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ARTICLE INFO ABSTRACT

Keywords: Traditional refrigeration methods often rely on energy-intensive, high operational costs and result in consider-

Cooling able negative environmental impacts. This paper introduces a novel and revolutionary approach to refrigeration

Mountains technology through the implementation of the Gravity Refrigeration Cycle (GRC). GRC utilizes vertical pipelines

Gravity . in high elevation mountains instead of compressors to increase the pressure of refrigeration gases. Gas added to

Energy efficiency . o e s . .

Decarbonization the top of the vertical pipeline is pulled down by gravity, increasing the pressure and density of the gas along the
vertical pipeline and liquefying it at the bottom of the pipeline. The liquid is then transported back to the top of
the mountain, where cooling services are provided, and the cycle starts again. The estimated coefficient of
performance for a GRC system with 28 and —7 °C hot and cold sinks is 4.19, which is 1.84 times higher than
conventional, mechanical refrigeration systems and a cost of 274 USD/kWt, 2.2 times higher than conventional
systems. Gravity Refrigeration Cycle represents a paradigm shift in refrigeration technology in mountainous
regions, particularly for processes with high demand for cooling, such as hydrogen liquefaction. As the world
seeks greener and more economical alternatives, GRC could be a promising advancement in refrigeration.

mention this technology in the literature and industry. The most similar

refrigeration cycle compared with the GRC proposed in this paper found

Introduction in the literature was created by Von Platen and Muter in 1928 and in-
volves bubble pumps, gravity and absorber [7]. However, GRC does not

The urgency to combat climate change necessitates a fundamental require an absorber. Gravity is also applied in conventional refrigeration
shift in refrigeration technologies [1]. New sustainable alternatives are systems to enhance the performance of evaporators and heat pump
crucial to reduce greenhouse gas emissions, conserve energy, and ensure systems [8], however, the compression is not performed by gravity.
reliable cooling solutions across industries [2]. The pressing need for Wiencke 2011, describes a cooling system design where gravity is used
new sustainable refrigeration technologies has never been more evident to separate refrigeration liquids [9]. Lee and Kim 2004 studied how
as the world grapples with the challenges of climate change and popu- gravity in multi-pass condensers affects refrigerant flow rate distribution
lation increase in developing countries [3]. Emerging technologies, such in U-bend tubes [10]. Aprea et al. 2003 described the influence of

as magnetic refrigeration [4], thermoelectric cooling [5] and seawater gravity in condensation heat transfer coefficients for CHCIF, [11]. Li

air-conditioning [6] promise of improved energy efficiency by employ- et al. 2023 investigated the low boiling heat transfer and pressure drop

ing novel mechanisms for heat exchange. These innovations not only of CF3CH,CHF; inside horizontal tubes under hypergravity [12]. Killion
reduce operational costs but also decrease the reliance on non- and Garimella 2003 studied the gravity-driven flow of liquid films and

renewable energy sources, fostering a more sustainable energy droplets in horizontal tube banks [13].

landscape. In contrast to traditional methods, the proposed GRC harnesses the

The main contribution of this paper is to present a completely new power of gravity with high-density, high-pressure gases to create
refrigeration cycle that uses gravity in vertical pipelines to compress the energy-efficient refrigeration cycles without the need for compressors.
refrigeration gas instead of using compressors or pumps. The technology In this paper, we provide a comprehensive analysis of the theoretical
was named gravity refrigeration cycle (GRC). This is the first paper to framework behind the GRC, including thermodynamic models and
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Nomenclature
COP Coefficient of Performance
CRC Conventional Refrigeration Cycle

GRC Gravity Refrigeration Cycle

GWP Global Warming Potential

LEST Lift Energy storage technology
M-TES Mobilized thermal energy storage
SFe Sulfur Hexafluoride

uUSD United States Dollar

simulations. We also present results that validate the effectiveness of the
proposed approach. Additionally, a comparative case study is conduct-
ed, benchmarking the GRC against traditional refrigeration cycles in
terms of energy efficiency and cost-effectiveness. This paper is divided
into five sections. Section 2 describes the GRC technology and the
equations applied. Section 3 presents and discusses the results of the
paper. Section 4 concludes the paper.

Methodology

The gravity refrigeration cycle provides cooling services on the top of
a mountain with the evaporation of refrigeration gas. After the cooling
potential is extracted from the gas, it is added to a vertical pipeline at 10
bar. This is the same pressure as in the evaporator. Thus, there is no need
for compressors. A compressor could be added if a lower temperature is
required. However, this could lower the efficiency of the system. The gas
pressure, temperature, and density will increase along the pipeline. Heat
exchangers are embedded along the vertical pipeline to reduce the gas
temperature. The heat exchanger could be built within the pipeline to
lower costs and reduce friction in the refrigerant gas. It is assumed that
the refrigerant gas temperature is 5 °C higher than the ambient tem-
perature, which allows a cool heat transfer between the refrigerant gas
and the environment. The gas turns into liquid in the condenser, which
uses outside ambient air for cooling. The liquid refrigerant is stored in a
lower liquid storage tank. If the refrigeration plant has a small cooling
capacity, the liquid is loaded onto an electric truck (Fig. 1a), which
transports the liquid refrigerant up the mountain and releases it in the
upper liquid storage tank. If the refrigeration plant has a high cooling
capacity, the refrigeration liquid is pumped from the lower liquid stor-
age tank to the upper liquid storage tank (Fig. 1b).

The energy efficiency of GRCis compared with the conventional
refrigeration cycle by calculating the system’s coefficient of perfor-
mance (COP). This is estimated with Equation (1), where C is the cooling
service produced by the GRC system (in W). E is the electricity consumed
by the GRC system in (in W). The cooling service is further detailed in

Evaporator/  Upper liquid
cooler storage tank
a
Gas
flow
Steep
moutain:
Gravity 1000 to
pressurized 4000 m
pipeline altitude
Lower liquid
Condenser storage tank

Electric truck

Sustainable Energy Technologies and Assessments 69 (2024) 103919

Equation (2), m is the flowrate of liquid SFg (in kg/s), L is the latent heat
of evaporation at the evaporator (in J/kg), Tk is the temperature of the
refrigeration gas evaporating on the top of the vertical pipeline (in °C),
T4 is the ambient temperature (in °C), and minus 5 is the required
temperature difference for the cooler on the top of the mountain. cg is
the average specific heat of the gas (in J/kg°C). c; is the average specific
heat of the liquid (in J/kg°C). The electricity consumed is further
detailed in Equation (3), where H is the altitude difference between the
lower liquid storage tank and the upper liquid storage tank (in meters), g
is the gravity acceleration, equal to 9.81 m/s2, and e is the efficiency of
the electric truck, assumed to be 60 % [14], or pump assumed to be, 90
% [15]. Equation (4) is used to estimate the pressure variation along the
gas and liquid pipelines, where P is the pressure of the section of the
column being analyzed (in Pa), P; is the pressure directly above the
section of the column being analyzed (in Pa), p is the density of the gas
and liquid [16] (kg/mg), h is the altitude of the sections in the analysis,
which in this case is 100 m. The pressure loss in the gas pipeline is
negligible as the gas velocity is very low (3 m/s). The velocity must be
low as the gas gains must dissipate heat to the environment while it
moves down the pipeline. The coefficient of performance (COP),
assuming Carnot efficiency, is estimated with Equation (5) [17]. Where
COP is the coefficient of performance of the refrigeration system, T¢ is
the temperature of the cold heat sink (i.e., the temperature in the
evaporator in °C), Ty is the temperature of the hot heat sink (i.e., the
temperature in the condenser in °C) and e is the refrigeration system’s
efficiency.

C
COP—E (@D)]
C:m><L+(TE7TA75)><CG7(TA+37TE)><CL (2)
E=Hxmxgxe 3
P=P+pxgxh @
Tc
COP=-—"——Xxe S5
Ty — Tg) )

The selection of high-density gases further enhances the efficiency of the
GRC. Table 1 presents a comparison of different gases for GRC. The
higher the density and molar mass of the gas, the smaller the pipeline
altitude to liquefy the gas. The critical temperature must be higher than
the ambient temperature. If not, the gas will not liquefy in the bottom of
the pipeline. But also, the critical temperature should not be much
higher than the temperature at the bottom of the mountain because the
density of the gas significantly increases when it is near the critical
temperature. We have tested the gases in Table 1 for applying GRC to
Saudi Arabia and found that SF¢ is the most suitable gas. The case study
intends to produce ice on the top of mountains in Saudi Arabia, where
the average ambient temperature can reach 40 °C. The gas selected is
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Fig. 1. Gravity refrigeration cycle description using (a) electric trucks and roads or (b) pumps and pipelines.
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Table 1
Comparison of different gases for GRC.
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Gas Gas name Density at STP  Molar mass Critical Critical Critical General comments for GRC application
(kg/ms) (g/mol) temp. (°C) pressure (bar) density (kg/
m®)

CO, Carbon dioxide 1.98 44 30.98 73.77 467.6 Widely available, but low gas density, low critical
temperature and high critical pressure.

Xe Xenon 5.98 124 to 136 16.7 58.4 1103 High gas density, but low critical temperature,
rare and unstable.

SFe Sulfur hexafluoride 6.43 146 45.57 37.55 724.3 High gas density, right critical temperature, low
critical pressure. Ideal for GRC

CsFg Octafluoropropane 8.17 188 71.87 26.4 628.0 High gas density, but the high critical temperature
and does not cool at negative temperatures.

C4Fg Octafluorocyclobutane 8.69 200 115.44 27.8 620.0 High gas density, but the high critical temperature
and does not cool at negative temperatures.

Rn Radon 9.73 210 to 224 104 62.8 1630 High gas density, but high critical temperature,
rare and unstable.

C4F19  Perfluorobutane 10.34 238 113.2 23.2 630.0 High gas density, but high critical temperature

and does not cool at negative temperatures.

sulfur hexafluoride (SFg). SF¢ is a colorless, odorless, and non-flammable
gas with a 146 M mass. It is suitable for GRC because of its high molar
mass and lower boiling point. Other advantages of using SF6 are
described in Table 2. The main disadvantage is the high global warming
potential (GWP), 23,900 times higher GWP than CO», [7]. However, this
can be mitigated by minimizing leaks in the system.

Fig. 2 presents the physical characteristics of SF¢ relevant to the
paper. Fig. 2a presents the pressure vs temperature phase change dia-
gram for SFe. The critical temperature and pressure of SFg are 45.57 °C
and 37.55 bar, and the triple point is —49.60 °C and 2.31 bar [18].
Fig. 2b presents the density vs. pressure phase change diagram, and
Fig. 2c presents the density vs.temperature phase change diagram for

Table 2
Advantage for using sulfur hexafluoride as a GRC refrigerant.

Advantages
Non-toxic and non-flammable
under normal conditions

Safe for various applications. However, it’s
important to note that if SF leaks into the
environment, it can form potentially harmful
byproducts when exposed to electrical
discharges.

Chemical Inert It does not react easily with other substances,
which increases its lifetime.

Six times denser than air at 1 atm due to a high
molar mass of 146.

Even though SF¢ has a high molar mass, it still
has a low critical temperature. Also, the critical
temperature is similar to the ambient
temperature of warm desert regions (45.57 °C).
This is convenient because the temperature of
the pipeline will be similar to the ambient
temperature along the pipeline. If the critical
temperature is too low, the refrigerant will not
liquefy, if the critical temperature is too high,
then it will not provide cooling at low
temperatures. SFg has the ideal critical
temperature for this application.

Enhances cooling effects.

Dense gas

Low critical temperature

Superior compression

characteristics
Thermally stable It can maintain its properties even at high
temperatures, which increases its lifetime.
Insulating gas in electrical equipment, tracer gas
for leak detection, cover gas in magnesium
production, medical imaging contrast agent, and
is applied in various research and industrial
processes.

Other applications of SFg

Disadvantage

Low latent heat of vaporization The latent heat of vaporization of SFe in GRC
small 94.14 kJ/kg. This is not convenient for
GRC because it takes a lot of energy to pump the
liquid SF¢ up the mountain and a little cold can
be extracted from evaporating the liquid. The
bigger the latent heat, the best it is for GRC.

SFe [18], where the critical density is 733.3 kg/m3. Fig. 2d presents the
SFe gas pressure along the vertical pipeline. Further details on the
physical characteristics of SFe gas were taken from [19].

Results and discussion

Fig. 3 presents the case study in Abha, Saudi Arabia (Fig. 3a). The
altitude difference of the proposed vertical pipeline is 1750 m (Fig. 3b).
The horizontal distance between the condenser and the evaporator with
the pipeline is 6.4 km (an average angle of 15.3°), and with the existing
roads is 16.4 km (an average angle of 6.1°). The pipeline cannot be
constructed in a tunnel because it dissipates heat from the compressed
gas inside it. Thus, it is installed over a clean surface with supports to
hold the pipeline above the ground. Fig. 3c shows the proposed GRC
project with a topographical background from [21]. This project as-
sumes that the cold will be consumed beside the evaporator. Examples of
processes that require a lot of cooling energy are hydrogen, oxygen and
nitrogen liquefaction. Options to transport the cold from the GRC plant
to Abha are described in the discussion section (Section 4).

Fig. 4a presents the coefficient of performance of conventional
refrigeration cycles, using Equation (4) and assuming a hot sink tem-
perature of 28 °C, the temperature on the top of the mountain close to
Abha. The cold sink temperature assumed is —7°C, which results in a
temperature difference of 35 °C and a COP of 7.6, assuming 100 %
Carnot efficiency, 3.8 with 50 % Carnot efficiency, 2.28 with 30 %
Carnot efficiency and 0.76 with 10 % Carnot efficiency.

The refrigerated liquid reaches the top of the mountain through the
pipeline or electric truck, where it is cooled to 25 °C, then the refringent
gas evaporates and cools to —7°C, providing cooling services. After the
gas evaporates, it is heated to 18 °C to extract all the cold from the gas.
Fig. 4b presents the vertical pipeline temperature of the gas and liquid
pipelines, and the ambient temperature. The ambient temperature var-
ies from 23 to 40 °C and the temperature inside the pipelines is assumed
to be 5 °C higher. To achieve these temperatures, the heat resulting from
the gas compression must be dissipated into the environment. The
resulting gas pressure and density along the pipeline are estimated using
Equation (4). The heat is extracted along the gas pipeline, as the
refrigerant gas should be as cold as possible to increase its density and
effectiveness as a gravity refrigerant. Fig. 4c and d show the pressure and
density of the refrigerant gas in the pipeline in red, respectively. The
pressure of the gas at the top of the vertical pipeline is 10.26 bar, and it
increases to 37.55 bar. The density of the gas at the top of the vertical
pipeline is 68.2 kg/m®, and it increases to 724.3 kg/m>. The closer the
gas pressure is to the phase change pressure, the faster the density of the
gas increases with pipeline depth. When the gas reaches the condenser,
it liquefies, and is added to the lower storage tank and then pumped to
the top of the mountain. Fig. 4e and f show the pressure and density of
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Fig. 2. (a) Pressure vs. temperature phase change diagram for SFe [18], (b) density vs. pressure phase change diagram for SF¢ [18], (c) density vs. temperature phase

change diagram for SFg [18], and (d) heat of vaporization vs. temperature [20].

the refrigerant liquid in the pipeline in red, respectively. The pressure of
the liquid at the top of the vertical pipeline is 26 bar and it increases to
282.6 bar. The density of the liquid at the top of the vertical pipeline is
1305 kg/m?, and it increases to 1609 kg/m®.

Table 3 compares the coefficient of performance of the conventional
refrigeration cycle and the gravity refrigeration cycle. Conventional
mechanical refrigerators usually have efficiencies 30 % of the Carnot
efficiency, and its COP for cooling from 28 to —7°C is around 2.28. The
estimated COP for the GRC plants with pump and truck are 4.19 and
2.80, respectively, 84 and 23 % higher than CRC plants with 30 %
Carnot efficiency. Fig. 5 compares the coefficient of performance for
CRC and GRC in a diagram. This shows that the COP for GRC is better
than that of CRC. As the GRC COP using trucks is comparable to the COP
of CRC but higher investment cost, it is not a viable refrigeration solu-
tion. To validate these results, it would be interesting to run experi-
mental tests. However, for the experiment to be executed, a vertical
pipeline with a 1750 m drop is required. This involves environmental
licensing and high implementation costs, which were not available
during the implementation of the research.

To estimate the costs of GRC, we used the plant described in Fig. 3b,
with 1 GW cooling capacity, using pumps to transport the liquid
refrigerant back to the top of the mountain. This plant was designed with
pumps and pipelines because of the gains in scale. For instance, pro-
ducing 1 GW of cooling requires a mass flowrate of 12.5 tons of liquid
SF¢ per second. Transporting this with trucks would require two trucks
per second with 6.25 tons capacity, which is not practical. Table 4
presents the volume of gas, cross-section area, and number of tunnels in
the vertical pipeline. The pipeline diameter is assumed to be 3.5 m and
the gas velocity varies from 2.5 to 3.5 m/s. This results in a gas residence
time of 12 to 8 min along the pipeline, which is assumed to be enough to
lower the temperature of the gas in the pipeline, according to Fig. 4b.
The gas pipeline costs assume steel pipes with 100 to 300 m hydraulic
head (Fig. M.6.A at [22]) and equals 81 million USD. These are initial
cost estimates. With optimized design and substantial investment in the
technology, these costs can be lowered. For instance, having 6 pipelines
on the top of the mountain is more expensive than having one pipeline
with a large diameter, however, the greater the number of pipes, the
higher the heat exchange between the gas and the ambient. We assume a
low gas velocity in the pipes to allow the heat to exchange with the
ambient (3 m/s). A larger gas velocity would result in substantially

lower costs. Future work is required to optimize the design and costs of
GRC. Table 5 presents a cost estimate for the GRC plant. It turns out that
GRC is 2.2 times more expensive than CRC.

If the right conditions for the construction of a GRC plant exist, the
decision to invest in GRC instead of CRC will depend on whether, (i)
there is a constant demand for cooling throughout the year and the plant
operates at a capacity factor of 80 % or higher. This is because the in-
vestment cost and operation efficiency of GRC are high, (ii) the interest
rate of the project is low (capital is cheap), and (iii) energy prices are
high, which increases the operation cost of CRC solutions. A significant
disadvantage of GRC is that its potential depends on the topography and
that the cooling demand must be close to high mountains. Also, GRC is a
centralized cooling technology, and the cooling service should be
consumed close to the plant. Industrial processes that require high
cooling demand are air, natural gas, and hydrogen liquefaction. There is
also the possibility of transporting the cold services with Mobilized
thermal energy storage (M—TES) [25] or an ammonia district cooling
system [26], however, this would reduce the COP and increase the costs
of the system. M—TES consists of using a phase change material to store
cold [27], for example, freezing water, and then transporting the ice
with electric trucks to the cooling demand [28]. Apart from providing
cooling services on the top of the mountain, GRC plants can also be used
to provide heating services on the bottom of the mountain.

We have tested the GRC concept with other gases. The main
conclusion for the gas selection is that the critical temperature should be
higher than the ambient temperature so that the liquid can be liquefied
in the pipeline. However, the critical temperature should not be a lot
higher than the ambient temperature, as it reduces the gas density and
its effectiveness as a gravity refrigerant. The density of the refrigerant
gas should be high at ambient temperature. These factors make SFg an
ideal gas for GRC. CO; could be an interesting option as it has a latent
heat of 247 kJ/kg, evaporating at —5°C and 30 bar. However, it would
require a pipeline with an altitude of 4500 m and a 73 bar pressure on
the bottom of the pipeline to achieve a 35 °C cooling effect. This is not
practical and viable.

As the energy required in the system is to transport the liquid
refrigerant from the bottom to the top of the mountain, the system can
be adapted to operate as an energy storage alternative. For example,
during the day when there is excess solar power generation, the liquid
refrigerant will be pumped from the lower tank to the upper tank, and
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Fig. 3. (a) Case study location in Abha, Saudi Arabia, (b) the altitude difference between the condenser and evaporator with gas and liquid pipeline, and road, and

(c) schematic map of the proposed GRC.

some of the liquid refrigerant will be stored in the upper tank. During the
night, when there is no solar generation, the pump will not function and
the level in the upper tank will lower while the lower tank will rise.
However, the energy storage cost might be excessively high, as it would
require a liquid pipeline with larger diameter, pumps with higher ca-
pacity and larger pressurized tanks to store the refrigerant liquids.
Future work will investigate the use of gravity refrigeration cycle in
(i) high rise buildings and in (ii) the deep ocean. In high rise buildings,
the refrigerant gas can be transported to the top of the building using
existing lifts and autonomous trailers, similar to the Lift Energy storage
technology (LEST) [29]. Another alternative for GRC is to build it in the
deep ocean. The main benefits are: (i) the temperature in the deep ocean
reduces with depth, reaching 1 to 5 °C below 1000 m. (i) the pipeline
could be suspended by a ship on the surface and supported by the
ground, i.e. vertical, reducing the length of the pipeline, (ii) the poten-
tial for GRC would increase significantly, (iii) the pressure of the liquid
refrigerate would be similar to the pressure outside the vertical pipeline,
(iv) the heat exchange in water is better than in air. The main challenges
are: (i) the vertical pipeline pressure would vary between 2 bar to 70
bar, however, the outside pressure would vary from 1 bar to 400 bar

(assuming a 4000 m depth), (ii) finding appropriate refrigeration gas
that is cheap, inert and with a critical temperature close to 0 °C (tem-
perature of the deep ocean), (iii) the pipeline and heat exchanger should
be resistant to seawater corrosion, which would increase costs. Other
refrigeration gases and operation parameters will be required for these
different applications.

Conclusion

This paper has investigated the possibility of using gravity as the
main driving force for refrigeration, i.e., gravity refrigeration cycle.
Sulfur hexafluoride (SF¢), a high-density refrigeration gas, was found to
be a good candidate for providing cooling services during the summer in
Saudi Arabia. Results show that this cooling approach system has 4.19
COP, which is 1.84 times higher than conventional, mechanical refrig-
eration cycles. However, the gravity refrigeration cycle costs 2.2 times
higher than conventional refrigeration cycle. GRC is also restricted to
mountainous regions, and the costs of distributing the cold to locations
surrounding the plant might be prohibitively high. Even though the
proposed case study shows that GRC is more expensive than CRC, there
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Table 3

Comparison between the conventional refrigeration cycle and the gravity

refrigeration cycle COP.

8
®
o7
©
E6
. 5
System characteristics Values E 5
Conventional refrigeration cycle (CRC) f_’- 4
Hot sink (°C) 28 < /
Cold sink (°C) -7 g3
Temperature difference (°C) 35 02
COP (100 % Carnot) 7.60 “g 1
COP (50 % Carnot) 3.80 O
COP (30 % Carnot) 2.28 0
COP (10 % Carnot) 0.76 10 20 30 40 50 60 70 80 90 100
Gravitational refrigeration cycle (GRC) % of Carnot efficiency for CRC
Altitude difference (m) 1750
Latent heat (kJ/kg) 94.14 —CRC —GRC (Pump) GRC (Truck)
Gas specific heat coefficient 25 to —7°C (kJ/kg.C) 0.866
Liquid specific heat coefficient —7 to 18 °C (kJ/kg.C) 1.119 Fig. 5. Coefficient of performance comparison for CRC and GRC.
Cooling potential (kJ/kg) 79.98
Pump Truck . . A i
- might be some applications where GRC is cheaper. Future work will
Gas column pressure difference (bar) 5 11.6 - investigate the use of GRC with vertical pipelines in the deep ocean to
Average density of the liquid column (kg/m>) 1496 — . . . . . . .
Efficiency (%) 90 60 achieve negative temperatures with the intent of increasing the effi-
Electricity consumption (kJ/kg) 19.1 28.6 ciency of methane, oxygen, nitrogen and H; liquefaction processes.
GRC COP 4.19 2.80
Comparison between GRC and CRC (100 % Carnot) 0.55 0.37 Declaration of competing interest
Comparison between GRC and CRC (50 % Carnot) 1.10 0.74
Comparison between GRC and CRC (30 % Carnot) 1.84 1.23 . . .
Comparison between GRG and CRC (10 % Carnot) 5.52 3.68 The authors declare that they have no known competing financial

interests or personal relationships that could have appeared to influence
the work reported in this paper.
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Table 4
Gas pipeline dimensioning.
Distance from thetop  Volume Cross-section area  Number of
(km) (m3/s) (m?) tunnels

0.34 183.39 61.13 6.00
0.67 170.74 56.91 6.00
1.01 158.86 52.95 5.00
1.35 147.64 49.21 5.00
1.68 137.00 45.67 5.00
2.02 126.90 42.30 4.00
2.36 117.32 39.11 4.00
2.69 108.23 36.08 4.00
3.03 99.57 33.19 4.00
3.37 91.32 30.44 3.00
3.71 83.43 27.81 3.00
4.04 75.86 25.29 3.00
4.38 68.56 22.85 3.00
4.72 61.47 20.49 2.00
5.05 54.51 18.17 2.00
5.39 47.57 15.86 2.00
5.73 40.40 13.47 2.00
6.06 32.36 10.79 2.00
6.40 17.26 5.75 1.00

Table 5

GRC cost estimates.

System component

Cost (million

USD)
Gravity refrigeration cycle cost
SF¢ gas required is around 10.000 tons, which costs 3 USD/kg 30
[23].
Gas pipeline (Table 4). 81
The liquid pipeline costs assume steel pipes with 200 to 700 m 33
head, 2 m diameter, 3 m/s velocity and Fig. M.6.A at [22]).
The pump and motor of the liquid pipeline assume the costs 80
described in Figure M.1.B, Figure M.4.A, Figure E.8.2.A,
Fig. E.1.1A and Figure E.8.1.B in [22]. Since pressure along the
entire pipeline would be very high with one pump (300 bar),
four pumps and motors in series are proposed.
Heat exchanges for the evaporator and condenser. 20
Construction cost (20 % of equipment costs) 49
Contingency (20 % of total cost) 10
GRC investment cost (273 USD/kWt) 273
Conventional refrigeration cycle cost
The capital cost of mechanical refrigeration with 1 GW capacity, 123
assuming 123 USD/kWt [24].
Comparison between GRC and CRC
Comparing GRC and CRC capital costs, GRC is 2.2 more 2.2

expensive than CRC.

Data availability

Data will be made available on request.
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