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Abstract  

With 40% of the South African population experiencing moderate to severe food insecurity 

and climate change predicted to impact agriculture negatively, there is a future role for inland 

fisheries to help feed 60 million people. To support the expansion of inland fisheries, 

reducing the current postharvest losses of ~25% of fish requires improving the current 

preservation and storage techniques. This review aims to assess the potential benefits for 

Sub-Saharan Africa’s freshwater aquaculture and fisheries to utilise an emerging technology 

to reduce postharvest losses, using South Africa as a case study.  

We demonstrate the potential for plasma activated water (PAW) for preserving fresh fish. 

PAW offers non-thermal and non-toxic bacterial inactivation. Considered safe for human 

use, PAW is currently used in medical applications and has been investigated as a 

postharvest sanitiser for many fruits and vegetables, effectively increasing the shelf life of 

fresh food. The limited studies of PAW treatment of fresh fish show increased shelf life with 

some generally insignificant changes to quality. This novel treatment's success depends on 

the optimisation of application methods, including PAW-derived ice (PAWDI). 

To strengthen the value chain of the fresh fish industry, PAW/PAWDI could extend the shelf 

life of fish from origin to market. Investment in food supply chain development would 

preserve more harvested fish and improve the quality. Utilising solar power to produce PAW 

or PAWDI in situ potentially offers benefits for the small communities of inland fisheries to 
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commercial production. This technology as well as changes to traditional preservation and 

transport chains could be utilised in other Sub-Saharan African nations.  
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1 Introduction 

The world’s population is growing rapidly (United Nations, 2019), and all countries 

face the challenge of increasing food output while dealing with the vagaries of 

climate change. Food insecurity has the biggest effect on the poor, and in the world’s 

poorest countries children and women are the most vulnerable (FAO, 2020). Climate 

simulations predict losses of arable land and agricultural output in many parts of 

Sub-Saharan Africa (SSA), which will impact food prices, increasing poverty and 

food insecurity (Onyutha, 2019).  

Small-scale fisheries are recognised for the potential to alleviate poverty and food 

insecurity (Béné et al., 2007) with aquaculture also contributing via job creation 

(Béné et al., 2016). Fish is easily digestible, rich in protein, and provides fatty acids, 

micronutrients, and vitamins (including calcium, phosphorus, iodine, zinc, iron, 

selenium, as well as vitamins A, B, B12 and D) (Kawarazuka and Béné 2010; Youn 

et al., 2014; Cyprian et al., 2017). Providing better access to fish for the poor could 

help reduce chronic and acute malnutrition and stunting in children (Kawarazuka and 

Bene, 2011; UNICEF, 2013). The increasingly prominent role of inland fisheries and 

aquaculture should not be overlooked (Lynch et al., 2016), particularly where pelagic 

fish can be produced, as these are micronutrient-rich (Nölle et al., 2020). Well-

managed aquaculture may also provide the most sustainably produced source of 

animal protein (Lynch et al. 2016) as it has an efficient food conversion ratio of ~2 kg 

of dry feed to 1 kg of gain. The conversion ratio of aquaculture fish is comparable to 

poultry (2:1) but better than pigs (4:1) and cattle (7:1) (Brown, 2002; Troell et al., 

2004). Freshwater aquaculture could provide a year-round protein and micronutrient-

rich food source. However, the reduction of postharvest losses in the supply chain 

must be addressed.  
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Plasma, the fourth state of matter, is an ionised gas containing reactive species and 

ions (Lackmann et al., 2014; Soni et al., 2021). Plasma-activated water is generated 

by treating water with cold atmospheric plasma (CAP) that, in turn, has been 

generated by applying an electrical voltage to a carrier gas (Soni et al., 2021). PAW 

is acidic and has increased electrical conductivity, and the highly reactive oxygen 

and nitrogen species (RONS) within the CAP are converted to further antimicrobial 

compounds in water, including hydrogen peroxide, nitrates, nitrites, and peroxynitric 

acid (Zhou et al., 2018; Perez et al., 2019). The efficiency of PAW is attributed to the 

combined effect of two or more factors, such as activation time and aeration, which 

improve the formation of RONS and their dissolution in water (Zhou et al., 2020). 

PAW has been used as a sanitiser for fruit and vegetables and in medical 

applications. Commercial PAW systems for production are available for water 

treatment for livestock (e.g., https://www.ingersollrand.com/en-au/ion-

solutions/livestock) and controlled environment agriculture 

(https://www.ingersollrand.com/en-au/ion-solutions/cea). For postharvest treatment, 

a roller conveyor type plasma disinfection device has been constructed (Sakudo and 

Yagyu, 2021). PAW has successfully been used for wound healing, chronic skin 

infection therapy, dermatology, and cancer therapy (Fridman et al., 2008; Heinlin et 

al., 2010; Oh et al., 2016). Commercial CP machines available in medicine for 

treatment of chronic skin wounds and sterilisation, and for dental care and surgery, 

and sterilisation and listed by Siddique et al. (2019). 

This review considered postharvest food loss from inland fisheries in SSA and 

evaluated the potential of PAW for sanitising inland fish products for distribution to 

those in food-insecure regions. We briefly examine the current postharvest losses 

associated with fisheries in selected SSA countries and then explore the 

development of PAW for inland fisheries to better support food security, with South 

Africa as a case study.  

2 Postharvest losses associated with freshwater fisheries and 

aquaculture in Sub-Saharan Africa  

Few assessments of postharvest loss exist for fish value chains in SSA countries. 

Losses also differ between fish species and treatment processes (Akande & Diei-

Ouadi, 2010; Cheke & Ward, 1998; Mgawe, 2008), resulting in income losses 
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between 32–50% (Cheke & Ward, 1998; Mgawe, 2008). Currently, total African 

postharvest losses are >25% of the catch (Diei-Ouadi, 2018; Maulu et al., 2020). The 

reduction of postharvest loss is essential to decreasing food loss, alleviating poverty, 

and improving nutrition (Affognon et al., 2015) while reducing the environmental 

impact. Deterioration of fish results in nutrient degradation and contamination with 

associated increases in the occurrence of foodborne illnesses (Affognon et al., 2015; 

Kaminski et al., 2020). Quality loss due to damage or spoilage results in fish being 

sold at a lower price (Ward and Jeffries, 2000). Any food loss or waste in small-scale 

fisheries reduces the food supply and subsequent nutrient intake, also reducing the 

income of those along the supply chain (Ward and Jeffries, 2000; Genschick et al., 

2017).  

Loss can occur at each step of the value chain. Fish can pass through as many as 

six or seven hands (processing and trading steps) before reaching the consumer. 

Losses begin at harvesting, where the fish may be damaged due to rough handling 

or postharvest due to exposure to heat, poor weather, hygiene, and handling 

practices. Nutritional losses and spoilage occur at processing from poor handling, 

lack of adequate processing skills (e.g., burnt during smoking) or inefficient facilities 

(e.g., drying), pest and pathogen damage, and inadequate packaging. The 

distribution and marketing steps are affected mainly by poor transport chains (poor 

roads), lack of cooling systems (cold transport, ice), and exposure to extreme heat or 

rain (Kaminski et al., 2020).  

A review of postharvest loss in Ghana, Benin, Tanzania, Malawi and Mozambique 

reported that the highest losses for fish by quantity were 27% (±14), but this could be 

halved by implementing strategies to reduce postharvest losses (Affognon et al., 

2015). However, this review was limited to only seven published studies, 

demonstrating the need for more data.  

Other reports note that Tanzania’s Rastrineobola argentea (a pelagic fish) had 32% 

of physical loss during processing, handling and transportation, equating to 49% 

economic loss (30% discolouration, 11% bad weather, 8% damage) Mgawe (2008); 

and the fishing, processing, transportation and storage of Nile perch resulted in 

physical losses of 4.5–13.5% (Cheke & Ward, 1998).  
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Zambia’s aquaculture value chain has experienced upgrades in pre-and post-

production (Kaminski et al. 2021), mainly initiated by large-scale commercial 

producers. For instance, some now have ice production, freezing facilities and 

refrigerated trucks. They are supported by the presence of hatcheries where farming 

occurs (Genschick et al., 2017). The ~12,000 small-scale Zambian aquaculture 

farmers fulfil the needs for family consumption, and any surplus fish are directly sold 

to those with higher incomes in small towns and peri-urban areas, (Genschick et al., 

2017). However, a lack of technology for the small-scale aquaculture farmer has 

forced them to use low-cost fish processing, resulting in losses at processing and 

along the value chain (Akande & Diei-Ouadi, 2010; Jeffries et al., 2000; Kaminski et 

al., 2020). 

For decades, Ghana has relied on fish for protein (Kent, 1997). Reviewed by Failler 

et al. (2014), Ghana’s ~4,800 aquaculture ponds include about 3 000 tilapia fish 

farms, although >90% are small scale non-commercial ponds. The demand for tilapia 

species is high due to the growing middle class and a local market for all sizes of 

tilapia. Low technology processing of farmed tilapia and catfish means Ghana suffers 

losses, and products have a short shelf life due to reduced quality along the value 

chain. Ghana sustained 42–87% quality losses across the entire value chain 

(Akande & Diei-Ouadi, 2010). There is a need for innovation in the processing 

sector, with investment required in processing, packing, and cold chain equipment 

(Failler et al., 2014).  

2.1 Fish Preservation 

Fish begin to deteriorate immediately after harvest, and these changes negatively 

affect the fish’s quality and texture, nutritional content, and edibility (Maulu et al., 

2020; Xiang et al., 2020). Harvested fish can spoil and become inedible within 12 

hours (Ghaly et al., 2010; Shawyer & Medina Pizzali, 2003). Preservation techniques 

can increase the shelf life of fish while maintaining nutritional value, texture, and 

flavour (Ghaly et al., 2010). Successful preservation methods significantly reduce 

postharvest losses (Funge-Smith & Bennett, 2019), increasing the amount of safe 

food available for the consumer. 

Antimicrobial preservation techniques make the harvested fish an unfavourable 

environment for microbial growth by changing the pH, temperature, and make-up of 

the water surrounding, but not bound to, the fish (Ghaly et al., 2010). These methods 
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include thermal and non-thermal techniques as well as synthetic or natural chemical 

preservatives (Ghaly et al., 2010).  

In response to the concerns of consumers, thermal techniques have become widely 

implemented in preserving fish (Ghaly et al., 2010). Thermal techniques can be 

highly effective, as heat inhibits microbial growth and can kill heat-sensitive bacteria 

and simultaneously denature enzymes (Méndez & Abuin, 2012). Energy-intensive, 

lower temperature techniques are currently the most frequently applied treatments 

used in the handling and storing fish products (Joardder & Masud, 2019). 

In most developing nations, fish from small-scale fisheries are treated using basic 

postharvest preservation methods (Odoli et al., 2013; FAO, 2016), such as smoking, 

sun-drying (Kenya; Oduor-Odote et al., 2010a, b), and passive solar drying (Nigeria; 

Tawari & Abowei, 2011). However, these methods generally do not meet the 

standards of local food safety regulations (Odoli et al., 2013). Sun-drying can take up 

to four days depending on the weather and size of the fish, where the fish requires 

protection from theft and predation by animals and insect infestation (Cole et al., 

2018), therefore reducing time for other paid work., Vitamin A is sensitive to heat and 

sunlight (Kawarazuka and Bene, 2011), which can destroy 90% of the vitamin A in 

small fish (Chittchang et al., 1999) which reduces the benefits of the products light 

weight and reduced space required for transportation . (Andersen, 2002). Hot 

smoking can reduce lysine and other essential amino acids (Kumolu-Johnson et al., 

2010). A comparison of the average fish prices in Zambia using the different 

treatments there showed salted fish was ZMK5 (~US$0.50) more than sundried fish, 

and an extra ZMK21.3 (~ US$2.10) was paid for iced fish compared to fish wrapped 

and cooled by water (Cole et al., 2018).  

Postharvest chilling with ice (Bensid et al., 2014; Lin et al., 2013; Xuan et al., 2017), 

or freezing, successfully slows down enzymatic autolysis activity and the growth rate 

of many bacterial species (Adeyeye, 2017; Shawyer & Medina Pizzali, 2003). 

However, it does not kill the bacteria, and spoilage activates immediately upon 

thawing, limiting the shelf life. The aesthetic and nutritional quality of the products 

may also be negatively affected by a slow freezing rate rupturing the cells (Adeyeye, 

2017; Shawyer & Medina Pizzali, 2003). However, communities require access to 

reliable electricity to power the ice machines and access to refrigeration and freezing 

facilities wherever possible. This includes access to clean water to make ice, and the 
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requirement for ice-making machines and commercial iceboxes, adding to the cost. 

In many remote and rural areas, access to these tools is not available, and the 

absence of power exacerbates the problems for small-scale fishers and farmers.  

The constraints of current preservation techniques demand the development of novel 

preservation methods that maintain the nutritional value of fish while preventing 

spoilage (Sheng & Wang, 2021). A promising approach that may reduce freshwater 

aquaculture postharvest losses and health risks is the use of plasma activated water 

(PAW). Alternative infrastructures such as PAW or PAW derived ice (PAWDI) would 

allow wider distribution and marketing of fish in domestic and international markets 

while offering fishers and aquaculture producers bargaining power for their catch, 

improving their livelihoods.  

3 Plasma activated water  

Over the last decade, PAW has received considerable interest due to its non-thermal 

and non-toxic bacterial inactivation ability. PAW is considered safe for human use 

and is currently used in medical applications (Cha & Park, 2014; Boonyawan, 2017; 

Xu et al., 2017; Zeltmann & von Woedtke, 2017). Recent reviews of the production 

and characteristics of PAW (Herianto et al., 2021; Soni et al., 2021; Wang & Salvi, 

2021) considered factors such as water source, contact time, AC voltage and 

frequency, as well as gases and techniques used, for the reduction of microbial 

pathogens. PAW has been investigated as a postharvest wash treatment for many 

fruits and vegetables. It can inactivate up to 3 log10 colony forming units (CFU)/mL of 

different bacterial strains and effectively increases the shelf life of fresh food (Soni et 

al., 2021). It can be helpful against bacterial spores that are resistant to dehydration 

and heat treatments (Soni et al., 2021), as bacterial cell membranes are disrupted, 

and organelles and proteins are damaged. However, the efficiency of PAW cannot 

be directly compared with >6 log10 CFU/mL reduction of non-spore-forming bacteria 

by heat treatments such as thermal pasteurisation.  

Studies on the use of PAW for the treatment of fresh fish are limited to fresh carp 

(Esua et al., 2020; Liu et al., 2021), mackerel (Zhao et al., 2020; 2021), and sea 

bass (Chaijan et al., 2021; 2022) (Table 1). These studies are of significant interest, 

as freezing of the water is not required before the treatment is applied to the fish 

product, meaning less infrastructure is required to generate the preservative 
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measure. The trialled water sources included double distilled water (for grass carp) 

and sterile deionised water (for mackerel and river carp). Different plasma systems 

generated the PAW, including dielectric barrier discharge, a vacuum system, and an 

atmospheric cold plasma jet, with air, oxygen, or argon being the generation gases 

(Table 1). Fish were immersed in the PAW and left static or shaken for a range of 

times from 2 to 30 min. Despite the differences in water sources, PAW generation 

method, fish treatment times, and application method, all studies produced 

comparable positive results. 

Table 1: Comparison of fresh fish treated with plasma activated water. 

Fish  Treatment details Observations Author 

Asian sea bass 
(Lates calcarifer) 
steaks 

Vacuum system with
oxygen or argon as the 
feed gas.  
Water (unspecified 
source) was treated for 
90 min to ensure PAW 
contained H2O2 at 
100ppm. 
Fish treated for up to 120 
s, in a ratio of 1:3. 

Shelf life at 4°C was extended by 
suppressing microbial growth below 
permissible level for 25 days, 15 days 
more than the controls. 
Fish quality parameters had minimal 
changes, except for colour. 
PAW produced using argon as the feed 
gas and applied to fish for 30 s was 
most effective. 

Chaijan et al.
(2021) 

Asian sea bass 
(Lates calcarifer) 
steaks 

Vacuum system with air
as the feed gas.  
Water (unspecified 
source) was treated for 
120 s to ensure PAW 
contained H2O2 at 
100ppm. 
Fish soaked for 120 s, in a 
ratio of 1:3. Some fish 
additionally treated with 
a whey protein isolate 
and crude ginger extract 
coating. 

The combined treatment of PAW and 
ginger extract resulted in the shelf life 
being extended 3.75‐fold compared to 
untreated fish. 
The combined treatment also had 
lower rates of volatile compound 
accumulation throughout storage, and 
potential reduced lipid and protein 
oxidation. Discolouration and loss of 
texture were also reduced. 
Total psychotropic counts of the 
combined treated fish remained below 
the allowable limit for 30 days in cold 
storage. 

Chaijan et al.
(2022) 

Grass carp 
(Ctenopharyngodon 
idella) fillets 
 
 

Dielectric barrier 
discharge (DBD) system 
with air as the feed gas.  
Treated double distilled 
water or citrate‐
phosphate buffer 
(variable voltage up to 70 
V and treatment times up 
to 10 min) to generate 
plasma liquids.  
Fillets immersed in 
cooled plasma liquids for 
up to 10 min on an 
orbital shaker. 

Plasma liquids made fillets more 
acidic, and the plasma‐treated buffer 
also negatively impacted colour.  
Fillets treated with plasma liquids had 
reduced log CFU/g for Listeria 
monocytogenes and Salmonella 
Typhimurium. 
Plasma‐treated buffers were more 
effective at reducing bacteria than 
plasma‐treated water. 
Shelf life was not determined. 

Esua et al.
(2020)  
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Mackerel 
(Scombridae) fillet 
cubes 

Atmospheric cold plasma 
jet using air as the feed 
gas.  
Treated sterile deionised 
water at 30 kV for 15 min 
to generate PAW. 
Cubes of mackerel fillets 
were submerged for 30 
min (static).  

Fish quality parameters were not 
assessed. 
PAW treated fish cubes had 0.4 log 
CFU/g reduction of Pseudomonas 
fluorescens. 
Acidification was noted as essential for 
PAW to be bactericidal.  
Shelf life was not determined. 

Zhao et al.
(2020) 

Mackerel 
(Scombridae) fillet 
pieces 

Plasma jet beam system 
with air as the feed gas.  
Both sterile deionised 
water and peracetic acid 
were treated for 10 min 
to activate the liquids.  
Plasma liquids also 
combined with 
ultrasound. 
Fish submerged for 10 
min (static). 

No apparent change in fish colour or 
lipids. 
Plasma activated peracetic acid and 
PAW reduced CFU/g for Listeria 
innocua, E. coli, and P. fluorescens.  
Plasma peracetic acid suggested as 
better than PAW if organic material is 
present. 
Shelf life was not determined. 

Zhao et al.
(2021) 

Yellow river carp 
(Cyprinus carpio) 
fillets 

Atmospheric pressure 
plasma jet system with 
air as the feed gas. 
Sterile deionised water 
treated for 120 s to 
produce PAW. 
Fish immersed for up to 6 
min. 

No significant change was observed in 
fish quality parameters. However, 6 
min treatment increased lipid 
oxidation and decreased pH of fish. 
Surface colour also changed. 
Sensory panel determined PAW 
treated fish no different to fish treated 
with water. 
Population of Shewanella putrefaciens 
decreased by up to 1.03 log CFU/g.  
Shelf life was not determined. 

Liu et al. (2021)

 

The most common finding from these PAW studies was that spoilage organisms 

associated with fish samples were reduced following immersion in PAW (Table 1). 

Fresh grass carp (Ctenopharyngodon idella) fillets had reduced Listeria 

monocytogenes and Salmonella typhimurium populations, with the bacterial numbers 

correlated with voltages applied during the generation of the PAW (Esua et al., 

2020). The higher the voltage applied during the PAW generation, the greater the 

reduction in bacterial populations. They also reported a more significant decrease in 

bacterial populations, increasing fish immersion times in the PAW. River carp fillets 

similarly had reduced populations of Shewanella putrafaciens (Liu et al., 2021). 

Mackerel cubes had reduced Pseudomonas fluorescens following PAW treatment, 

although this was not significant compared to the controls (Zhao et al., 2020). 

Mackerel pieces had a reduced natural microbiota and inoculated Listeria innocua, 

Escherichia coli, or P. fluorescens after PAW and plasma activated peracetic acid. 

Interestingly, the reductions were greater if the plasma liquids were combined with 
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other treatments such as ultrasound (Zhao et al., 2021). Finally, sea bass treated 

with PAW also had reduced microbial populations, below permissible limits, resulting 

in treated fish having a shelf life of 15 days longer than untreated fish (Chaijan et al., 

2021). When combined with a ginger extract the shelf life was almost four-fold higher 

than untreated sea bass (Chaijan et al., 2022). All studies noted the potential of PAW 

as a sanitiser for reducing microbial contamination in fish products.  

A single study examining ice production by freezing PAW and its application to 

shrimp (Metapenaeus ensis) reported reductions in bacterial growth, resulting in a 

doubling of the shelf life of the crustacean (Liao et al., 2018). The results suggested 

that examining the impact of ice derived from PAW for fish preservation would be 

valuable, particularly if shelf life is similarly extended. Notably, the PAW derived ice 

(PAWDI) was also reported to delay changes in colour (particularly alleviating 

progress of melanosis) and texture, and it did not degrade proteins. The production 

of volatile basic nitrogen was also reduced compared to shrimp preserved with ice 

produced from tap water. Katsaros et al. (2021) warned that ice must be 

microbiologically and chemically safe because it directly contacts food products and 

can be consumed. They noted that PAWDI is effective for the storage and shelf life 

of sea bream and sea bass fillets, although this work has not been published. 

Several studies have also investigated cold plasma as a direct treatment for various 

fish products rather than for treating water. However, cold plasma can be generated 

using different systems, making comparing studies difficult. Fish that have been 

trialled include two species of mackerel, herring, bass, bream, and tilapia (Albertos et 

al., 2017; Albertos et al., 2019; Chen et al., 2019; Giannoglou et al., 2020; Mohamed 

et al., 2021; Olatunde et al., 2021a; Wang et al., 2022), and crustaceans including 

shrimp and crab (Olatunde et al., 2021b; Sheikh & Benjakul, 2020). We only discuss 

tilapia here for brevity as this fish is widely caught and consumed in SSA. Mohamed 

et al. (2021) treated fresh whole tilapia (Oreochromis niloticus syn. Tilapia nilotica) 

with cold plasma using a mains-powered dielectric barrier discharge system, with the 

fish placed between the two electrodes. One concern was that if the gap between 

the electrodes was reduced, the treatment could burn the fish. However, when this 

gap was adjusted to avoid burning, the fish had an increased shelf life of up to 10 

days, with decreased microbial pathogens, and the organoleptic properties were 

maintained. Wang et al. (2022) treated O. mossambicus and similarly reported a 
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decreased in both number and diversity of microbial pathogens, with a shelf life of 12 

days at 4C. This improvement is significant given the value of Tilapia in various 

African countries.  

It is important when assessing a new food preservation method to determine that the 

quality parameters of the commodity are not adversely impacted. The impact of PAW 

on fish colour was determined for grass carp fillets, with significant changes reported 

depending on the liquid used (Esua et al., 2020). The acidity of the fillets also 

increased; however, it was not significant. The authors did not conduct any quality 

evaluations in their study. Similarly, in river carp, changes were observed in the 

colour and acidification of the PAW treated fillets in addition to significant lipid 

oxidation (Liu et al., 2021). However, no significant changes occurred to sensory 

properties or texture attributes when compared to fish treated with water only. In 

contrast, for mackerel, colour and lipid oxidation (measured by peroxides and 

thiobarbituric acid reactive substances) were not significantly different to water-

treated controls (Zhao et al., 2021); however, other quality parameters were not 

reported as they did not measure any sensory properties or texture. In sea bass, 

comprehensive quality tests were measured (Chaijan et al., 2021), including off-

flavour volatiles (including sulphides, ketones, alcohol, and aldehydes), lipid and 

protein oxidation, and pH, colour, texture, and moisture drip. It was found that PAW-

treated bass steaks appeared to have reduced off-odour and off-flavour development 

with minimal oxidation of lipids and proteins compared to non-treated controls; 

however, heme iron content was reduced, colour varied, and some loss of texture 

was noted (Chaijan et al., 2021).  The reduction in iron is a concern as this is a 

critical nutrient in SSA countries, particularly for children (Akalu et al., 2021), so 

would need to be monitored in all treatments. When PAW was combined with a 

ginger extract coating, the quality was significantly improved (Chaijan et al., 2022). 

While the studies reviewed here suggest that some changes occurred following the 

treatment of fish with PAW, they were not considered significant in most instances. 

Esua et al. (2021) compared the use of functionalised water by electrolysis, ozone, 

and cold plasma, and encouraged the use of PAW in future applications. 

The plasma generation systems used in the above studies range from custom-built 

equipment to off-the-shelf commercial systems. The various systems have been 

reviewed (Herianto et al., 2021; Soni et al., 2021; Wang & Salvi, 2021), and it is 
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important to note that the power consumption used for generating cold plasma 

should not be a limiting factor. A handheld battery-operated plasma source, with 

integrated solar-power charger has been effective for microbial decontamination (Ni 

et al., 2016), and other battery-operated devices exist (Pei et al., 2014; Usta et al., 

2019). Plasma technology presents a safe way to reduce microbial contaminants 

without the need for chemical treatments. Plasma technology has human health and 

environmental benefits, particularly when plasma can be generated using solar 

power rather than electricity. A standalone plasma generation system can be 

fabricated for ~US$500, plus labour, using readily available components; a standard 

24V folding solar panel to charge a combination battery/inverter pack which 

energises a repurposed neon light 10000V power supply. The container can be 

constructed using a standard backpack pressure sprayer modified to hold a 

discharge arc vessel (glass jar) with the spray nozzle directed back into the tank. 

With the potential of utilising PAW in clinical settings, fruit and vegetable washes, 

and for freshwater fish sanitisation, villages or community groups could produce 

PAW on a user pays basis and help reduce food-borne illness.   

3.1 Potential for PAW in SSA inland fisheries –South African case study 

Barkhuizen et al. (2016) reviewed fishery initiatives in the Free State Province 

(1979–2014) accessing catch data from 7 locations: Bloemhof, Kalkfontein, Gariep, 

Vaal, Erfenis, Rustfontein and Koppies Dams. On average, 282 (±185) t/year of fish 

were caught, mainly common carp Cyprinus carpio and Labeo capensis and L. 

umbratus. Only two commercial fisheries were sustained for more than ten years, 

while the rest failed due to low yields, low local demand for freshwater fish, and 

limited refrigeration capacity. No permanent jobs were created; all employed casual 

labour. Attempts to develop a small-scale fishery at Gariep Dam have also failed. 

Three government-supported projects only operated for a few months in the year, 

and unrealistic yield expectations, poor management capacity and market 

constraints were blamed for their failure (Barkhuizen et al., 2016). The inability to 

develop sustainable commercial inland fisheries in South Africa indicates that small-

scale fishers and aquaculture need to be supported due to their benefits to the poor 

and their contribution to food security.  

In contrast to the commercial failures, a 15-month study at Lake Gariep completed in 

December 2007 gathered information via questioning anglers (n=357; Ellender et al., 
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2010). Subsistence anglers (99%) living within 10 km, with <30% permanently 

employed, were found to be predominantly reliant on the resource for food (53%) 

and as a primary or supplementary source of income (41%). The Lake Gariep fishery 

provides important food security to some rural poor and demonstrates the potential 

for small scale fishers to overcome food insecurity. 

However, in Limpopo Province in the northeast of the country, Drimie and McLachlan 

(2013) reported one of the highest numbers of households experiencing hunger due 

to low income. In the mid-2000s Limpopo had ~5.55 million people, which was 10% 

of South Africa’s total population (Statistics South Africa, 2008). Surveys in 2011 in 5 

districts investigating almost 600 rural households showed that 80% of rural 

households were moderate to severely food insecure (De Cock et al., 2013). About 

90% of the people were in rural areas, where 92% have electricity connected (De 

Cock et al., 2013).  

The Limpopo River basin has the highest native fish species richness in South Africa 

(Weyl et al., 2021). Unfortunately, many of the river systems are polluted with 

pesticides, hydrocarbons, and metals (lead, chromium and arsenic), that leach into 

the water supply from agriculture and mining activities. Metals over the 

recommended levels for safe consumption have accumulated in the fish (Addo-

Bediako et al., 2014; Barnhoorn et al., 2015; Weyl et al., 2021). Regular 

consumption (a weekly 150 g portion) of these contaminated fish could cause 

genotoxic and carcinogenic damage (Du Preez et al., 2003). With limited studies of 

residue levels in fish, the risk factors for all the systems with fisheries potential 

remain unknown (Weyl et al., 2021). Plasma treatment can be used to treat 

contaminants, in soil and water (Kumar et al., 2021; Qu et al., 2013; Zhang et al., 

2017), offering a potential solution. Cold plasma generates reactive species which 

can degrade pesticides without added polluting chemical agents (Kumar et al., 

2021). The production of free radicals during plasma generation combined with 

activated carbon can remove cadmium and phenols from water (Qu et al., 2013) 

while others have shown success in remediating contaminated soils (Zhang et al., 

2017). 

Food-borne illnesses are widespread, and fish could be a causal agent. The 

prevalence of food-borne illness was studied for two years in three Eastern Cape 

villages (2012-2014) and revealed that 27% of people surveyed had fallen ill during 
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the study period. More than half did not seek medical treatment, and of those who 

did, only 20% were recorded by clinics (Bisholo et al., 2018) meaning that these 

types of illnesses are under reported. Treatment of farmed or wild caught fish using 

PAW could make this food source a safer option. 

Food insecurity must be addressed to deliver on the South African constitution, 

which promises citizens a right to food and safe water (Hendriks, 2005; Masipa, 

2017; Termeer et al., 2018), primarily for the rural and other poor people. While 

South Africa recognised the future role of inland fisheries for feeding the 60 million 

people in the 1990s (FAO, 1997; Hara & Backeberg, 2014; World Bank, 2021), by 

2016, inland fisheries remained severely underdeveloped, with less than 1% of the 

total fish caught from freshwater (FAO, 2018; McCafferty et al., 2012). Freshwater 

aquaculture has been targeted for development to provide sufficient, safe, and 

nutritious food that is affordable and available to all South Africans (DFFE, 2020; 

Masipa, 2017). Twenty-one strategic surface water source areas have been 

identified (Figure 1), covering 8% of South Africa and supplying 50% of the mean 

annual runoff (CSIR, 2021). A significant proportion of the water catchments will 

have increased freshwater due to the predicted increase in rainfall (Figure 2), 

providing the opportunity to develop inland aquaculture.  

 

 

Figure 1: Water source areas of South Africa 2019 (CSIR, 2021).  
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Figure 2: Projected climate change in South Africa by 2050 (from Van Niekerk et al., 

2019)  

 

With increasing temperature, some freshwater aquaculture fish species grow faster, 

such as the Nile tilapia (O. niloticus) (Muchuru & Nhamo, 2018). The increasing 

temperature may create areas at a higher elevation suitable for aquaculture, and 

higher rainfall may increase the potential for aquaculture in previously marginal 

areas (Muchuru & Nhamo, 2018). An increased frequency and duration of rainfall in 

some areas due to global change will potentially increase an aquatic system's overall 

productivity as it has access to more resources, such as nutrients, for longer 

(Welcomme et al., 2010). Unfortunately, raised temperatures will increase the 

survival of bacteria and parasites (Welcomme et al., 2010). Microbial contamination 

will become more prevalent as temperatures rise (Hammond et al., 2015), 

exacerbating the incidence of food loss. Increasing temperatures caused by climate 

change will threaten the whole value chain of the fresh fish industry; therefore, 

treatments such as PAW can be applied to extend the lifespan of safe storage from 

origin to market. 

There is a paucity of information on South Africa’s inland water sources and the fish 

and fisheries (McCafferty et al., 2012). Small-scale inland fisheries are poorly 

developed (McCafferty et al., 2012) due to the low productivity of inland waters 
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(DFFE, 2021). The Free State, Eastern Cape, and North-West Provinces have 

promoted small-scale livelihood fishing projects on an ad-hoc basis (McCafferty, 

2012); however, due to a lack of government support, including access to value-

adding opportunities and markets, it has been difficult to create sustainable 

livelihoods (Britz, 2015). However, in the value chain approach of the National 

Freshwater (Inland) Wild Capture Fisheries Policy, it is promised that “small-scale 

fishers will be assisted with both resources and technical support to reduce 

postharvest losses, meet sanitary requirements and achieve their marketing 

objectives” (DFFE, 2021). The fishers would benefit from access to PAW so that they 

may sanitise larger fish and increase their income.   

South African inland aquaculture can contribute to food security directly, and 

indirectly through job creation (DFFE, 2021). For instance, one person is employed 

for each 4 t of Zambia’s aquaculture production, the feed and seed sectors provide 

jobs, and informal downstream value chain jobs help to reduce poverty, for instance, 

street vendors selling fish in urban areas (Genschick et al., 2018). Three major 

tilapia aquaculture producers in Ghana employ 230 people and produce 8,600 t 

annually (38 people/t) (Failler et al., 2014). For each tonne of fish produced in Egypt, 

there are ~1.4 full-time equivalent jobs (Mcfadyen et al., 2012). Small-scale 

aquaculture employs unskilled manual labour, digging ponds and netting fish 

(Kaminski et al., 2021), alleviating food insecurity by providing income. 

Maximising the contribution of aquaculture and fisheries to food security requires 

moving toward more environmentally sustainable practices and carefully balancing 

social and economic concerns with a focus on the aquaculture of finfish species 

(FAO, 2019). Agriculture could be encouraged to include aquaculture in its 

programming. Appropriate policies to create favourable environments are required to 

strengthen sustainable inland aquaculture. These include the reduction of 

postharvest losses and a focus on better distribution of fish; developing private feed 

and seed industries and hatcheries; diversifying fish species; and focusing both on 

fish species with high commercial value (Chan et al., 2019) and those in demand 

from local consumers. Babatunde et al. (2021) identified the need to prioritise the 

development of the aquaculture industry, focusing on “enabling private sector 

participation, uptake of new technologies for aquafeed production and farm 

management, the commercialisation of aquaculture, and reducing the supply gap”. 
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They proposed that government and industry support aquaculture development with 

“access to affordable credit, sufficient quality and quantity of inputs, and land 

ownership”. Adeyeye (2017) suggested that achieving food security would require 

increases in the quantity of fish (by improved food processing and storage and 

effective distribution systems), particularly pelagic fish, and incomes to purchase 

food. There is potential for small aquaculture farms to benefit from the niche market 

for small pelagic fish, if they can use PAW to sanitise rather than the time consuming 

and often unsanitary drying methods.   

However, in many countries, including South Africa, large-scale commercial 

development of inland aquaculture does not increase food security for lower-income 

consumers or small producers, as produce leaves the area for other markets or is 

too expensive (Cisneros-Montemayor et al., 2016), and the higher value fish do not 

necessarily provide high levels of micronutrients (Bogard et al., 2017). To support 

the poor and decrease food insecurity, a living wage for those in freshwater fisheries 

is needed to enable the fisher to support their family and enable sustainable 

practices (Cisneros-Montemayor et al., 2016). However, Africa has 58 to 82% of 

fishers living below the minimum living wage in their country (Giron-Nava et al., 

2020). By improving access to enhanced technologies and knowledge, productivity 

increases could be achieved in small-scale aquaculture, creating more on-farm jobs 

and resulting in a stronger uptake of aquaculture into rural communities (Kaminski et 

al., 2021). Where hatcheries and feed stores exist, support hubs to include PAW 

could be set up for aquaculturists. 

4 Conclusion  

With an efficient food conversion ratio, freshwater commercial aquaculture can 

provide a year-round protein and micronutrient-rich food source for all SSA 

countries. However, postharvest losses in the supply chain need to be reduced. 

PAW or PAWDI can potentially reduce nutritional losses and spoilage, to produce a 

safer product with increased shelf life with little change to aesthetics. While 

PAW/PAWDI may only be immediately accessible to commercial aquaculture, and a  

trickle-down effect is likely to occur for the poor via the creation of jobs in the 

production of fish, feed and seed, and buying and selling of fish down the value 

chain. In regions suitable for aquaculture, the supporting industries could be located 

together as already occurring in some countires,and include PAW stations. Small-
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scale fish farmers, traders, and agriculturists could access PAW/PAWDI and 

technical support for their PAW systems. Once there is technical expertise in the 

region, then villages could consider purchasing solar powered PAW machines 

utilising the support of the National Freshwater (Inland) Wild Capture Fisheries 

Policy, or PAW/PAWDI distributors could be established so that they can deliver 

these sanitising products.  

The availability of freshwater fish to the rural and urban poor can increase food security 

in South Africa as fish are easily digestible and rich in protein, fatty acids, and vitamins. 

Increased consumption of pelagic fish can reduce malnutrition and stunting in children. 

Previous attempts to establish inland fisheries in South Africa have failed, and the poor 

tend to overfish or take juveniles as they can be dried. To enable the poor to install 

and operate aquaculture can protect the environment and populations of wild fish. The 

commercial sector markets >300 g fish, but the rural and urban poor represent a 

market for smaller fish (100 - 300 g). Thus, providing an opportunity for a niche market 

for small-scale farmers using minimal inputs, allowing them to sell fish grown on low-

cost feeds rather than wild-caught juvenile fish. Small fish can be dried and stored for 

an extended period. They are more affordable as they can be purchased in small 

quantities and are easily divided among household members. However, the drying 

process is time-consuming and results in losses. PAW can address the National 

Freshwater (Inland) Wild Capture Fisheries Policy’s aim to assist small-scale fishers 

with resources and technical support to reduce postharvest losses and meet sanitary 

requirements. While increasing the shelf life and providing a longer marketable time 

to sell for the right price, the poor will not be at the mercy of manipulative traders.  

Currently, for the subsistence fishers and small-scale aquaculturists, the lack of 

infrastructure and transportation dictates the processing required; otherwise, the 

catch must be sold within the same day as capture. Ideally, using ice made from 

clean water would help reduce postharvest losses and food-borne illnesses; 

however, this is beyond the reach of many SSA communities without reliable 

electricity to make ice or to have access to refrigeration. PAW provides an innovative 

solution for processing fish caught or farmed in remote areas by providing the ability 

to sanitise the fish products for distribution in those food-insecure regions. A solar-

powered, handheld plasma source has been effectively used for microbial 

decontamination, and we propose that solar powered kits using readily available 
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components can be compiled for under US$500, making this an affordable system 

for communities in remote regional areas in SSA.  
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