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Abstract

Natural gas reserves with 0.3-2 mol% helium are considered as the only viable source for this noble gas.
Currently, cryogenic separation is used to extract helium, but it is energy-intensive. While membrane-based
separation is a promising alternative, it is still not considered economical. Even for an inorganic/silica
membrane with relatively high selectivity and permeance, a multi-stage membrane system with inter-stage
compression is required, which necessitates high CAPEX and OPEX. This study proposes a novel process
to enhance the selectivity and permeance of an inorganic/silica membrane system to eliminate the costly
inter-stage compression. A 16-24% reduction in the CAPEX and 23-57% in the OPEX are achievable for
a natural gas feed with 3-5 mol% helium. In contrast, for a 2 mol% helium feed, the OPEX increases by
34%. However, a 30% decrease in the capital cost outweighs the OPEX increase to make the new process
more profitable.
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membrane

1 Introduction

Helium is the lightest monatomic element in Mendeleev’s periodic table. Being the second most abundant
element in the universe, it is too light to linger in the earth. The gas is in low supply but high in demand
due to its unique properties, such as low boiling point, low density, low solubility, high thermal conductivity
and inertness. In fact, helium plays an important role in a wide range of industries and applications, such as
MRI scanners, aerospace and aircraft manufacturing, industrial-leak detection systems, electronics and fiber
optics fabrication, welding and nuclear research facilities.

Helium does not appear in high concentrations even in its only viable source, which is natural gas (NG)
reserves with a typical content of 0.3-2 mol% (any concentration percentage to be mol% hereafter) helium.
Due to its lightness and low concentration, helium is extracted after the nitrogen rejection unit where the
feed stream contains nitrogen and only 2-5% helium. Helium extraction from a large amount of nitrogen is
a challenging and energy-intensive separation.

The recovery of pure helium (>99.99 %) from NG typically requires five processing steps. The first step is
the removal of all typical impurities in NG, namely carbon dioxide, hydrogen sulfide, water, and mercury.
The second step is natural gas liquids recovery which is followed by the nitrogen rejection unit (NRU) as
the third step. A single-column NRU process separates methane from the nitrogen, which may contain as
low as 2-5% helium with 2000-2800 kPa pressure. The next step is the helium extraction unit (HeXU),
which can be either a cryogenic distillation-based HeXU process (CDBHeXU) or a membrane-based HeXU



(MBHeXU). It recovers helium from the nitrogen-rich stream and produces the upgraded helium with 90%
purity. Following the HeXU, the stream undergoes final purification in a catalytic oxidation reactor (COR)
and pressure swing adsorption (PSA). The catalytic oxidation removes any trace of hydrogen or
hydrocarbons contained in the feed. For this purpose, a small amount of air (slightly higher than the
stoichiometric requirement) is injected into upgraded helium prior to the reactor. The combustion causes
some amounts of water and CO2. The water is partially knocked out simply by cooling to the ambient
temperature, and the remaining vapor-phase moisture is removed in the following PSA. This final
adsorption purification eliminates all remaining impurities (except Neon), such as Na, CO,, and water, and
purify helium to 99.99%, which is called grade-A helium (Agrawal et al. 2003; Rufford et al. 2014). Figure
1 depicts the block flow diagram of the helium production process. It should be noted that the grade-A
helium is further liquefied for transportation, which is not shown in the figure. It worth mentioning that the
nitrogen collected from the HeXU can be released into the atmosphere or used for enhanced oil/gas recovery
(EOR/EGR) or gas-lift programs. For EOR, EGR or gas-lift, nitrogen is needed at very high pressures
(>6000 kPa). In this study, the high-pressure nitrogen product is assumed to be a desirable product.
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Figure 1. Natural gas processing steps for grade-A helium production

There are several studies investigating the cryogenic method for the HeXU (Alders et al. 2017; Kim and
Gundersen 2015; Scholes et al. 2017; Rufford et al. 2014). A few of them compared the CDBHeXU and
MBHeXU technologies (Alders et al. 2017; Scholes et al. 2017). Currently, the cryogenic separation is a
common technology for an HeXU; however, it is an energy-intensive method, especially when the nitrogen
product should be produced at high pressures. The promising prospective approach for this purpose is the
membrane technology. Owing to the intensive recent development of membrane science and manufacturing
techniques, this permeation-based method exhibits great potential for gas separations. Nevertheless, no
membrane-based process has been successfully commercialized for helium recovery application to the best
of the authors’ knowledge. However, a range of commercial membranes are successfully applied for other
gas separations in the natural gas and petrochemical industries, and these show its future potential for the
utilization in helium extraction as well. A considerable amount of literature has been published on
membrane synthesis and fabrication for the helium and nitrogen separation. Sunarso et al. (2017) and
Scholes and Gosh (2017) have comprehensively reviewed both polymeric (organic) and silica (inorganic)
membranes for this specific application. Current polymeric membranes have permeance in the range of
about 10°-107 mol/ (m?. s. Pa). In contrast, the average permeance range (10"-10"° mol/ (m®. s. Pa)) for
silica membranes is one order of magnitude larger than that of polymeric membranes (Sunarso et al. 2017).
The permeance has an important impact on the total membrane area requirement (or equivalently the
membrane module costs) and it increases as gas temperature rises. Inorganic/silica membranes are usually
thermal-resistant compared to the polymeric counterparts, which are suitable for near ambient temperatures.




This indicates that inorganic/silica membranes are capable of a better performance at high temperatures.
The other important characteristic of membranes is selectivity, which determines product purity, the number
of the stages and the costs of the required compression. Silica membranes also have a higher range of
selectivities, especially at higher temperatures, compared to the polymeric ones. However, polymeric
membrane costs (tens to hundreds of dollars/m?) is much less than silica membranes (hundreds to thousands
of dollars/m?). Several advantages and disadvantages of the two membranes are mentioned by Lu et al.
(2007).

There are also several studies investigating the process design to utilize polymeric membranes in the HeXU
(Alders et al. 2017; Scholes et al. 2017; Scholes and Ghosh 2016). A typical two-stage polymeric MBHeXU
is illustrated in Figure 2, which is incorporated into a single column NRU. All studies revealed that there is
a need for a multi-stage membrane system while assuming the cross-flow pattern and no use of sweeping
gas for the membranes. They unanimously concluded that the inter-stage compression (K-202), which has
a very high-pressure ratio, accounts for one of the major capital and operating costs in the process. In
contrast, the only study which incorporates a silica membrane into a process flowsheet and investigates the
entire system is done by Schole (2018). However, the conventional two-stage membrane system was
considered in the study without any further modification. Thus, the same aforementioned conclusion of the
previous literature was drawn in this study also. In fact, drawing the same conclusion in the latter indicates
that even the replacement of the polymeric membranes in Figure 2 with silica counterparts, which have a
better selectivity and permeance, cannot improve the helium recovery process. Therefore, any modification
in the process design itself might be more advantageous than improvements in membrane characteristics.

This study aims to develop a new design process for the MBHeXU using the silica membrane technology
enhanced by the use of a sweeping gas. We utilize compression heat to improve the membrane performance
at no additional cost. We evaluate our proposed scheme for different helium concentrations and compare
the results with the conventional membrane system (depicted in Figure 2) using Aspen HYSY'S simulations.

2 Polymeric MBHeXU Process

A typical MBHeXU integrated with the single-column design NRU is presented in Figure 2. As illustrated,
the NRU is aided by a heat-pump cycle to provide the process refrigeration requirement. The column
overhead stream (SN-117) contains 2-5% helium (depending on the main feed composition). The MBHeXU
cannot be located directly downstream of the NRU column due to the operating temperature requirement
of membranes. In fact, the NRU column’s overhead stream has a cryogenic temperature which is not
feasible for membrane systems. Thus, the feed stream (SN-117) should be heated prior to entering the
MBHeXU. Compressor K-201 should be placed prior to Mem-201 to help both the permeation process and
the pressure requirement for the nitrogen product.



Notes:
MSHE: Multi-Stream Heat Exchanger, Reb: Reboiler, Con: Condenser, CW: Cooling Water Heat Exchanger, SN: Stream Number
V: Separator, VL: Valve; T: Column, K: Compressor, P: Pump, Mem: Membrane Station
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Figure 2. A typical integrated process for the polymeric MBHeXU and NRU

There are three different flow patterns for a membrane module: co-current flow, counter-current flow, and
cross flow. Among those, the counter-current flow pattern provides the optimal distribution of driving
forces between permeate and retentate sides. Thus, in theory it has the best efficiency; however,
manufacturing them is not very practical, especially in large scales (Merkel et al. 2010). This complication
can mostly be solved by injecting a sweep gas into the permeate conduit. The sweep gas can also result in
a higher driving force and significantly decrease the membrane area. However, the sweep gas decreases the
product purity unless it can be easily separated from the product, as it is directly mixed with the permeate
stream. Sweep gas has been used for other separations such as N»/CO, or H»/CO, and showed an
enhancement in membrane performance (Merkel et al. 2010; Battersby et al. 2009; Chein et al. 2015;
Oklany et al. 1998). They employed N, air and steam as a sweep gas. For instance, steam is a suitable
choice for helium recovery processes because it can easily be condensed at ambient temperature and
separated from the upgraded helium. However, steam even at atmospheric pressure requires high operating
temperatures, which is not suitable for polymeric membranes. Hence, the counter-current flow pattern (with
or without sweep gas) cannot be used for polymeric membrane system. Therefore, the cross-flow pattern,
which has the middle performance among the three patterns, can be applied for polymeric membranes.
Given their limitation in selectivity and permeance, one single membrane module with the crossflow pattern
cannot meet the favorable recovery and purity. For instance, the polymeric membrane chosen (with
characteristics and feed conditions in Table 1) for this study can only enhance the purity of a nitrogen stream
with 2-5% helium to 20-41%, which is much less than the upgraded helium specification, namely 90%.



Hence, the multi-stage membrane arrangement, as shown in Figure 2, is inevitable. Nevertheless, the inter-
stage compression (K-202), especially for a light gas like helium, is considered a major component in both
capital and operating expenses.

K-201 and K-202 are one-stage and three-stage centrifugal compressors, respectively. An oil-injected screw
compressor was used for K-203.

A model of cross-flow gas permeation, based on a study by Coker et al. (1998), was programmed in Matlab
and incorporated into Aspen HYSYS to undertake the desired separation. Vacuum condition is avoided on
the permeate side as it requires larger and more complicated equipment, as well as larger membrane area
(Gottschlich et al. 1989). Therefore, the permeate pressure can never be less than atmospheric. This model
is developed for multicomponent gas separation via hollow-fiber contactors. The model solves governing
mass equations under steady-state conditions using the finite difference technique. We assumed the pressure
drop negligible for both polymeric and silica membrane processes. All mass-transfer resistance is limited
to the total membrane wall. The plug-flow is assumed for both permeate and retentate sides.

For specified membrane properties and permeation pressures, as well as given total recovery, the following
relationship exists between the two membrane recoveries.

_1
1 /RecoveryMem_z()l

Recover _ = where Recover _ > Recover Eq. (1
Mem—202 Mem—201 total

1-1/Recoveryotal

where Recoveryioni, Recoverymem-201 and Recoverymem-202 represent the total, the first stage membrane, and
the second stage membrane helium recovery, respectively (Figure 2).

3 Silica MBHeXU Process

Inorganic/silica membrane platforms are often known for having simultaneously high selectivity (due to
molecular sieving) and permeance, long term durability, high thermal stability and structural stability. Due
to high thermal stability, the membranes can even offer higher selectivity and permeance at high
temperatures. Thus, even a single-stage crossflow silica membrane (with characteristics and feed conditions
in Table 1) can increase the purity of 2-5% helium to 37-69%. Although the final purities should still be
elevated to meet the upgraded helium specification, they are 70-86% higher than the purities achieved by
the single-stage polymeric counterpart, 20-41%.

One approach to meet the upgraded-helium purity requirement (90%) and still avoid the costly multi-stage
membrane arrangement is utilization of sweep gas. Considering the sweep gas should be easily separated
from the upgraded helium using a cheap utility like cooling water, the operating temperature of the
membrane must be sufficiently above ambient. One of the best candidates for sweep gas is superheated
steam at atmospheric pressure (101.3 kPa) and temperature of 150-160°C. Superheated steam is chosen to
avoid any liquid formation inside the permeate side, where the sweep gas is to be injected. Steam is cheap
and available in most plants. Most importantly, the small trace of vapor-phase moisture remaining in the
upgraded helium after steam condensation can be removed in the downstream facilities of the final
purification step (Figure 1), where the PSA column is already devised for the same purpose (as mentioned
earlier in Section 1). In fact, using steam as sweep gas offers the following advantages:

o Eliminates the need for inter-stage compression
e Significantly decreases the membrane area



e Steam is cheap and available in most plants
e Remaining traces of impurities can be removed in the available downstream PSA facilities

Figure 3 shows the new process design for a silica MBHeXU. The upstream NRU is not shown in the figure
as no modifications are done in this unit. One single-stage silica membrane (Mem-201) performs the
separation, which is equipped with superheated steam (SN-209) as the sweep gas on the permeate side. The
one-stage compressor (K-201) with a pressure ratio of about 3 is placed before the membrane module to
fulfill the nitrogen product pressure requirement and help the permeation process. For the same reason, the
compressor after-cooler (CW-201) is postponed to after the membrane separation in order to take advantage
of higher selectivity and permeance of the silica membrane at higher temperatures. In fact, the generated
heat during the compression is used to enhance the subsequent separation in Mem-201. SN-203, which
contains helium, nitrogen and water vapor, is cooled in CW-201, which liquefies the water. Helium has no
solubility in the liquid phase of SN-206 at 25 °C and atmospheric pressure, hence there is no loss of helium.
After the phase separation in V-201, the upgraded helium is compressed in K-203 and transferred to the
final purification facilities for further treatment (which is not shown in this figure).

A model of the counter-current gas permeation with sweep gas, based on a study by Coker et al. (1998),
was programmed in Matlab and incorporated into Aspen HYSYS to undertake the desired separation. This
model has shown a good agreement with experimental data (Hoorfar et al. 2018). Vacuum condition is also
avoided on the permeate side. The arrangement of compressors K-201 and K-203 is the same as for the
polymeric MBHeXU.

Notes:
CW: Cooling Water Heat Exchanger, SN: Stream Number, V: Separator, VL: Valve, K: Compressor, Mem: Membrane Station

Upgraded Helium SN-208 |/| SN-207
~ Unit200-HeXU
K-203
= SN-205
o
>
Water SN-206
<
Steam SN-209
SN-203
Feed from NRU SN-201 l\| SN-202 ' CW-201
Mem-201
K-201
High Pressure Nitrogen SN-204
<

Figure 3. A typical integrated process for the Silica MBHeXU and NRU

4 Design Data and Specifications

Table 1 shows the specifications and design data used in this study. Various helium mole fractions of 2, 3,
4 and 5% are considered in the inlet feed gas (SN-201 in Figures 2 and 3). There are various polymeric and



silica membranes which are suitable for the current separation and feed conditions (Sunarso et al. 2017;
Scholes and Ghosh 2017). In order to compare the two systems, Hyflon AD 60X - G200 (Macchione et al.
2007) and Co-doped silica (Uhlmann et al. 2009) were chosen for the polymeric and the silica membrane
systems respectively.

Table 1. Design data and specifications

Design specification Value
Feed flowrate, mole/s 277.78
Feed pressure, kPa 2200
Feed temperature, °C 298.15
Compressor adiabatic efficiency 0.75
Motor efficiency 0.85
Helium recovery rate, mol% 90
Upgraded helium purity, mol% 90
Helium product pressure, kPa 3000
Nitrogen product pressure, kPa 6000
Polymeric membrane selectivity (He/Nz2) 50.3
Polymeric membrane permeance 6x10”
Silica membrane selectivity (He/N2) @ 150°C 360
Silica membrane permeance @ 150°C 6x108
Cooling water temperature, °C 293.15

5 Performance Evaluation

The performance of polymeric and silica MBHeXUs for different helium percentages in a nitrogen-rich
stream is shown in Tables 2 and 3 respectively.

The first three columns of Table 2 show the power consumption required for each compressor at different
He contents. It is obvious that helium consumes more energy for a unit of compression compared to
nitrogen. Thus, the power consumption of the three compressors is expected to increase as the helium
content increases, except the inter-stage compression (K-202). This compression needs higher power when
the helium content is 2%. This is because the compressor is also responsible for pressurizing the recycle
stream (SN-208), which increases as helium decreases. According to the table, the inter-stage-compression
(K-202) accounts for 30-32% of the total power consumption. This amount of work, together with the
associated capital cost, is avoided in the silica MBHeXU. The required membrane area monotonically
increases as helium content decreases due to the difficulty of the separation. The last two columns show the
recovery of the two membranes (Mem-201 and Mem-202) with a total helium recovery of 90 mol%.

Table 3 shows the results for the silica MBHeXU. As expected, the power consumptions of the K-201 and
K-203 compressors are the same as those of the polymeric MBHeXU. According to the table, the required
area significantly decreases in the new design. This is because of the sweep gas utilization, which leads to
higher driving forces between the feed and permeate sides, and the high selectivity and permeance for the
silica membrane. However, as mentioned earlier, the cost of silica membranes per unit is much higher than
that of polymeric membranes. Thus, there is a trade-off between them and an economic analysis is required.
As opposed to the polymeric MBHeXU results, the membrane area gradually decreases as the helium
content declines. This is due to the sweep gas impact on the membrane area. For 4% helium, the need for
sweep gas is at the lowest (18 mole/s), but the membrane area requirement is at the highest (1995 m?). It
worth mentioning that here the sweep gas is adjusted to meet both recovery and purity requirements of the
process and the area is the output.



Table 2. Recovery and power consumption of the two-stage polymeric MBHeXU

Helium K-201 power | K-202 power | K-203 power Mgrgkt)i;ne Mem-201 Mem-202
content consumption | consumption | consumption Area Recovery Recovery
(mol%) (kW) (kW) (kW) (m?) (mol%) (mol%)

5 1072 546 197 74487 0.904 0.923

4 1071 527 156 77158 0.908 0.912

3 1070.5 525 117 82053 0.917 0.815

2 1070 560 78 92539 0.936 0.851

Table 3. Recovery and power consumption of the single-stage silica MBHeXU with sweep gas

Helium K-201 power K-203 power Sweep gas Total Membrane Mem-201
content consumption consumption flowrate Area Recovery
(mol%) (kW) (kW) (mole/s) (m?) (mol%)

5 1072 197 22.5 1910 0.90

4 1071 156 18.0 1995 0.90

3 1070.5 117 39.5 1875 0.90

2 1070 78 73.7 1837.3 0.90

6 Economic Analysis

The capital and operating costs of the compressors K-201 and K-203 are equal for the two polymeric and
silica MBHeXU processes and can be canceled in the current economic comparison. The cooling water
requirement is also assumed cheap compared to the other operating costs. The Aspen HYSYS Economic
Evaluation package was used to evaluate the equipment cost. The membrane module and framework costs
are calculated based on Eq. 2 (Van Der Sluijs et al. 1992).

Membrane Capital Cost = CCpp + CCrpp = A Cpy + (A—m)°'7Cmf

2000 Eq. (2)

where CCnm and CCryr are the capital cost of the membrane module and its frame respectively. Am, Crn and
Cuf are membrane area (m*), membrane module price per unit ($/m*) and membrane frame price (M$). Cm
is assumed to be 50 $/m* and 3000 $/m? for polymeric and silica membranes respectively. Cp is considered
to be 0.238 M$ (Van Der Sluijs et al. 1992). It should be noted that 3000 $/m? is the highest price reported
for inorganic/silica membranes in the literature. In fact, this highest price gives more conservative results
for the comparison.

Compressors are to be powered by electricity. The electricity and low-pressure steam prices are considered
to be 70 $/MWh and 13 $/1000kg, respectively. Steam price is taken as 150% of the price given by the U.S.
Department of Energy (The URL address is available in Reference). The 50% overcharge is used for
conservative results.

Table 4 shows the cost components of the two processes. The results show that the silica membrane module
(with the highest price assumption of 3000$/m?) costs more than the polymeric counterparts, with 4%
helium case having a 54.9% increase and 2% helium a 19% increase. However, the final capital cost
(CAPEX) of the silica membrane is much less than the polymeric system. This is due to the elimination of
the inter-stage compressor (K-202) in the silica MBHeXU. The percentage CAPEX reduction varies
between 16.0 % and 29.8%. There is also a significant opportunity for OPEX savings in silica MBHeXU
for different helium contents, except for 2% helium with a penalty of 0.14 million US dollars (MUSD)/year.



This is because of the highest amount of steam required for the separation. However, for the same case,
2.38 MUSD can be saved in CAPEX. This indicates that even for a project with a 10-year lifetime and a
zero discount rate, there is still a saving of 0.98 MUSD. Thus, the developed silica MBHeXU process
outperforms the polymeric MBHeXU. It worth mentioning that the steam used as sweep gas is assumed to
be out-sourced low-pressure steam, which is typically at 500 kPa. However, the steam required for the
sweep gas needs to be at atmospheric pressure. The steam with this specification can even be provided
utilizing waste heat in the plant and the condensed water (SN-206 in Figure 3). An example of such waste
heat is the heat generated by the NRU compressors (K-102 and K-101) in Figure 2. In this case, the OPEX
for the silica MBHeXU process (Table 4) even decreases to zero.

Table 4. Operating and capital expenditures for the polymeric and silca MBHeXU processes

Polymeric MBHeXU Silica MBHeXU
Ij:rlli‘e‘r‘ﬂ OPEX CAPEX Membrane cost OPEX CAPEX Membrane cost
(mol%) (MUSD/year) | (MUSD) (MUSD) (MUSD/year) (MUSD) (MUSD)
5 0.39 7.16 3.72 0.17 5.83 5.73
4 0.38 7.25 3.86 0.13 6.08 5.98
3 0.38 7.49 4.10 0.29 5.72 5.62
2 0.40 7.99 4.63 0.54 5.61 5.51

7 Conclusion

A novel and economically attractive silica-based membrane process for recovering helium from natural gas
is proposed. A sweep gas and compression heat are used to enhance the selectivity and permeance of the
membrane. The new process eliminates inter-stage compression completely and reduces both operating and
capital costs. There is an opportunity for a 16-30% reduction in the capital cost compared to the available
polymeric membrane systems even for a high silica membrane price of 3000$/m?*. The annual operating
costs can be decreased by 23-57% for 3-5% helium contents. There is a penalty of 34% (0.14 MUSD) in
the annual operating cost of the new system when the feed contains 2% helium; however, due to a 30%
decrease (equivalent to 2.38 MUSD) in capital cost, the process still remains profitable compared to the
polymeric membrane systems. The overall profit can obviously be improved if waste heat of the plant is
utilized to produce superheated steam at 101.3 kPa instead of using an out-sourced utility. A smaller
footprint due to the inter-stage compression elimination is another advantage of this novel process.
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9 Nomenclature

CAPEX= capital expenditure
CDBHeXU= cryogenic distillation-based HeXU

CW= cooling water heat exchanger in Figures 2 and 3

9



EGR= enhanced gas recovery

EOR= enhanced oil recovery

HeXU= helium extraction unit

K= compressor in Figures 2 and 3
MBHeXU= membrane-based HeXU
Mem= membrane station in Figures 2 and 3
MSHE= multi-stream heat exchanger in Figure 2
NG= natural gas

NRU= nitrogen rejection unit

OPEX= operating expenditure

PSA= pressure swing adsorption

SN= stream number in Figures 2 and 3

V= phase separator in Figure 3

VL= valve in Figures 2 and 3
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