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			Organic waste disposal contributes to 3.8% of GHG emissions to the atmosphere, yet 68.8% of this putrescible waste fraction is still disposed of, untreated, to landfills in South Africa. The implementation of a ban on disposal of organic waste to landfills at provincial level opens up the need to research best technology pathways and waste minimisation strategies to valorise and promote the circularity of diverted waste streams. The SARChI Chair in Waste and Climate Change has developed the WROSE™ (Waste Resource Optimization Scenario Evaluation) model to assist municipalities in selecting the most appropriate waste management solutions. A research gap has been identified in the lack of information on full-scale applications of two-stage anaerobic digestion (2-stage AD) for combined bio-hydrogen and bio-methane production from organic waste. In this review, we explore drivers and barriers to the implementation of 2-stage AD in South Africa and propose possible scenarios using the WROSE™ model for its insertion into an Integrated Waste Management System at municipal level. A literature analysis suggests that 2-stage AD is a potentially viable solution to recover the inherent value of organic waste and promote circularity using bio-hydrogen and bio-methane. However, the currently available organic fraction in the municipal solid waste streams is not a suitable feedstock, as it requires high levels of pre-treatment. Suitable scenarios using the WROSE™ model are proposed for South African municipalities, paving the way for future research towards the scale-up of this technology.

			Significance:

			•Organic waste is not managed adequately in South Africa, contributing to greenhouse gas emissions without recovering the intrinsic value of the material.

			•2-stage AD is a potentially viable solution to recover the inherent value of organic waste and promote circularity using bio-hydrogen and bio-methane. Several barriers must be overcome before carrying out the technology at full-scale.

			•A 2-stage AD scenario can be implemented at full-scale into an Integrated Waste Management System using appropriate decision-making tools such as WROSE™.
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			Introduction

			In a world that has always prioritised the extraction of new materials, our resources and energy demand have skyrocketed because of overpopulation and improved living standards in developing countries. Consequently, the contribution from anthropogenic greenhouse gas (GHG) emissions to climate change has increased greatly.1 Therefore, the new circular economy concept is gaining ground to tackle this issue. This idea considers a novel approach synthesised by the 4 Rs: reduce, reuse, recycle and recover.2

			Africa has immense potential for recovering materials from waste, which is now mostly dumped or burned outside of proper waste management facilities.3,4 However, African countries focus predominantly on passive and inexpensive treatment methods such as landfilling, which do not recover the added value inherent in waste materials but do contribute to environmental pollution. While only 4% of the yearly African organic waste production (71 million tonnes) is recovered, incrementing recycling rates to 25% would yield over USD243 million in additional monetary value, originating from the by-products of proper treatment.5 Landfill disposal has commonly been the preferred method due to very affordable gate fees (in most cases fees are USD10-15 per tonne of waste in South Africa – up to 10 times lower than in Europe) and, in the past, abundance of space.6 However, landfills are rapidly filling up, raising the need for an effective diversion of organic fractions such as food waste, garden refuse, the organic fraction of municipal solid waste (OFMSW), and agricultural waste. Another downside of landfilling of organic waste is the substantial impact on human health and the environment, including the uncontrolled GHG emissions to the atmosphere, due to the high biodegradability of organic waste.7,8

			The South African government is working on the gradual diversion of solid waste from landfills.9 Moreover, South African provinces, starting from the Western Cape, are progressively implementing organics-to-landfill bans to increase landfills’ lifespans, reduce carbon emissions and valorise the economic potential of waste.10 The new regulatory acts, along with the new law on extended producer responsibility11, are raising the need to find an alternative treatment option for this putrescible waste stream. 

			Biological methods such as composting achieve proper stabilisation of organic matter, but they do not facilitate energy production or the recovery of valuable material, given the low commercial potential of compost.12 On the other hand, anaerobic digestion (AD) partially sacrifices the stabilisation of biodegradable matter to recover a biogas mostly made of methane and carbon dioxide that can be burned to produce electricity or to fuel gas systems.13 Moreover, if AD is performed in a two-stage configuration (2-stage AD), hydrogen gas could also be recovered after the first stage, thus increasing the energy recovery of the system and reducing the impact of organic waste treatment in terms of GHGs.13

			Anaerobic biodigesters have successfully been implemented across rural South Africa on a micro-scale level, mainly using agricultural waste, animal manure and even sewage waste as feedstocks.14 However, there is a lack of studies on their implementation in urban and peri-urban areas at a larger scale, where different feedstocks, such as OFMSW, food waste and garden refuse, are available.15 Moreover, biological hydrogen production from such waste fractions has been investigated worldwide16 as well as in South Africa17, but mainly in a standalone configuration called dark fermentation, and not to optimise the successive production of hydrogen and methane. In contrast, 2-stage AD still needs to be improved and advanced from lab-scale to micro-scale and, possibly, full-scale, to make it applicable both at the household and municipal level. For this purpose, we investigated the drivers for and barriers to the implementation of such technology and explore the possibility of introducing a 2-stage AD scenario in an Integrated Waste Management System in South African municipalities using the Waste Resource Optimization Scenario Evaluation (WROSE™) model, which is an essential tool to assist municipalities in selecting the most appropriate and sustainable treatment method for organic waste management.18,19
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			2-stage AD for bio-hydrogen and bio-methane in South Africa

			Recovering the inherent value of organic waste would be the ideal realisation of the circular economy concept, in which every material becomes a resource at the end of its life cycle. However, this approach requires adopting the most appropriate treatment methods, such as AD, to fulfil and maximise such a goal.

			AD is a biological process that occurs spontaneously in natural environments devoid of oxygen, such as soil, sediments and ruminants’ stomachs, and the waste body of landfills. A series of anaerobic bacteria degrade and convert organic matter into a biogas mostly made of methane and carbon dioxide.13 

			Conventional AD is a well-established process that allows for the recovery of energy from biogas. However, recovery efficiency can be further increased if the process is performed in two stages to prevent the degradation of hydrogen during acetogenesis.13 In this new configuration, the first reactor hosts the first two phases (hydrolysis and acidogenesis) in a process called dark fermentation (as it occurs in the absence of light), while the second stage consists of a combined acetogenesis-methanogenesis on the digestate that emerges from the first stage. As shown in Figure 1, the second reactor might be preceded by a buffer tank that can be used to remove matter recalcitrant to hydrolysis, increase control on operational pH and organic load, or even dilute inhibiting compounds.20
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			Figure 1:	Configuration of a standard 2-stage anaerobic digestion system (solid lines: main liquid flow; dashed lines: recirculation flows; dotted lines: gaseous flows).
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			The first stage hosts both hydrolytic microorganisms and fermentative species. Hydrolytic bacteria (Bacteroidetes and Firmicutes phyla21) secrete extracellular enzymes that break down complex organic matter into simpler molecules, generating monosaccharides, amino acids and fatty acids from carbohydrates, proteins and fats, respectively. Those smaller compounds are then degraded into volatile fatty acids (VFAs), ethanol and low molecular weight alcohols, gaseous hydrogen and carbon dioxide by microorganisms such as Clostridium sp., Enterobacter sp., Escherichia coli and Bacillus sp. (mesophilic), thermophilic Clostridium (C. thermocellum) and Thermoanaerobacterium sp. and extremely thermophilic Caldicellulosiruptor sp. and Thermotoga sp.22 

			Hydrolytic species prefer a pH of 6–8 but are more adaptable to different environmental conditions than are acidogenic microorganisms, which thrive at a pH of 5.5-6.5.20 Consequently, as the goal of 2-stage AD is to maximise both hydrogen and methane production, the optimal pH for the first stage is in the 5.5-6 range, thus preventing hydrogen consumption by methanogenic bacteria, which are inhibited at acidic pH.23,24

			In the second stage, methanogenesis is preceded by acidogenesis, the transformation of VFAs into acetic acid and hydrogen operated by propionate-oxidisers such as Syntrophus and Syntrophomonas sp., Pelotomaculum sp., Smithllela sp., and Syntrophobacter sp.21 These acetate-producing bacteria perform reactions that are not thermodynamically favoured, and therefore they have to rely on the hydrogenotrophic methanogens to consume the hydrogen immediately. This syntrophic partnership is essential to keep the H2 partial pressure sufficiently low (<10−4-10−5 atm) to guarantee favourable conditions for acetogenesis.25 A second methanogenic pathway, called acetoclastic methanogenesis, consists of the transformation of acetic acid into methane and carbon dioxide and accounts for about 70% of the global methane production.26 Unlike hydrogen-producing bacteria, methanogens cannot sporulate to withstand extreme environmental conditions and are limited to a pH range of 6.2-7.8, with best performances at pH 7-7.2.20,24 Typical bacterial species responsible for methanogenesis are Desulfobacterium sp., Methanoculleus sp., Methanospirillum sp. and Methanococcus sp. (mesophilic), Methanothermobacter sp. and Methanosarcina sp. (thermophilic), and Methanothermus sp. and Methanothermococcus sp. (extremely thermophilic).22 

		

	
		
			South African Journal of Science (Review Article)

			Bio-hydrogen production from organic waste in South Africa

			Control of operational pH is paramount to maximise biogas yields and maintain the stability of the process, especially in the first stage, given the production and accumulation of acidic compounds. While chemicals can be used as buffering agents to avoid excessive acidification and prevent bacterial inhibition from VFAs build-up, their continued use is not sustainable from an economic standpoint. Therefore, recirculation of methanogenic digestate into the acidogenic reactor has been investigated, and has proved to be a feasible method to provide sufficient residual ammonia and bicarbonate to preserve the stability of the first stage, while reducing the cost of pH buffering.24 Because an excess of ammonia can lead to bacterial inhibition, it is essential to keep the VFAs/alkalinity ratio in the 0.3-0.5 range.27 As a consequence, the optimal recirculation ratio has been investigated. Depending on the feedstock, optimal values for the ratio are between 0.3 and 0.65, which leads to an increase in biogas production of up to 75%.28-30 Recirculation of digestate can also be performed in the same reactor to increase the hydraulic retention time and enhance the removal of volatile solids (VS) and biogas production.20

			Hydrolysis is usually the rate-limiting step of anaerobic digestion due to the recalcitrant compounds that make up lignocellulosic feedstocks.31,32 Therefore, a 2-stage configuration can be carried out using two different operational temperatures: a thermophilic (50–60 °C) first stage that enhances the breaking down of refractory molecules, and a mesophilic (30–40 °C) second stage that maintains advantageous conditions for methanogenesis while reducing energy consumption.20,24 When using a lignocellulosic substrate, the first stage is usually operated in a continuous stirred-tank reactor that can facilitate mixing, while the second stage can be carried out in different reactors, such as a continuous stirred-tank reactors, upflow anaerobic sludge blanket reactors (high loading rates, low retention times), anaerobic fluidised bed reactors (efficient, with high recycle rate but high energy costs) or expanded granular sludge bed reactors (modified anaerobic fluidised bed systems, with a lower upflow velocity and partial bed fluidisation).20,33

			Energy expenditures are a significant operational cost for an anaerobic digestion system. In comparison with a single-stage reactor, a 2-stage configuration can potentially result in a twofold energy generation from biogas.34 However, using two reactors increases the electricity and heating costs, thus hindering the system’s energy balance. A recent study highlighted that, although the 2-stage configuration recovered up to 12.25 kJ/g-VS from biomethane production, its energy balance remained negative at -2.16 kJ/g-VS, despite being an improvement from the -3.41 kJ/g-VS achieved by the single-stage reactor.34 Therefore, combining the energy recovery from both hydrogen and methane can potentially help obtain a net energy gain and needs further investigation.

			Figure 2 highlights the role of a standard 2-stage AD system in transforming organic waste into valuable by-products that can be reintroduced into a circular economy or used to produce electricity and heat. However, because the demand for household heating is not widespread across South Africa, the combined heat and power unit could be replaced with a simpler combustion engine or gas turbine for electricity production in order to reduce costs. 
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			Figure 2:	Representation of a 2-stage anaerobic digestion system, from feedstock to final use of by-products.
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			When a 2-stage AD system is fed with organic waste such as slurry, energy crops, food waste and garden refuse, this new configuration becomes a perfect realisation of the idea of a circular economy, as all the possible outputs can find some application in the economy as secondary materials (Table 1).

			Table 1:	Potential uses of by-products of 2-stage anaerobic digestion

			
				
					
					
					
				
				
					
							
							By-product

						
							
							Use

						
							
							Reference

						
					

					
							
							Digestate

						
							
							Agricultural fertiliser

						
							
							Tshikalange et al.35

						
					

					
							
							CO2

						
							
							Food and drink industry (carbonated drinks, packaging and transportation, farming and slaughtering)

							Fuel and chemical industry (including oil recovery and fracking)

							Bioenergy production (bio-algal photo-fermentation)

						
							
							Aresta36

							Zhang et al.37

						
					

					
							
							CH4

						
							
							Chemical industry, fuel and energy production

						
							
							Gogela et al.38

							International Energy Agency39

						
					

					
							
							H2

						
							
							Chemical industry, transportation

						
							
							Sharma et al.40
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			AD digestate has been successfully used as a cheaper and environmentally friendly alternative to inorganic fertilisers without affecting the quality and quantity of the final agricultural product, especially if the feedstock is source-separated organic waste.35,41 In fact, the residual sludge coming from an AD process that partially stabilised the organic matter, with a VS reduction of between 60% and 90%, is a fluid with a low total solid content (3-15%) which contains macronutrients (N, P, K, Ca, S and Mg) and micronutrients (B, Cl, Mn, Fe, Zn, Cu, Mo and Ni) needed for plant growth.42

			Carbon dioxide (CO2) has extensive application in different sectors, such as the food and drink industry, fuel and chemical industry, and bioenergy production.36,37 It is usually produced as a by-product of several industrial processes (methane steam reforming, fertiliser synthesis) but can be captured, utilised and sequestered from atmospheric emissions in order to limit its global warming potential. In fact, CO2 is the main component of anthropogenic greenhouse gas emissions, and therefore the leading cause of climate change.43

			The same consideration applies for methane, as its global warming potential over 100 years is 28–36 times higher than that of CO244, even if its concentrations in the atmosphere are significantly lower (410 ppm for CO2 versus 1.866 ppm for CH4)43. However, combustion of methane generates more energy per unit mass (55.7 kJ/g) than any other solid fuel, as a consequence of its high hydrogen content45, while also originating less CO2. Therefore, methane is routinely used in many chemical industrial processes to produce fuel and electricity, primarily through steam generators and gas turbines.38,39

			On the other hand, hydrogen is a non-toxic gas that can generate more heat per mass (142 kJ/g) than any other fuel46, without generating any polluting emissions because the only by-product of its combustion is water vapour47. H2 is generally produced from fossil fuels, most commonly through steam methane reforming, thus cancelling all the advantages of its clean combustion.48 New renewable production methods have been investigated, and water electrolysis supplied with solar and wind power is a promising alternative, but is heavily reliant on weather conditions.48 In contrast, producing hydrogen and methane through 2-stage AD using a constantly available feedstock such as OFMSW would ensure a clean, reliable and sustainable production that would also valorise the energy potential of organic waste.49
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			Availability and suitability of organic waste as feedstock for 2-stage AD

			In South Africa, organic waste is most commonly landfilled, contributing to GHG emissions without recovering the intrinsic value of the material.15 However, drivers such as the consistent increase in waste production could induce municipalities to endorse alternative treatment methods.5

			The generation of municipal solid waste (MSW) is strictly connected to several demographic and monetary drivers, such as population growth, urbanisation, economic development, global trade, expansion of middle class and modified consumption habits.7 Despite the declining population growth in South Africa, which dropped from 2.3% in 2013 to 1.0% in 2021, the population number continues to increase, surpassing 60 million people for the first time in 2021.15,50 South Africa is experiencing a shift from a rural to a more urbanised population, especially in provinces such as KwaZulu-Natal.50 The largest cities have doubled growth rates compared to smaller towns and contribute to a vast majority (over 80%) of the national gross value added.50 Therefore, the number of people moving to urban areas will grow with time, leading to an increased MSW generation due to the enhanced lifestyle and the augmented accessibility to store-bought goods.15 It has been projected that, in African countries, the growth in the production of MSW, estimated at 30% in the 2012-2025 timeframe, will not even out before 2100, therefore posing critical challenges in terms of waste management.5 Furthermore, recent studies foresee that, in South Africa, the collection rate for MSW will increase to 66-75% in 2025 from 43-55% in 2012, posing an ulterior challenge in terms of proper management of the additional waste produced and collected.3 

			According to the South Africa State of Waste Report15, in 2017, organic waste made up 56.3% of the total general waste in the country, for an estimated amount of about 30.5 million tonnes, of which 68.8% was landfilled. However, this fraction mainly consists of by-products of agricultural and industrial processing (sugar and sawmills, paper and pulp industry), while there is a lack of specific data for the OFMSW. Nonetheless, the totality of MSW, which made up 8.9% (4.8 million tonnes) of the national waste production, was still sent to landfill in 2017, therefore raising a need for a separate treatment of its putrescible fraction – the main contributor to the production of harmful leachates and the emission of GHGs from landfills.51 

			In South African municipalities, garden refuse is generally collected separately from municipal waste and then landfilled or, in some cases, composted to reduce the quantity of waste disposed of in a landfill.52 It has been estimated that, in 2017, this fraction accounted for about 30% of MSW generated in South Africa.15 The diversion of garden waste from landfills could unlock different beneficial effects, such as monetary savings (reduction of leachate production that will require treatment; landfill airspace savings and extension of the landfill lifespan) and reduction of GHG emissions in the atmosphere.15

			These arguments are even more compelling when discussing the other major organic fraction currently landfilled in South Africa: food waste. South Africa produces about 31 million tonnes of food every year, but about one third is lost mainly during supply.53-55 However, food wastage is not experienced only in the supply chain but also at a household level.56 A study of the domestic waste habits in Rustenburg, in the North West Province, found that food waste production is strictly related to income levels. While food waste accounts for 13% and 17% of total waste production in middle-income and high-income households, respectively, a higher percentage (27%) is observed in low-income households, possibly because of inadequate refrigeration and proper storage facilities.53,57 
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			Several characterisation studies investigating food waste production in major South African municipalities confirm that the amounts fluctuate within a 3-33% range.58,59 Such food wastage has considerable financial repercussions. It has been calculated that, in 2012, food loss and waste directly amounted to ZAR61.5 billion (2.1% of South Africa’s GDP), while the cost related to food wasted by households was worth ZAR21.2 billion (0.8% of national GDP).53,60 In addition, indirect costs, such as diesel and electricity costs utilised in the food processing and supply chain, were estimated at about ZAR1 billion.53

			Besides the economic aspects, proper management of food residues would also be beneficial from an environmental standpoint. There are two levels of emissions that are strictly associated with food waste: direct emissions from disposal of organic waste into landfills and indirect emissions linked to every step of the food production and supply chain. Recent studies show that, globally, the yearly direct emissions from food loss have more than tripled in the 1961-2011 period, mainly as a consequence of the contribution of developing countries, where people have switched to a diet richer in fresh food, while food waste related emissions from developed regions have contracted from half to a quarter of the global contributions.61 In the UK, it has been calculated that food wastage at the household level accounts for about 3% of national GHG emissions.53

			In South Africa, there is a lack of data on direct and indirect emissions, which still require better understanding and adequate quantification, particularly at the municipal level.51,62,63 However, the South African Department of Forestry, Fisheries and the Environment has recently published the 2017 National GHG Inventory Report64 to help quantify the actual emissions related to each sector. While the coal-fuelled energy sector is still responsible for the vast majority (80.1%) of South Africa’s carbon footprint, the waste sector accounts for 3.8% (21 249 Gg CO2e) of the national GHG emissions (excluding ‘FOLU – Forestry and Other Land Use’), with disposal of solid waste contributing over four-fifths (81.7%) of the total emissions related to waste management.64 Even though total national emissions decreased by 2.8% between 2015 and 2017, the contribution from the waste sector increased by 4.4% – an increase which was mainly driven by the disposal of solid waste.64 Therefore, it is essential to develop a sustainable alternative to landfilling of putrescible waste, which is the main waste responsible for GHG landfill emissions, to reverse the trend while producing by-products that can promote circularity of the secondary materials in the economy.62 AD, especially in its 2-stage configuration, can solve this problem, but several gaps still need to be addressed.
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			Barriers to the implementation of 2-stage AD in South Africa

			A wide variety of organic materials can be used as a feedstock for AD, but most are not suitable for mono-digestion and require co-digestion to guarantee the right conditions for the bacterial species involved in AD.65-67 For instance, it has been determined that the municipal-based lignocellulosic biomasses available in the eThekwini Municipality are the organic fraction of municipal solid waste, food waste, garden waste, and, potentially, energy crops cultivated on the topsoil of closed landfills according to a technique called phytocapping.68 Similar feedstocks have been used worldwide to produce hydrogen and methane at a laboratory scale (Table 2). 

			Table 2:	Municipal-based lignocellulosic waste used as a feedstock in lab-scale 2-stage anaerobic digestion

			
				
					
					
					
					
				
				
					
							
							Feedstock

						
							
							Hydrogen yield

						
							
							Methane yield

						
							
							Reference

						
					

					
							
							Food waste + garden waste

						
							
							46.2 ± 0.9 mL H2/g VS

						
							
							682 mL CH4/g VS

						
							
							Abreu et al.16

						
					

					
							
							Food waste

						
							
							8.6 ± 4.8 mL H2/g VS/day

						
							
							428.3 ± 30.9 mL CH4/g VS/day

						
							
							Baldi et al.13

						
					

					
							
							Organic fraction municipal solid waste (OFMSW)

						
							
							29.8 mL H2/g VS

						
							
							619 mL CH4/g VS

						
							
							Lavagnolo et al.69

						
					

					
							
							Garden waste (grass)

						
							
							52 mL H2/kg VS

						
							
							517 mL CH4/kg VS

						
							
							Liczbiński and Borowski49

						
					

					
							
							Garden waste (leaves)

						
							
							23 mL H2/kg VS

						
							
							421 mL CH4/kg VS

						
							
							Liczbiński and Borowski49
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			However, most of these studies focused on the co-digestion of solids with liquid feedstocks, such as sewage sludge, that could act as an inoculum. Additionally, there is only a handful of studies that considered co-digesting two different solid waste streams, and most of them focused on a conventional single-stage AD.16,65-67,70 Therefore, there is a clear need to determine the best operational conditions to perform 2-stage AD using lignocellulosic feedstocks that differ in nature and which can offset their differences in terms of nutrients and guarantee a more stable and efficient digestion. For the same purpose, the pre-treatment of lignocellulosic waste, necessary to enhance solids’ biodegradability and biogas yields, needs to be further investigated.65,66

			Subsequently, the potential for up-scaling 2-stage AD must be assessed, following the successful example of industrial plants that already produce biogas in South Africa using OFMSW (Table 3). 

			Table 3:	Case studies of industrial-scale waste-to-energy anaerobic digestion plants in South Africa fed with the organic fraction of municipal solid waste (OFMSW)

			
				
					
					
					
					
					
				
				
					
							
							Name and location

						
							
							Feedstock

						
							
							Configuration

						
							
							Outputs

						
							
							Reference

						
					

					
							
							Bio2Watt (Bronkhorstspruit, Gauteng)

						
							
							Cattle manure, mixed 
organic waste

						
							
							Thermophilic (50–52 °C) primary digester, mesophilic (39 °C) secondary digester,  combined heat and power

						
							
							4.6 Mwe, 3 MWth 

						
							
							Oelofse et al.4

						
					

					
							
							GCX Africa (Grabouw, Western Cape)

						
							
							Fruit and vegetable waste, other food waste

						
							
							Digester (2700 m3), combined heat and power 

						
							
							527 kWe, 550 kWth used to generate 500 kg/h of 10 barg steam

						
							
							Gogela et al.38

						
					

					
							
							New Horizons (Athlone, Western Cape)

						
							
							Mechanically separated OFMSW (200-300 t/day), pure organic waste (70 t/day)

						
							
							Material recovery facility, single-stage digester, gas processing

						
							
							Compressed natural gas (>95% CH4, 760 Nm3/h), liquid CO2 (18 t/day), organic fertiliser (100 t/day)

						
							
							Fountain Green Energy71

							Gogela et al.38
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			Bio-hydrogen production from organic waste in South AfricaIn addition to the technology gaps, several barriers must be overcome before successfully applying 2-stage AD in South Africa. For instance, 2-stage AD requires a clean feedstock that can only be achieved by implementing a separate collection of the OFMSW.69 Moreover, there is a need to change the perception of alternative waste treatment methods from more high-priced to more cost-effective than landfilling when environmental benefits are considered. Finally, there are limited opportunities for a market for secondary materials.4,5 However, the political will to back up hydrogen projects through South Africa’s Hydrogen Society Roadmap72, which has been extended until 2031, can drive investments and demand for hydrogen. Another political driver is the implementation of organics-to-landfill bans at both national and provincial levels.9,10 In addition, 2-stage AD can benefit from several socio-economic drivers, such as the potential for poverty alleviation and social development of disadvantaged people, through job creation, entrepreneurial opportunities, and women empowerment.4,5
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			Considerations on the insertion of 2-stage AD in an Integrated Waste Management System

			The scaling-up of 2-stage AD is a necessary but insufficient step to prepare its insertion in an Integrated Waste Management System. The technology must be investigated under a life cycle assessment, environmental impact assessment, or sustainable/environmental technology assessment approach to recognise all the flows and impacts related to the system.73 Additionally, selection and quantification of the most appropriate indicators is required to perform a proper assessment of 2-stage AD.19,74

			In this context, several waste-management models can provide decision-makers, such as industrial companies or municipal officials, with the tools to make informed decisions on the most suitable technology. For instance, the Waste Reduction Model (WARM) was developed by the US Environmental Protection Agency (US-EPA) to determine the implications of baseline and alternative waste management scenarios in terms of GHG emissions and energy and monetary savings.75 Similarly, WRATE is a UK-based life cycle assessment model that focuses primarily on the environmental impacts of waste management strategies.76 

			Unfortunately, these models target environmental and technological aspects without including social and institutional indicators. Moreover, they rely on GHG emission factors suited to industrialised countries, and therefore they are not entirely reliable and applicable in developing nations. Other models developed specifically for South Africa, like SASCOST77, are focused on highlighting the advantages deriving from the implementation of source-separation of waste, a preferable option that does not represent the current situation of waste management in most of the country15.

			Consequently, the SARChI Chair in Waste and Climate Change at the University of KwaZulu-Natal developed the Waste Resource Optimization and Scenario Evaluation (WROSE™) model.18 The initial goal of WROSE™ was to compare several treatment methods, such as landfill disposal (with or without gas recovery), recycling and composting, with the current baseline scenario and quantify their GHG emissions, energy use, techno-economic feasibility, and monetary and landfill airspace savings, which would predict the extension of the lifespan of a landfill when each alternative scenario was applied. In order to make accurate calculations, WROSE™ needs a proper waste stream characterisation that precedes the determination of GHG emissions. Such outputs are obtained by modifying US-EPA/IPCC emission factors to consider both direct emissions and emissions/savings related to transportation, digestate application, and energy production from biogas.18 Since 2010, the model has been progressively developed and made more accurate by expanding its dataset with more case studies and then including social (job creation potential, health risks, public participation) and institutional indicators (environmental and energy legislation, financial and administrative regulation, licence required), while also broadening the range of examined scenarios (Figure 3) in order to make it more relevant for the South African context.19,74 
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			MSW, municipal solid waste; LFG, landfill gas recovery

			Figure 3:	WROSE™ waste management scenarios (adapted and modified from Trois and Jagath18).
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			Social and institutional indicators are particularly appropriate to elevate the WROSE™ model as one of the most powerful decision-making tools for South African municipalities to provide a solution that is both environmentally sound and highly impactful on people’s lives. For example, it has been estimated that, while landfilling creates about 1 job/kt managed, recycling of waste would create 6–13 jobs/kt in Africa.4

			Nonetheless, the WROSE™ model still needs to be further enhanced by developing accurate South African based emission factors and including 2-stage AD in its technology portfolio. One of the critical aspects is that the organic fraction separated in a material recovery facility is not suitable for 2-stage AD but only for stabilisation due to its impurities.78 Hence, new scenarios (Figure 4) cannot be derived directly from the closest existing scenarios (4A–4B) because they need to consider the few clean organic waste fractions available in South Africa: food waste, garden refuse and OFMSW.

			[image: ]

			OFMSW, organic fraction of municipal solid waste

			Figure 4:	Proposed new scenarios for inclusion in WROSE™.
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			Future research must focus on defining detailed material and energy flows to determine the fate of each waste fraction and facilitate the integration of these scenarios in an Integrated Waste Management System. Each scenario should be investigated by testing the following set of identified indicators, comparing 2-stage AD with conventional AD18,74:

			•GHG emission reduction (determined using both IPCC emission factors79, in line with the nationally determined contributions of South Africa, and scenario-specific South African emission factors determined using the WROSE model62,80)

			•Technical feasibility (available feedstocks, development of pre-treatments tailored to each feedstock, bio-hydrogen and bio-methane potential, scaling-up of 2-stage AD) 

			•Economic feasibility (proper localisation of plant, investment costs, market profitability of by-products and potential short- and long-term savings)

			•Diversion from landfill (extension of lifespan, monetary and airspace savings)

			•Job creation potential (tonnes of waste or MW of electricity per job)

			•Health risks (direct and indirect risk factors)

			•Public acceptance and social perception (participation in source separation of waste, involvement in environmental impact assessment processes)

			•Institutional indicators (environmental and energy legislation, financial and administrative regulation)

			In particular, it is paramount to investigate the techno-economic feasibility and environmental impact of 2-stage AD in the context of a South African municipality.

			With the inclusion of these new scenarios in WROSE™, the model will become paramount in advising municipalities on the feasibility of the new technology, paving the way for a potential insertion in an Integrated Waste Management System.
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			Conclusions and recommendations for future research

			Landfill disposal of organic waste, still a common practice in South Africa, is associated with several deleterious impacts and many lost opportunities. Mismanagement of biodegradable waste contributes to carbon emissions and climate change, while its proper valorisation would guarantee energy and materials recovery according to the circular economy principle and create social and economic opportunities. For these reasons, 2-stage AD for the combined production of bio-hydrogen and bio-methane has been identified as a promising treatment method to achieve these goals. However, the technology needs to be researched and enhanced to address several barriers before the upscaling of 2-stage AD. Moreover, its insertion in an Integrated Waste Management System can be facilitated by determining material and energy flows and evaluating the new technology through a specific set of techno-economic, environmental, social and institutional indicators. To this end, the insertion of new 2-stage AD scenarios in the WROSE™ model would provide South African municipalities with a powerful tool to determine the environmental, economic, and social benefits of the new technology while minimising the impacts of a new plant.
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