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aSchool of Chemical and Metallurgical Engineering, University of the Witwatersrand, Johannesburg, South Africa; bSchool of Safety 
Engineering, China University of Mining and Technology, Xuzhou, China 

ABSTRACT 
To date, cryogenic distillation remains the traditional method used for the separation of air 
components mainly oxygen and nitrogen, the trace components xenon, krypton, and argon 
are obtained as by-products. This method is known to be very energy-intensive as it 
involves the liquefaction of gas components at very low temperatures. In this work, ther
mally coupled distillation sequences and hydrate-hybrid processes were proposed as alter
native separation processes to achieve the same effective separation of xenon with less 
energy consumption. The simulated alternative processes were compared based on energy 
savings and reduction of operating costs in the distillation section, and the overall xenon 
recovery relative to the conventional process. From all the simulated processes, a hydrate- 
hybrid process was found to be the best-performing configuration, achieving the desired 
separation of xenon with significant energy savings. Using this hybrid method, approxi
mately, a 33% reduction of annual operating costs and 36% energy savings were achieved 
whilst maintaining a xenon system recovery of 99%, ensuring efficient use of the extracted 
air components. The use of gas hydrate promoters was recommended for the moderation 
of the pressure conditions for gas hydrate formation, to reduce overall operating costs. A 
simulation of the gas hydrate separation method, more comprehensive than the simplified 
approach taken in this study based on experimental data, was also recommended. This 
hybrid separation method contributes to sustainability by significantly reducing energy con
sumption and operating costs, which in turn mitigates greenhouse gas emissions and 
decreases dependence on nonrenewable energy sources.
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Introduction

Xenon (Xe) is a rare noble gas that is colorless, 
odorless, and nontoxic, found in the atmosphere 
at trace concentrations of about 0.087 ppm. 
Industrial applications for xenon include medical 
imaging, spacecraft propellants, insulation, com
mercial lighting, and lasers (Zhang et al. 2022). 
Xenon, krypton (Kr), and argon (Ar) are found 
in trace amounts in the air and are typically 
recovered as by-products of the air separation 
process. The diverse applications of these gases 
across various industries have led to a significant 
increase in their demand and sparked consider
able interest among researchers. The demand for 
xenon (Xe), in particular, has been rising steadily 
since 2017 and is projected to continue growing 

until at least 2028. This upward trend in Xe mar
ket demand is largely driven by the expansion of 
industries and sectors that utilize it, with notable 
applications in satellites, lighting, and imaging 
being the primary contributors to this growth 
(FortuneBusinessInsights 2020). The separation of 
Xe is important to industry and human life as 
evidenced by this high demand and its many dif
ferent applications, thus deeming the separation 
of Xe an area worthy of research efforts.

In current technologies used to separate and 
obtain noble gases, cryogenic distillation remains 
the predominant and conventional method in 
industrial practices. However, the economic via
bility of this separation technology is significantly 
challenged by the high energy investments it 
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demands, primarily due to the need for gas lique
faction at extremely low temperatures (Yan et al. 
2021).

The significant energy demands and associated 
economic constraints of cryogenic distillation have 
spurred research into alternative, cost-effective separ
ation technologies for noble gases, such as gas hydrate 
technology (Eslamimanesh et al. 2012; Babaee et al. 
2015; Vorotyntsev et al. 2016; Matizakurima 2020; 
Babaee et al. 2021), membrane technology (Baker 
2002; Abedini and Nezhadmoghadam 2010; 
Bernardo and Clarizia 2013), and adsorption with 
metal-organic frameworks (MOFs) (Czaja et al. 2009; 
Kang et al. 2017), zeolites (Jensen et al. 2012; Kosinov 
et al. 2016), and activated carbon (Sircar et al. 1996; 
Kostoglou et al. 2017). However, for high-purity 
products, cryogenic distillation remains the better 
separation technology (Yan et al. 2021). Hybrid meth
ods involving these alternative separation methods 
together with cryogenic distillation have also been 
considered in the literature as potential energy-saving 
separation configurations (Benali and Aydin 2010).

One of the most considered cost-effective alter
natives to cryogenic distillation for the separation 
of noble gas mixtures is physical adsorption by 
the aid of zeolites and metal-organic frameworks 
(MOFs) and absorption by dissolution in a solv
ent (Matizakurima 2020). The main challenge in 
the applicability of separation technologies of this 
nature lies in the selection of a suitable material 
for a particular gas mixture and determining the 
resulting separation efficiencies (Banerjee et al. 
2018). MOFs, also known as porous coordination 
polymers (PCPs), constitute a novel class of per
meable materials comprising metal nodes and 
organic ligands (Zhou and Kitagawa 2014). Due 
to their customizable structures and tunable 
chemical functionalities, this promising class of 
porous crystalline materials has been extensively 
researched for the separation of Xe and Kr. 
Banerjee et al. (2018) demonstrated the ability of 
nickel-based MOFs to recover and recycle xenon 
from anesthetic gas mixtures (Banerjee et al. 
2018).

From the comparisons made (Forster et al. 
2014), it was concluded that zeolites proved to be 
a better option for the materials used for the 
adsorption of gas components due to their being 
less expensive and more robust (Forster et al. 

2014). The experimental investigations by 
Kukulka et al. (2019) revealed that at the condi
tions of atmospheric pressure and room tempera
ture activated carbon shows a Xe uptake of 
approximately 54% by weight, which is double 
that of an investigated MOF-505 at the same 
environmental conditions (Kukulka et al. 2019).

Another separation technology that has piqued 
the interest of researchers as a potential alterna
tive to cryogenic distillation is the use of gas 
hydrates. Gas hydrates are compounds of a crys
talline structure made up of water molecules 
forming cages inside which guest molecules of a 
gas can be trapped (Sloan 2010; Babaee 2015g). 
The water molecules are connected through 
hydrogen bonds which stabilize the cages formed 
thus making nano-porous ice-like structures 
within which some components of a gas mixture 
can be trapped whilst others cannot, depending 
on their atomic diameters and hydrate dissoci
ation pressure (Matizakurima 2020). The concept 
revolves around exploiting the selective encapsu
lation of gas molecules within gas hydrate crystals 
under precise temperature and pressure condi
tions. Figure 1 illustrates the separation achieved 
through selective encapsulation of a component 
of the gas mixture within gas hydrates.

The study of Vorotyntsev and Malyshev (2011) 
revealed that the Xe gas component can be concen
trated from 33 mol % in a feed of xenon, krypton, 
and argon, to a product of 97 mol% over two gas 
hydrate formation steps (Vorotyntsev and Malyshev 
2011).

Figure 1. Separation of a CHF3 þ N2 mixture into individual 
components by the selective encapsulation of gas-hydrate 
technology (extracted from Kim et al. 2017)).
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Membrane technology serves as a versatile sep
aration method capable of addressing a broad 
spectrum of challenges, from particles to mole
cules, with a variety of membrane options avail
able for selection (Miandoab et al. 2021). For a 
membrane-based technique to be practical in sep
arating Xe and Kr, the membranes must possess 
adequate intrinsic selectivity. Harnessing this 
selectivity necessitates adjusting operational con
ditions accordingly (Miandoab et al. 2021). Benali 
and Aydin (2010) investigated the use of mem
branes in the highly energy-intensive separation 
of a propylene-propane mixture by cryogenic dis
tillation. The membrane technology was used 
together with a distillation column, making a 
hybrid-membrane distillation configuration. The 
study demonstrated the potential of the use of 
membranes to reduce distillation energy costs 
(Benali and Aydin 2010).

Though these separation technologies show the 
potential of being used as alternatives to cryo
genic distillation, the main challenge lies in low 
efficiencies compared to the separation by cryo
genic distillation. The comparison of these exist
ing separation technologies done by Omer et al. 
(2017) showed that challenges lie in lower prod
uct purity and low or undetermined economical 
production ranges compared to the conventional 
cryogenic distillation process. Moreover, these 
alternative processes are typically in the develop
ing or semi-mature progress status, thus the pro
cess of cryogenic distillation remains robustly 
employed in industrial applications amid the 
challenges with its energy-intensiveness (Omer 
et al. 2017).

The process of cryogenic distillation is primar
ily used for the separation of air into the main 
components of oxygen and nitrogen. The trace 
components of Xe, Kr, and Ar are recovered as 
by-products using auxiliary columns. Figure 2
represents the typical operation of an air separ
ation cryogenic distillation unit (Omer et al. 
2017). The components are separated based on 
the differences in boiling points and volatilities. 
This method involves the liquefaction of gas 
components at very low temperatures to induce a 
phase change for an effective separation, which is 
the primary reason for the process being exces
sively energy-intensive (Babaee 2015). Therefore, 

there exists a need to investigate potential alter
nate or hybrid separation methods.

In efforts to improve energy efficiency and cut 
down on energy consumption, thereby reducing 
costs in cryogenic distillation technology, 
researchers have investigated several column con
figurations in the literature (Rizk et al. 2012). 
The study by Rizk et al. (2012) demonstrated 
fewer exergy losses and improved energy effi
ciency through the use of thermally coupled dis
tillation configurations (Rizk et al. 2012). The 
study by Saxena et al. (2017) demonstrated 
energy savings of 31–35% relative to conventional 
distillation using thermally coupled distillation, 
which is a reconfiguration of the Petyluk distilla
tion sequence (Saxena et al. 2017).

In the work of Matizakurima (2020), a hybrid– 
hydrate process which is a combination of con
ventional distillation with the hydrate separation 
technology was proposed as a process of achiev
ing energy savings and high product quality in 
the separation of Xe from a ternary mixture of 
XeþKrþAr. The study was based on the experi
mental measurements of gas hydrates for the sep
aration of Xe from the mixture of Ar, Kr, and 
Xe. However, the study did not thoroughly 
explore the economic evaluation and process 
simulation.

The hybrid method proposed in this paper 
offers a sustainable approach to gas separation 
and distillation processes by integrating gas 
hydrate separation and thermally coupled distilla
tion. By utilizing gas hydrates to enhance the 
concentration of Xe in the feed stream, followed 
by cryogenic distillation to decrease energy con
sumption in distillation columns, the method 
aims to improve energy efficiency, conserve 
resources, and reduce environmental impact. 
Through simulation and optimization using 
Aspen Plus, the process can be fine-tuned for 
maximum efficiency, highlighting the importance 
of technological innovation in achieving sustain
ability goals within the chemical engineering 
domain.

This approach aligns with the principles of 
sustainability by minimizing energy usage, maxi
mizing resource utilization, and mitigating envir
onmental pollution associated with traditional 
separation processes. This also contributes to 
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several Sustainable Development Goals (SDGs). 
By focusing on energy efficiency and resource 
conservation, the method directly supports SDG 
7 (Affordable and Clean Energy) and SDG 12 
(Responsible Consumption and Production). 
Additionally, by reducing environmental impact 
through decreased energy consumption and opti
mized resource utilization, the approach aligns 
with SDG 13 (Climate Action) and SDG 9 
(Industry, Innovation, and Infrastructure). 
Furthermore, the use of technological innovation, 
such as simulation and optimization with Aspen 
Plus, underscores progress toward SDG 9.

Method

The feed used in the simulation process in this 
work was a 100 kmol/hr gas mixture with the 
composition of 0.257 mol Xe, 0.336 mol Kr, and 
0.407 mol Ar, similar to the study by 
Matizakurima (Matizakurima 2020). The noble 
gas mixture of Xe, Kr, and Ar is typically recov
ered as by-products of the air separation process 
by the use of auxiliary columns. The temperature 
and pressure conditions of the feed in this study 

were at −185 �C and 1.2 bar, respectively, similar 
to the by-product of air separation in the study 
by Aneke and Wang (2015). Table 1 summarizes 
the stream conditions of the feed gas mixture 
used in this study.

The conventional process of air separation uti
lizes two columns in series, a high-pressure 
(5.6 bar) and a low-pressure (1.5 bar) column in a 
direct distillation sequence (Linde 2020). These 
were specified as the operation pressures for the 
high-pressure (C1) and low-pressure columns 
(C2) in the conventional distillation process 
simulated in this study. The heaviest component 
in the system, Xe, with a boiling point of 
approximately −108 �C (Linde 2020), is recovered 
as the bottom stream of the second column. The 
stream ‘Bott2’ in Figure 3 was the Xe-rich stream 
recovered, with Ar as the lightest component 

Figure 2. Conventional cryogenic distillation process for an air separation unit (extracted from (Omer et al. 2017).

Table 1. Gas mixture feed conditions.
Total molar flow (kmol/hr) 100
Xe composition (mol/mol) 0.257
Kr composition (mol/mol) 0.336
Ar composition (mol/mol) 0.407
Temperature (�C) −185
Pressure (bar) 1.2
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mainly recovered in the distillate stream of col
umn C1 viz. stream DST1, and Kr in that of col
umn C2, stream DST2.

The conventional distillation process was ini
tially simulated with the shortcut design per
formed by the DSTWU (Distillation Shortcut 
with Winn-Underwood-Gilliland) model on the 
Aspen Plus software. This initial simulation 
determined the minimum reflux ratio (RR) and 
the minimum number of stages. The actual num
ber of stages was determined from the obtained 
concentration profiles, focusing on the required 
number of stages to achieve the target product 
purity of 0.9999 mol Xe. The number of stages 
was found to be 25 and 10 for the high-pressure 
and low-pressure columns, respectively. The 
number of stages was kept consistent across all 
alternative processes simulated for a fair compari
son between configurations, as the system per
formance can be influenced by the number of 
stages (Larijani et al. 2019).

The process was then simulated with the 
RADFRAC model for more rigorous computa
tions. In this distillation model, the Peng- 
Robinson equation of state (PR-EOS) was 
selected for the thermodynamic description of 
the process during simulations. The suitability of 
the PR-EOS thermodynamic model for cryogenic 
distillation has been demonstrated by several 
authors. Matizakurima (2020) reported that the 
strongest adherence of simulation results to the 
VLE experimental data was found for the simula
tions conducted with the PR-EOS compared to 

the modified Peng-Robinson (PRWS) and the 
Predictive Soave-Redlich-Kwong PRSK) for 
XeþKr system at low temperatures. Leiva et al. 
(2020) found simulation results to be within 1.5% 
error relative to operational Air Liquide plant 
data from using the PR-EOS in the simulation of 
a cryogenic distillation process.

The performance of each column and the 
energy consumption for the separation during 
the distillation processes are primarily influenced 
by the feed stages and the reflux/boil-up ratios 
(Larijani et al. 2019). The effects of these critical 
parameters have to be evaluated and adapted for 
the specific system for optimal (high recovery of 
key components, low energy consumption) per
formance. The relationships between these critical 
parameters and the process performance were 
observed through sensitivity analyses, from which 
the optimal setpoints of the critical parameters 
were identified.

A Conventional distillation process was simu
lated to be used as the basis for comparison of 
alternative process configurations. Thermally 
coupled and Hydrate–hybrid distillation configu
rations were simulated as alternative configura
tions. Each simulated configuration aimed to 
separate the same gas mixture feed using two col
umns, with the number of stages (as determined 
from the shortcut design DSTWU) in each col
umn kept constant and the column pressures 
informed by common operating pressures as 
reported by Linde (2020). The feed stages and 
the reflux/boil-up ratios were optimized for each 

Figure 3. Simulation of the conventional cryogenic distillation separation.
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column in each configuration for an efficient sep
aration, characterized by maximum component 
separation for minimum energy consumption. 
This approach was similar to the simulation and 
optimization of a distillation process through sen
sitivity analyses conducted in the study by Saxena 
et al. (2017) and Larijani et al. (2019).

Conventional process

The feed stage and molar reflux ratio (RR) were 
the critical parameters influencing the perform
ance of the cryogenic distillation separation as 
indicated by the Xe recovery and total duty. 
Therefore, an optimization of the columns in the 
conventional distillation configuration was per
formed based on the sensitivity analyses represent
ing the relationship between these key process 
parameters. The primary objectives of the opti
mization were to identify the feed stage and reflux/ 
boil-up ratio that reduce the total energy duty of 
each column, whilst maintaining a high Xe con
centration of 99.99 mol%. In addition to the speci
fications of the number of stages and operating 
pressures, the identified optimal feed stage and 
molar reflux ratio are shown in Table 2. The opti
mal feed stage and reflux ratio were selected for a 
high Xe recovery at minimum total energy duty 
for this configuration, as informed by the con
ducted sensitivity analyses.

During sensitivity analyses, the Aspen software 
performs numerous simulations and computa
tions, initialized by guesstimates, at incremental 
levels of the independent variable (feed stage or 
molar reflux ratio) whilst recording the changes in 
the system response(s) of interest (Xe concentra
tion in Xe-recovery stream or total duty). During 
simulation, computations are conducted within 
system constraints as set by the specified feed 
stream conditions and models (RADFRACþPR- 
EOS). The optimal feed stage and reflux ratio can 
then be identified based on the observed 

relationships with the Xe-recovery and total duty 
for the desired system performance.

After the optimal feed stage and reflux ratio 
were identified, the simulation was carried out 
again at the optimal column specifications for 
minimum duty requirement and high Xe recov
ery, as desired. The alternative process configura
tions were optimized similarly. The optimized 
simulated conventional distillation configuration 
was used as a benchmark for comparison with 
the alternative configurations.

Thermal coupling process

In this study, thermally coupled distillation 
sequences were simulated as an alternative process 
to reduce the energy required to achieve the same 
effective separation as the conventional distillation 
process. Thermally coupled distillation sequences 
are reconfigurations of the Petyluk distillation 
sequence. In a typical conventional distillation 
configuration for a ternary mixture, the lightest 
component is separated at the top of the first col
umn. The intermediate component reaches a max
imum concentration near the feed stage and 
decreases toward the bottom of the column as 
remixing of the mixture occurs before feeding into 
the second column. Additional energy is then 
required to re-purify and separate the re-mixed 
mixture (Saxena et al. 2017).

A Petyluk distillation sequence aims to achieve 
energy savings by using a pre-fractionator to 
reduce the energy requirement for the remixing 
of the intermediate component. The partially sep
arated mixture is fed into one main column, in 
which the light and heavy components can be 
separated at the top and bottom of the column, 
respectively, whilst the intermediate component 
can be separated at the stage of highest concen
tration. This distillation sequence has the poten
tial to achieve energy reductions through the use 
of a pre-fractionator and one main column. 
Notwithstanding, the main operational challenge 
with this configuration is the requirement to 
maintain the upper and lower parts of both the 
pre-fractionator and main column at different 
pressures, simultaneously, for a bi-directional 
vapor flow. However, it has been discussed that 
such a pressure profile is not always feasible and 

Table 2. Column main operating specifications for the simula
tions of the conventional process.

Column C1 Column C2

Pressure 5.6 bar 1.5 bar
Number of stages 25 10
Feed stage 23 3
Molar reflux ratio 0.031 0.5
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renders this configuration nearly impractical 
(Saxena et al. 2017).

Thermally coupled systems aim to achieve 
similar energy reductions whilst circumventing 
the operational challenge by maintaining unidir
ectional vapor flows between two columns as 
recycle streams. The recycle streams are drawn 
from the feed stage where the concentration of 
the intermediate component is the highest, and 
fed to the subsequent column for further separ
ation before remixing. The total duty required for 
the distillation separation is reduced by eliminat
ing either a reboiler or condenser in each column 
and the use of the intermediate recycle streams 

to achieve the desired separation. Previous studies 
have achieved energy savings of approximately 
35%, with respect to a conventional distillation 
configuration, through thermally coupled config
urations (Saxena et al. 2017). The arrangements 
of the thermally coupled systems as shown in the 
study by Saxena et al. (2017) to achieve energy 
duty reductions, were used in this study. The 
thermally coupled configurations differed by the 
directions of the vapor flows between the two 
columns.

Two thermally coupled systems were simulated 
(Thermal Couples 1 and 2) as shown in Figures 4
and 5. In Thermal Couple 1, column C1 is 

Figure 4. Simulated process Thermal Couple 1.

Figure 5. Simulated process Thermal Couple 2.
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without a reboiler and column C2 is without a 
condenser. The Xe-rich stream is recovered as 
the bottom stream of column C2. The unidirec
tional flow of the streams of the same phase 
required for the operation of such thermally 
coupled systems is maintained by recycling the 
vapor streams FV1, FV2, and TOP2 to column 
C1. The liquid streams FL1 and FL2 are fed to 
column C2. For these thermally coupled systems, 
both columns were operated at the same high 
pressure to circumvent operational challenges 
associated with the pressure profile across the 
two columns for a unidirectional flow of the 
vapor intermediate streams.

Similarly, Thermal Couple 2 was simulated 
with column C1 without a condenser and C2 
without a reboiler. The liquid intermediate 
streams FL1 and FL2 are recycled back to column 
C1 for more separation of the Xe, and vapor 
streams FV01 and FV02 were fed into column 
C2 with substantially low concentrations of Xe. 
The Xe-rich stream was recovered as the bottom 
stream of column C1. In both these thermally 
coupled systems, the key process parameters were 
identified as the total duty of each column, molar 
reflux (RR) and boil-up reflux ratios (BR), and 
the feed stages. Table 3 displays the optimal 

reflux and boil-up ratios identified from the sen
sitivity analyses.

Gas hydrates separation method

The separation method by the gas hydrates as a 
potential alternative was simulated based on the 
experimental work of Matizakurima (2020). 
Figure 6 displays a concept for Xe separation 
from the mixture of Ar, Kr, and Xe, using gas 
hydrates technology. As shown in the figure, after 
hydrate formation, Xe is concentrated in the 
hydrate phase because of the lower hydrate dis
sociation condition of Xe compared to Ar and 
Kr. Then, the gas phase which is concentrated 
with Ar, and Kr can be separated by vacuuming. 
Finally, using gas hydrate dissociation, Xe is con
centrated in the gas phase.

The concentration of Xe from 0.257 to 
0.613 mol/mol was demonstrated at the lab scale 
under conditions of low temperature and high 
pressure over one hydrate stage in the study by 
Matizakurima (2020). The experimental results 
indicated that the concentration of xenon had the 
most significant increase in the first and second 
hydrate stages, with a 20% energy cost reduction 
over cryogenic distillation. The experimental con
ditions for the separation demonstrated by 
Matizakurima are summarized in Table 4.

The separation by formation and dissociation 
of gas hydrates is understood to be a physical 
separation. In this study, only a simplified simu
lation of the gas hydrate separation was con
ducted. In this simulation, the separation was 
represented as a gas-solid extraction process in 

Table 3. Thermally coupled system’s main specifications.
Column C1 Column C2

Thermal Couple 1 Molar RR� 1 –
Molar BR�� – 4

Thermal Couple 2 Molar RR – 0.05
Molar BR 3 –

�Reflux Ratio (RR).
��Boil-up Ratios (BR).

Figure 6. A concept of Xe separation from the mixture of Ar, Kr, and Xe using the gas hydrate method.
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Aspen, with specifications (temperature, pressure, 
concentration changes, and duty requirements) 
directly based on the hydrate formation and dis
sociation conditions experimentally validated in 
the study by Matizakurima (2020). This allowed 
this approximate simulation to be representative 
of actual experimental conditions and outcomes 
for the gas hydrate separation considered in this 
study.

The process was heat-integrated by implement
ing heat exchangers between the reactor outlet 
streams and the gas feed mixture, effectively 
eliminating the energy required to raise the inlet 
temperature from −185 �C to −0.99 �C (272.16 K) 
for the hydrate formation. Gas hydrate formation 
is exothermic (Babaee 2015), releasing an amount 
of energy equivalent to that required for dissoci
ation (Matizakurima 2020). This improves the 
thermodynamic efficiency of the process by 
allowing for a potential adiabatic operation 
through heat exchange between the hydrate for
mation and hydrate dissociation reactors. For the 

simulation, energy duties were specified in both 
reactors to represent the required cooling and 
heating loads. In the overall duty evaluation after 
simulations, an ideal net duty of zero was 
assumed, based on an assumed complete heat 
exchange between the reactors during the exo
thermic and endothermic formation and dissoci
ation processes, respectively. As such, 
compression to meet the hydrate formation pres
sure remained the main operation consuming sig
nificant amounts of energy in the process.

Through the separation method of gas 
hydrates, the Xe concentration in the inlet gas 
mixture (stream GASFEED0) was increased from 
0.257 to 0.613 mol/mol. The Xe-concentrated gas 
mixture is released from hydrate dissociation and 
can be used to pre-heat the gas feed, thus being 
liquefied (stream FEED) before being fed into the 
distillation section, as shown in Figure 7.

Hybrid process

A Hydrate–Hybrid process was proposed as a 
separation method to achieve further energy sav
ings by combining the Gas Hydrate process with 
the Thermally Coupled distillation configuration. 
The idea was to use the hydrate separation to 
pre-concentrate the Xe in the feed gas mixture, 
before being fed to the cryogenic distillation sec
tion for further high-purity separation. This 

Table 4. Conditions for the separation of Xe by gas hydrates.
Temperature (K) Pressure (bar)

Hydrate formation conditions 272.16 20.6 bar
Gas Mixture Composition

�Feed  
Composition

�Concentrated  
composition

Xe (mol/mol) 0.257 0.613
Kr (mol/mol) 0.336 0.281
Ar (mol/mol) 0.407 0.106
�Streams in the simulated hydrate separation, Figure 7.

Figure 7. Simulated gas hydrate separation process as an extraction process.
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approach was anticipated to further reduce the 
total distillation duty by making the separation 
easier, owing to a higher concentration of the key 
component, Xe, present in the feed.

In this study, two Hybrid processes were simu
lated—Hybrid 1 and Hybrid 2. The Hybrid proc
esses 1 and 2, were simulated by combining the 
simulated Hydrate separation with the systems 
Thermal Couple 1 and 2, respectively. These con
figurations aimed to reduce the energy duty 
required for the separation with the Hydrate 

section serving the purpose of pre-concentrating 
the Xe in the gas mixture, before being fed into 
the distillation section to achieve further separ
ation to the higher target concentration.

Results and discussion

Sensitivity analyses for optimal column 
parameters

Figures 8 and 9 demonstrate the sensitivity ana
lysis results for columns C1 and C2, respectively, 

Figure 8. Sensitivity analysis results for column C1. Figure 9. Sensitivity analysis results for column C2.
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in the conventional distillation process. The sen
sitivity analysis results shown in Figure 8(C) indi
cated a directly proportional relationship between 
the total duty of column C1 and the molar reflux 
ratio. This was congruent with the expected rela
tionship between the two parameters. Saxena 
et al. (2017) found a similar proportional rela
tionship between the molar reflux ratio and the 
column heat duty. It is understood that increas
ing the reflux ratio increases the amount of the 
distillate condensed and fed back into the column 
causing the reboiler to heat more liquid, thus 
increasing the overall duty required. Therefore, 
the lowest feasible reflux ratio required to meet 
an effective separation was desired—which was 
0.031. Below this identified optimal reflux ratio, 
insufficient distillate was fed back into the col
umn, leading to the drying of stages.

Figure 8(A and B) showed that introducing the 
gas mixture feed at stage 23 simultaneously 
allowed operation at the lowest total duty whilst 
effectively separating Ar as the lightest compo
nent in the first column (C1), reaching a 

concentration of approximately 0.8 mol/mol. A 
separation of Ar in the first column is crucial to 
ease the separation in the second column (C2) 
for obtaining a Xe-rich stream as the bottom 
stream of column 2. In Figure 9(C), a similar 
proportional relationship between the molar 
reflux ratio and the total duty for column C2 was 
observed. As such, the lowest possible reflux ratio 
for an effective separation was desired. Figure 
9(B) communicates that the target concentration 
of Xe in the bottom stream of column C2 could 
be achieved at the lowest reflux ratio of approxi
mately 0.5. The bottom stream from column C1 
was fed onto stage 3 of column C2 to achieve the 
most effective separation (>0.9999 mol/mol Xe), 
as supported by Figure 9(A).

Figures 10 and 11 show the sensitivity analysis 
results for columns C1 and C2 in the thermal cou
ple method, respectively. In Figures 10 and 11(B) 
proportional relationships between the ratios 
(boil-up and reflux ratios) and the total column 
duty, similar to the conventional process, were 
observed. The lowest possible boil-up and reflux 

Figure 10. Thermal Couple 1, column C1 sensitivity analysis. Figure 11. Thermal Couple 1, column C2 sensitivity analysis.
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ratios to achieve the separation of Xe were desired, 
as the objective of the optimization was to minim
ize the total duty required for the separation. The 
same principle applies as with the conventional 
distillation configuration, the total column duty 
rises with an increase in the reflux/boil-up ratios as 
more mixture is fed back into the column demand
ing greater cooling and heating duties in the con
denser and reboiler, respectively.

Figure 10(A) shows that a minimum reflux ratio 
of approximately 0.3 was required to reach the 

target Xe concentration of 99.99 mol%. However, 
it was found that at such a low reflux ratio, the 
overall flow rate of the Xe-recovery stream (stream 
BOTT2 in Figure 4) was significantly reduced. 
This indicated a tradeoff between achieving high- 
purity separations and maintaining sufficient flow 
rates. The lowest reflux ratio to achieve the target 
Xe concentration without compromising the over
all flow rate of the Xe-recovery stream was found 
to be 1. For column C2, a minimum boil-up ratio 
of 3.2 was required to achieve the targeted high Xe 
concentration. Similar to column C1, a minimum 
boil-up ratio of 4 was found to simultaneously 
reach the high Xe concentration and avoid sub
stantially low flow rates of the Xe-rich stream as 
the bottom stream of column C2. The system of 
Thermal Couple 2 was also optimized similarly, 
selecting the optimal feed stages and reflux/boil-up 
ratios from sensitivity analyses (Figure 11).

Performance comparisons of the optimized 
alternative configurations

In total, five separation processes were simulated 
and optimized through sensitivity analyses as dis
cussed in the above sections. The total duties 
computed by the software after the simulation of 
each optimized configuration were collected and 
compared. The configurations were compared 

based on the total energy savings in the distilla
tion section and the performance of the overall 
system, with the conventional distillation config
uration as the benchmark.

The energy savings were determined as the 
percentage decrease of the total duty demand 
relative to that of the Conventional process. An 
overall Xe system recovery parameter was defined 
as the ratio of the mole amount of Xe in the 
recovered Xe-rich stream of each process and 
that in the inlet gas mixture.

Xe system recovery %ð Þ

¼
Xe amount in Xe − recovery streamðmolÞ

Xe amount in gas mixture feedðmolÞ
(2) 

In Figure 12, the total energy duty required in 
the distillation section to achieve the separation 
is represented for each process. Both the ther
mally coupled processes achieved the Xe separ
ation with a total duty demand of less than 
400 kW, lower than the duty demand for the con
ventional distillation configuration. The saving in 
the total duty demand was consequential to the 
elimination of a reboiler or condenser in each 
column, as this reduced the total heating and 
cooling duty required during the separation. The 
use of intermediate recycle streams between the 
columns also contributed to these observed 
energy savings by reducing the total flow to the 
reboiler and condenser, reducing the heating and 
cooling duty demands, respectively.

In addition to reducing the total duty demand, 
the recovery of Xe was another important consid
eration in the performance of each system. Table 
5 displays that although Thermal Couple 1 (23%) 
achieved greater energy savings than Thermal 
Couple 2 (7.5%), this was at the expense of the 
system Xe recovery. The low Xe recovery (0.61) 
in Thermal Couple 1 was attributed to the sub
stantial loss of Xe in the distillate stream of col
umn C1 (see Figure 4). This observation 

Energy savings %ð Þ ¼
Alternative process total duty kWð Þ − Conventional process total duty ðkWÞ

Conventional process total duty ðkWÞ
(1) 
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indicated that at the selected optimal reflux ratio 
of 1 for column C1 of Thermal Couple 1, insuffi
cient distillate was recycled back into the column, 
leading to a less efficient separation and Xe losses 
in the top distillate stream.

In Thermal Couple 2 (Figure 5), column C1 
does not have a condenser, and the column-top 
stream is fed into column C2 to achieve further 
Xe separation. This configuration minimized Xe 
losses as evidenced by a substantially greater Xe- 
recovery (0.94). Therefore, Thermal Couple 2 
trumps Thermal Couple 1, regardless of having 
lower energy savings, due to a higher Xe recovery 
achieved, as the primary aim of this study.

Table 5 indicates that the configuration of 
Hybrid 2 was found to be the most efficient 
system, achieving a Xe recovery (0.99) mar
ginally greater than that for the Conventional 
process (0.98), and all the other considered 

configurations. Hybrid 2 also achieved a high Xe 
system recovery with the lowest energy consump
tion (35.8% energy savings) in the distillation 
section compared to the other considered config
urations. The simulation process for the Hybrid 2 
method is shown in Figure 13. This configuration 
is a combination of the gas hydrate separation, to 
pre-concentrate Xe in the gas feed, and a ther
mally-coupled distillation configuration similar to 
Thermal Couple 2, for an energy-efficient high- 
purity separation.

A high-level economic evaluation was per
formed based on the total cooling, heating, and 
electric duties computed in the simulation of 
each optimized configuration. Utility price rates 
($/kJ) obtained from the Aspen software and an 
assumed operation heuristic of 8000 h/year were 
used to determine annual operating costs 
(AOC). The economic evaluation was primarily 
based on the AOC as the key economic factor 
directly related to the energy-intensiveness of 
the process.

Consequential to the energy savings achieved, 
the thermally coupled systems and hybrid proc
esses exhibited lower operating costs compared 
to the conventional configuration. Figure 14
illustrates that, whilst the other configurations 

Figure 12. Energy comparisons of suggested processes (Hybrids 1 and 2—a combination of Thermal Couple 1 and 2, respectively, 
with the hydrate separation).

Table 5. Energy savings and Xe recovery comparisons of 
simulated processes.
Configuration Xe system recovery *Total energy savings (%)

Conventional 0.98 –
Thermal Couple 1 0.61 23
Thermal Couple 2 0.94 7.5
Hybrid 1 0.97 12.0
Hybrid 2 0.99 35.8
�Energy savings in the distillation system.
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demonstrated only moderate savings in operating 
costs—less than 10% relative to the conventional 
process—Hybrid 2 achieved the most substantial 
reduction, with operating costs for the distillation 

section decreased by approximately 33%. Hybrid 
2 (Figure 13) achieves the most energy savings by 
pre-concentrating Xe in the gas mixture, which 
eases, by reducing energy requirements, the 

Figure 13. Hydrate–Hybrid 2 process with the highest Xe recovery and energy savings for the distillation system.

Figure 14. Annual operating costs (AOC) of the simulated separation processes.
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separation performed by the distillation section 
due to the mixture compositions being closer to 
the target purity levels. Additionally, eliminating 
a reboiler and condenser in the columns through 
the use of intermediate streams reduces the total 
heating and cooling duties required in the 
system.

The intermediate stream (FV01) allows for a 
high Xe recovery in the bottom of column C1, by 
feeding into column C2 before the remixing of 
the intermediate component (Kr) with the mix
ture toward the bottom of column C1 (Saxena 
et al. 2017). Purging the intermediate component 
from the stage of highest concentration (close to 
the feed stage) in column C1 to column C2 for 
further separation minimizes the remixing whilst 
reducing the load to the reboiler, and maintain
ing a high concentration of Xe in the bottom 
stream of column C1.

However, it can be seen that for the overall 
system, the operating costs were escalated for the 
Hybrid processes. This was attributed to the 
inclusion of the operating costs associated with 
the Hydrate section. A net duty of zero was 
assumed between the hydrate formation and dis
sociation reactors as supported by the postulation 
that the hydrate formation–dissociation process 
can be achieved adiabatically through heat inte
gration (Matizakurima 2020). The breakdown of 
the AOC for the overall system of Hybrid 2 was 
considered. Figure 15 shows that approximately 
86% of the total operating costs arise from elec
tric utility expenses, which were mainly attributed 
to the compressor (COMPR1) in the hydrate sec
tion of the Hybrid process. This was due to the 
intense gas compression from 1.2 bar 
(GASFEED2) to 20.6 bar (GASFEED3) required 
to meet the pressure conditions for gas hydrate 
formation, as shown in Figure 13.

Conclusion

The present work demonstrated the separation of 
Xe from a noble gas mixture of Xe, Kr, and Ar 
by cryogenic distillation through Aspen Plus sim
ulations. Thermally coupled distillation sequen
ces, Thermal Couple 1 and 2, were simulated as 
alternative distillation configurations to achieve a 
high-purity Xe separation with reduced energy 
consumption relative to a conventional cryogenic 
distillation sequence. Separation through gas 
hydrates was also considered as an alternative 
separation method. In this study, an approximate 
simulation of the gas hydrate separation process 
was conducted, directly based on experimentally 
validated data from a previous study demonstrat
ing the concentration of Xe in XeþKrþAr gas 
mixture through gas hydrates.

In total, five two-column distillation configura
tions were simulated viz.; a Conventional distilla
tion sequence, two Thermally Coupled 
configurations, and Hybrid configurations which 
combined a gas hydrate separation with the ther
mally coupled sequences. All configurations were 
optimized through sensitivity analyses for an effi
cient Xe separation at reduced duty demands. 
The optimized configurations were compared 
based on total duty demand and Xe recovery, 
with the conventional process as the benchmark.

Hybrid 2, a combination of the Hydrate separ
ation and Thermal Couple 2, was proposed as 
the most efficient configuration for the Xe separ
ation. This was motivated by the configuration 
Hybrid 2 achieving the highest Xe recovery of 
99 mol% with energy savings of �36% and 
annual operating costs reduction of �33% for the 
cryogenic distillation separation, compared to the 
conventional distillation sequence. The use of gas 
hydrate separation to pre-concentrate Xe in the 
feed gas mixture reduced the total duty demand 
for the high-purity separation achieved by the 
distillation section in this hybrid configuration.

A net-zero duty demand for the gas hydrate 
separation was assumed based on the postulation 
that hydrate formation and dissociation can be 
carried out adiabatically through heat integration. 
It was also found that through heat exchange 
with the outlet streams after hydrate formation 
and dissociation, the additional heating duty 

Figure 15. Distribution of AOC for the overall process of 
Hybrid 2.
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required to raise the feed gas mixture to the tem
perature level for gas hydrate separation could be 
eliminated. However, it was found that the 
intense compression of the feed gas mixture (1.2 
to 20.6 bar) required to meet gas hydrates forma
tion conditions dramatically escalated the overall 
operating costs of the hybrid configuration, 
which can be an economic disincentive.

Gas hydrate promoters, such as TBAB, are rec
ommended as a potential solution to moderate, 
by decreasing the pressure and increasing tem
perature conditions required for the formation of 
gas hydrates (Babaee 2015). This would eliminate 
the intense compression in the hydrate section 
and reduce the total operating costs for the over
all system of Hybrid 2, making it more econom
ically attractive as an alternative process for Xe 
separation and recovery. Since Aspen Plus does 
not offer dedicated packages for gas hydrate sim
ulations, a comprehensive simulation of the gas 
hydrate separation process is recommended for 
future work. This is to capture the thermo
dynamic behavior more accurately relative to the 
simplified simulation conducted in this study 
based on experimental data, and potentially cor
roborate the findings.

The proposed hybrid separation methods show 
the potential to substantially reduce energy con
sumption and operating costs, which directly 
contribute to lowering greenhouse gas emissions 
and reducing reliance on nonrenewable energy 
sources. By achieving high xenon recovery rates 
efficiently, these methods promote resource effi
ciency, minimize waste, and maximize the utility 
of raw materials. Such advancements in separ
ation technology align with sustainable practices, 
making industrial processes more environmen
tally friendly and economically viable.
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