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Medical oxygen is the key to survival for COVID-19 patients. Tomeet the pandemic-driven oxygendemand spike,
local hospitals began searching for a suitable medical oxygen delivery system. Among the studies published on
the impact of COVID-19 on a range of aspects, including the global economy and the environment, no study
has been conducted on the environmental impact of medical oxygen supply to hospitals under epidemic
conditions.
In this paper the authors perform a comparative Life Cycle Assessment (LCA) to evaluate the environmental and
economic impact of three scenarios (oxygen cylinders, liquid oxygen in tanks and on-site oxygen production) of
local oxygen supply to hospitals in Poland. The LCA was performed according to ISO 14040 -14044 standards re-
quirements, using the SimaPro 9.0 software. Results from the analysis showed that the GlobalWarming Potential
(GWP) and Fine ParticulateMatter Formation Potential (FPMFP) indicators for the liquid oxygen in tank scenario
are the lowest and equal 265 kg CO2 eq and 0.309 kg PM2.5 eq. respectively. The greatest terrestrial acidification
reductions (−1.38 kg SO2 eq) can be achieved when applying the on-site oxygen production scenario. Our find-
ings revealed that the oxygen in cylinders scenario has the most harmful impact on the environment. The eco-
nomic analysis was performed in order to compare the monthly and annual operational costs of analysed
scenarios. The results show that hospitals sustain the lowest annual costswhen using the on-site oxygen produc-
tion scenario.

© 2021 Elsevier B.V. All rights reserved.
ębska).
1. Introduction

At the beginning of the COVID-19 outbreak, healthcare systems in
many countries had to prepare for the challenges associated with this
pandemic. They increased hospital capacity, e.g., built new ones (in
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China) or reorganized old ones into homogeneous infectious disease
hospitals (in Poland), or provided more Intensive Care Units (ICUs),
and more ventilators. Despite the fact that WHO recommendations for
the management of COVID-19 treatment includes oxygen therapy for
all severe and critical patients, this was not strongly emphasized at
the beginning of the crisis (WHO, 2020a). Less attention has been paid
to supplying medical oxygen, which is considered as a standard clinical
tool widely available in hospitals (Stein et al., 2020). In many countries,
tomeet the oxygen-demand spike, governments and hospitalmanagers
are searching for the most appropriate solution under pandemic condi-
tions. Thus, one of the aims of this analysis was to help in this decision-
making process.

Among the studies published on the impact of COVID-19 on a range
of aspects, including the global economy and the environment, no study
has been conducted on the environmental impact of medical oxygen
supply to hospitals under epidemic conditions (Shakil et al., 2020).
The study presented in this paper aims to fill this gap in the literature.
The LCA analysis (Table 1) performed to evaluate the environmental im-
pact covers three basic scenarios (oxygen in cylinders, liquid oxygen in
tanks, and on-site oxygen production). The selection of the impact cat-
egories assessed in this study is representative of the impact that is
likely to be caused by an oxygen supply system. Among 18 categories
in ReCiPe methodology, three environmental and two human impact
categories were chosen. Additionally, to underline the damage to the
environment resulting frommedical oxygen supply to hospitals, the au-
thors also decided to perform the LCA analysis based on the IMPACT
2002+ characterization. An economic analysis was also conducted to
provide an estimation of the economic impact of oxygen distribution
in all three cases. Two indicators, monthly and annual costs, were
taken into consideration. Due to the prolonged period of the COVID-19
pandemic, the annual cost will be a more relevant expense for hospital
managers.

2. Medical oxygen demand versus COVID-19 patients

As the coronavirus (SARS-CoV-2) pandemic spreads, it endangers
impoverished countries with fragile healthcare systems and soaring de-
mands for medical oxygen. According to the data provided by theWHO
Director-General, around 620,000 m3 of oxygen a day, which is about
88,000 large cylinders, will be required if the number of newly infected
people remains at the current level of a million a week. In many coun-
tries, demand for medical oxygen is outstripping supply. Moreover,
around 80% of the market is dependent on just a few companies such
as, Air Liquide, Linde Group (including Praxair), or Nippon Gases
(WHO Director-General, 2020).
Table 1
List of the most important abbreviations used in the article.

LCA Life Cycle Assessment
GHG Greenhouse Gas
ICUs Intensive Care Units
MOP Medical Oxygen Plant
DRDO Defence Research and Development Organisation
PSA Pressure Swing Adsorption
LOX Liquid Oxygen
GWP Global Warming Potential
FPMFP Fine Particulate Matter Formation Potential
TAP Terrestrial Acidification Potential
HCTP Human Carcinogenic Toxicity Potential
HNCTP Human Non-Carcinogenic Toxicity Potential
HHP Human Health Potential
EQP Ecosystem Quality Potential
CCP Climate Change Potential
RP Resources Potential
LCIA Life Cycle Inventory Assessment
KPI Key Point Indicators
DALY Disability-Adjusted Life Years
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The severe health crisis is affecting not only developing countries,
but also high-income ones, such as France, Italy, Spain and the United
States. It has highlighted the crucial importance of access tomedical ox-
ygen, e.g., a sudden increase in COVID-19 patients has resulted in a
shortage of oxygen in one of the major hospitals in London (Campbell,
2020). In some parts of Italy, consumption of medical oxygen has tri-
pled, forcing rapidly created new methods or improved old methods
to ensure a sufficient supply of oxygen (Smith et al., 2020). Low-
income countries, such as India or Peru have faced the need to use in-
dustrial oxygen for medical applications in cities which did not have a
single liquid oxygen factory (Biswas, 2020). Another solutionwas devel-
oped in India by the Defence Research and Development Organisation
(DRDO). Medical Oxygen Plant (MOP) technology, which utilizes a
Pressure SwingAdsorption (PSA) technique, can be used to generate ox-
ygen directly from ambient air. Such an oxygen-generating plant has
been installed on the army site in India and has been successfully oper-
ating since 2017 (Siddiqui, 2020).

In South Asia, Latin America, and some parts of Africa, i.e., regions of
theworld where the epidemic is now spreading rapidly, many hospitals
are suffering from shortages of medical oxygen, ventilators, tanks and
other equipment, as well as a lack of training to support the correct
and optimal use of oxygen therapy (Hinnant et al., 2020; McNeil Jr,
2020; Stein et al., 2020).

The analysis revealed that the demand for medical oxygen has in-
creased by between three- and five-fold, both in liquid and cylinder
form (Scott, 2020). Gasworld's Business Intelligence service also esti-
mated the expected impact of COVID-19 cases on medical oxygen de-
mand (see Fig. 1), which should be higher in the US than in Europe. It
has been estimated that the oxygen production capacity (represented
in Fig. 1 as merchant liquid oxygen (LOX) capacity) should be sufficient
to meet the unprecedented increase in demand, especially when other
industries are reducing production due to the lockdown (Raquet, 2020).

In Poland, by 19 August 2020, over 58,000 cases and approximately
2000 deaths due to COVID-19 had been reported (“Coronavirus:
information and recommendations,” 2020). Taking into account the im-
pact of loosening COVID-19 restrictions, Orzechowska and Bednarek es-
timated that the basic reproductive number in Poland would range
between 3.91 and 4.79 (Orzechowska and Bednarek, 2020). In addition,
they predicted that by the end of September, the lowest number of new
cases would be 263,900. Furthermore, it was calculated that the total
number of new cases could exceed one million within the next year.

In the face of the pandemic, the availability of ICU beds and ventila-
tors are important factors in preventing the spread of coronavirus
(Karagiannidis et al., 2020). The authors of this article compared the
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number of hospitalized patients, occupied ICU beds, and the number of
ventilators “in use” in Poland and Germany (see Fig. 2). As can be seen,
the trend for all charts is similar. According to data from February to
December 2020 (“COVID-19,” 2020) for both countries, the maximum
numbers appeared during the lockdown. Poland, compared to its west-
ern neighbour, Germany, recorded a slower increasing trend from April
to the end of the lockdown, and in the middle of June it exceeded
Fig. 2. Comparison of hospital resources use during COVID-19 pandemic, A) the number of hos
(“COVID-19,” 2020).

3

Germany. By the end of the year, the number of hospitalized patients,
ICU beds occupied and ventilators in use in Poland may be higher than
those recorded for Germany during the first wave of coronavirus
SARS-CoV-2 causing COVID-19 illness. It is worth mentioning that
Poland, as well as Germany, always had a sufficient number of vacant
ICU beds, as stated in their national register (“Coronavirus: information
and recommendations,” 2020).
pitalized patients, B) the number of ICU beds occupied, C) the number of ventilators in use
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3. Oxygen production

Medical oxygen accounts for approximately 15% of overall oxy-
gen production (Raquet, 2020). In both industrial and medical appli-
cations, oxygen is separated from the air using cryogenic distillation
or Pressure Swing Adsorption (PSA). The purity level of the oxygen
produced is approximately 99 + % and 90 ± 5%, respectively.
Medical grade oxygen for patients should be at least 82% (Ackley,
2019; WHO, 2020a).

Oxygen delivery for COVID-19 treatment healthcare facilities is a
complex process involving a variety of technologies. In order to choose
the most appropriate solution, it is important to consider many factors,
such as the amount of oxygen needed at the healthcare facility (thismay
vary between different levels of the healthcare system, e.g., home, com-
munity care, county hospital, specialist hospital), overall cost, access to
infrastructure and accessories, electricity and/or trained personnel, etc.
(Smith et al., 2020). According to technical specifications and guidance
for oxygen therapy devices from WHO and UNICEF, there are multiple
sources and storage facilities available for supplying medical oxygen in
healthcare facilities including cylinders, tanks, concentrators, and on-
site PSA plants (WHO, 2020a).

3.1. Oxygen cylinders

Pressurized gas cylinders are widely regarded as the most common
form of oxygen storage used in hospitals. The oxygen produced in a
manufacturing plant, either via cryogenic distillation or a process
known as PSA, is stored as compressed gas in a cylinder. Consequently,
transportation to and from the manufacturing facility is required.
Oxygen delivery to a patient via cylinders may be accomplished in one
of two ways. A stand-alone storage vessel can be connected directly to
a patient or installed in a piping system, or the patient can be connected
to a manifold system of a group of cylinders. The cylinders, when filled,
require neither a power source nor costly maintenance. However, peri-
odic maintenance is required and is usually provided by gas suppliers
during refilling. It should be noted that this cost is included in the cylin-
der rental and delivery charges. The use of oxygen cylinders may pres-
ent the risk of a fall or rupture, caused by frequent transport between
manufacturing facilities, warehouses, healthcare facility stores and
ultimately to a patient's bed. In times of COVID-19 lockdown and soar-
ing demand for medical oxygen in cylinders, there may be a greater
risk of disruption as they require continuous refilling. Although only
15–20% of cylinders in use are certified formedical use, it is a difficult lo-
gistical issue to manage this number of cylinders, especially as oxygen
demand becomes increasingly fragmented. Therefore, cylinders are
most useful where the central refilling and transportation infrastructure
is reliable and affordable (Smith et al., 2020;WHO, 2020a;WHO, 2019).

3.2. Liquid oxygen in bulk storage tanks

This solution requires a pipeline system connected to large bulk ox-
ygen tanks and a vaporizer which converts the liquid oxygen into a gas-
eous state. The oxygen is supplied by self-vaporization, which means
that a power supply is not required. The manufacturing process takes
place in a cryogenic facility located outside the hospital and the liquid
oxygen is periodically supplied by truck from the gas supplier to the
healthcare facility's storage tank. The use of liquid oxygen tanks may
be related to the risk of damage. Thus, maintenance of liquid oxygen
tanks requires a great deal of technical knowledge, adequate ventilation,
well-maintained piping and auxiliary equipment, as well as trained per-
sonnel. From a financial point of view, bearing inmind the cost of main-
tenance and rental, administrators of a hospital may decide to buy only
one huge tank to supply the oxygen demand. This can be an attractive
option if there are liquid oxygen facilities nearby and the liquid oxygen
supplier takes care of the supply logistics. As in the case of cylinders, liq-
uid oxygen supplies rely on uninterrupted transport from the facility to
4

the hospital. This may be disrupted by a pandemic outbreak or geo-
graphical location (Smith et al., 2020; WHO, 2020a; WHO, 2019).

3.3. Oxygen concentrators

Oxygen concentrators obtain air from the environment and concen-
trate the oxygen, usually via the PSA technique. They require a constant
supply of electricity and routinemaintenance.When power supplies are
inadequate or susceptible to voltage fluctuations, power stabilizers or
an uninterruptible power supply may be needed. Once installed, they
are not dependent on periodic re-supplies. These devices produce up
to95.5% concentrated oxygen and they can beused at any level of health
facility to provide oxygen therapy (WHO, 2020b). However, the level of
oxygen flow that they deliver (usually between 5 and 10 l·min−1) may
be insufficient for critical COVID-19 patients requiring 30 l·min−1

(WHO, 2020a; WHO Director-General, 2020). In general, there are two
types of commercial concentrators. The first one is stationary and is de-
signed for hospitals or home use and is not easy to transport (weighing
approximately 27 kg). The second one is a portable oxygen concentra-
tor, which is smaller and lighter. It can be easily transported by an indi-
vidual patient and even used when traveling by plane (Ackley, 2019).

3.4. On-site oxygen (PSA) plant

The oxygen from ambient air can be concentrated through PSA or
Vacuum Swing Adsorption (VSA) techniques (the same technology as
oxygen concentrators, but on a larger scale). For a PSA plant, the oxygen
output typically ranges from 2 to 200 Nm3·hr−1 and varies depending
on the estimated oxygen demand (WHO, 2015). Such an on-site PSA in-
stallation may be connected with an oxygen compressor in order to fill
the oxygen cylinders for distributionwithin the same healthcare facility
and other smaller healthcare facilities, or it may be piped directly from
the oxygen tank to the wards. An on-site PSA plant requires a reliable
source of electricity, greater capital investment and comes with consid-
erable maintenance requirements. To preventmalfunctions, it is impor-
tant to establish a strict maintenance schedule. If repairs are required,
they should be performed as part of a contract by the manufacturer or
the distributor's personnel. Moreover, specialist training is required
for hospital personnel to operate and maintain all the necessary
equipment and supplies. All medical PSA oxygen generator plants
operate 24 h a day, seven days a week while they produce medical-
grade oxygen. With the medical oxygen demand exploding due to
the COVID-19 pandemic, the benefits of oxygen PSA facilities have
proved to be more obvious than ever (Smith et al., 2020; WHO,
2020a; WHO, 2019). Once the hospital is equipped with the oxygen
PSA installation, it becomes its own oxygen supplier, oxygen is pro-
duced on-site, on demand, from ambient air. Moreover, this solution
avoids the countless transport journeys to bring medical oxygen to
the hospital. Consequently, this reduces the negative impact on the
environment by reducing air pollution.

4. Material and methods

4.1. Life cycle assessment

The authors used the gate-to-gate LCA approach to consider rawma-
terial acquisition, transport, infrastructure, operationalmaterial, and en-
ergy needed for the oxygen production. The gate-to-gate methodology
was applied since the aim was not to compare the production technol-
ogies and their overall impact. Rather, the goal was to compare the eco-
nomic and environmental impact of medical oxygen supply to hospitals
during the COVID-19 pandemic. In order to perform the analysis, the
authors used SimaPro 9.0 software. Therefore, the authors chose the
gate-to-gate methodology, which made it possible to take into account
the entire problem. The issue of medical oxygen availability in relation
to its supply and demand, and the economic aspect. This analysis was
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intended to help the directors of medical facilities as well as managers,
to facilitate the selection of the most favourable oxygen supply method
for a given moment during the COVID-19 pandemic.

4.1.1. Goal and scope
The LCA has been prepared according to the principles of ISO

14040:2006 (“ISO - ISO 14040:2006 - Environmental management —
Life cycle assessment — Principles and framework,” 2006) and ISO
14044:2006 (“ISO - ISO 14044:2006 - Environmental management —
Life cycle assessment — Requirements and guidelines,” 2006). The
goals of the performed LCA were as follows:

– to provide an estimation of the environmental impact associated
with oxygen distribution using three different scenarios,

– to provide an estimation of the economic impact associatedwith ox-
ygen distribution using three different scenarios,

– to compare the scenarios under analysis with systems providing the
same services, i.e., oxygen transportation from a gas supplier or ox-
ygen production on site.

4.1.2. Impact assessment categories and relevant metrics
The selection of the impact categories assessed in this study is repre-

sentative of the impact to be likely to be caused by an oxygen supply sys-
tem, based on the ReCiPe characterization factors for mid-point potential
impacts. To underline the damage to the environment resulting from
medical oxygen supply to hospitals, the authors decided to perform the
LCA analysis based on the IMPACT 2002+ characterization. Ozone Deple-
tion Potential (ODP)has beenomitted fromthe selected impact categories
as this is not considered to be a significant issue since the introduction of
theMontreal Protocol in 1987whichhas drastically reducedboth the con-
sumption and emission of ozone depleting substances (UNEP, 2007).

Among 18 midpoint categories in ReCiPe methodology (Stavropoulos
et al., 2016) the following environmental impact categories and Key Point
Indicators (KPIs) are evaluated in the LCA:

I. Environmental impact categories:
a) Global Warming Potential (GWP),
b) Fine Particulate Matter Formation Potential (FPMFP),
c) Terrestrial Acidification Potential (TAP).

II. Human impact categories:
a) Human Carcinogenic Toxicity Potential (HCTP),
b) Human Non-Carcinogenic Toxicity Potential (HNCTP).

Among 14 availablemidpoint categories available in IMPACT 2002+
methodology (Jolliet et al., 2003) the authors have decided that in order
to assess the damage, the following categories will also be analysed:

a) Human Health Potential (HHP),
b) Ecosystem Quality Potential (EQP),
c) Climate Change Potential (CCP),
d) Resources Potential (RP).

In order to calculate the uncertainty range of the result on the basis
of the given uncertainty information, the SimaPro software used in this
study enables a Monte Carlo analysis to be carried out (“Behind the
Scenes at Monte Carlo Simulations - SimaPro,” 2015). The Monte Carlo
method is a sampling-based method. All uncertainty data in the inven-
tory is accounted for in SimaPro using different distributions. The result
desired is then calculated by randomly drawing from the specified un-
certainty distributions of the input variables. This calculation is repeated
a given number of times to estimate the result's probability distribution.
This distribution is typically used to inform decision-makers about cer-
tain characteristics, such as the mean value, the standard deviation or
coefficient of variation and enable a better, clearer, and more conscious
5

decisionmaking (Heijungs, 2020). The authors decided to use the prob-
ability graph in this study.

4.1.3. Functional unit
The functional unit is a key element of LCA analysis which has to be

clearly defined as it provides a reference to which the inputs and out-
puts can be related. The functional unit in this study is 64,800m3 of ox-
ygen distributed to a hospital per month of hospital functioning during
COVID-19 lockdown. The authors of this article assumed that the num-
ber of patients was 100, of which 75 were severe and 25 were in a crit-
ical condition. The number of patients was set at 100 because, in the
authors' opinion, this number would enable readers to easily and
quickly convert the presented results into the number of patients.
Data on the amount of oxygen required per 100 patients were adapted
from theWHO report (WHO, 2020a). It was also presumed that the av-
erage oxygen flow rate for 100 patients was equal to 90 m3/h. The
amount of medical oxygen needed was calculated based on the infor-
mation obtained from one of the Polish hospitals, which indicated that:

– patients on ventilators take about 12–15 breaths per minute, sucking
500–700ml of themixture (95%O2 and5% ambient air) for inspiration,

– patients undergoing oxygen therapy also take 12–15 breaths
per minute, but in their case about 3–9 l of medical oxygen are
consumed.

4.2. Scenario 1: oxygen cylinders

The first analysed scenario includes oxygen transportation in the 40 l
cylinders from the local supplier. The distance was estimated to be
84.4 km. The authors assumed that the oxygen would be transported
in a 16-ton truck with EURO 6 and 80% load factor (data according to
the gas supplier). The oxygen cylinders would be stocked within the
hospital territory. Next, the cylinders would be connected to the mani-
fold of the central pipeline distribution system to transport the oxygen
to the patients. In the LCA procedure, the authors did not consider the
process of medical oxygen production, but assumed the transport of
the “final product” from the gas supplier located in Poland.

4.3. Scenario 2: liquid oxygen in tank

The second scenario assumed that there was a liquid oxygen tank
near to the hospital. The authors assumed that the oxygen would be
transported by means of a truck with a tank. According to the gas sup-
plier the maximum mass of liquid oxygen that could be transported in
this scenario is 23,000 kg of medical oxygen. The estimate of theweight
of the oxygen was based on Polish transport regulations, which state
that the weight of the tanker with its load may not exceed 40,000 kg.

Based on the information gathered from hospitals, it was assumed
that the oxygen tank would have a capacity of 10,000 l, and 9500 l of
liquid oxygen would be the volume of liquid oxygen consumed.
Additionally, it was presumed that the distance of oxygen transporta-
tion would be the same as in the first scenario (oxygen in cylinders).
The authors took into account that after the transportation of the oxy-
gen to the hospital territory, it would be pumped into the tank and
then delivered to the patients through the central pipeline distribution
system. Also, in this scenario, the authors did not consider the process
of medical oxygen production for the LCA, but assumed the transport
of the “final product” from the gas supplier located in Poland.

4.4. Scenario 3: on-site oxygen production

In the third scenario, the oxygen is produced via a PSA system and is
directly transported to the hospital. It was assumed that the PSA plant
would be connected to the manifold of the central pipeline distribution
system, which distributes oxygen directly to the patients. For medical ox-
ygen production it was assumed that low voltage electricity would be



Table 2
Summary of life cycle inventory of 64,800 m3 of medical oxygen distributed to a hospital
per month.

Inventory Unit Applied scenario

Inputs
Feed air 1,044,000 Nm3/month Scenario 3- on-site oxygen production
Electricity 1100 W/Nm3 Scenario 3- on-site oxygen production
Diesel, truck 35 L/100 km Scenario 1- oxygen in cylinders, Scenario

2- liquid oxygen in tank
Distance 84.4 km Scenario 1- oxygen in cylinders, Scenario

2- liquid oxygen in tank
PSA facility 1 unit Scenario 3- on-site oxygen production
Tank 1 unit Scenario 2- liquid oxygen in tank
Cylinders 338 unit/day Scenario 1- oxygen in cylinders

Output
Medical oxygen 64,800 Nm3/month Scenario 1, Scenario 2, Scenario 3
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used. The authors estimated the electricity consumption at
1.10 kW·Nm−3 of the product (“OXYGEN GENERATORS - Oreco,” 2003;
OXYMAT, 2018).

It was presumed that the PSA installation would consist of an air
compressor with an air dryer and pre-filters with automatic drains, fil-
ter assembly, an oxygen generator unit, an oxygen analyser for medical
application, and an oxygen tank (WHO, 2020b). For the purposes of this
study, it was also assumed that the adsorbent in the oxygenation unit
would not be replaced by a new one during the time considered. The
mass of the adsorbent contributed to one of the largest shares of the
mass of the entire PSA unit. The authors presumed that the average
mass of the adsorbent would be equal to 2 tons. Later, on the basis of
data obtained from the manufacturer of the PSA plant, the amount of
adsorbent was confirmed.

The schematic overviewof the analysed scenarios is presented in Fig. 3.

4.5. Life cycle inventory

The required inventory data were acquired from a process simula-
tion. Data regarding the distance of oxygen transportation, the vehicle
used, and the fuel needed were obtained from the local hospital and
the gas supplier in Poland. In Table 2 - the authors present the input
and output data used for the calculation of the environmental impact.
The inputs and outputs were introduced into SimaPro 9.0 software,
which enabled the environmental impact of applying these scenarios
in the oxygen supply system to be determined.

5. Results

5.1. Characterization

A selection of environmental impacts resulting from the 64,800 m3

of oxygen supply is given in Fig. 4. Analysis was performed with the ap-
plication of ReCiPe Midpoint Hierarchist methodology. The authors de-
cided to choose these indicators, since, in their opinion, these indicators
present the impact of the scenarios on the environment in the best way.
The chosen indicators are:

a) Global Warming Potential (GWP), which enables the CO2 emissions
to be monitored, is calculated with the following formula:

GWPx,TH ¼ AGWPz,TH
AGWPCO2,TH

ð1Þ

where:

AGWPz, TH - the amount of radiative forcing integrated over time (for
the Hierarchist option, it is a 100-year time horizon) caused by the
emission of 1 kg of GHG,
Fig. 3. Schematic overview of the oxygen supply considered in the analysed scenarios A) Sce
production of oxygen.
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AGWPCO2, TH - the amount of radiative forcing integrated over that
same time horizon caused by the release of 1 kg of CO2.

b) Fine Particulate Matter Formation Potential (FPMFP), which enables
the PM2.5 emission to bemonitored, is calculatedwith the following
formula:

FPMFPx,i ¼ iFx,i
iFPM2:5,world

ð2Þ

where:

iFx, i – the intake fraction of fine particulate matter due to emissions
in region i per precursor x,
iFPM2.5, world – the emission-weighted world average of the intake
fraction of fine particulate matter of PM2.5.

c) Terrestrial Acidification Potential (TAP), which enables the SO2

emissions to bemonitored, is calculated with the following formula:

TAPx,i ¼ FFx,i
FFSO2,world avarage

ð4Þ

where:

iFx, i – the fate fraction of acidification due to emissions in grid i per
precursor x,
iFPM2.5, world – the emission-weighted world average of the fake frac-
tion of acidification of SO2.

d) Human Carcinogenic Toxicity Potential (HCTP), which enables the
emission of carcinogens such as PAHS to be monitored. However,
nario I- oxygen in cylinders, B) Scenario II- liquid oxygen in tank, C) Scenario III- on-site
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the unit which is given to this category is 1,4-DCB eq (eq states
stands for equivalent).

e) Human Non-Carcinogenic Toxicity Potential (HNCTP), which en-
ables the emission of harmful elements such as Hg, As, and Cu to
be monitored. The unit which is given for this indicator is the same
as for HCTP, i.e., 1,4-DCB eq.

The human toxicological characterization factors at midpoint level
for carcinogenic or non-carcinogenic effects of substances x to emission
compartment i for cultural perspective c, through the ReCiPe method
are calculated with the same formula as follow:

HTCi,x,c=nc,c ¼ ∑
r
∑
g

iFi,x,r,g,cx EFx,r,c=nc,c
iFDCB,ua,r,g,cx EFDBC,r,c=nc,c

ð3Þ

where:

iFi, x, r, g, cand iFDCB, ua, r, g, c – the human population intake fraction of
substance x or chemical 1,4-dichlorobenzene (1,4-DCB) emitted to
urban air, at geographical scale g via intake route r emitted to com-
partment i for cultural perspective c,
EFx, r, c/nc, c – the carcinogenic or non-carcinogenic effect factor of
substance x or chemical 1,4-DCB for intake route r related to cultural
perspective c.

A detailed description of the equations presented can be found in De
Schryver et al. (2009), Goedkoop et al. (2013), Huijbregts et al. (2017a,
2017b).

In order to compare of the obtained results with future publications,
the authors presented results (Fig. 4 and Fig. 5) as percentage values.
The X axis shows the percentage contribution, while the Y axis shows
the results obtained for the analysed scenarios.

In the LCAmethodology, when carrying out the analysis, it should be
remembered that when the obtained result is a negative value, it means
that it has a positive impact on the environment. Such a situation is pre-
sented in Fig. 4, which means that Scenario 2 (liquid oxygen in tank)
and Scenario 3 (on-site oxygen production) have a positive impact on
the environment, as implementing the analysed scenario would lead
to lowering the emission of monitored components included as this in-
dicator. However, a greater positive effect was obtained for the oxygen
on-site production scenario when analysing results for TAP.
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The highest GWP was observed for the oxygen in the cylinders sce-
nario, next was oxygen on-site production, while the lowest GWP was
observed for the liquid oxygen in tank scenario. It is worth mentioning
that both the oxygen in cylinders scenario and the liquid oxygen in tank
scenario do not include the process of oxygen production. Despite this,
the oxygen in cylinders scenario has the greatest impact on GWP. The
biggest impact of the oxygen in cylinders scenario was also estimated
for FPMFP and TAP. The oxygen on-site scenario had the greatest impact
on both HCTP and HNCTP. The values were the highest among all
analysed scenarios, however the authors believe that if the production
of oxygen in the oxygen in cylinders scenario and the liquid oxygen in
tank scenario was considered (this phase has to be omitted as the as-
sumptions related to the gate-to-gate methodology does not include
the medical oxygen production phase at the suppliers), then the ob-
tained results would be very different, i.e., the results for oxygen on-
site production would have a lower impact than the other scenarios.
Comparing the results obtained in the HNCTP for the oxygen in cylin-
ders scenario and the liquid oxygen in tank scenario, a higher impact
was calculated for the oxygen in cylinders scenario.While the calculated
values in HCTP for those scenarios were comparable, a slightly higher
impact was calculated for the liquid oxygen in tank scenario.

According to the calculations, it seemed that by applying the on-site
oxygen production, the number of medical oxygen deliveries would
automatically reduce the number of trucks (fuelled with diesel) used for
transport. For a 64,800 m3 supply of medical oxygen, we need 338 units
of 40 l cylinders per day, which means we need four 16-ton trucks to
transport 338 cylinders per day. This means that in order to deliver suffi-
cient oxygen per 100 patients, we would need 120 trucks per month,
which is equal to a total of approximately 7050 l of diesel. Thus, instead
of a negative environmental impact caused by the use of 16-ton trucks,
implementing a PSA plant would positively affect the environment.

5.2. Damage assessment

In order to compare the damage assessment of the analysed
scenarios, IMPACT 2002 + methodology was applied. Fig. 5 A presents
the damage assessment results of analysed scenarios, while Fig. 5 B
shows the normalized values of impact categories. The authors
compared impact categories such as: Human Health Potential (HHP),
Ecosystem Quality Potential (EQP), Climate Change Potential (CCP)
and Resources Potential (RP).
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Fig. 5. A) Damage assessment of analysed scenarios, B) normalized environmental impact of damage assessment of analysed scenarios.
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The authors chose IMPACT 2002+damage assessment (Jolliet et al.,
2003) methodology in order to determine the impact of implementing
the analysed scenarios. The chosen indicators are:

a) HHP presents the results with the unit DALY (Disability-Adjusted Life
Years). This indicator takes into account the years lost due to prema-
ture death and expresses the reduced quality of life due to illness in
years as well as resulting from implementing the analysed scenario.

b) EQP presents the results with the unit PDF·m2·yr, (PDF refers to
Potentially Disappeared Fraction of species). This indicator accounts
for a fraction of species richness that may be potentially lost due to
an environmental mechanism.

c) CCPpresents the resultswith the unit kg CO2 eq. This indicator is based
on the total gaseous emissions released in Europe per year multiplied
with the global warming potentials for a 500-year horizon.

d) and RP presents the results with the unit MJ primary. This indicator is
calculated including the total non-renewable energy consumption, in-
cluding nuclear energy consumption.

The highest values for all analysed impact categories were obtained
for the oxygen in cylinders scenario, while the lowest values were for
8

the liquid oxygen in tank scenario. The impact of oxygen on-site sce-
nario production was the second dominant in all analysed categories.
However, the authors believe that if the production of oxygen in the ox-
ygen in cylinders scenario and the liquid oxygen in tank scenario was
considered, then the obtained results would be completely different.
The results for oxygen on-site production would have a lower impact
than the other scenarios.

5.3. Monte Carlo uncertainty results

In this part of the study, the results of Monte Carlo uncertainty
analysis are presented. A Monte Carlo simulation enables the uncer-
tainty to be calculated. All uncertainty distributions that are defined
in the flows, parameters and characterization factors are considered
for the simulation.

The simulation results are presented in the form of a table. The
SimaPro counts the number of comparison runs in which product A is
larger than (or equal to) product B. Fig. 6 A shows the Monte Carlo sim-
ulation results of characterized LCIA comparison between 64,800 m3 of
oxygen in cylinders and 64,800 m3 of liquid oxygen in tank. The chart
shows that the authors have 100% certainty that for the oxygen in
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Table 3
Characteristic uncertainty parameters obtained for analysed Scenarios (per 1 Nm3).

Scenario Mean Median SD CV[%]

Scenario 1
GWP [kg CO2] 555 555 13.7 2.47
TAP [kg SO2] 1.11 1.11 0.027 2.47
FPMFP [kg PM2.5] 1.11 1.11 0.027 2.47
HCTP [kg 1,4-DCB] 42.8 42.7 1.05 2.47
HNCTP [kg 1,4-DCB] 535 535 13.2 2.47

Scenario 2
GWP [kg CO2] 265 265 0.0035 0.001
TAP [kg SO2] −0.098 −0.098 1.59E-5 −0.0162
FPMFP [kg PM2.5] 0.31 0.31 1.01E-5 0.0033
HCTP [kg 1,4-DCB] 43.3 43.3 0.00012 0.00027
HNCTP [kg 1,4-DCB] 81.7 81.7 0.0030 0.0037

Scenario 3
GWP [kg CO2] 476 474 8.81 1.85
TAP [kg SO2] −1.38 −1.38 0.0184 −1.33
FPMFP [kg PM2.5] 0.504 0.502 0.018 3.55
HCTP [kg 1,4-DCB] 78.3 78.2 0.77 0.99
HNCTP [kg 1,4-DCB] 3.01E3 3.01E3 17.1 0.57
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cylinders scenario in HNCTP, TAP, FPMFP and GWP, results are better
than for liquid oxygen in tanks. Only the value obtained for HCTP
shows that the oxygen in cylinders scenario has approximately 25% bet-
ter results.

Fig. 6B shows the Monte Carlo simulation results of characterized
LCIA comparison between 64,800 m3 of liquid oxygen in tank and
64,800 m3 of oxygen on-site production. The chart shows that only for
TAP calculated for liquid oxygen in tank are the values better than
those obtained for the oxygen on-site production scenario. For the
other analysed impact categories (HNCTP, HCTP, FPMFP and GWP) the
Monte Carlo simulation results show that the liquid oxygen in tank sce-
nario produced better results.

Fig. 6C shows the Monte Carlo simulation results of characterized
LCIA comparison between 64,800 m3 of oxygen in cylinders and
64,800 m3 of oxygen on-site production. The chart shows that in TAP,
FPMFP and GWP calculated for oxygen in cylinders; this scenario out-
performs the oxygen on-site production scenario. For the other
analysed impact categories (HNCTP, HCTP) the oxygen in cylinders sce-
nario outperforms the oxygen on-site production scenario.

Additionally, the authors present the uncertainty parameters calcu-
lated for analysed scenarios. The characteristic uncertainty parameters
i.e., mean, median, standard deviation (SD), and coefficient of variation
(CV), were computed to visualize and describe the LCA results and to
compare simulation outputs for different scenarios and use that infor-
mation for decision support. Based on the coefficient of variation, de-
fined as the ratio of the standard deviation of a probability distribution
to its mean, in Table 3. it is observed that uncertainty in scenario 1 is
much higher when compared to scenario 2, as indicated by the CV and
the standard derivation for all of the indicators.Moreover, by comparing
themedian to themean for all indicators, the differences between them
are not significant, which indicated that the datasets are evenly distrib-
uted. The values presented in Table 3 are given for the 1 Nm3 ofmedical
oxygen.

6. Economic analysis

The second part of the studywas to compare the operational costs of
analysed scenarios. The authors estimated the costs,which are shown in
Fig. 7 A and Fig. 7 B on the basis of the data available on the website of
the gas supplier (Linde Healthcare, 2020) and PSA manufacturers. To
confirm prices for medical oxygen, both liquid and gaseous, as well as
the costs of transport and leasing of the cylinders, we conducted a sur-
vey among Polish hospitals which reorganized themselves into homo-
geneous infectious disease hospitals during the first wave of the
COVID-19 pandemic. As neither of the surveyed hospitals has used a
PSA plant, the price of such an installation has been established with
the manufacturer so that it meets all the assumptions made in the arti-
cle. All prices presented in Table 4 exclude VAT.

When calculating the oxygen in cylinders scenario, the cost of
transporting oxygen (including the cost of producing oxygen) and
the cost of leasing the cylinders were considered. According to the
information from the hospitals surveyed and on the website of the
gas supplier these prices are 39.80 €/piece (as mentioned in para-
graph 4.2, the authors assumed that all cylinders hold 40 l, i.e., 6.4
cubic meters of oxygen) and 0.47 €/day for the leasing of one single
cylinder, respectively (Linde Healthcare, 2020). It was assumed
that only 500 cylinders are leased at any given time and the gas
supplier bears all costs connected with cylinder maintenance and re-
pairs by a lease agreement.

For the purpose of the liquid oxygen in tank calculation, the esti-
mated amount of oxygen necessary for functioning was based on
WHO guidelines (WHO, 2020a, 2020b). This was multiplied by the
cost of transporting oxygen (including the cost of production and re-
plenishment of the tank). According to the website of the gas supplier
this price equals 0.45 €/kg for 1 kg of liquid oxygen. It was assumed
that regardless of the delivery distance, the price is fixed (Linde
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Healthcare, 2020). As the tank was owned by the hospital, the costs
also included the liquid oxygen installation purchase costs which in-
cluded costs of tank, vaporizer, transport, and installation charges. The
maintenance of the equipment is by an annual maintenance contract,
with the cost of spares being borne by the hospital. Thesewere assumed
to be 5% of the monthly cost of supplying liquid oxygen.

The costs calculated for the oxygen on-site production scenario
included the purchase cost of the PSA plant and the cost of the elec-
tricity needed to produce medical oxygen. Based on the manufac-
turer's evaluation and information provided, it was assumed that
the cost of installing PSA included installation fees and equipment
maintenance costs, as well as the cost of spare parts were borne by
the manufacturer in the first year of the operation under an annual
service and warranty contract. The cost of electricity was calculated
for the average cost of 1 kWh for the hospitals in Poland. In addition,
the authors would like to point out that the cost of purchasing the in-
stallation was included in two scenarios, in the estimation of
monthly and annual costs.

Moreover, employee remunerations were not taken into account for
any of the scenarios, as there was neither an increase nor a decrease in
the number of the employees (hospitals have already recruited em-
ployees and their remunerations were already included into hospital's
expenses) regardless of the scenario adopted. For scenario 2-liquid oxy-
gen in tank and scenario 3-on-site oxygen production, we assumed a
10% depreciation rate per year assuming that the effective life span of
the installation is 10 years. Depreciation was calculated by the
straight-line method (Mivechian and Pakizeh, 2013; Somu, 2009).

All costs are given in euros andhave been estimatedbased on the av-
erage monthly exchange rate for themonth of July 2020. Table 5 shows
the monthly cost of each scenario.

Table 5 and Fig. 7 A show themonthly costs of the compared scenar-
ios for 64,800 m3 of oxygen supply to the hospital. The highest costs
were calculated for the oxygen in cylinders scenario. When comparing
the liquid oxygen in tank and oxygen on-site production scenarios, the
calculated costs were lower for the on-site production scenario. Fig. 7
B shows the annual costs of compared scenarios for 64,800 m3/month
of oxygen supply to the hospital. The highest costs were calculated for
the oxygen in cylinders scenario (nearly 5,000,000 €). The costs calcu-
lated for liquid oxygen in tank scenario were accounted for only around
10% of the oxygen in cylinders scenario. While the costs estimated for
oxygen on-site production scenarios were almost at a minimal level,
when compared to the previously mentioned scenarios. The estimated
cost for the oxygen on-site production scenario was approximately
133,000 €.



Table 4
Input data using in the economic analysis.

Value Unit Applied scenario

Oxygen purchase price
PSA installation 140,000 € Scenario 3- on-site oxygen

production
Liquid oxygen installation 85,043.30 € Scenario 2- liquid oxygen in

tank
Liquid oxygen and delivery 0.49 €/kg Scenario 2- liquid oxygen in

tank
Oxygen in 40 l cylinders
and delivery

39.80 €/piece Scenario 1- oxygen in
cylinders

Cylinder lease 0.47 €/day Scenario 1- oxygen in
cylinders

Electricity
Consumption 1.10 kWh/Nm3 Scenario 3- on-site oxygen

production
Price 0.14 €/kWh Scenario 3- on-site oxygen

production
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Fig. 7. Comparison of the estimated A) monthly costs of the analysed scenarios, B) annual costs of the analysed scenarios.
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7. Discussion

7.1. Environmental impact

This paragraph is devoted to comparing the environmental impact
of the analysed hospital oxygen supply scenarios. According to the
data presented in this paper, the authors concluded that the highest en-
vironmental impact relates to the oxygen in cylinders scenario, which
contributed themost to GWP, FPMFP and TAP (see Fig. 4). From the en-
vironmental point of view, without taking into consideration the pro-
cess of oxygen production, the best solution for oxygen production
would be the liquid oxygen in tank scenario. However, the authors be-
lieve that if one takes into consideration the oxygen production, then
the lowest environmental impact would be calculated for the on-site
oxygen production scenario.

The authors wanted to compare the results with other papers, but
only one study has been published in this area of interest (Shourkaei
et al., 2018). Shourkaei et al. analysed the environmental impact of



Table 5
The monthly cost of each scenario.

Scenario 1-
oxygen in
cylinders

Scenario 2-
liquid oxygen in
tank

Scenario 3- on-site
oxygen
production

Fixed assets (€):
Cost of the installation – 85,043.30 140,000.00

Operating costs
(€/month):
Cost of oxygen

(including delivery
charge)

403,260.28 39,350.25 –

Leasing of 500
cylinders

7,077.58 – –

Spares and
maintenance charges

– 1,967.51 –

Electricity
consumption

– – 9,881.60

Economics (€/month):
Fixed assets – 708.69 1,166.67
Operating costs 410,337.86 41,317.76 9,881.60

Total: 410,337.86 42,026.46 11,048.26
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cryogenic oxygen production using SimaPro software. According to this
study the highest environmental impact connected with cryogenic
oxygen production relates to air separation facility construction,
which contributed to approximately 90% of the selected impact catego-
ries. Shourkaei et al. calculated the normalized environmental potential
impact of cryogenic oxygen production, which is presented in Fig. 8.
According to Shourkaei et al. the normalized values of the Human
Health impact was estimated at 8250mPt, Ecosystems Quality was esti-
mated at 600 mPt, Climate Change was estimated at 8350 mPt, and
Resources was estimated at 9000 mPt for 8.1 tons of cryogenic oxygen
production.
Fig. 8. Normalized diagram of cryogenic oxygen production
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The normalized values of damage assessment calculated in this
study (shown in Fig. 5 B) were estimated at: 7050 mPt for Human
Health, 1817 mPt for Ecosystem Quality, 2932 mPt for Climate Change
and 2501 mPt for Resources. The results obtained by Shourkaei et al.
were significantly higher for two out of four aspects examined for the
much lower amount of oxygenproduced. This situation is puzzling, con-
sidering that in our study we calculated the effect for 64,000 m3 of oxy-
gen, while Shourkaei et al. studied the effect of producing 8.1 tons of
oxygen. The results obtained by Shourkaei et al. should be multiplied
by approximately 9025 to show the damage assessment calculated in
this study. This would result in enormous numbers, therefore the au-
thors have not undertaken a comparison of these two studies.

7.2. Economic analysis

This paragraph is devoted to the comparison of the calculations
made during the economic analysis. In the on-site oxygen production
scenario for electricity costs, the authors used the cost stated on the
electricity supplier's website as the hospital electricity supply rate.
Regarding the costs included in the cylinder oxygen scenario, the cost
of transporting oxygen (including the cost of producing oxygen) and
the cost of leasing the cylinder were considered. The authors collected
all the necessary information from the gas supplier to analyse the cost
of the oxygen in cylinders and the liquid oxygen in tank scenarios, as
well as the estimated cost of the PSA installation from themanufacturer
for the cost analysis of the on-site oxygen production scenario.
Therefore, the authors can guaranteewith 100% certainty that the calcu-
lated costs are actual and not estimated. All costs are given in euros and
have been estimated based on the average monthly exchange rate for
the month of July 2020.

When comparing the calculated costs, the authors noted that the
greatest financial burden was related to the oxygen in cylinders scenario,
which would cost approximately 400,000 € per month. On the other
with IMPACT 2002+ according to Shourkaei et al., 2018
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hand, using the other two scenarios, hospitals would be able to cut their
oxygen supply costs by more than half, as evidenced by the economic
data on amonthly basis for both the liquid oxygen in tank and on-site ox-
ygen production scenarios. Monthly on-site oxygen production costs
were 67% lower than in the oxygen in cylinders scenario. While for the
liquid oxygen in tank scenario, the estimated monthly costs were 89%
lower than in the oxygen in cylinders scenario.

If, on the other hand, the increased demand for oxygen lasted longer,
the savings resulting from installing the PSA unit at the hospital (on-site
oxygen production scenario) would be asmuch as 96% compared to the
oxygen in cylinders scenario on an annual basis. Applying the liquid ox-
ygen in tank scenario would allow for annual savings of 53% compared
to the oxygen in cylinders scenario.

Nevertheless, while writing this article, the authors did not find a
single publication that would allow a comparison of the calculated
costs. Therefore, a number of measures were taken to limit possible er-
rors and ensure the highest possible reliability of the published results.

8. Conclusions

This work presents the results of the Life Cycle Assessment analysis
of the three basic scenarios of medical oxygen supply to hospitals in
Poland in accordance with the ISO standards. This LCA shows the envi-
ronmental impact per 64,800 m3/month of oxygen produced by the
three analysed scenarios. This article was prepared with the intention
of helping hospital directors and managers to make decisions about
medical oxygen supply in COVID-19 pandemic conditions.

A. The lowest environmental impact was observed for the liquid oxy-
gen in tank scenario.

B. The highest environmental impact results were observed for the ox-
ygen in cylinders scenario.

C. A positive effect for TAP was observed for both the liquid oxygen in
tank scenario and on-site oxygen production. However, the greater
TAP effectwas calculated for the on-site oxygen production scenario.

D. The biggest impact on human health, via carcinogenic and non-
carcinogenic toxicity was calculated for on-site oxygen production.
Nevertheless, the authors believe that when the oxygen production
is taken into consideration in the calculations for the oxygen in cyl-
inders and the liquid oxygen in tank scenarios, the values indicate a
significant benefit of on-site oxygen production.

Another part of this studywas economic analysis of the three scenarios.

A. When comparing the calculated costs (see Fig. 7), the authors noted
that the greatest financial burdenwas related to the cylinder oxygen
scenario, which was billed at approximately 400,000 € per month.

B. By using the liquid oxygen tank scenario, hospitals can reduce costs
by 89.76% per month.

C. However, the greatest reduction inmonthly costs can be achieved by
using the on-site oxygen production scenario, where hospitals can
reduce oxygen costs by 97.31%.

D. The same relationships was observed when the increased demand
for oxygen lasted longer, the savings resulting from installing the
PSA unit at the hospital would be as much as 97.31% compared to
the oxygen in cylinders scenario on an annual basis. Applying the
liquid oxygen in tank scenario would allow for annual savings of
89.76% compared to the oxygen in cylinders scenario.

E. Moreover, the scenario 3 avoids the countless truck journeys bringing
medical oxygen to the hospital, consequently reducing the negative
impact on the environment and air pollution. This results from the
fact that all medical PSA oxygen generator plants operate 24 h a day,
seven days a week while they produce medical-grade oxygen.

The on-site oxygen production scenario would enable hospitals to
save a significant amount of money. In the anticipated situation,
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i.e., another wave of COVID-19 cases, the analysed solutions would im-
prove the situation of hospitals in terms of independence from gas sup-
pliers. This would mean that the hospital is no longer concerned about
oxygen deficiency as it has constant access to it. The on-site oxygen pro-
duction scenario allows a healthcare facility to become its own oxygen
supplier. The oxygen is produced on site and on demand from the am-
bient air from the moment that the hospital is equipped with the oxy-
gen PSA plant. Despite the high initial cost of installing the plant, the
authors found more benefits of this solution.

This study is the first of its kind. The analysismay constitute the basis
for further studies in other parts of the world, depending on the degree
of economic development, geographical and urban conditions, and
other local conditions (electricity, fuel, working time). A similar analy-
sis, which will complement the data presented in this paper, could be
carried out for other countries or regions of residence.

The authors of this article are aware that the economic and LCA anal-
ysis is not the only aspect on which hospital directors and managers
make decisions about medical oxygen supply. Moreover, the scenarios
presented here are not the only ones available. It is also possible to
apply scenarios in which the use of individual sources are mixed,
e.g., combining oxygen supply in cylinders with the production of med-
ical oxygen in the PSA installation or liquid oxygen supply to the tank
and oxygen production in the PSA installation. This provides an oppor-
tunity for further research.
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