
 

 

Since January 2020 Elsevier has created a COVID-19 resource centre with 

free information in English and Mandarin on the novel coronavirus COVID-

19. The COVID-19 resource centre is hosted on Elsevier Connect, the 

company's public news and information website. 

 

Elsevier hereby grants permission to make all its COVID-19-related 

research that is available on the COVID-19 resource centre - including this 

research content - immediately available in PubMed Central and other 

publicly funded repositories, such as the WHO COVID database with rights 

for unrestricted research re-use and analyses in any form or by any means 

with acknowledgement of the original source. These permissions are 

granted for free by Elsevier for as long as the COVID-19 resource centre 

remains active. 

 



Hygiene and Environmental Health Advances 6 (2023) 100048 

Contents lists available at ScienceDirect 

Hygiene and Environmental Health Advances 

journal homepage: www.elsevier.com/locate/heha 

Economical synthesis of oxygen to combat the COVID-19 pandemic 

Nidhi Bhat a , Vinutha Moses a , ∗ , Chetan N 

b 

a Department of Chemical Engineering, RV College of Engineering, Bengaluru 560059, India 
b Department of Engineering and Management, Dr. Ambedkar Institute of Technology, Bengaluru, India 

a r t i c l e i n f o 

Keywords: 

COVID-19 

Medical Oxygen 

Oxygen Concentrators 

Pressure Swing Adsorption (PSA) 

Air Separation Units (ASUs) 

Integrated Energy Systems (IES) 

a b s t r a c t 

The whole world has been affected by the COVID-19 pandemic and oxygen demand is greater than ever, but the 

supply is expectedly short. People in need of this oxygen are not able to receive it, especially those who cannot 

afford it. In addition to these issues, the oxygen from production plants is not getting delivered to hospitals on 

a timely basis due to insufficient availability of tankers and cylinders. It is therefore crucial to enable access of 

oxygen beds and cylinders to the public by developing economical methods for medical oxygen generation. Con- 

ventional methods like oxygen concentrators, the Pressure Swing Adsorption (PSA) Technique and Air Separation 

Units (ASUs) are either too expensive, energy intensive or feasible only on a small scale. This indicates the need 

to exploit methods that have not been utilized fully yet, such as Integrated Energy Systems (IES). However, re- 

ducing the cost of a process is not enough. It needs to be scaled up to have a real impact on the situation at hand. 

Ion Transport Membranes (ITM) are promising in this aspect as they can produce large volumes of extremely 

high-purity oxygen at low costs. All these methods along with their economic aspects have been discussed and 

then compared to identify the most feasible one. 
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. Introduction 

The COVID-19 pandemic has drastically affected the entire world’s

ealth and economy. It is a global emergency and we are facing it

ith limited information from published data ( Pravda et al., 2020 ). The

orona virus has indeed impacted the world in unimaginable ways and

an be identified by some common symptoms which include headache,

espiratory problems, fatigue, cough, fever and anosmia. The organs af-

ected the most are the lungs, especially the alveoli, causing major com-

lications such as pneumonia, acute respiratory distress syndrome and

epsis, which reduce the oxygen intake and might ultimately lead to or-

an failure itself. To combat these issues, oxygen cylinders are used to

ncrease the oxygen level as an attempt to improve the condition and

id the recovery of a patient. 

Medical oxygen is essential in the treatment of people suffering from

espiratory problems, whether at home or in hospitals. That being said,

t is clear that oxygen therapy signifies a central focus of emergency

are ( Karlis et al., 2020 ). An uninterrupted oxygen supply is a critical

ospital need ( Paul et al., 2020 ). However, with the rise in cases, the

emand for this oxygen has escalated so much that there is a growing

carcity, especially for those who cannot afford oxygen beds in hospitals.

n addition to this, the oxygen produced at plants is not getting delivered

o where it needs to be due to the shortage of tankers and cylinders. 
Abbreviations: WHO, World Health Organization; LMO, Liquid Medical Oxygen; IT
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As stated by the World Health Organization (WHO), one in five peo-

le struggling with COVID-19 needs medical oxygen to guarantee that

he oxygen level in their blood is adequate. In order to enable access of

hese oxygen beds and cylinders to the public, economical methods of

ynthesis must be adapted. Liquid Medical Oxygen (LMO) is highly pure

xygen and has several advantages. It can be stored in large volumes and

s also portable when compared to other systems such as concentrators

 Su et al., 2014 ). 

Medical oxygen (either in liquid or gaseous state) is an oxidizing

gent which can cause fires or explosions if handled improperly. To

void catastrophic mishaps in the event of failure, careful planning is

equired. It also requires the use of sophisticated equipment as well as

ccessories for measuring and dispensing medication. All of these ne-

essitate instruction on how to operate them as well as routine mainte-

ance. 

Current methods of oxygen synthesis include oxygen concentrators,

he Pressure Swing Adsorption (PSA) Technique and Air Separation

nits (ASUs) that use the process of cryogenic fractional distillation

 Frank, 2006 ). However, these methods are rather expensive and high

aintenance. A more reliable and economical method would be Inte-

rated Energy Systems (IES), which has not been exploited to its full

otential yet ( Ding et al., 2020 ). Ion Transport Membranes (ITM) can
M, Ion Transport Membranes; DRE, Distributed Renewable Energy. 
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Fig. 1. Principle of PSA (I – air input, O – oxygen output, E – exhaust, A – ad- 

sorption, D – desorption. (1) and (2) illustrate alternating adsorption and des- 

orption.) ( Wikimedia Commons contributors ). 
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lso produce large volumes of high – purity oxygen ( > 99.5%) at low

osts ( Sudhakar and Kadam, 2021 ). 

On-site production of medical oxygen should also be encouraged if

elivery from production plants is to be avoided. The requirement for

n on-site oxygen generating system was discovered through consumer

esearch in the market area. This kind of device could furnish enormous

mounts of medical-grade oxygen needed for everyday operations to

 hospital. It would also reduce the reliance on gas suppliers and the

ssociated troubles of transportation and acquiring of bulk oxygen on a

egular basis ( Frank, 2006 ). Considering all these factors and improving

he existing systems would help resolve issues and eventually lead to

igher production rates and lower costs to meet the current demand.

his paper reviews the various medical oxygen synthesis and storage

ethods along with their economic aspects. 

. Oxygen cylinders 

Oxygen cylinders are containers made of metal that hold compressed

asses at high pressures. They range in size from small portable ambula-

ory cylinders to huge static cylinders when filled with oxygen. A central

ank of oxygen cylinders, on the other hand, can be built by setting up a

eries connection to provide the hospital with piped gas having accept-

ble backup. They are the most prevalent sources of oxygen, and can be

ound even in small towns ( Paul et al., 2020 ). These cylinders, however,

re not as effective as liquid oxygen cylinders. 

Liquid oxygen cylinders are vacuum-sealed, double-walled liquid

torage containers composed of high-quality insulating material that

old cryogenic liquid oxygen to reduce evaporation losses. Prior to a

atient obtaining oxygen into the nostrils by means of tubes through

 nasal cannula, the LMO is required to be evaporated first to a com-

ressed gas and then warmed at ambient or room temperature inside

he apparatus. 1 L (liter) of liquid oxygen expands to about 860 L of

xygen gas when evaporated ( Madaan et al., 2021 ). Liquid oxygen is

referred in most large hospitals due to its purity, cost-effectiveness, and

ast capacity. Other advantages include portability, continuous flow ca-

abilities, low weight, and long duration. The disadvantage is that it

ay be delivered from remote locations, increasing transportation costs

hile also posing a supply problem during natural disasters ( Paul et al.,

020 ). 

. Oxygen synthesis/production methods 

.1. Pressure swing adsorption (PSA) technique 

PSA is based on gasses being adsorbed under high pressure. The

reater the pressure, the greater the quantity of gas that is adsorbed.

n air compressor, drier, filters, dual separation chambers, a reser-

oir, and controls are the typical parts of the oxygen generation plant

 Organization WH 2020 ). 

PSA is divided into three subclasses on the basis of the pressure lev-

ls in the production and purge steps: Pressure Swing Adsorption, Vac-

um Swing Adsorption (VSA), and Vacuum Pressure Swing Adsorption

VPSA) ( Arora and Hasan, 2021 ). PSA is used in Medical Oxygen Con-

entrators (MOCs). VSA generates oxygen (from air) at high pressures

nd flows by sending air through a single low-pressure blower and us-

ng a valve to reverse its flow. However, this is mainly for industrial use

 Madaan et al., 2021 ). Fig. 1 illustrates the principle of PSA. 

PSA is reliable and generates a stream of 99 mol% pure oxygen be-

ause it includes a device that can be utilized even for argon removal

rom air streams. Because of the similarities between argon and oxygen,

he argon removal process is slightly more complicated than the nitrogen

emoval PSA. A study also looked into argon pressure swing adsorbers

o boost the purity of the product stream to 99% ( Frank, 2006 ). 

Rapid PSA (RPSA) technique is one where product oxygen is pro-

ided to the user on site once the portable unit is attached to an existing
2 
ompressed air connection. This eliminates the need for an air compres-

or for the MOC ( Rao et al., 2014 ). 

Two-stage PSA techniques combining kinetic and equilibrium sep-

ration have also been devised to obtain 99 oxygen from air. A car-

on molecular sieve adsorbent removes argon and nitrogen from the air

upply kinetically, while a N 2 /O 2 selective zeolite removes the residual

itrogen. Despite this, two-stage procedures, which require more than

ne compressor or vacuum pump, are frequently complex and energy-

ntensive. The majority of two-stage units defined in the literature failed

o achieve 99.5% oxygen purity until one study showed that the us-

ge of a zeolite AgLiLSX that is selective to argon/oxygen in a two-

tage VPSA process can produce an oxygen stream that is 99.5 + % pure

 Ferreira et al., 2016 ). 

An advantage of VPSA is that it can be done on-site. But the need for

ultiple compressors/vacuum pumps results in an increase in prices, es-

ecially if a larger volume of gas is to be generated. Yet, the total cost of

 PSA is substantially lower than that of a liquid oxygen tank. At current

arket rates, the various PSA constituents and the distribution system

ould be extremely expensive if all PSA, booster, UPS, generator, and

istribution system components, accessories, and maintenance costs for

en years are considered for analysis, making small and medium hospi-

als self-reliant in providing oxygen at reasonable costs ( Madaan et al.,

021 ). 

.2. Oxygen concentrators 

Oxygen concentrators can use different technologies like vacuum

wing adsorption, membrane gas separation and PSA process. Mem-

rane gas separation concentrators separate a gas mixture to obtain oxy-

en using synthetic membranes consisting of polymers like polyamide

r cellulose acetate, ceramics, or even nanomaterials. These technolo-

ies are more environmentally friendly and require less space, but are

ery expensive ( Madaan et al., 2021 ). 

Idaho National Laboratory (INL) established a model based on a

preadsheet for techno-economic analysis that took into consideration

arious parameters such as membrane selectivity and permeability, per-

ormance conditions and so on to develop understanding of the econom-

cal perspective of polymer membrane-based oxygen enrichment in a

etter way. This cost is lower than PSA and comparable to cryogenic

istillation, which achieves its goals only at a considerably higher level

 Adhikari et al., 2021 ). The principal drawback of an oxygen concen-

rator is the fact that its output could be insufficient to meet oxygen

emand during the busiest hours in hospitals, even at maximum flow

 Paul et al., 2020 ). 
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Portable MOCs have proven to be effective in enabling at-home oxy-

en therapy for patients infected with COVID-19. A PSA technique with

n adsorbent selective to nitrogen is used in the majority of MOCs. WHO

tates that medical-grade oxygen has 90 to 96% V/V oxygen content,

he rest being argon and nitrogen. In order to achieve this high purity,

 flexible and modular PSA process is desired. The bed size factor (BSF)

nd oxygen recovery are very important measures used to evaluate the

fficacy of a PSA-based MOC. The BSF is calculated by determining how

uch adsorbent is required to generate one ton of oxygen per day (TPD)

nd is expressed in kg ads. O 2 TPD 

− 1 . As a result, lowering the BSF re-

ults in reduced adsorbent inventory and smaller MOC units. Oxygen

ecovery is calculated by dividing the amount of oxygen recovered at

he output by that provided at a cyclic steady state throughout a PSA

ycle. Consequently, better oxygen recovery leads to cheaper compres-

ion costs and lower ambient air supply flow rates for a given product

pecification. 

When compared to normal PSA operation, MOC is a small appliance

ith some degree of limitation on adsorbent quantity and rapid cycling,

hich results in a high energy consumption due to frequent pressure

ariations. These concentrators have been commercialized, but they are

igh-priced and difficult to generate in developing countries. For small-

cale purposes, however, the comparative uncomplicatedness and de-

endability of MOCs are important to a greater extent than energy usage

 Arora and Hasan, 2021 ). 

.3. Air separation units (ASUs) 

ASUs are energy-intensive plants that produce various grades of ni-

rogen, oxygen, and argon. ASUs typically have a compression section,

 refrigeration section, and a separation section (where separation of air

nto its constituent compounds takes place based on market demands)

 Manenti et al., 2013 ). ASUs make use of cryogenic distillation for opera-

ion, which follows the same ideologies as distillation, except the separa-

ion occurs at cryogenic temperatures lower than − 150 °C ( Frank, 2006 ).

Cryogenic separation is a completely developed technology for sepa-

ating air at high purity and large production rates ( Tesch et al., 2019 ).

he relative volatility of components in a mixture is exploited in this sep-

ration process. Nitrogen and argon will vaporize before oxygen when

hilled to temperatures that are appropriate for liquefaction. In a dis-

illation column, nitrogen and argon are cooked away, leaving virtually

olely oxygen. This separation is able to generate oxygen with a purity of

9.2%, and is a form of in-situ oxygen generation ( Frank, 2006 ). Fig. 2

hows the representation of an ASU. 

The multi-stage compression technique consumes a substantial

mount of electricity, costing around $1 billion each year in the United

tates (before the corona virus pandemic). Due to the pandemic, the

emand is much greater. 

Different process streams are used for recovering heat/refrigeration

nside the system due to the cryogenic operating conditions. This is due

o low flexibility. The O 2 rich liquid at the bottom of the higher column,

or example, is utilized for condensing the N 2 rich vapor that leaves

he top of the lower column in the main condenser. In a system with

re-existing complexities, such arrangements induce significant degrees

f thermal integration and eliminate process degrees of freedom. There

lso exists inadequate agility. Distillation columns, large, having numer-

us stages are required to meet the high purity standards. The liquid

oldup in these columns causes reaction dynamics to be delayed for

uite a long time ( Qiao et al., 2012 ). 

.4. Integrated energy systems (IES) 

IES uses advanced technology for converting energy and other re-

ources into different kinds of energy. It is the course of energy devel-

pment and the cornerstone of the future energy internet, thereby im-

roving energy utilization efficiency and increasing flexibility, safety,

conomy, and security ( Xiang et al., 2020 ). IES can aid the improvement
3 
f the operating flexibility of energy systems because they incorporate

 variety of devices and combine heating and electricity systems. As a

esult, building IES has been viewed as a viable path to reliable and

ost-effective renewable energy. 

Recently, power to hydrogen (P2H) has been identified as an assur-

ng option for improving IES economics and reducing renewable curtail-

ents owing to hydrogen’s ability to create both heat and electricity.

2H is produced in IES by electrolyzing water, which generates hydro-

en as well as a considerable quantity of oxygen-enriched gas that is yet

o be exploited to a full extent. Medical oxygen can be obtained from

xygen-enriched gas in a cheap way using an oxygen-enriched gas pu-

ification system. 

The traditional technique of generating medical oxygen with cryo-

enic ASUs uses 0.61 kWh of electricity per kg of oxygen, whereas pu-

ification of oxygen-enriched gas uses 0.04 kWh of electricity per kg of

xygen. As a result, considering the combined generation of hydrogen

nd medical oxygen could improve the economics of IES in the long

un. The schematic diagrammatic representation of the IES system is

llustrated in Fig. 3 . 

When compared to traditional techniques of synthesis, a (P2HO)

ower-to-hydrogen-and-oxygen system can completely use the P2H sys-

em oxygen-enriched gas produced by the and convert it to medical-

rade oxygen at minimal prices. The P2HO system, which is built on

2H, allows for the synthesis of both hydrogen and medical oxygen. An

lkaline electrolyzer, a hydrogen storage tank, and an oxygen-enriched

as purification system are all included. For electrolyzing water, the al-

aline electrolyzer is the most established and practical approach. One

ortion of the electrical energy from the source(s) is used to generate

ydrogen, while the other is transformed to thermal energy by the elec-

rolyzer’s electrochemical reaction. The entire electrolyzer is a heat stor-

ge device since electrolysis alters the operating temperature, which

ay be considered as a means of storing heat. Only two contaminants

xist in the oxygen-enriched gas: H 2 and H 2 O. H 2 and O 2 can be con-

erted to H 2 O with the help of a catalyst. In the end, high-purity oxygen

an be created using a molecular sieve to filter H 2 O. The cryogenic sep-

ration also has more steps than the oxygen-enriched gas purification

rocess, leading the latter to be more efficient ( Ding et al., 2020 ). 

Dissolved oxygen is indicative of the quality of water. The water is

aid to be contaminated and its quality is low if the level of dissolved

xygen significantly less. Organic and inorganic contaminants can re-

uce the level of dissolved oxygen ( Bozorg-Haddad et al., 2021 ) and

his is likely to lead to a lower rate of oxygen production. 

A study on the development of energy planning based on the demand

or a dispersed oxygen supply. an IES was built by coupling hydrogen,

lectricity, oxygen and heat, DRE, ASU and IES was used to improve

he traditional IES to achieve very low carbon emissions and improve

onsumption levels. A multiple energy sharing mechanism of the IES

luster ( Fig. 4 ) was adopted to assess hydrogen and oxygen sharing. The

luster cost was reduced and provided a higher economic advantage

ig. 5 shows the multiple energy sharing data and Table 1 shows the

omparison of the cluster energy supply revenue ( Cui et al., 2022 ). 

Current applications of IES include the analysis and development of

 niche IES based on geothermal energy renewable source for multistage

ubsystem desalination for freshwater production and production of hy-

rogen using Copper Chlorine (CuCl) thermochemical cycle ( Gevez and

incer, 2022 ; Shao et al., 2022 ). 

Low-Cost High Purity Oxygen can be obtained by Ion Transport

embranes (ITM) at high temperatures. ITMs can extract oxygen from

he air (above 700 °C) Fig. 6 represents an ITM system. In con-

entional membrane technology, air passes through a membrane fil-

er. Slow gasses will be caught in the filter while fast gasses will

ass through it. Different degrees of purity can be reached by vary-

ng the length of time the gas is filtered and collected at an out-

et. ITM Oxygen can produce oxygen streams with a volume and ex-

remely high purity (over 99.9%) (equal to cryogenic slurry volumetric

ow). 
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Fig. 2. Representation of an ASU (LOX – liquid oxygen, GOX – gaseous oxygen, LIN – liquid nitrogen, GAN – high purity gaseous nitrogen, A – low pressure column) 

( Pintilie et al., 2019 ). 

Fig. 3. The IES system (OER LDH – Oxygen Evolution Reaction Layered Double Hydroxide, HER – Hydrogen Evolution Reaction) ( Cai et al., 2019 ). 

Table 1 

. Energy supply revenue ( Cui et al., 2022 ). 

Income/(RMB) 

Electricity Supply Oxygen Supply Heat Supply Hydrogen Supply 

IES Cluster Price 1552,777.50 317,194.00 537,174.10 308,350.30 

Market 

Price 

1645,868.40 1185,047.03 961,179.10 (G) 705,210.02 

921,750.00 (E) 

4 
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Fig. 4. Multiple energy sharing architecture (HN – Hydrogen Networks, GP –

Grid Power) ( Cui et al., 2022 ). 

Fig. 5. Multiple Energy Sharing ( Cui et al., 2022 ). 

Fig. 6. ITM System. 

Table 2 

Comparison between ITM system and cryogenic ASU ( Sudhakar and 

Kadam, 2021 ). 

Area Description ITM Oxygen Plant Cryogenic ASU 

Oxygen Plant 41,600 61,200 

$ / metric ton per day Oxygen produced 14,300 22,200 

Cost of installation ($) 41.6 million 61.2 million 
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5 
Previously, membrane technology was limited to purities of about

0%. The ITM was developed by chemicals and products of air, the US

epartment of Energy, and Ceramatec. Reportedly, this process can pro-

uce 99.9% pure O 2 at a fraction of the cost of cryogenic separation.

able 2 represents the comparison between ITM system and cryogenic

SU ( Sudhakar and Kadam, 2021 ; Gevez and Dincer, 2022 ). 

The need for medical oxygen has escalated rapidly due to COVID-19

nd many people use ventilators or extracorporeal membrane oxygena-

ion (ECMO) for breathing this oxygen, which has only increased the

emand further ( Ding et al., 2020 ). Thus, at this moment, it is necessary

o consider combining energy systems to facilitate increased supply of

edical oxygen for COVID-19 patients. 

. Conclusion 

Purity of the product stream (oxygen) and economic aspects of a pro-

ess are both very important in determining the most efficient method

or the synthesis of medical oxygen. 

PSA yields high purity oxygen, but is very expensive due to its many

omponents and maintenance costs. Oxygen concentrators are cheaper

han PSA and comparable to cryogenic ASUs, but this is true only when

hey are utilized on a large-scale. Portable MOCs are more effective for

mall scale applications as they consume a large amount of energy and

re high-priced even though they have been commercialized. ASUs use

p a large amount of electricity and this affects the economics of the

rocess, resulting in high prices, whereas IES offers the dual benefit of

igh purity oxygen at low costs as well as renewable-powered energy.

t not only uses less electricity, but the devices used for this process are

heaper than those used for cryogenic air separation. Although oxygen-

nriched gas purification is not used often due to large electricity con-

umption by the electrolysis process, in an IES, hydrogen and oxygen-

nriched gas are being produced simultaneously, which is why it is more

conomical than ASUs. ITMs produce large volumes of extremely high

urity oxygen at low costs, which means that the issue of production

ate could potentially be solved. They are also much more economical

han cryogenic air separation. 

Oxygen supply is key to overcoming this pandemic and it should be

ade available to those in need. Everyone must be able to access it and

esearch should continue not only to make the synthesis and production

rocesses less expensive, but also to achieve high large-scale production

ates and on-site oxygen generation. 
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