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BACKGROUND: Widespread access to medical oxygen would reduce global pneumonia mortality.
Oxygen concentrators are one proposed solution, but they have limitations, in particular vulnera-
bility to electricity fluctuations and failure during blackouts. The low-pressure oxygen storage
system addresses these limitations in low-resource settings. This study reports testing of the system
in Melbourne, Australia, and nonclinical field testing in Mbarara, Uganda. METHODS: The system
included a power-conditioning unit, a standard oxygen concentrator, and an oxygen store. In
Melbourne, pressure and flows were monitored during cycles of filling/emptying, with forced
voltage fluctuations. The bladders were tested by increasing pressure until they ruptured. In
Mbarara, the system was tested by accelerated cycles of filling/emptying and then run on grid
power for 30 d. RESULTS: The low-pressure oxygen storage system performed well, including
sustaining a pressure approximately twice the standard working pressure before rupture of the
outer bag. Flow of 1.2 L/min was continuously maintained to a simulated patient during 30 d on grid
power, despite power failures totaling 2.9% of the total time, with durations of 1–176 min (mean
36.2, median 18.5). CONCLUSIONS: The low-pressure oxygen storage system was robust and
durable, with accelerated testing equivalent to at least 2 y of operation revealing no visible signs of
imminent failure. Despite power cuts, the system continuously provided oxygen, equivalent to the
treatment of one child, for 30 d under typical power conditions for sub-Saharan Africa. The
low-pressure oxygen storage system is ready for clinical field trials. Key words: pneumonia; hypoxia;
LMIC; oxygen concentrator; infant; child; preschool. [Respir Care 0;0(0):1–•. © 0 Daedalus Enterprises]

Introduction

International effort to address the Millennium Develop-
ment Goals has driven a dramatic decrease in under-five

mortality globally.1 Despite these efforts, in sub-Saharan
Africa, large numbers of children � 5 y old continue to
die from preventable and treatable diseases, such as pneu-
monia and diarrhea.2
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In a well-resourced setting, the standard of care as-
sumes the availability of therapeutic oxygen. However,
despite the World Health Organization listing oxygen as
an essential medicine, it remains in limited supply in
most low- and middle-income countries, especially in
remote settings.3

Timely and uninterrupted oxygen therapy is important
in reducing childhood mortality, especially from pneumonia,
currently the leading infectious killer of children � 5 y old
according to UNICEF (https://data.unicef.org/topic/child-
health/pneumonia/, Accessed March 10, 2017). Reliable
oxygen supplies are scarce in the settings with the highest
mortality,3 and to reduce mortality, many more health fa-
cilities will need access to oxygen.

Currently, two options exist for the delivery of oxy-
gen in low- and middle-income countries: high-pressure
compressed-oxygen cylinders and oxygen concentrators.
Many health workers rely on their familiarity with cyl-
inders, citing their ease of use, ability to provide oxygen
for extended periods, and lack of need for maintenance.4

However, in remote or low resource settings, replenish-
ing oxygen cylinders is often impossible and/or cost-
prohibitive.

For reasons of practicality and cost, the use of electri-
cally powered oxygen concentrators has been proposed.5,6

These devices are one way to bring oxygen to smaller and
more remote health facilities. The use of even the most
robust models is limited by (1) interruptions in power
supply, (2) fluctuations in voltage levels and voltage spikes
that occur as the grid or generator power is restored after
a failure, and (3) variable performance in the combination
of high temperature and humidity common in low-resource
settings.7 Many pioneers of oxygen therapy have reported
that standard concentrators exhibit a lower life expectancy
than anticipated, regrettably in the places where they are
most needed.8,9

The Low-Pressure Oxygen Storage System

The low-pressure oxygen storage system directly ad-
dresses several of the factors limiting the usefulness of
concentrators where the power supply is unreliable and
intermittent. At the core of the system is any oxygen
concentrator delivering between 5 and 10 L/min oxygen
at 90% purity. To protect the concentrator, low-pressure
oxygen storage conditions and manages the electrical
power delivered to it. This electrical protection (FREO2

PROTECT) unit includes surge protection, solid-state
voltage stabilization, and an intelligent power-fail relay.
The oxygen produced by the concentrator is stored in
the low-pressure oxygen storage vessel, which allows
for simultaneous delivery while the unit is being filled.
When electricity is interrupted, previously stored oxy-
gen is delivered automatically without electricity. Thus,

during a power outage, the low-pressure oxygen storage
system maintains oxygen flow to a patient without user
intervention.

At the heart of the storage system are 2 interconnected
storage vessels arranged as in Figure 1. The lower vessel
incorporates 2 internal chambers, which allow for the con-
current storage of a liquid and a gas. The liquid section of
the lower reservoir is filled to maximum capacity with
water. A 25-mm-diameter hose links this section to the
empty upper reservoir, which is positioned at a predefined
height above. The operation of the low-pressure oxygen
storage system relies on the movement of water between
the lower and upper reservoir.

During operation, the oxygen concentrator is config-
ured to deliver its maximum output, and priority is given
to providing oxygen to the patient. Oxygen that exceeds
patient demand is automatically diverted into the low-
pressure oxygen storage. As oxygen enters the gas sec-
tion of the lower reservoir, it forces the water in the
liquid section into the upper reservoir. The oxygen never
comes into contact with the water, and no water is lost
to evaporation.

In the event of a power failure, the weight of the
water previously displaced into the upper reservoir pro-
vides the force to drive the stored oxygen to the patient,
without the need of a pump. A release valve prevents
overfilling of the oxygen store, and a regulator ensures
uniform delivery pressure to the patient. A provisional
patent application based on this method has been filed.10

This paper describes proof-of-concept laboratory bench
testing and the first 30 d of nonclinical field trials of the
low-pressure oxygen storage system in Mbarara, Uganda.

QUICK LOOK

Current knowledge

Oxygen concentrators provide a useful option for treat-
ment of childhood pneumonia in low- and middle-in-
come countries. However, power cuts interrupt the flow
of oxygen, and voltage fluctuations shorten the working
life of these machines.

What this paper contributes to our knowledge

The low-pressure oxygen storage system is a relatively
low-cost and simple way to protect concentrators and
maintain oxygen supply during power cuts. It showed
no signs of wear after simulated prolonged use and
maintained oxygen flow equivalent to one child patient
in an African hospital setting despite power cuts and
voltage fluctuation.
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Methods

Bench Testing

A test system was established at the University of Mel-
bourne Physics Laboratory in July 2015. For the lower
reservoir, two 200-L polyethylene bladders were placed
inside a custom-made 200-L bag constructed from a knit-
ted fabric made of UV-stabilized high density polyethyl-
ene. The upper reservoir comprised a single polyethylene
bladder placed in an identical external bag. This arrange-
ment provided a physical separation between the stored
oxygen and the working liquid. The performance of the
low-pressure oxygen storage system was quantified by mea-
suring flows and pressures with sensors placed at strategic
points in the pneumatic circuit.

Proof-of-concept testing of the system was undertaken
using a 5-L/min concentrator (NewLife Elite, AirSep Corp.,
Buffalo, New York) as the source of oxygen. A mock
patient oxygen delivery system was assembled to recreate
the anticipated use-case of delivering oxygen to 6 beds.
This included 40 m of delivery pipe, individual volumetric
flow controllers for each patient, and nasal prongs im-
mersed in 8 cm of water.

For accelerated fatigue testing, the concentrator was re-
placed with an air compressor (model 607CD22-1948,
Thomas Industries, Milwaukee, Wisconsin), which pro-

vided air instead of oxygen, at a much higher high flow
and therefore significantly reduced cycle time. Power fail-
ures and voltage fluctuations from 170 to 260 V were
introduced into the electrical supply to the air compressor
by a computer-controlled electrical relay.

Pressure in the oxygen reservoir was monitored using
a pressure sensor (MPX4250, Freescale, Austin, Texas),
and the oxygen flows from the concentrator, into and out
of the low-pressure oxygen storage store, and to the “pa-
tient” were monitored using flow meters (SFM3000, Sensi-
rion, Staefa, Switzerland). Oxygen concentration was mon-
itored with an oxygen analyzer (JAY-120, Longfian
Scitech, Baoding, China). Each of these sensors was cal-
ibrated against laboratory standards. During the tests, the
sensors were linked into a daisy chain by an RS-485 bus,
which was polled at 1.25 Hz by a specialized data acqui-
sition system, and the data were routinely logged to solid-
state drives. The bags were filled at a peak rate of approx-
imately 25 L/min, and a pressure relief valve was used to
prevent overpressure. The robustness of the reservoir con-
struction was further tested by inflating at measured in-
creasing pressures until structural failure (ie, rupture of
any of the bags).

Field Testing

A duplicate low-pressure oxygen storage system was
shipped in July 2016 to the Mbarara Regional Referral Hos-
pital (Mbarara, Uganda). The steel frame on which the res-
ervoirs reside was constructed locally in Mbarara. The design
for this frame included a platform to accommodate the con-
centrator, a 10-L/min oxygen concentrator (NewLife Elite,
AirSep Corp.), and the FREO2 PROTECT unit on a shelf
between the upper and lower reservoirs.

Figure 1 shows the system in a fully charged state with
the lower oxygen reservoir filled with oxygen. Also on the
mid-level shelf is a suitcase housing the dedicated data
acquisition system described above and an Africell 3G
modem data link. In the field system, we also included a
battery backup facility for the data acquisition system to
allow logging during power interruptions. Every 20 min,
the logged data were compressed and transmitted to the
Melbourne laboratory for analysis.

Before the long-term test began, the Mbarara system
was first submitted to an accelerated testing cycle using
a mechanical timer switch (model D810SLIM, HPM
Legrand, Prestons, Australia). This was placed between
the grid power source and the FREO2 PROTECT unit and
set to cycles of 60 min of electrical power on and 60 min
of electrical power off. The concentrator’s flow meter was
used to set its production rate to 4.5 L/min, and a volu-
metric oxygen flow meter at the “patient” end was set to a
constant 1.2 L/min (similar to the level required for the
treatment of a young child with pneumonia).

Fig. 1. Low-pressure oxygen storage system installed in Mbarara,
Uganda. The lower bag is inflated with stored oxygen, whereas the
upper bag is holding the water ballast.
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After completing the accelerated testing, the concentra-
tor was reconnected to grid power through the FREO2

PROTECT unit, with the concentrator again set to produce
4.5 L/min and the “patient flow” set to 1.2 L/min. Because
the equipment was at an unproven stage, no oxygen was
delivered to patients. Instead, this flow was directed through
an additional 10 m of the 12-mm tubing and released to
atmosphere. No ethics approval was sought because the
study did not involve any human participants.

Results

Bench Testing

In the proof-of-concept testing, the height of the upper
reservoir was set to 1.2 m to provide sufficient pressure to
overcome the losses of the delivery system and therefore
enable automatic constant supply of oxygen to the nasal
prongs. Seven hundred forty-eight cycles of filling and

emptying were performed on the test system, simulating
approximately 2 y of operation (assuming a setting in which
power is interrupted daily). No signs of severe wear or
imminent failure were observed in any of the components
when inspected after the test was completed. The upper and
lower bladders were dismantled and visually inspected for
any signs of wear or failure, such as localized thinning or
stretching. No such signs were observed. In the pressure test,
the bladders sustained a pressure of 247 mm Hg (33 kPa),
twice the standard working pressure, before rupture of the
outer bag.

Field Testing

Twenty-one 2-h test cycles were performed on the Mba-
rara test system, beginning at 2:30 PM on July 19, 2016.
Figure 2 shows the oxygen flows in the component parts
of the system during a representative 24-h period during
the test. In each plot, positive values represent flows to-

Fig. 2. Plots of oxygen flows in each component of the system during testing. A: Concentrator flow. B: Low-pressure oxygen system store
flow. C: Flow to simulated patient.
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ward the patient. Patient flow was maintained at a constant
1.2 L/min throughout the entire test, regardless of concen-
trator output.

Testing on grid electricity began at 10:55 AM on August
12, 2016. During the first 30 d of continuous operation, the
patient flow continued uninterrupted at an average � SD
of 1.2 � 0.02 L/min. Twenty-four power cuts interrupted
the concentrator function for �1 min each, accounting for
2.9% of the total testing time. These cuts had durations
between 1 and 176 min, with a mean of 36.2 min and
median of 18.5 min. The interval between cuts ranged
from 25 min to 4.6 d, with a mean of 1,203 min and

median of 829 min, or 20.05 and 13.8 h, respectively.
Figure 3 shows flows during a typical 6-d period from the
test, showing the effects of three of the power cuts.

Costs

The total bill of materials for the low-pressure oxygen
storage system, excluding the concentrator, was less than
AUD $600 (USD $460). In complete clinical implemen-
tations, there may also be costs for piping oxygen to the
specified beds in the ward and for a weather-proof housing

Fig. 3. Illustrative responses to grid power cuts over 5 d. For flows, positive values represent flow toward the simulated patient.
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for the device outside the ward. We found the power con-
sumption of the concentrator to be very similar across
various flows, so that the use of low-pressure oxygen stor-
age system generated minimal extra electricity cost.

Discussion

The prototype low-pressure oxygen storage system per-
formed well in both accelerated fatigue testing and in con-
tinuous (nonclinical) operation in a typical African health
facility. Despite power interruptions, the flow of oxygen to
a simulated patient was maintained without interruption
for 30 d. Accelerated fatigue testing equivalent to � 2 y of
operation yielded minimal signs of wear and tear. During
power outages, the system operates automatically with no
need either for another source of electricity or for user
intervention. Preliminary testing indicates that the multi-
layer bladder system is rugged, long-lasting, and low-cost
and offers the possibility of easy servicing by local tech-
nicians.

The low-pressure oxygen storage approach thus seems
able to resolve some of the key problems restricting the
use of oxygen concentrators in low-resource settings. The
200-L prototype would provide �200 min of supply at a
demand of 1 L/min, �67 min at 3 L/min, or �40 min at
5 L/min. (The storage pressure of around 120 mm Hg
[16 kPa] means that a 200-L bag contains the equivalent of
about 232 L at atmospheric pressure.) The cost of materials
for the prototype was less than one third the cost of the
concentrator. With a suitable outdoor housing, the cost of a
low-pressure oxygen storage system should still be less than
the price of a concentrator. Simply increasing the working
life of the concentrator could justify the cost, even without
the benefit of uninterrupted oxygen supply.

There are other advantages to this approach. Compress-
ing gas is necessarily energy-intensive, and by operating at
pressures supplied by oxygen concentrators, low-pressure
oxygen storage avoids the capital and maintenance costs
associated with oxygen compressors. Second, low-pres-
sure oxygen storage allows filling of a reservoir at any
flow; when patient demand is low, the majority of oxygen
will be diverted to the reservoir, and when patient demand
increases, any excess oxygen is utilized. This improves
concentrator utilization, minimizes disruption to work-
flow, and allows for energy saving by automatic duty-
cycling of the concentrator. These features may be partic-
ularly relevant to clinics dependent on solar power. At
times where the demand is greater than the maximum
output of the concentrator, previously stored oxygen from
the low-pressure oxygen storage system can be used to
supplement the production capacity of the concentrator.

A consequence of this approach is that space require-
ments grow proportionally with volume. It is therefore
anticipated that the low-pressure oxygen storage system

will be housed outside the ward, with preliminary mea-
surements indicating a viable oxygen delivery range of
� 60 m.

Much work, however, remains to be done. Clinical trials
will be needed, to assess the impact on relevant clinical
outcomes and estimate the cost-effectiveness of the sys-
tem. As others have noted with concentrators,11,12 Low-
pressure oxygen storage will need to be introduced as part
of an integrated package including maintenance of the
concentrator, introduction and use of pulse oximetry, train-
ing of health workers, and resupply of consumables for the
concentrator.

The likely lifetime of the system will be a function of
the oxygen requirement and the reliability of electricity.
To inform this decision, we have deployed power-loggers
in 3 East African countries to monitor the voltage and
availability of electricity.

The low-pressure oxygen storage system is now ready
for clinical trials. If successful, we believe it raises the
possibility of oxygen supply for every health facility that
cares for in-patients and has access to some electricity.
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