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ABSTRACT

Background and Aims: Multiple sources of medical oxygen, namely liquid medical
oxygen (LMO) tanks, pressure swing adsorption (PSA) plants, concentrators, and gaseous
cylinders, are available at different healthcare facilities. These sources of oxygen have varying
installation and operational costs. In low-resource settings, it is imperative to utilise these
assets optimally. This study investigated the operational costs of multiple oxygen sources
available at a healthcare facility. Methods: A Microsoft (MS) Excel-based model was developed
to analyse and compare the oxygen manufacturing costs (in ¥/m®) using PSA plants and
procurement costs (in ¥/m®) of LMO and third-party vendor-refilled cylinders. Results: The
oxygen manufacturing costs for PSA plants of different capacities and running times on electricity
and diesel generators (DGs) as a power source were calculated. This study highlights the
cost-benefit of using PSA plants over LMO and third-party vendor-refilled cylinders as a source
of oxygen. PSA plants are most economical when they are of higher capacity and used to their
maximum capacity on electricity as the power source. On the contrary, they are most expensive
when used on a DG set as a power source. Furthermore, this study provides evidence of PSA
plants being more cost-effective for refilling cylinders using a booster compressor unit when
compared to third-party vendor-cylinder refilling. Conclusion: Given their cost-effectiveness
and low third-party dependence, they should be utilised to their maximum capacity as medical
oxygen sources at healthcare facilities.

Keywords: Booster compressor units, cost analysis, gaseous cylinders, hospitals, liquid medical
oxygen, medical oxygen, pressure swing adsorption plants

INTRODUCTION

swing adsorption (PSA) plants are the most common
manufacturing sources.??!

Oxygen therapy is an essential component of clinical
treatment and healthcare systems. Medical oxygen is
either manufactured in liquid form with a purity of
approximately 99.5%, or it can be manufactured in
gaseous form with a purity of 90% or more.!" It is free
from dust particles, carbon particles, oil particles,
moisture, bacteria, viruses, and fungi. It is transported
and stored in medical-grade equipment such as liquid
medical oxygen (LMO) tankers, LMO tanks, and
medical oxygen gaseous cylinders. The most common
storage sources of medical oxygen in healthcare
facilities are compressed gas cylinders and LMO
tanks. In contrast, oxygen concentrators and pressure

Since the commissioning of these PSA plants, many
state governments and other stakeholders have been
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expressing concerns over the ‘high costs’ incurred
in their operations, including electricity bills and
costs of fuel for diesel generator (DG) sets, among
other expenses. This has thus led to a perception that
PSA plants are an expensive source of oxygen for a
facility without evidence. The current study aimed
to address this gap in the literature to investigate and
compare the operational costs of PSA plants with
the procurement (refilling) costs of LMO and jumbo
cylinders (also known as D-type cylinders). A single
indicator, oxygen production or procurement cost in
Indian rupee/cubic metre (3/m?), was considered.

METHODS

This study did not involve human subjects;
therefore, ethical approval was not sought from an
institutional review board, and the study was not
registered on the Clinical Trials Registry-India. First,
a Microsoft (MS) Excel-based model was developed
to calculate medical oxygen production cost per
cubic metre (in ¥/m?®) by using PSA plants of
different capacities running for various hours in the
day on either electricity or DG set or both. The model
included multiple inputs such as the unit price of
electricity, price of diesel, human resource (HR)
costs, annual comprehensive  maintenance
costs (which is approximately 5%-7% of the PSA
plant procurement cost), and oxygen testing from
National Accreditation Board for Testing and
Calibration Laboratories-approved laboratory costs.
The model was based on specifications data of PSA
plants as provided by Absstem Technologies, Delhi,
India [Tables S1 and S2]. In addition, for comparison
with LMO and jumbo cylinders, the model included
the rate contract costs (including transportation
costs) and HR costs for these two sources.

While building the model, based on the data provided

by Absstem Technologies (Delhi, India), the following

key considerations were kept in mind:

*  Minimum compressor load of 40% if the PSA
plant is utilised for less than 10 h/day.

e 2.7 as the factor to calculate the DG set capacity
based on the PSA plant compressor capacity

* 4.16 as the factor to calculate the volume of
diesel required (in litres) per hour to run the
DG set

Once the model was developed, relevant input data
on electricity unit price, cylinder refilling, and
LMO refilling costs were collected telephonically
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from oxygen nodal persons/technicians/operators in
hospitals (n = 6) in Madhya Pradesh. The lead author
verified the data over one week in January 2023
through consultations with the Directorate of Health
Services, Government of Madhya Pradesh, on the
established LMO, gaseous oxygen cylinder refilling
rate contracts, and electricity unit prices. The inclusion
and exclusion criteria for the hospitals have also been
provided [Table S3], along with details on the model
input parameters [Table S4]. The collected model
input data have been expressed as mean (standard
deviation (SD)) for electricity unit price and rate
contracts (including transportation costs) for LMO and
cylinder refilling [Table S4]. A uniform HR cost for
all three oxygen sources was assumed in the model.
Relative change and relative difference methods were
used to compare the operational costs of PSA plants
and the procurement (refilling) costs of LMO and
jumbo cylinders.

RESULTS

The MS Excel-based cost analysis model illustrates
the per cubic metre cost (/m®) of oxygen from
different sources for a hospital [Figure 1]. A PSA plant
capacity of 500 litres per minute (LPM) has been
considered, with a running time of 24 h/day. With
usage/production of about 21,600 m® in a month, the
¥/m? costs of oxygen for LMO refilling and third-party
vendor-refilled jumbo cylinders were calculated to
be 2.59 and 3.13 times higher than PSA plant (when
operating only on electricity), respectively.

The overall monthly costs and the breakdown of
oxygen production/procurement and delivery costs
(electricity, HR, maintenance, etc.) for each source of
oxygen were calculated [Table 1 and Figure 2].

Oxygen sources cost comparison
70.00 -

60.00 -
49.76
50.00 A
41.17

mg 40.00 1
™ 30.00 -

20.00 A 15.85

10.00 -

0.00

500 LPM PSA plant (24h LMO refilling Third-party vendor refilled
electricity) Jumbo cylinder

Oxygen sources

Figure 1: Cost comparison of oxygen sources. Error bars indicate
SD (n=6). LPM — Litres Per Minute; PSA — Pressure Swing Adsorption;
LMO - Liquid Medical Oxygen; SD — Standard Deviation
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Post coronavirus disease (COVID)-19 second wave,
the demand for medical oxygen has drastically
decreased, and PSA plants are not running
continuously over the day. Thus, the model was
also used to calculate and compare the cost (%/
m?®) of oxygen production when PSA plants are
used at various capacities such as 25% (6 h/day),
50% (12 h/day), and 75% (18 h/day). Moreover, it
was assumed that the cost of producing oxygen from
PSA plants would vary depending on the source of
power (electricity only, DG set only, or combined).

The per m® cost of oxygen production is the lowest
when PSA plants operate entirely on electricity and at
100% capacity (24 h/day) [Figure 3a]. However, if the
PSA plant utilisation is only 25%, then the per m® cost
of production increases by 118.7%. On the contrary,
when comparing the cost of oxygen production between
only electricity and only DG set as the power source at
100% utilisation, the DG set is found to be 4.75 times
more expensive than the PSA plant on electricity,
1.84 times more expensive than LMO refilling, and
1.52 times more expensive than jumbo cylinder

500 LPM PSA plant oxygen production cost LMO and Jumbo cylinder cost breakdown
breakdown when operating for 24h on electricity 60.00 -
- 97% o 100%
:zﬁ ] 1% % 100% 0001 See 4% 100% ‘l%'
. ] i
12.00 - mo 8.1
% 10.00 1 20.00 { 395
® 800 10.00 4
6.00 {1 [11.83 0.00
4.00 1 Rate HR  Total Cost Rate HR  Total Cost
2.00 4 contract contract
0.00 LMO Third-party vendor refilled Jumbo,
Electricity CMC HR Oxygen testing  Total Cost cylinder
2 Cost breakdown [b| Cost breakdown

Figure 2: Oxygen production/procurement and delivery cost breakdown (a) 500 LPM PSA plant (b) LMO and Jumbo cylinder. LPM — Litres
Per Minute. PSA — Pressure Swing Adsorption; CMC — Comprehensive Maintenance Contract; HR — Human Resource; LMO - Liquid

Medical Oxygen

Oxygen production cost of 500 LPM PSA plant run Oxygen production cost of 500 LPM PSA plant run
on electricity or DG set on electricity and DG set
140 - 131 70 A 61
120 4 60 A
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40 A g
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] 0
6 h/day 12 h/day 18 h/day 24 h/day 6 h/day 12 h/day 18 h/day 24 h/day (18h elec. + 6h (12h elec. + 12h (6h elec. + 18h (10h elec. + 2h
Electricity DG set DG)/day DG)/day DG)/day DG)/day
a PSA power source: Electricity vs DG set b PSA power source: Electrcity and DG set

Figure 3: 500 LPM PSA plant oxygen production costs (a) when run on only electricity or only DG set (b) when run in combination with both
electricity and diesel generator for different running times. Error bars indicate SD (n = 6). LPM — Litres Per Minute; PSA — Pressure Swing
Adsorption; DG — Diesel Generator; SD — Standard Deviation

Table 1: Monthly cost for each source (in %)

500 LPM PSA plant (24 h on electricity) LMO  Jumbo cylinders refilled by third-party vendor
Volume of Oxygen (m?) 21,600 21,600 21,600 (~3085 cylinders)
Electricity cost (X/month) 255,477 NA NA
CMC cost (Z/month) 45,833 0 0
HR cost (Z/month) 36,000 36,000 36,000
Oxygen testing cost (Z/month) 5,000 0 0
Procurement cost (Z/month) 0 853,200 1,038,867
Total cost (Z/month) 342,311 889,200 1,074,867

LPM - Litres Per Minute; PSA — Pressure Swing Adsorption; LMO — Liquid Medical Oxygen; NA — Not Applicable; CMC — Comprehensive Maintenance Contract
(CMC); HR — Human Resource
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refilling, which makes oxygen generation with only
DG set as the most expensive source of medical oxygen
in a health facility. Furthermore, assuming a 12-h daily
utilisation of PSA plants, of which 10-h operation is
using electricity and two hours is using DG set as the
power source, the cost of oxygen production is % 30
per m®, which is approximately 42% lower than jumbo
cylinder refilling (X 51.43 per m®, data not shown)
[Figure 3b].

PSA plants can also be used to refill cylinders. It
can be stated that the higher the capacity of the PSA
plant, the cheaper the cost of oxygen manufacturing
and cylinder refilling [Figure 4a]. When PSA plants
operate at full daily capacity, the cost (3/m?®) of oxygen
manufacturing and refilling from 100 LPM PSA plants
is 2.83 and 2.37 times higher than 3200 LPM PSA
plants, respectively. Moreover, for 1000 LPM and 2000
LPM PSA plants, the per m® oxygen manufacturing
cost is 14 and <13, respectively. In addition, it can be
stated that the average increase in cost from oxygen
production to oxygen refilling (equivalent to a Jumbo
cylinder) is about 67% for PSA plants of various
capacities [Figure 4b]. Furthermore, the third-party
vendor cylinder refilling is approximately 1.88 times
more expensive than on-site cylinder refilling using a
500 LPM plant [Table 2].

Table 2: Equivalent jumbo cylinder costs from various

sources of oxygen
Jumbo Cylinder Refilling Type Equivalent Jumbo

Cylinder Cost (%)

PSA plant (500 LPM, 24 h on electricity) 110.93
LMO refilling 288.17
Third-party vendor cylinder refilling 348.34
Onsite refilling with 500 LPM PSA plant 185.21

(24 h on electricity)

PSA — Pressure Swing Adsorption; LPM — Litres Per Minute; LMO — Liquid
Medical Oxygen

DISCUSSION

Optimising the utilisation of oxygen sources is
paramount to having a resilient medical oxygen
ecosystem in a healthcare facility. The utilisation
would depend on the system’s safety, continuity, ease
of use, strength, and financial viability.**° The model
developed in this study can evaluate the economic
impact of using electricity versus the DG set for
running the PSA plant. The model can also investigate
the cost implications of refilling cylinders with PSA
plants. This study highlights the cost-benefit of using
PSA plants over LMO and third-party vendor-refilled
cylinders as a source of oxygen. It illustrates that the
PSA plants are most economical when they are of
higher capacity and used to their maximum capacity,
with electricity as the power source. On the contrary,
PSA plants are the most expensive source of oxygen
when operating using a DG set. The model also suggests
that if only electricity is the power source for a PSA
plant, then for it to be cost-effective for manufacturing
oxygen, it should be run for a minimum of 10 h/day if
its capacity is lower than 200 LPM and for a minimum
5 h/day otherwise. If the PSA plant is also being used
for refilling cylinders using electricity, it should be run
for a minimum of 18 h/day if its capacity is lower than
200 LPM and for a minimum of 8 h/day otherwise.
However, as PSA plants in India are most likely to be
run on both electricity and DG sets due to intermittent
power supply, the cost of oxygen production would
be between PSA plant costs running entirely on
electricity and PSA plant costs running entirely with
DG set. Therefore, the model also illustrates that
if a PSA plant of less than 200 LPM capacity must
be run for 24 h/day with both electricity and DG set
as the power sources, then for it to be cost-effective
for manufacturing, it should be run for less than

Oxygen production and cylinder refilling cost of
PSA plants of various capacities when run 24h on
electricity
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production and refilling cost of PSA plants of various
capacities when run for 24h on electricity

m Equivalent to JC production cost OEquivalent to JC production + refilling cost

500
£
S 400 { 3
g

2300 123 229

° 194 185
2 200 14 166 171 169 160 162 166 149
£ UE 1 ogh) 1000 98 o4 o4y 970 g
S 100
[

(=3

1000 1200 1500 2000 2500 3200
b PSA plants of various capacities (LPM)

100 200 400 500 800

Figure 4: Oxygen production and cylinder refilling cost from PSA plants of different capacities running for 24 hours daily on electricity (a) ¥/m? (b) J/Jumbo
cylinder. Error bars indicate SD (n = 6). PSA — Pressure Swing Adsorption; LPM — Litres Per Minute; JC — Jumbo Cylinder; SD — Standard Deviation
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2 h/day on DG set and for refilling, it should not be
run at all on DG set. On the contrary, if the capacity
is more significant than 200 LPM, running with DG
set should not exceed 9 h (37%) for manufacturing
and 3 h (10%) for refilling. In this study, the optimal
running time on the DG set was also investigated,
that is, if the maximum running time for a PSA plant
is 12 h/day. It was found that if the capacity is less
than 200 LPM, it should not be used on the DG set
at all for either manufacturing or refilling cylinders;
however, if the capacity is more significant than 200
LPM, the utilisation with the DG set should be less
than 4 h (out of the total 12 h) for manufacturing and
less than 1 h for refilling [Table S5]. It is worth noting
that the model output is highly sensitive to the input
parameters such as electricity and diesel price and
LMO and cylinder refilling rate contracts (including
transportation costs). Because many PSA plants
have already been installed and commissioned, their
utilisation can be enhanced by installing a booster
compressor (bottling unit) for onsite refilling of jumbo
cylinders.

Smith et al.® have illustrated that PSA plant-based
social enterprise models are a viable and sustainable
strategy for changing the landscape of oxygen access
for needy patients. In addition, a 2021 report by
the Institute for Transformative Technologies (ITT)
and Oxygen Hub illustrated the cost of oxygen
manufacturing using different technologies, including
PSA plants in sub-Saharan Africa.”! Furthermore,
Aljaghoub et al.® conducted a comparative analysis
of various oxygen production techniques, such
as cryogenic separation, PSA, and membrane
technology. They ranked membrane technology as
the top production method based on its positive
social and environmental impact. Moreover, Balys
et al.? illustrated a significant reduction in oxygen
procurement costs due to on-site production with
PSA plants in Poland. In addition, Bhat et al.*” and
Madaan et al.™ discussed different sources of medical
oxygen available at hospitals in India; however, the
authors did not explicitly present the cost-benefit
analysis of various medical oxygen sources. Moreover,
Bradley et all*? developed a cost-effectiveness
model for comparing concentrators and cylinders
with intermittent power in low-resource healthcare
facilities. They concluded that storing energy in
batteries provided better cost optimisation. Bradley
et al.™! also conducted an in-depth comparative cost
analysis between five oxygen supply technologies.
They found concentrators to be the most effective

378

option, followed by the low-pressure commercial
generation system. McAllister et al.'! analysed the
cost of using oxygen concentrators versus cylinders.
They revealed that having a minimum number of
concentrators with cylinder backup costs only 55% of
the average existing cost.

This study does have limitations. The model did not
account for approximately 5% of oxygen wastage in
oxygen cylinders due to residual pressure (<10 bar) or
the wastage in LMO tanks due to evaporation.[*>¢! In
addition, for cost analysis, the model only considers
the operational costs of oxygen sources. However,
to estimate the actual economic impact on the
sustainability of using various sources of oxygen,
installation and operating costs should be considered,
along with the break-even analysis. In addition, the
transportation costs for oxygen cylinders refilled by
PSA plants could be included.

CONCLUSION

The study highlights that the PSA plants are the most
economical when they are of higher capacity and
used to their maximum capacity on electricity as the
power source. They are the most expensive when
used on a DG set as a power source. Furthermore, the
study provides evidence of PSA plants being more
cost-effective for refilling cylinders using a booster
compressor unit when compared to third-party
vendor-cylinder refilling.

Study data availability

De-identified data may be requested with reasonable
justification from the authors (email to the
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request.
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CONTENTS OF THE SUPPLEMENTARY MATERIAL

Table S1: Compressor capacity, annual CMC, and DG set
capacity of various PSA plants

PSA Plant Compressor  Annual CMC DG Set
Capacity (LPM) Capacity (kWh)* Cost (¥)' Capacity (kVa)*
100 11 350,000 30
200 15 400,000 41
400 30 500,000 81
500 37 550,000 100
800 55 650,000 149
1000 75 720,000 203
1200 90 800,000 243
1500 110 850,000 297
2000 150 930,000 405
2500 200 950,000 540
3200 220 1,100,000 594

*The compressor capacity may vary marginally among various PSA plant
models. "'The annual CMC costs may vary marginally among various PSA
plant suppliers. {The DG set capacity may vary marginally among various
PSA plant models. In this study, the DG set capacity has been assumed to
be 2.7 times the compressor capacity. CMC — Comprehensive Maintenance
Contract; DG — Diesel Generator; PSA — Pressure Swing Adsorption;

LPM - Litres Per Minute

Table S2: Jumbo cylinder (JC) refilling capacity and

refilling booster capacity of various PSA plants

PSA Plant Refilling Capacity Refilling Booster
Capacity (LPM) (JC/day)* Capacity (kWh)?
100 15 25

200 31 5

400 62 10

500 77 12.5

800 123 20

1000 154 25

1200 185 30

1500 231 35

2000 309 50

2500 386 60

3200 494 80

*The cylinder refilling capacity (jumbo cylinders (JC)/day) may vary marginally
among various PSA plant models. In this study, the refilling capacity has been
assumed to be 75% of the total PSA plant capacity. ‘The refilling booster
capacity (kWh) may vary marginally among various PSA plant models.

JC — Jumbo Cylinders; PSA — Pressure Swing Adsorption; LPM — Litres Per
Minute

Table S3: Hospital inclusion and exclusion criteria
Criteria Description

Inclusion . Public hospitals

. Hospitals with all three sources of oxygen — LMO
tank, PSA plants, and cylinder manifold

Exclusion Private hospitals

. Hospitals that did not have all three sources of
oxygen
LMO-Liquid Medical Oxygen; PSA-Pressure Swing Adsorption




Table S4: Model input parameters

PSA Plant
Electricity cost (Mean (SD)) % 9.59 (1.79)/kWh*
Diesel cost T 90/LT
HR costs % 36,000/month for three operators/day at ¥ 12,000 per month*
Oxygen NABL testing cost % 60,000/year (four tests costing ¥ 15,000 each)
Jumbo Cylinder
Refilling rate contract (including transportation costs) (Mean (SD)) % 336.67 (52.12)/cylinder§
HR costs % 36,000/month for three operators/day at ¥ 12,000 per month?
LMO
Refilling rate contract (including transportation costs) (Mean (SD)) % 39.5 (11.26)/m?l
HR costs % 36,000/month for three operators/day at ¥ 12,000 per month*

*The cost of electricity may vary among states, and it also may vary between rural and urban areas. The cost of retail diesel is subject to the crude price, which
is a volatile index. It is subject to change on a daily basis. {The HR costs may vary marginally within a state. SThe cost of cylinder refiling may vary among states,
and it also may vary between districts based on the distance between the cylinder refiller and the hospital. The cylinder refilling costs also fluctuate based on the
demand. 'The cost of LMO refilling may vary among states and it also may vary between districts based on the distance between the LMO manufacturer and the
hospital. The costs may also fluctuate based on the demand. LMO tank rental and maintenance costs have not been included. PSA — Pressure Swing Adsorption;
HR — Human Resource; NABL — National Accreditation Board for Testing and Calibration Laboratories; LMO — Liquid Medical Oxygen; SD — Standard deviation

Table S5: PSA plants’ number of hours of operation on electricity and DG set for their cost-effective utilisation

PSA Minimum no. of h/day when used Maximum no. of h/day on DG set Maximum no. of hours on DG set if

plant only with electricity when used for 24 h/day used for 12 h/day

capacity Manufacturing Manufacturing Manufacturing Manufacturing Manufacturing Manufacturing

(LPM) (h/day) + Cylinder (h/day) + Cylinder (h/day) + Cylinder
Refilling (h/day) Refilling (h/day) Refilling (h/day)

100 10 18 2 0 0 0

200 6 10 8 1 2 0

400 5 8 8 2 3 0

500 5 8 8 2 3 1

800 5 8 9 3 4 1

1000 5 8 9 3 4 1

1200 5 8 9 3 4 1

1500 5 8 9 3 4 1

2000 5 8 9 3 4 1

2500 5 8 9 3 4 1

3200 5 8 9 3 4 1

LPM — Litres per minute; PSA — Pressure Swing Adsorption; DG — Diesel generator



