematically presents the calculated ammonia distri-
bution in the SLGHP at different stages. Regardless of the
amount of ammonia used for charge or discharge, qualitatively,
the pressure in the condenser increases with increasing
amounts of ammonia in the SLGHP, while the ammonia
distribution shows three distinct stages: I. Vapor only; IIL
Partially wetted; and III. Fully wetted.

In the vapor-only stage, all the ammonia in the SLGHP is in
the vapor phase. Once charged ammonia, which turns into
vapor immediately, is sufficient to fill all the space in the
SLGHP, liquid ammonia starts to accumulate at the uppermost
ladder module. In Fig. 3a, it can be noted the vapor-only stage
ends at a condenser pressure of 1.2 MPa with charging using
approximately 0.45 tons of ammonia. 1.2 MPa pressure corre-
sponds to the saturation vapor pressure of ammonia at the
geothermal formation’s original temperature (31 °C) at the
location of the upper first ladder. The increase in ammonia
charged into the SLGHP leads to the filling of the upper ladder
modules with liquid ammonia, while the pressure in the
condenser increases. Inside the SLGHP, the temperature is
almost uniform; the operation of the partially-wetted SLGHP
flattens the geothermal formation temperature of the wet
section. In Fig. 3a, it is worth noting that the partially-wetted
stage occurs for an ammonia quantity of 4.68 tons, at which
point liquid ammonia reaches the position of approximately
2000 m underground. By further increasing the amount of
ammonia charged, the wet section progressively extends dee-
per. As the average formation temperature across the wet
section increases, the temperature in the SLGHP, and the
pressure in the condenser also increases. When all ladder
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modules in the SLGHP are filled with liquid ammonia, the
temperature and pressure in the SLGHP reach the highest
values; the highest recorded pressure in the condenser is
3.97 MPa with 7.70 tons of ammonia charged, as illustrated
in Fig. 3a. The SLGHP system was charged with ammonia one
more time, amounting to a total of 7.93 tons of ammonia. It is
observed that the pressure decreases, which occurs because too
much liquid ammonia accumulates and floods the SLGHP
bottom section, hindering the evaporation of ammonia.*® The
pressure for the ammonia discharge process (Fig. 3a) is always
above that for the charging process, which is due to substan-
tially more heat uptake from the deeper high-temperature
geothermal formation during the discharge process. For
0.45 tons of ammonia, no liquid ammonia remains in the
SLGHP, and the pressure for the charge and discharge process
coincide.

The above-described charge/discharge tests corroborate that
the SLGHP can properly work according to its design, and it is
found that the SLGHP needs 7.70 tons of ammonia for its
optimum filling.

Performance of the SLGHP geothermal
system

Performance tests of the SLGHP geothermal system spanned
over a period of about 170 days, including a 40-day continuous
heat extraction test, a 45-day continuous heat extraction test,
a 3-day power generation test, and an 80-day continuous heat
extraction test (extended data Fig. 2). In total, the 3-stage heat
extraction test lasted for more than 165 days and was con-
ducted for three different speed levels of cooling tower fans,
namely: (I) full speed, (II) medium speed, and (III) low speed.
40-Day testing data for each of the three testing conditions
is reported in Fig. 4a. Lowering the fan speed increases the
temperature at which ammonia vapor condenses and SLGHP
production temperature, while it decreases the heat extraction
rate. As the heat extraction test proceeds, the heat extraction
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Fig. 3 Response of the SLGHP to charge and discharge with ammonia. (a) Pressure in the SLGHP condenser as a function of the ammonia quantity;

(b) schematic distribution of ammonia in the SLGHP.

4512 | Energy Environ. Sci., 2024, 17, 4508-4518

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ee01235f

Open Access Article. Published on 14 May 2024. Downloaded on 12/4/2025 7:59:06 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

rate tends to decrease, primarily due to the declining geothermal
formation temperature adjacent to the SLGHP. This occurrence is
common for single-well closed-loop geothermal systems.*®

Under test conditions I, IT and III, 40-day average production
temperatures are 36.8 °C, 52.8 °C, and 59.3 °C, respectively. The
corresponding average heat extraction rates over the 40-day test
are 1049 kW, 596 kW, and 442 kW, respectively. In terms of the
diameter of the middle section of the heat pipe, 177.8 mm,
considering the 1049 kW heat extraction rate, the heat flux
through a radial cross-section of the SLGHP is more than 4 X
10" W m™?, attesting its exceptional heat transfer capability.
The simulated heat extraction rates (at each production tem-
perature, 40-day averaged), along with the data of the three tests
are reported in Fig. 4b. The simulation model employed (Fig.
S5, ESIT) is detailed in the ESI, which has already been
validated by practical field test data®” and was further validated
by underground temperatures measured in the present work
(extended data Fig. 3). Close observation of Fig. 4b has evidence
that simulation results, and test data agree well with each
other. The simulation model is based on the assumption that
the SLGHP operates under ideal conditions, in particular, by
assuming that liquid/vapor entrainment, stagnant liquid at the
SLGHP bottom, and local dry-outs do not occur. Therefore, the
good agreement between the test data and simulation results

1500
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indicates the SLGHP design is very successful as it leads to a
system performing close to an ideal system.

In addition to condenser temperatures, Fig. 4c reports
SLGHP temperatures measured at three underground monitor-
ing points, ie, at 235 m, 470 m, and 940 m subsurface,
respectively, under the conditions of test II. As the heat extrac-
tion process proceeds, the temperature of the SLGHP decreases
as a result of the decrease in the temperature of the surround-
ing geothermal formation. The temperature of the upward flow
in the SLGHP, from underground to surface, decreases but,
generally, the decrease is relatively minor - about 5 °C for a
distance of approximately 1000 m. Inside the SLGHP, the
ammonia vapor and liquid are thermodynamically in a quasi-
equilibrium state; therefore, the temperature and pressure are
related to each other (Fig. S6, ESIt), ie. the temperature
decrease is essentially associated with the drop in vapor pres-
sure. The measured drop in temperature indicates that the
SLGHP is performing very well; furthermore, observations in
Fig. 4a lead to the conclusion that control of the temperature in
the condenser is an effective measure to adjust the heat
extraction rate of the SLGHP. Extended data Fig. 4 reports the
results under the test conditions of I and III.

After the heat extraction tests of the SLGHP system were
completed, the geothermal formation was allowed to recover
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for 16 days. During this time, the power generation test was
conducted for 72 hours in total. The primary aim of the test is
to verify the feasibility of saturated vapor produced by the
SLGHP system to drive the steam turbine of the power genera-
tion system, which operates as a Rankine cycle. The operation
is started by keeping the cooling tower and water circulation
loop in an idle state; valves 2, 3, 4, 5, and 6 are then turned on,
while valve 1 is turned off. Therefore, pressures before and after
the turbine are equal, both in equilibrium with the SLGHP
output vapor. By turning off valve 4 and turning on the water
pump to start the cooling tower and water circulation loop, the
pressure in the condenser decreases, leading to the develop-
ment of a pressure difference between the two ends of the
turbine, which drives the turbine and coaxial electrical gen-
erator to produce electricity.

The performance of the SLGHP power generation system
is reported in Fig. 5 of extended data; this shows the heat
extraction rate, power generation rate, turbine inlet temperature,
turbine outlet temperature and ambient temperature as a func-
tion of the operation time. In addition, it includes an exergy flow
chart, which was calculated in terms of the average values
obtained from the 72-hour experiment. A two-stage turbine
designed in-house (Fig. 5e) was used for the test. The first and
second stages of the turbine share a common shaft with an
electrical generator, while they are set with a reverse exhaust
direction to counterbalance the axial force. The designed turbine
inlet temperature and outlet temperature are 50.6 °C and 37 °C,
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respectively. During the 72-hour test, the turbine inlet tempera-
ture was kept below the designed value, and the average value
was only 46.53 °C (Fig. 5c). Nevertheless, it can be noted the
power generation system steadily generates electricity at ~7 kW
rate during the test (Fig. 5b). The power generation trend
indicates two relevant characteristics: the first is that the power
generation increases with an increase in heat extraction rate,
although the increase is not obvious due to reduced turbine
efficiency (extended data Fig. 6b); the second is that power
generation slowly decreases with the operation time, which is
similar to the temporal behavior of the heat extraction rate.

The exergy flow chart in Fig. 5d indicates that the total exergy
production from the underground geothermal formation was
108.48 kW in the 72-hour test (extended data Fig. 6a). This
demonstrates the good potential of the SLGHP power generation
system. The largest exergy destruction occurs during the condensa-
tion process, which accounts for 73.70% of the total exergy
produced. This large exergy destruction is mainly caused by the
cooling capacity of the cooling tower, which cannot further reduce
the temperature difference between condensation and ambient
temperatures. However, this large portion of energy loss can be
recovered through cascade utilization systems with different types
of output, such as space heating. Moreover, as the ammonia-driven
turbine is operating at off-design conditions, its low efficiency
(extended data Fig. 6b) is also an important reason causing the
low exergy efficiency of the SLGHP power generation system
(extended data Fig. 6c).

72-hour average
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Fig. 5 Power generation performance of the SLGHP system. (a) Heat extraction rate, (b) power generation, (c) temperatures, (d) exergy flow chart, and

(e) turbine structure.
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Concluding remarks

Conventional technologies for the extraction of geothermal
energy have faced serious drawbacks in their development and
utilization. In particular, the mining-water-to-use-heat mode for
hydrothermal resource exploitation has caused numerous second-
ary environmental problems, such as decreased underground water
levels, surface subsidence and adverse environmental impact.*’
The Enhanced Geothermal System (EGS) for HDR heat extraction
has made slow progress toward commercialization due to several
difficulties, such as artificial reservoir creation, downhole inter-
well-connection®® and induced seismic activity.'">** Using the
SLGHP to exploit medium-deep and deep geothermal resources
circumvents or even avoids issues or technical difficulties encoun-
tered in accessing conventional hydrothermal energy and EGS
exploitation from the HDR. The kilometers-long SLGHP developed
in the present work is expected to be widely deployed for geo-
thermal energy exploitation.

Using SLGHP facilitates heat transport from deep into the
earth to the ground; the tests conducted to evaluate the SLGHP
geothermal system have demonstrated the exceptional heat
transfer capability of the SLGHP. However, the low thermal
conductivity of the geothermal formation can limit the overall
heat extraction performance of SLGHP geothermal systems.*®
The augmentation of the SLGHP heat production is a challenge,
which must be addressed. The creation of near-well artificial
reservoirs, in combination with heat transfer enhancement, can
offer a potential solution. Previous studies®**® indicate that near-
well heat transfer enhancement within a ~ 10-meter radius around
the SLGHP can effectively augment its performance.

The SLGHP geothermal systems have the unique advantage
of direct vapor production, which can be used to drive heat
pump systems for space heating or steam turbines for power
generation, simplifying the surface-level systems for geother-
mal utilization. At the same time, it enhances the energy
utilization efficiency. Testing of the SLGHP ammonia vapor-
driven power generation system demonstrates the feasibility of
this technological route; however, it should be accepted that
there is still much research work to be done in the future, such
as optimization and adaptation of the design of the surface
equipment and steam turbine.

For large-scale commercial deployment, we may first con-
sider the geothermal energy exploitation from numerous aban-
doned oil/gas wells to save the well-drilling cost, which can be
the largest initial investment in the SLGHP geothermal
systems.**>® The SLGHP is essentially a highly efficient heat
transport device, which can be also used in industrial scenar-
ios, other than geothermal energy production, for instance,
underground coal fire control®® and heavy oil mining.?*>*

Methods
SLGHP fabrication

The SLGHP was fabricated by assembling many standard oil
casing tubes of ~11 m in length; the casing tubes are con-
nected by screw joints. The total length of the gravity heat pipe

This journal is © The Royal Society of Chemistry 2024
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is 4149 m, consisting of 3 sections of 244.5 mm (0-752 m),
177.8 mm (752-3105 m) and 127.0 mm (3105-4149 m) outer
diameter, respectively. Fig. 1 presents details of the stepped
ladder module, which was welded inside each casing tube.

Installment of the SLGHP geothermal system

Standard oil casing tubes (~11 meters in length) welded with
inner pipes are manufactured as modular products. These are
placed inside the well one-by-one after being connected by
screw joints. On the ground, the SLGHP is connected to the
condenser; power generator and cooling tower to complete the
SLGHP geothermal system (Fig. 2).

Temperature measurements

The downhole temperatures of the SLGHP are measured by a
multi-point temperature detection system composed of several
probes and a cable connected to a host. The instrument model
is SYKJ-16, produced by Shanxi Gentry Yu Electronic Technol-
ogy Co. Ltd. The error in temperature measurements is £0.5 °C.
Three temperature probes were mounted on the outer surface
of the heat pipe. The depths of these probes are 235 m, 470 m
and 940 m, respectively. Temperatures of ground devices are
measured by plug-in Pt resistance temperature probes attached
to specified monitoring positions, which have a measuring
error of £0.1 °C.

Pressure measurement

A pressure sensor was set in the condenser to collect and send
pressure data to a data acquisition system. The pressure
transmitter is a product of Shanghai Enbbon Automation
Instrument Co. Ltd, model type EB3351T-G, with a measuring
range of 0-6 MPa and an uncertainty of +0.2% FS (full scale).

Fluid flow rate measurement

The cooling water flow rate is measured by an electromagnetic
flowmeter set at the outlet of the condenser. The flowmeter
model is LWGY-65C, which is a product of Fimeet Company
with a measuring error of £0.5%.

Ammonia charge and discharge

The system is vacuumed before charging with ammonia. Dur-
ing charging, valve 6 is open and valves 4 and 5 are closed
(Fig. 2). To guarantee the complete release of gases from the
SLGHP, a small amount of ammonia is first injected into the
SLGHP by a high-pressure injection pump, followed by dis-
charge and vacuum. This process is repeated a few times to
allow a reduced vacuum of <0.8 kPa in the SLGHP, which
allows the charging process to proceed. The quantity of ammo-
nia used for charging is monitored by the liquid level gauge set
at the ammonia storage tank. The system also allows ammonia
vapor to return to the tank (ie. ammonia discharge) when
valves 1 and 5 are open and other valves are closed, while the
cooling of the condenser is in action by circulating water.
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Heat extraction testing

In the heat extraction testing, the SLGHP geothermal system
(Fig. 2) has valves 1 and 4 on, while valves 2, 3, 5, and 6 are
off. By adjusting the speed of the two cooling tower fans, the
temperature at which ammonia condenses and its corres-
ponding saturation pressure inside the condenser is controlled.
Different condensing temperatures result in different heat
extraction rates. The calculation of the SLGHP system heat
extraction rate is determined using eqn (S1) (ESIT).

Power generation testing

In the power generation test, the electricity generated is con-
sumed by an electric heater to heat water. The voltage, current,
and frequency are measured and recorded by a digital power
meter, model PM9816, produced by NAPU Company, with a
measuring error of +0.5%. The real-time power generation is
calculated by multiplying voltage and current; the exergy pro-
duction rate and exergy efficiency, as well as turbine efficiency,
are calculated with thermodynamic models reported in ESIL,¥
eqn (S2)-(S7).

SLGHP heat extraction modeling

A previous model***” was employed to simulate the SLGHP

heat extraction process. The framework and governing equa-
tions of this model are presented in Fig. S5 (ESIT). The model is
formulated based on following assumptions: (i) no stagnant
liquid pool or dry spot is present at the bottom of the heat pipe,
i.e., no evaporation inhibition or local overheating occurs at the
bottom evaporation part of the heat pipe; (ii) no liquid-vapor
entrainment occurs along the heat pipe, and thus, the flow
resistance in the SLGHP is mainly determined by the flow
resistance of the vapor and follows an empirical in-pipe turbu-
lent flow resistance correlation; (iii) the fluid inside the heat
pipe is thermodynamically in a phase equilibrium state; (iv) the
working fluid condenses at constant temperature (7.) when
leaving the 2nd stage of the turbine and entering the con-
denser; and (v) the interphase momentum exchange of the
gas-liquid phase is neglected. The data from a field test*’
conducted in Tangshan, Hebei Province, China, was used to
benchmark the model and validate its accuracy. In the present
study, the SLGHP employs ammonia as the working fluid, while
water was used as the working fluid in the SLGHP used in the
Tangshan Field test. Therefore, the model was extensively
tested using ammonia. The simulation results were compared
with the measured temperatures of the three downhole tem-
perature monitoring points (at depths of 235 m, 470 m, and
940 m, respectively) during a 12-hour heat extraction test and
60-hour heat recovery test. The good agreement (extended data
Fig. 3) between the simulation results and measurements
further corroborates the reliability of the model.
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