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Abstract: Helium is the second most abundant element in the Universe after hydrogen. Considerable
resources of helium-3 isotope (He3) are located mostly outside the Earth. He3 is very important
for science and industry, especially for airport neutron detectors, lung tomography and helium
dilution refrigerators. Besides, global warming is forcing the industry and governments to search
for alternative energy sources, and He3 has the potential to be used as fuel in future nuclear fusion
power plants. Unfortunately, the price of gaseous He3 has recently increased from $200 per liter to
over $2750. The expected further increase in price and demands led us to present an analysis of the
economic profitability for He3 separation process, which utilizes the properties of superfluid helium.
This paper shows the arguments supporting the idea that extraction from natural sources is the only
economically viable way of obtaining He3 isotope nowadays. The method could be relatively easily
implemented into the production cycles of the low temperature natural gas purification plant.
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1. Introduction

The global market suffers heavy shortages in the supply of helium isotope—He3 [1,2]. Currently,
the main sources of He3 are stores of radioactive products, including nuclear weapons. The worldwide
trend of limiting the arsenals of these weapons is one of the main reasons why it is difficult to expect an
increase in the He3 supply. Simultaneously, the demand constantly increases, due to the growing threat
of terrorist attacks. Currently, almost 85% of He3 is being used in fissile material neutron detectors.
On top of that, He3 isotope might become even more important with the advent of nuclear fusion.
Thus, the attempts to acquire He3 from various sources intensified and this paper tries to answer the
question of profitability of acquiring the isotope from natural gas deposits.

1.1. Sources of He3

There are multiple natural sources containing He3 isotope. It is well documented that some
volcanoes can emit gases containing helium in which the He3 concentration is as high as 14 and 30
ppm [3], as are some young basalt rocks. [4]. Unfortunately, these sources are very difficult to exploit.
Some study indicates a low He3 content in the air. On the sea level, its concentration in the atmosphere
equals 7.27 £ 0.20 parts per trillion volume [5]. However, studies already carried out in the 1940s
and 1950s presented that obtaining He3 by thermodiffusion from air is unprofitable [6]. He3 may

Energies 2020, 13, 6134; doi:10.3390/en13226134 www.mdpi.com/journal/energies


http://www.mdpi.com/journal/energies
http://www.mdpi.com
https://orcid.org/0000-0001-7660-0297
https://orcid.org/0000-0002-7302-157X
https://orcid.org/0000-0003-4801-9088
https://orcid.org/0000-0001-8503-4792
https://orcid.org/0000-0001-7224-8695
https://orcid.org/0000-0003-2861-3725
http://www.mdpi.com/1996-1073/13/22/6134?type=check_update&version=1
http://dx.doi.org/10.3390/en13226134
http://www.mdpi.com/journal/energies

Energies 2020, 13, 6134 20of 11

also be acquired from helium extracted from natural gas. In this case, the separation process must
be carried out at very low temperatures, usually below 2.18 K. World helium production in 2014
was around 20,000 tonnes per year with the average He3 concentration of 0.2 ppm—this could have
resulted in around 2 kg He3 per year. The global He3 production from the decay of tritium is around
20 kg [7]. Additionally, new sources of helium are constantly being discovered, e.g., in Australia, New
Zealand [8,9].

The nearest source of extraterrestrial He3 is on the surface of the Moon. Samples of lunar rocks
and dust containing He3 were brought to Earth by the Apollo missions (11, 12, 14, 15, 16, 17) and the
Russian probe Luna 16. The measured concentration of helium isotope did not exceed 20 ppb (Table 1).
However, some analyses indicate that in permanently shadowed areas the concentration may exceed
50 ppb [10].

Table 1. Areas of He3 occurrence on the moon [11].

Area Concentration of He3 in ppb
Mare Moscoviense 8-17
Mare Orientale 8-16
Mare Tranquilliatis 8-15
Mare Fecunditatis 8-14
Oceanus Procellarum 9-13
Ciolkowski Crater 7-11

In 2014 the potential costs of Moon exploitation were presented at the conference in Moscow [12].
Depending on the scale of He3 extraction, costs would range from 7.7 billion euro (assuming transport
of isotope needed for 0.1% of the world’s annual energy consumption) to 140 billion euro a year
(assuming transport of isotope needed for 1% of the world’s annual energy consumption). According
to [12], NASA's cost of one kilo sent to Earth orbit was assumed to $21,268 and the cost of return from
the moon’s surface estimated as between $10,000 and $28,000 per kilo. These estimates cover only
the main components of the Moon operation costs and are very incomplete but are enough to expose
the unprofitability of such projects. However, the current commercialization of spaceflight may cause
sufficient cost reductions in the future.

1.2. He3 Shortage and Perspectives

For many years there has been a He3 shortage due to increasing demand and declining supply
for it [1,2]. The current industrial consumption of this isotope in the USA is about 60,000 L (8 kg) per
year (2014) and the market is highly regulated by US Department of Energy [13]. Consequently, in
the last decade, the He3 isotope market has experienced strong fluctuations (see Table 2), sometimes
reaching prices as high as $2.750 per liter [14] or 2.200 euro (price in 2020—private information from
CHEMGAS corporation). The estimated price is for pure He3. He3 is always contaminated to some
extent and its price does not depend on the degree of purity.

Table 2. Allocated Helium-3 prices per liter (in dollar) [15].

Customers 2009 2010 2011

Federal agencies and their grantees 450 365 600
Commercial and nonfederal agencies 450 365 1000
Medical users 600 485 720

One of the main reasons for this situation was the terrorist attack of 11 September 2001. It resulted
in the large increase in orders for neutron detectors because of the He3 isotope sensitivity to radioactive
materials. The reason that may generate demand in the future is global warming and the associated
demand for carbon dioxide emission-free energy sources, in particular the fusion of deuterium and
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He3. Both isotopes appear to be potentially very attractive as nuclear fusion fuel because no neutrons
are generated in the reaction and the process is highly energy efficient [16]. Currently, almost all of the
liquid He3 used in the industry comes from the decay of man-made tritium. Tritium is a radioactive
isotope of hydrogen that decays beta with a 12.3-year half-life to He3 [17]. Tritium is an essential
component for the construction of nuclear weapons but its production has been significantly reduced
after the end of the Cold War. In addition to the decay of tritium, one of the most important methods of
obtaining He3 could be to separate this isotope from the liquid mixture of He4 and He3 using processes
based on low temperature entropic filtration or rectification. Both methods become cost-effective if
they are performed directly in the helium extraction plant [1,18].

As we showed in Section 1.1, He3 sources are limited because they are either unavailable or
economically unprofitable. The low supply of He3 and growing demand prompted us to analyze the
economic profitability of obtaining it from natural gas, especially since the production of liquid helium
from natural gas has increased significantly in recent years [19,20]. These are untapped resources of
this valuable isotope.

Since industrial installations that purify natural gas often also liquefy helium, in the next sections
we will discuss the method of He3 separation using the superfluidity of He4, which can be adapted in
the gas production process along with a discussion of the cost-effectiveness of this process.

2. Liquid Helium Losses in the Superfluid Filtration Process of He3

The experimental setup for testing the effectiveness of He3 filtering with an entropic filter is
illustrated in Figure 1.

Pump Pump helium recovery
He4 He4

Mass spectrometer

He3
+

Heat He4 Valves

eXChaﬂr L Power Supply
Capillary % il ﬁ
—_—

Entropy filter

helium recovery helium tank

Figure 1. Diagram of the system for testing the effectiveness of entropy filters.

The entropy filter should work in a low temperature region, below lambda transition (2.18 K),
where the osmotic-like pressure generated by the heater is an efficient driving force. Multiple
measurements of the He3 concentration before and behind the filter using a mass spectrometer
allow for the determination of the efficiency of the filter itself. A more detailed description can be
found in our previous work [21,22]. Our experimental system consists of a 25 L He3/He4 tank, with a
capillary heat exchanger [23], two pumps needed for filtration and temperature reduction and a mass
spectrometer. The system prepared in this way was subjected to a cooling process.

The economics of the filtration process is strongly related to the helium losses generated during
the experiment due to the heat input from the environment. It was found that the helium losses during
the transferring liquid helium to the tank of temperature close to the liquid nitrogen (77 K) ranged
from about 44 to 65%, as it is shown in the Table 3. Fluctuations in the losses were related to the
temperature obtained during the system cooling with liquid nitrogen.
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Table 3. Loss of helium when transferring liquid helium from 100 L helium tank to a 25 L helium
tank (own analysis, based on experimental data, which shows the difference between liquid helium
transferred from a 100 L helium tank (T = 4.2 K) to a 25 L helium tank).

Initial Volume (L) Final Volume (L) Mass Transferred (kg) Loss of Transferred Fluid (%)

105.9 59.5 2.8 56.19
101.2 56 3.54 55.34
103.4 68.6 3.12 66.34
102.4 56.5 3.26 55.18
94.3 55.4 3.16 58.75
100.5 65.72 3.26 65.37
102.9 62.9 3.25 61.13
94.2 41.5 2.8 44.06

94 43 3.3 45.74
87.5 38.8 3.6 44.34

The process of transferring liquid helium from a 100 L helium tank to a 25 L helium tank was
carried out with the helium recovery. The end of the liquid helium transfer took place when the tared
weight indicated an increase in the tank weight by about 3-3.5 kg. Liquid helium losses in the process
of cooling from 4.2 K to 2.18 K (T} ) are shown in Table 4. Approximately 1/3 of the initial mass was
used in this process. The achieved concentration of He3 is influenced by both the adequately low
(lower than T)) filtration temperature and the efficiency of the filter itself.

Table 4. Loss of helium when cooling to T, for various experiments (own analysis, based on
experimental data, which shows the difference between the initial mass and the final mass during the
experiment).

Initial Mass (kg) Mass Lost to T) (kg) Losses (%)

3.54 1.38 38.98
3.12 1.36 34.59
3.26 1.02 31.29
3.16 1.29 40.82
3.26 1.02 31.29
2.8 1.28 45.71
3.6 1.4 38.89

3. Minimal Work of Separation Gases

Membrane filtration methods make use of the difference in permeability of gas mixture
components through a membrane with small pores. Lighter particles with a lower molecular or
atomic weight diffuse through the membrane at a higher speed, causing the mixture to separate.
However, in industrial processes, such as the separation of oxygen from the air, cryogenic methods are
used. Work calculated from the Equation (1) for the oxygen-air separation is 191 kJ /kg. Meanwhile,
the real work of oxygen separation is 792 kJ /kg. This relation allows us to estimate the real work of
the cryogenic separation process.

Helium production may be achieved by separating a mixture of two gases: He3 and He4. The
entropy of a gas mixture is higher than the sum of the entropy of individual components under the
same pressure and temperature. The second law of thermodynamics shows that the separation of a
gas mixture requires external work. For each gas mixture, the minimum work of its separation can be
determined, which is the reference point of the components of the mixture presented in Figure 2.
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Figure 2. Separation of gas mixture using semipermeable membranes: (a) beginning of the process
(b) end of the process.

A mixture of gas A and gas B is placed in a closed chamber. Membrane A is permeable to gas A
and impermeable to gas B, while membrane B is permeable to gas B and impermeable to gas A. The
membrane movement is reversible, i.e. gas temperature and pressure on both sides are the same and
remain in balance with the environment. As a result of the membrane movement, gas A will begin to
accumulate on the left side and gas B on the right side of the chamber. When the membranes meet,
both gases will be completely separated. The total work of separating the two-component mixture can
be written by Equation (1) [24]:

1
—
XB

W =Wy + W= nARTlnxi + ngRTIn 1)
A

where:

Wa—work on gas A (é)

Wp—work on gas B (é)
R—universal gas constant (,@LK)

T— temperature (K)

xp—mole fraction for gas A (%)
xg—mole fraction for gas B (%)
na—number of mole for gas A (mole)
ng—number of mole for gas B (mole)

The work of separation is calculated for the ambient temperature 300 K. Possible phase transitions
are omitted in this approximation. If one mole of the mixture is subject to separation, the formula can
be written by Equation (2).

1
W =RT inln;i ()

To determine the real energy needed to carry out the process, the minimum work should be
increased by irreversible physical effects. The real work has to be multiplied by the cooling factor a
and the efficiency of the entropy filter 7 (Equation (3)).

1
WfRTinln;iwz';y 3)

where:
a—irreversibility factor
n—filter efficiency

Table 5 shows the differences between the work engaged in separating gases and the work needed
to liquefy them, together with the losses. The condensation work can be used to determine the a factor.
It may be assumed that if the ratio between the minimum and real condensation work for helium is 10,
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also the ratio of the minimum and real separation work will be about 10. For the problems considered
in the article, we assumed that the coefficient a = 10 in Equation (3).

Table 5. Minimal work (W,,;;,) and real work W,,,; for condensation gases [25].

Gas Winin (kGWh/kg) W, (KWh/kg)

Helium 1.9 16-32
Hydrogen 3.4 22-42
Neon 0.372 3.5-5.5
Nitrogen 0.213 1.2-1.8
Air 0.205 1.2-1.8
Argon 0.134 0.8-1
Oxygen 0.177 1-1.5
Methane 0.307 0.6-1

Using Equation (2), we can calculate the minimum energy values needed to separate the gases.
To present the difference between He3 and other gases, see Table 6. These are the minimum energy
costs that must be incurred to start the separation process.

Table 6. Minimal work of separation for gases [25].

Component  Concentration =~ Work Done on Kmol of Mixture ~Work Done on 1 kg of Mixture

¢) ) (kJ/kmol) KJ/kg)
Nitrogen 78% 1314.21 60
Oxygen 21% 1281.91 191
Argon 0.93% 132.06 7070
Hydrogen 300 ppm (0.03%) 7.06 11,314
Helium-3 10 ppm (0.001%) 0.312 10,394

The minimal work for obtaining He3 has been calculated based on Equation (2). More detailed
results are presented in Table 7. The initial concentration is 0.1 to 10 ppm; therefore, the presented
result is for pure He3 as a final concentration.

Table 7. Minimal work for He3.

Concentration Work Done on Kmol of Mixture Work Done on 1 kg of Mixture

(ppm) (kJ/kmol) (kJ/kg)
10.00 0.312 10,394
5.00 0.165 10,970
2.00 0.070 11,731
1.90 0.067 11,774
1.80 0.064 11,819
1.70 0.061 11,866
1.60 0.057 11,917
1.50 0.054 11,970
1.40 0.051 12,027
1.30 0.047 12,089
1.20 0.044 12,155
1.10 0.040 12,228
1.00 0.037 12,307
0.90 0.033 12,394
0.80 0.030 12,492
0.70 0.026 12,603
0.60 0.023 12,731
0.50 0.019 12,883
0.40 0.016 13,068
0.30 0.012 13,307
0.20 0.008 13,644

0.10 0.004 14,220
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The minimal separation work shown in the table should be adjusted by the factor a. As no filter
operates with 100% efficiency, the separation work should be multiplied by the efficiency of the filter.
The work of any device in which thermodynamic processes can be treated as consisting of two parts:
the minimum work necessary to implement an ideal process and the surplus of work resulting from
the irreversibility of thermodynamic changes taking place in the device. The amount of extra work
exceeding minimum work in cryogenic equipment is relatively high (therefore factor a is needed). The
reasons for the difference between the minimum and actual condensation work are the irreversibility
of processes, in particular heat transfer, at a finite temperature difference, throttling, force imbalance
during expansion and leakage through seals. All these phenomena increase the energy needed over
the minimum energy.

4. Cryogenic Separation

The work necessary to liquefy any gas is accompanied by losses: heat exchange, throttling, friction,
gas leaks through seals. Besides, heat transfer from the environment to the low-temperature parts of
refrigerators reduces the effectiveness of the process and increases the condensation work. Hence, real
work will always be increased by the losses [21].

Large condensation costs result from the extremely low operating temperatures of the liquid
helium separator. For example—to liquefy 1 kg of the He3-He4 mixture from 300 K to 4.2 K,
approximately 941 k] of heat should be taken. That is, reduce the helium energy level 70-80 times.
When the temperature is even lower, e.g., 1.8 K, then the energy differences between the liquid and gas
state are even greater (110-130 times). The real work necessary to separate He3 from the liquid He4
consists of three stages (the estimate in Table 5 includes the first stage only):

e the condensation process included temperature range from 300 K to the condensation
temperature 4.2 K,

o reduction of the temperature below the lambda phase transition,

o cooling of the superfluid liquid to the separation temperature (1.5-1.8 K).

Lambda conversion work and cooling below 2.18 K represents about 30% to 45% of the first stage
of this process. An ideal entropy filter made of porous materials is permeable only to the superfluid
fraction (with entropy = 0). At separation temperature, He3 atoms are in the normal state and He4
atoms are mostly in a superfluid state, so only He4 can flow through the entropy filter, while He3
will be stopped by it [22]. The Formula (4) was developed based on the experimental experience; it is
empirical evidence discovered by Tisza [26]:

pl _ T)5,6
PA <TA @)

where:
pn — density of normal fluid (%)

pa — density of helium below the lambda phase transition (%)
T — temperature (K)
T) — temperature of the lambda phase transition (K)

The consequence of Tisza model is: if the entire mass of superfluid He4 is at the same temperature
and the temperature (at a specific point of the helium-filled vessel) is suddenly increased, then the
system will react with local excitation of the superfluid helium to the normal one, i.e., the ratio
on/p will increase, while the ratio p, /p, will decrease at the heated point. In this way, local density
fluctuation will appear. The liquid will try to restore balance by an inflow of the superfluid component
to the place with higher temperature. To preserve mass, there has to be an outflow of the normal
component from this point. This formula allowed us to determine the process efficiency in which He4
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was completely removed. This is why the cost-effectiveness of cryogenic separation increases when
used in an existing helium liquefaction plant for natural gas.

5. Results and Discussion

With the decrease in He3 concentration, there is a sharp increase in the demand for work to be
performed to separate He3 from the mixture. Then this work may be converted into electricity costs,
considering filter efficiency. This example assumed $0.12 for 1 kWh (average price of electricity in
the USA). He3 acquisition becomes profitable when its concentration is at least 5% because then its
further enrichment is possible using a dilution refrigerator. An example of He3 separation costs is
shown in Figure 3. The Y-axis is the logarithmic scale of the cost of obtaining a 5% dilution He3 in the
1 kg mixture of He3/He4.
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Figure 3. Cost of production He3.

The molar ratio of He3 to He4 in the Earth is small and ranges from 5- 1078 to 1.2 - 10~°, depending
on the source (air, porous rocks, natural gas, etc.) [18]. Economic profitability strongly depends on the
concentration of He3 in He4 and a little less on the entropy filter efficiency. With the current price and
He3 0.2-0.3 ppm concentration in liquid helium, entropic filters must be very efficient if they are to be
considered appropriate for the process. The results for 0 to 1 ppm are presented in Figure 4.
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Figure 4. Cost of production He3 for low sources.
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Only a few years ago, when the price of a liter of He3 gas was $200, it was completely unprofitable
to get it from natural gas. The present He3 price requires that the filter efficiency be at least 30% at an
initial concentration of 0.9 ppm. At the current concentration of 0.2-0.3 ppm in the He3/He4 mixture,
the efficiency of entropy filters would have to be at least 80%. If in the future the price of He3 will
be increased (from the current $2750 to $12,000), then cryogenic separation could be useful from a
concentration of 0.45 ppm and a filter efficiency of 10%.

6. Conclusions

He3 has become a very important isotope for the modern industry as well as future solutions.
Due to the current rationing, it is a strategic resource whose price does not exactly match the demand.
It is not yet profitable to acquire it from outside the Earth, apart from the unregulated legal issues such
as the exploitation of the Moon. Earth’s sources are not very rich in this element. It is not currently
profitable to extract it from the air, rocks or water. We show that only the extraction of this isotope
from natural gas seems to make sense nowadays.

The cryogenic separation appears to be a step in the right direction. Although the profitability of
this process for a concentration of 0.3 ppm is currently at the limit (using the most efficient 90% filters),
the future price in He3 will increase and allow for more economically justified extraction. A price
increase can also be expected due to the need to explore low-carbon energy sources. Cogeneration of
energy during natural gas processing has a chance to reduce the separation costs, similarly to finding
gas deposits with a concentration of He3 higher than 0.3 ppm. It also seems important to look for new
entropic filters to achieve greater efficiency.

Alternatively to cryogenic separation, the separation of gases at room temperatures should be
considered. The cost of such a process, as shown in the analysis presented here, would be at least
about ten times lower. Currently, apart from the methods of diffusion through membranes [27,28], we
do not know any technology to implement this idea. However, research related to the flow of gases
through atomic scales channels may raise some hopes [29,30].
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