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The rising demand for medicinal oxygen due to the COVID-19 pandemic exacerbated an underlying chronic shortage of the commodity in Africa. This situation is particularly dire in protracted crises where insecurity, dysfunctional health facilities, poor infrastructure and prohibitive costs hinder equitable access to the commodity. Against this backdrop, the Ministry of Health of South Sudan, with the guidance of its partners, procured and installed a pressure swing adsorption central oxygen supply plant to address the shortfall. The plant aimed to ensure a more sustainable and technologically appropriate medicinal oxygen supply system for the country and to bridge the humanitarian and development divide, which had always been challenging. This article discusses the key issues, challenges and lessons associated with the procurement and installation of this plant. The major challenges encountered during the procurement and installation of the plant were the time it took to procure and install in the face of urgent needs for medicinal oxygen and its short and long-term sustainability. Lessons learnt include the need for exhaustive and evidence-based considerations in deciding on which source of medicinal oxygen to deploy in protracted crisis settings. The successful installation and operationalization of the plant demonstrated that it is possible to bridge the humanitarian-development divide amidst the complexities of a protracted crisis and an ongoing pandemic. The Ministries of Health, with the support of its partners, should assess and document the impact of this and other similar central oxygen production plants in protracted crisis settings regarding their sustainability, cost, and effectiveness on medicinal oxygen supply. The Ministry of Health of South Sudan should expedite the finalization and operationalization of the longer-term public-private partnership and continue to monitor the quality of oxygen produced by this plant.

KEYWORDS
 medicinal oxygen, COVID-19 case management, central oxygen production, humanitarian-development divide, protracted crises, case study, South Sudan


Introduction

COVID-19, a disease caused by the Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2), primarily affects the upper and lower respiratory system of humans. Most people infected by the virus will manifest mild to moderate respiratory symptoms, but a small percentage of patients develop a severe illness that requires isolation, hospitalization, and medical care (1–3). It has been estimated that 20% of COVID-19 patients develop severe or critical illnesses that require oxygen therapy (4), underscoring its importance in managing the pandemic (5, 6). This has resulted in an exponential increase in the global demand for medicinal oxygen (7). This increased demand is more glaring in Lower and Middle-Income Countries (LMIC), where an estimated one million seven cubic meters of oxygen cylinders were needed for the treatment of COVID-19 as of 2021 (8). In Africa, the rising demand for medicinal oxygen exacerbated an underlying chronic shortage which is due to insufficient oxygen production capacity, as well as a lack of critical infrastructure such as reliable road networks and uninterrupted power supply, which are required for the production and distribution of the commodity (9, 10). Where medicinal oxygen is available, the price is prohibitive, another barrier to equitable access (11).

Oxygen plays a critical role in the survival of humans, animals, and plants. In the healthcare sector, it is an indispensable life-saving medicine utilized at all healthcare system levels. It is administered to treat pneumonia and COVID-19, used in the management and during the transportation of critically ill patients, and to aid asphyxiated mothers and newborns. Additionally, the commodity is used in end-of-life care within hospices and home settings (1). Medicinal oxygen differs from industrial oxygen in terms of purity and quality, as it must contain a minimum of 82% pure oxygen and be entirely free from contamination (12). Cryogenically produced oxygen should have a purity of not less than 99.5%. Oxygen purity should not be less than 93% when produced by oxygen-generation plants and between 82 and 96% when produced by oxygen concentrators (13). Therefore, in the context of this article and South Sudan, the cut-off for medicinal oxygen is 82% and above.

Naturally occurring oxygen is produced through photosynthesis by green algae and cyanobacteria in marine ecosystems and by terrestrial plants (14). Artificially, it is produced in several ways (14). The first method is through cryogenic air separation in which Nitrogen is vaporized from atmospheric air, leaving oxygen in liquid form (14). Pressure Swing Adsorption (PSA) is a second artificial oxygen production method in which dry air is passed through a molecular sieve at high pressure that adsorbs the nitrogen, leaving a gas stream of over 90% oxygen (14, 15). A third method is membrane gas separation, in which air is passed through a membrane filter, which traps slow gasses (nitrogen and argon) and releases oxygen, considered a fast gas (14). Another oxygen production method is through electrolysis, in which electricity separates water into hydrogen and oxygen (14). Medicinal oxygen is provided to patients through four main sources, namely oxygen cylinders, oxygen concentrators, central oxygen supply plants and liquid oxygen tanks (Table 1) (12). These various sources of medicinal oxygen are fraught with several challenges and opportunities in resource-poor settings. While oxygen cylinders are easiest to deploy and mostly used in such settings, they require a readily available and uninterrupted supply source and good transportation logistics from the point of production to the point of use. Oxygen concentrators are another simple-to-use source of oxygen due to their portability; however, they require an uninterrupted electricity supply to operate and local maintenance services. Central oxygen supply plants are capital-intensive and also require electricity to operate. Thus, deciding which type of oxygen supply system to use depends on several factors, such as the context, availability of infrastructure, particularly electricity at the point of production and use, cost, local capacity, and access to maintenance services and spare parts, among others (12).



TABLE 1 Description, advantages, and disadvantages of the various sources of oxygen*.
[image: Table1]

Protracted crisis settings are characterized by peculiar challenges that pose significant obstacles to achieving sustainable production and supply of medicinal oxygen, particularly in Africa. These include disrupted health systems, particularly inadequate and unsustainable financing of healthcare services and inadequate human resources for health, poor infrastructure and lack of the appropriate technology to manage oxygen production. In addition to the aforementioned factors, which generally limit oxygen production and distribution capacities in Africa, insecurity stemming from armed conflicts that disrupt supply chain systems and dysfunctional health facilities that mostly lack access to electricity are features of protracted crises that limit equitable access to medicinal oxygen and other COVID-19 medical commodities. This was the situation when the COVID-19 pandemic struck South Sudan, the world’s youngest country in April 2020 (16). In this case study, we discuss the key issues and challenges associated with the sustainable production and supply of medicinal oxygen for COVID-19 case management in South Sudan. We also review the valuable lessons learnt from this experience and discuss how they could inform future efforts to address the challenge of medicinal oxygen shortage in protracted crises in Africa and globally. The lessons learnt from this case study could also be applied to implementing other public health interventions in protracted crises.



The South Sudan context

South Sudan has been mired in decades of war, inter-ethnic conflicts, and violence, which have severely hindered the country’s socioeconomic development. Following a prolonged war with Sudan, the country gained independence in 2011, but just 2 years later, it was plunged into a civil war sparked by a political power struggle among the country’s key political leaders. This protracted conflict claimed numerous lives and displaced millions of South Sudanese into internally displaced people’s camps, exacerbating an already dire humanitarian situation. In addition to the chronic conflicts, South Sudan faces recurring natural disasters such as flooding, droughts, and disease outbreaks, compounding the humanitarian crisis in the country. These multifaceted challenges, coupled with severe micro and macroeconomic difficulties, have significantly weakened the country’s capacity for socioeconomic development. As a result, the country continues to grapple with fundamental deficiencies in basic infrastructure, including the absence of a national electricity power grid, inadequate road networks (17), limited access to safe drinking water, and a very weak healthcare system (18). According to the World Health Organization (WHO) (19), the life expectancy at birth was 58.6 years (20), while access to healthcare, maternal mortality ratio and under-five mortality rate were, respectively, 28%, 789 per 100,000 live births and 90.7 per 1,000 live births (19). As of 2020, the government health expenditure per capita was only US$2.63, which is grossly inadequate to provide good quality health services (21).



The need for a central oxygen supply plant

Within this context, the country reported its first case of COVID-19 on 5 April 2020. Two months into the outbreak, the country had recorded 1,330 cases and 14 deaths with a Case Fatality Ratio (CFR) of 1.1% (22) and a cumulative of 18,368 cases and 138 deaths, with a CFR of 0.8% as of 13 September 2023 (23). As a sequel to the declaration of the COVID-19 outbreak in the country, the Ministry of Health (MoH), with the support of its partners, rapidly converted the 10-pillar emergency preparedness program into a response operation (24). Within the case management pillar, the MoH, with the support of its partners, established case management and isolation centers, trained several healthcare workers on surveillance, case management and infection control, and procured and distributed millions of US dollars’ worth of COVID-19 essential medicines, medical supplies, and equipment. Nevertheless, the management of severe COVID-19 cases was hindered by a grossly inadequate medicinal oxygen supply in the country at the initial stages of the pandemic. At that time, the country’s sole PSA oxygen plant, situated at the Juba Military Hospital, operated at a minimal capacity due to limited installed capacity and recurrent breakdowns due to poor maintenance, rendering it incapable of meeting the surging demand for oxygen.

The country procured cylinders of medicinal oxygen from neighboring countries to address the shortage. In addition, some health partners procured and deployed several oxygen concentrators to address the immediate oxygen needs of COVID-19 patients (25). The lack of a national power grid in the country, with all the health facilities lacking uninterrupted electricity supply, rendered most of the oxygen concentrators non-functional. Furthermore, while the oxygen concentrators were procured as a stop-gap measure to address an emergency need, their longer-term sustainability post the COVID-19 era was not guaranteed in the protracted crisis setting of South Sudan due to a lack of capacity for their maintenance at the point of use in largely remote areas. Against this backdrop, the MoH, with the guidance of the WHO and funding from the African Development Bank (AfDB), procured and installed a PSA central oxygen supply plant (Figure 1). The aims of the plant were to ensure a longer-term, more sustainable, and technologically appropriate oxygen supply system and bridge the humanitarian and development divide to strengthen the country’s health system, which had been pervasively weak. It also aimed to address the lack of power supply challenge since it was centrally installed with a reliable power supply and a backup system and produced oxygen cylinders, which could be used in remote areas without electricity or maintenance.
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FIGURE 1
 South Sudan national oxygen production plant.




Description of the plant

The plant was manufactured by NOVAIR France and installed at the Teaching Hospital Complex in the capital city of Juba. The NOVAIR plant was selected based on the presence of the manufacturer in the sub-region (Kenya and Uganda), which guaranteed ready access to spare parts and after-sales services. Furthermore, the same type of plant had been installed in Ghana with good outcomes. It has a continuous flow rate of 29 cubic meters of above 95% pure oxygen per hour and can refill 48 oxygen cylinders, each with a capacity of 50 liters at a pressure of 200 Bar, daily. The plant was procured with essential components such as 240 spare oxygen cylinders of 50 liters each, a comprehensive four-year spare part kit, and detailed installation and user training manuals. To ensure an uninterrupted power supply, it was connected to the Juba power grid and a 150-kilovolt-ampere standby electricity power generator was installed as a backup power source. Ten South Sudanese biomedical engineers and technicians were trained on-site by NOVAIR engineers to operate, manage, and perform periodic plant maintenance (Figure 2).

[image: Figure 2]

FIGURE 2
 South Sudanese biomedical technicians undergoing training on the operation and maintenance of the national oxygen production plant.




Implementation challenges

The procurement, transportation, storage, and installation of the oxygen production plant presented several challenges, potential benefits and lessons learned, which we discuss in this article.


Long lead time

The lead time for procuring the oxygen plant was long primarily due to the lengthy administrative procedures within WHO and extensive negotiations between WHO and NOVAIR to finalize the plant’s specifications.



Lack of dedicated technical capacity

The local biomedical engineers and technicians who were trained had other responsibilities within the MoH, thus limiting their availability to operate the plant daily. This challenge is associated with the broader fragmentation of the health system in South Sudan, where the chronic shortage of healthcare workers often means multitasking, constraining the delivery of adequate healthcare services.



Lack of funding to cover operational costs

The MoH faced difficulties in immediately assuming full ownership and management of the plant due to its lack of funding to cover the operational, staffing, and running costs.



Other technical difficulties

Technical challenges arose from damage to some plant components and spare parts during transportation and storage. Furthermore, the specification of some spare parts was incorrect, and some electrical installations in the purposely constructed building that housed the plant were inappropriate.




Addressing the challenges

Creative and locally available solutions were used to address these challenges. With the support of WHO, the MoH negotiated an agreement with the African Medical and Research Foundation (AMREF), an international non-governmental organization, to support the plant’s operational, staffing, and maintenance costs while a longer-term public-private partnership model was being developed. Innovative measures were employed to locally fabricate and replace the damaged components and inadequate spare parts while waiting for replacements from NOVAIR. To overcome the challenges of transporting the oxygen cylinders, special arrangements were made with the United Nations Humanitarian Air Service to airlift the filled cylinders to the state capitals and bring back the empty ones. These collaborative efforts and creative solutions played a crucial role in ensuring the successful implementation of the project despite the challenges encountered. This aligns with the recommendations of Ross et al. who posited that expedited approaches for improving access to supplemental medicinal oxygen therapy should be implemented using locally led, context-specific and sustainable solutions (7).



Benefits from the oxygen plant

Despite the associated challenges, the oxygen plant brought some potential benefits. Its installation in the premises of Juba Teaching Hospital, the biggest hospital in the country, which also housed the largest COVID-19 treatment center and is a short distance from the largest pediatric hospital in the country, improved access to medicinal oxygen for the treatment of COVID-19 and other diseases in the capital city and its environs. However, the plant did not have enough capacity to supply the whole country. The training of local biomedical engineers and technicians, which included didactic classroom and practical sessions (Figure 2), resulted in the transfer of technology, knowledge and empowerment of local institutions and their ability to support future expansions in the oxygen generation capacity of the country. This knowledge would be handy in procuring and installing additional oxygen plants in the country. This knowledge can also be harnessed to support other countries using South–South cooperation mechanisms. Importantly, the plant has the potential to significantly reduce the cost of oxygen in the country, as observed in similar settings (26).



Key lessons learned

Based on the experiences in procuring and installing this central oxygen plant, we highlight six key lessons that we believe would be useful in planning, procuring, and installing oxygen plants in similar and other settings. First, deciding which source of medicinal oxygen to deploy in protracted crisis settings requires exhaustive and evidence-based considerations. While oxygen concentrators may seem to be the most appropriate for immediate deployment for emergency use in protracted crisis settings, the requirement of an uninterrupted electricity supply and maintenance facility, which is often not available in such settings, is a major constraint for the mass deployment of these devices (7). On the other hand, central oxygen supply plants, which are alternatives, also require good transport and logistic systems, which are often lacking in such settings (12). Furthermore, the likelihood of a lengthy lead time for the procurement and installation of the plant, as experienced in this case study, may be counterproductive to saving lives in an emergency. Thus, public health decision-makers should weigh the options vis-à-vis the local context and which oxygen supply strategy would be the most cost-effective and appropriate. Second, contrary to beliefs, the successful installation and operationalization of the plant demonstrated that emergency response efforts and funding could be used to build a foundation for longer-term development. Installing this plant was one of the interventions to recover and strengthen the country’s health system, which we believe would result in long-term gains. This lesson is particularly important in protracted humanitarian crisis settings like South Sudan, where the focus is always on quick emergency solutions to the detriment of early recovery and rebuilding of the health system. Third, although the plant was primarily built to support COVID-19 case management, it proved to be useful in other ways. The oxygen being produced is also used in the emergency management of other medical and surgical patients. Fourth, the plant improved accessibility to high-quality medicinal oxygen, which could be used in hard-to-reach areas without electricity or sophisticated medical equipment, thus partially resolving the oxygen shortage in the country. PSA oxygen plants are known to generally produce better quality medicinal oxygen than oxygen concentrators, and the cylinders filled and distributed by the plant could be used in any health facility with or without electricity. This can potentially improve the medical outcomes of COVID-19 patients who mostly need adequate quantity and quality of medicinal oxygen. Fifth, the successful management agreement between the MoH and AMREF ensured that the plant continued to operate in the short term and showed that public-private partnerships could work in protracted humanitarian settings. However, the long-term sustainability of the plant is still unclear and would need to be addressed by the MoH and the partners involved in its installation and operation. Furthermore, the success of this partnership will depend on both parties meeting their commitments as stated in the agreement. Sixth, the experience from this project showed that the procurement and installation of central oxygen production plants is a major undertaking, particularly in protracted crisis settings. Thus, the associated challenges, such as the long lead time for procurement, should be anticipated, and appropriate remedial actions should be planned and implemented. The benefits and lessons learnt are like those from using PSA oxygen plants in similar settings (27–29).



Conclusion

This case study highlights the key issues, challenges and lessons associated with achieving equitable access to medicinal oxygen for managing COVID-19 and other diseases in a protracted crisis setting. It has demonstrated that exhaustive and evidence-based analyses of various sources of medicinal oxygen are required to identify the most cost-effective option in protracted crisis settings. Furthermore, it demonstrated the possibility of successfully installing and operating a central oxygen supply plant amidst the complexities of a protracted crisis like in South Sudan and the challenges of an ongoing pandemic. This is a testament to the possibility of bridging the divide between humanitarian aid and long-term development in the healthcare sector of countries in protracted crises. We believe that the lessons learnt from this, and other similar situations will stimulate the scale-up of similar initiatives to bridge the humanitarian-development divide in South Sudan and other protracted crises.

Moving forward, we propose some recommendations based on the lessons learned from this case study. First, Ministries of Health of countries in protracted crises, with the support of its partners, should assess the impact of this and other similar central oxygen plants, regarding their sustainability, cost, and effectiveness in improving medicinal oxygen supply. The lessons learnt from such an assessment should be compiled into a comprehensive compendium outlining standardized specifications, planning considerations, procurement processes, transportation and storage guidelines, installation procedures, and sustainability strategies for such plants. Second, MoH South Sudan, with the support of its partners, should expedite the finalization and operationalization of the longer-term public-private partnership. Third, MoH South Sudan should continue to monitor and document the quality of oxygen produced by this plant and consider procuring and installing additional plants in other parts of the country to supplement this plant. Fourth, WHO should conduct research studies to gain a deeper insight into how to effectively bridge the humanitarian and development divide within the health sector of countries in protracted crises. Such studies should evaluate ongoing health interventions to bridge the humanitarian and development nexus in crisis situations to identify the key issues and challenges. Such information should be used to develop comprehensive frameworks addressing the complex health system challenges these settings face.
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