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Abstract

:

The current paper provides a review and meta-analysis of the practical implications of disaster risk management related to the ventilated improved latrines in South Africa. This technology is evaluated through its legacy and novel challenges of disaster risk reduction. In the current article, the methodology adopted was a literature review and meta-analyses. The results indicate that the in-situ treatment and breakdown of faecal sludge in the ventilated improved pit latrines is not always taking place and that anaerobic digestion might not always be feasible. New strategies are proposed to manage the sanitation-related risks in South Africa by specifying more exact dimensions for the newly built ventilated improved pit latrines by suggesting the use of novel sanitation additives such as fly ash to enhance on-site and in situ treatment, as well as ex situ treatment of the pit latrine faecal sludge. Regular maintenance can lead to prevention of the dysfunctional character of the ventilated improved pit latrines as a functional sanitation technology and a user-friendly hygiene barrier to the spread of sanitation/WASH-related epidemics or infectious diseases. The implementation of the novel strategies should be enhanced by the application of the (Environmental) Technology Assessment in sanitation service delivery in South Africa.
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1. Introduction


South Africa is a country where sanitation service delivery has for a long time been marred by historical and some political challenges [1,2]. This has often resulted in compromised sanitation provision/hygiene in many settlements and areas around the country [3]. Climate change has been ongoing for several decades and has resulted in many socio-economic changes in the fabric of the South African society. Examples include increased human migration from rural to urban areas, which is driven by the lack of economic opportunities in the rural areas and detrimental effects of climate change on livelihoods there [4]. Besides social and economic shifts, climate change is also important in the context of disaster risk management as the extent of many disasters is affected by it [5]. Detrimental effects of these disasters on the human population are often compounded by substandard hygiene conditions in disaster-prone areas [4,6]. For health-related disasters, inferior hygiene can be encountered in the metropolitan areas of developing countries, where the rate of urbanisation often exceeds the rates of water, sanitation, and public health service delivery [7]. Under these conditions, the probability of outbreaks of infectious diseases or health-related disasters increases [8]. Diarrhoeal diseases are one of many such health-related disasters or outcomes of other disasters that are important in urban areas in the 21st century.



The rates of diarrhoeal diseases were predicted to increase by 9–18% for every 1 °C rise in ambient temperatures during climate change in the Southern African region [9]. This region encompasses South Africa where the population has been shifting from a rural to an urban one, placing ever increasing numbers of people into urban informal settlements with inadequate and poor sanitation provision [4]. Living in those types of settlements can result in segments of the South African population being exposed to inferior hygiene conditions. This in turn can increase the probability of an outbreak of a diarrhoeal or sanitation-related disease, which can be considered as health-related disasters requiring consideration from the disaster risk management point of view. Disaster risk management deals with detrimental impacts of disasters on the human population and seeks to mitigate them [10,11]. Based on the above discussion, climate change and sanitation-related challenges will be, at least partially, interlinked in South Africa. Climate change will thus have disaster risk management implications in the context of sanitation in South Africa, t which in turn will indicate that the disaster risk management methodology can be used to study the sanitation in urban areas of South Africa.



1.1. Disaster Risk and Sanitation Service Delivery in South Africa


Managing and responding to the relevant disaster risks will thus form a critical part of sustainable disaster risk management and municipal planning in South Africa (for example [10,11]). In the context of urban sanitation, the disaster Risk (designated as Ri in further text) is defined as the potential danger to the human population due to a particular epidemic or infectious disease outbreak related to sanitation. The terms epidemic and infectious disease will be considered synonymous in further text for the context of disaster risk management and sanitation in South Africa. In disaster risk management, the Ri value can be mathematically expressed using several equations, but here the one by Tandlich et al. [10,11] will be used as outlined in Equation (1).


  R i =   H a z × V u l × E x p   P r e p   ≈   H a z × E x p   R e s    



(1)







In Equation (1), Haz is the potential threat to the human population from a sanitation-related epidemic/disaster. In the context of public health, it can be seen as synonymous with endemicity or the likelihood of sanitation or hygiene-related epidemics [12]. Vul is the population’s vulnerability to that sanitation-related epidemic in the “disaster-prone/affected area” [11]. Res are the values of resilience of the said human population to the epidemic/disaster in question. The term Prep represents the values of preparedness of the disaster risk management systems such as the local government to deal with a sanitation-related disease outbreak. Finally, Exp is the exposure of the human population (in a given informal settlement) to the causative agent of the particular sanitation related epidemic or Haz. This is the population’s exposure to bacterial/fungal spores, cells, or helminth ova causing the particular sanitation-related epidemic or infectious disease. The terms of Prep, Vul, and Res are to be seen as intersecting in Equation (1). Res can also be defined as “the ability of a system, community, or society exposed to hazards to resist, absorb, accommodate to and recover from the effects of a hazard in a timely and efficient manner, including through the restoration of its essential basic structures and functions” [10,11,13]. Since this definition was operationalized and published, several other definitions of resilience have emerged. Resilience could thus be seen as a combination of resistance, response, and adaptation to disruptions and perturbations in conditions under which sanitation delivery and use by the target population take place.



Equation (1) is slightly different from the commonly adopted expression of Ri as a function of Vul, Haz, Res, Prep, and Exp [14]. The authors feel that this form of Equation (1) is justified for the sanitation and disaster risk management in South Africa. This reasoning is based on the fact that the Ri values in a particular case will depend on the proximity or likelihood of human contact with Haz, i.e., living in an area with inadequate sanitation infrastructure and inferior hygienic conditions that puts that population at risk of an outbreak or an epidemic of a diarrhoeal or hygiene-related disease. In other words, urban dwellers in informal settlements will reside in an endemic area for sanitation disease outbreaks, due to no fault of their own in many cases. The economic conditions of low-income settlements with limited/overwhelmed sanitation and the resulting inferior hygienic conditions will likely result in a high Vul and Exp of the population. However, if the local government is prepared and ready to respond efficiently, and the inhabitants of the affected area are made aware of, or possess the response capacity and procedures, then the Ri values can be low. At the same time, if the population of informal settlements has sustained access to basic preventive measures against sanitation-related diseases, e.g., a sustained supply of soap and safe potable water, then Prep and Res are high and Ri decreases. As a result, the assessment of Ri using Equation (1) applies and is justified in the authors’ opinion to the context of this article. At the same time, the risk Equation (1) will be central to the review and meta-analysis that are performed in the current article. Equation (1) forms the philosophical and the most fundamental element of the argument in this review article and meta-analysis. Therefore Equation (1) will be mentioned and used as a reference point at all relevant places in this article.



Being able to predict the Ri values and quantify all terms in Equation (1) is a major component of disaster risk management and sustainable urban planning, especially in the context of climate change, the related uncertainties in human existence, and public and environmental health predictions. In South Africa, relevant considerations must take into account informal settlements and the linked secondary effects of their unplanned establishment, e.g., the lack of sanitation and tools to manage greywater and stormwater [15]. Many of the informal settlements are located on land unsuitable for housing purposes [16], making their population vulnerable to flash floods, landslides, slumping, and rockfalls. The effects of these disasters are likely to worsen with climate change and will be exacerbated by the growing backlog in sanitation provision in South Africa. In the immediate aftermath of disasters, the affected population will also suffer from community displacement, an exposure to extreme temperatures, a lack of clean drinking water, basic sanitation, and the unpreparedness or inability of local governments to assist [16,17].




1.2. Ventillated Improved Pit Latrines and the Sanitation Service Delivery in South Africa


The “improved sanitation” in South Africa includes the waterborne sanitation or the ventilated improved pit latrines (VIPs), and these technologies have been the backbone of the sanitation service delivery in South Africa for the last 30 years [1,2]. The VIPs have long been defined as the minimum standard of sanitation delivery by the South African government and are likely to be the preferred technological option in the sanitation service delivery in urban informal settlements and similar settlements, where the reticulation and collection of sanitation wastes must play catch up with the rate of urban development. The reticulation of sanitation wastes is often not even possible to be built, due to the dense and uncontrolled urban development of informal settlements in urban and peri-urban areas. In this article, the authors will attempt to present a description of the meaning and practical significance of the terms in Equation (1) with reference to sanitation in South Africa and with the specific focus on VIPs. Linkages to public health and disaster risk management are made. An effort is made to provide an overview of Haz, Vul, Prep, Exp, Res, and Ri the terms in Equation (1) for the sanitation-related disease as (potential) disasters in South Africa. This is done through a combination of a literature review and meta-analyses. The results are then used to propose new strategies to manage Ri for urban sanitation in South Africa by application of novel strategies such as the use of fly ash as a VIP additive.



Pollution is ever present in human surroundings, and it becomes part of one’s environment. The pollution type varies with location and the type of human activity. The historical burden of pollution and waste will dictate the type of interactions between humanity, the environment, and the waste or pollution. The pit latrines and VIPs have been a standard of sanitation or the available sanitation throughout South Africa. This was based on the easiness of design and building, the speed of construction in the absence of reticulation, and the relative ease of training a population to do it themselves. The VIPs also offer a certain level of flexibility to construct a sanitation facility and provide improved sanitation when an informal settlement is erected, and sanitation needs to be provided in unreticulated settings. However, there are risks from the usage of VIPs, as the lack of maintenance can result in compromised hygiene of the population that uses the VIPs as improved sanitation. At the same time, there have been so-called ‘legacy pits’ in South Africa, that are VIPs that were built a long time ago, which should have been discontinued but remained in use as sanitation facilities past their designed lifespan, as no alternatives exist for the end-users. Such pits have become dilapidated throughout their lifecycle and thus pose a potential threat to physical and health security of the South African population. They pose a disaster/environmental hazard that needs to urgently be addressed.



Dealing with these legacy pits is necessary to limit the potential threat to human and environmental health. The legacy pits can be viewed as having started as a tool to improve human health. This increases the dignity of the population that are served by the VIPs in question, i.e., providing a basic but potentially functional sanitation technology that contributes to maintaining hygiene among the South African population. However, over their lifetime the VIP needs to be replaced, e.g., a new VIP pit must/should be dug up and the old one sealed or maintained. This is often not done and so the tool for improvement of human health becomes a threat to human health, as well as a pollution threat to the surrounding environment. The organic pollution, pathogenic bacteria and their dispersal from the abandoned pits, and the odours from the pits can cause a problem as they are untreated and become sources of secondary environmental contamination from the VIPs. The aim of this paper is to provide a modelling estimate and overview of the potential pollution burden that can be posed by the VIPs and especially legacy pits throughout South Africa. A disaster risk management approach is used by the authors, as the legacy pits have been documented to cause what can be classified as cascading disaster impacts on the South Africa population and the environment.



The authors of the current study use the existing knowledge on the management of the VIP faecal sludge, as well as relevant knowledge gaps, to estimate/propose the potential solutions to manage the pit contents from the ‘legacy VIPs’, as well as from the newly built VIPs. Based on some of the authors’ own research, a suggestion is made to use the coal fly ash as a VIP pit additive and to treat the legacy pits sludge and contents in-situ or ex-situ based on local conditions. In addition, the existing data on drying of the VIP faecal sludge ex-situ, the related energy consumption and footprint considerations are analysed for feasibility in dealing with legacy pits. Fly ash is a by-product of the majority of the energy generation in South Africa and the disposal of fly ash currently poses a major environmental challenge and burden on public health in South Africa. The use of fly ash in the pit latrines and the VIPs could be done by using a partial circular-economy approach and potentially allow for the cross-management of two independent sources of environmental contamination in South Africa. Fly ash has been shown to contain various minerals, e.g., clay minerals, and these have been shown to be altered based on the conditions of the modification of the fly ash.



Pit latrines and fly ash constitute ‘legacy issues’ in terms of public and environmental health in South Africa. The term legacy will apply when they have been going unresolved or tackled sufficiently for an extended period of time. Thus, in the authors’ opinion, it is necessary to conduct a disaster risk-based assessment of the VIPs as a form of sanitation in South Africa and to present potential solutions and challenges that can arise. The aim is, amongst other issues, to try and propose a complex solution(s), which would concurrently address the public and environmental, as well as the related health vulnerability, of the South African population.





2. Materials and Methods


In the current article, literature data on the VIPs as the common standard of sanitation service delivery in South Africa are reviewed. Environmental, treatment, and public health implications of VIPs are discussed, along with possible solutions being presented. The study aims were achieved by a combination of review, theoretical calculations, some experimental data, and meta-analysis. The databases used include SCOPUS, ISI Web of Science, South African government documents, and official statistics. Results of the review, theoretical calculations, and meta-analysis are put into the context of disaster risk evaluation of sanitation in South Africa. Specific attention is placed in the study on the results implications for the sanitation service delivery under the conditions of rapid urbanisation and climate change in South Africa. The existing modelling approaches were used to predict likely filling and the necessary volumes of the pits in the VIPs, that could be expected or optimal for the conditions in South Africa. At the same time, the energy and drying characteristics of the faecal sludge from South Africa are used to examine the practical challenges that can hamper the treatment and management of the faecal sludge after the VIP pits are full. Finally, the economic aspects of the preventative routine maintenance of the VIPs, both new and ‘legacy pits’, were performed using the principles of interest investment in the VIP as an asset to the users of the VIPs and the government. The relevant equations formed part of the Results section of this article, and they are discussed in the respective parts of the text of the relevant calculation/meta-analyses results.



Based on the results of the meta-analyses, the authors propose the use of (modified) fly ash from coal combustion as a potential VIP pit additive to achieve in situ or ex situ stabilization and/or treatment of the VIP faecal sludge. In order to suggest a treatment mechanism of the VIP faecal sludge, the structural characterization of the fly ash from South Africa is presented based on the Fourier-transformation infra-red spectroscopy (FTIR; (Ash Resources (Johannesburg, South Africa, [18]). The transmission spectra of composite films were recorded from a thin KBr disc of the samples with Perkin Elmer 100 FTIR spectrophotometer (Chemistry Department, Rhodes University, Makhanda, previously known as Makhanda) at room temperatures. The samples were scanned from 4500 to 500 cm−1 with a resolution of 0.4 cm−1. Using that information, the mineral composition of the fly ash samples is presented and linked to the possible treatment mechanism for in situ stabilisation of VIP faecal sludge. The composition information is used as the basis to suggest a potential treatment mechanism of the VIP faecal sludge as a pit additive in new and ‘legacy’ pits.




3. Results


3.1. VIPs as a Sanitation Technology in South Africa as a Source of Ri


To speed up sanitation delivery in South Africa, the democratic government passed legislation after 1994, where the minimum acceptable sanitation standard in urban settlements has for a long time been defined as the VIP [1]. The VIP consists of a pit with a ventilation pipe that facilitates aeration of the pit contents [19]. The pit is enclosed with a top cabin-like structure to provide privacy for the VIP users during urination and defecation [20]. Urine, faecal material, and anal cleansing utensils are collected, and their breakdown takes place during storage in the VIP pit (designated as pit in further text) or vault [20,21]. The pit contents can contain bacterial and nematode pathogens, as well as other infectious particles. This increases the Ri values during floods [4], or if there is a lack of regular pit maintenance and the VIPs are in constant use [22]. To assess the Ri values, the maintenance and other factors must be understood in detail. Maintenance is dictated by the working volume of the pit (designated as VVVIP in further text). The VVVIP has a unit of m3 and it is calculated as shown in Equation (2). The terms capita and person are considered interchangeable in the remainder of the manuscript.


  V  V  VIP   = F R ×  N  Users   × L S  



(2)







In Equation (2), the FR is the filling rate (m3/person/year) and the NUsers is the number of intended users per single VIP (person). The LS is the intended lifespan of a single VIP (year). Some of the relevant literature values for South Africa are as follows: the FR from 0.0185 to 0.0694 m3/person/year [19], the average NUsers is 7 [23]; and the LS from 5 to 25 years [22,23,24]. The VVVIP dictates the pit waste volume that needs to be treated once the VIP pit is full. At the same time, the VVVIP also has a major impact on the types and concentration of pathogens that the population in urban informal settlements and the VIP maintenance workers can be exposed to. Such an exposure can take place during the manual excavation of the waste, which is the preferred and most-cost effective method of the pit contents removal (see below) [24]. Exposure can also occur during flooding of informal settlements that are built below the flood line [4,16]. Therefore Equations (1) and (2) are inter-related and critical to the evaluation of Ri. No standardized VVVIP data have been published for South Africa to the best of the authors’ knowledge, and as a result, the relevant estimates were calculated using Equation (2) and these results are shown in Table 1 and Table 2.



The minimum VVVIP values in Table 1 are based on the fixed FR value of 0.0185 m3/person/year and the following intervals: the LS from 5 to 25 years and the NUsers from 4 to 21 [19,22,23,24]. The authors added the number of users of a single VIP as 4 (a single household of 4 members uses a single VIP), 7, and 14/21 users per single VIP (a situation that can be expected to occur in an urban/informal settlement, if the sanitation service delivery lags behind demand). The maximum values in Table 2 are based on an FR of 0.0694 m3/person/year and the same variations in the LS and NUsers as in Table 1 [19,22,23,24]. Increasing the number of users per VIP occurs when there is sharing of toilet facilities in the case of shortages in sanitation service deliveries [25]. These conditions also represent the worst-case disaster risk management scenario(s). Looking at Equation (2), the VVVIP is directly proportional to the LS, FR, and NUsers (see values in Table 1 and Table 2). The Min VVVIP values range from 0.370 to 9.713 m3, while the Max VVVIP values range from 1.388 to 36.44 m3. As summarised by Mara [20] and as suggested by results of practical studies from South Africa [26], the VIP pit is considered here to be square or rectangular in shape. The width and length vary between 1.0 to 1.5 m ([20] pages 7–8). Based on these dimensions, the pit will have the 3D shape of a square or rectangular prism. Thus, the VVVIP will be related to the shape of the pit as shown in Equation (3).


  V  V  VIP   =  S  base   × D = W × L × D  



(3)







In Equation (3), Sbase represents for the surface area of the pit base (m2). It is equal to the product of the width (W; m) and the length of the pit (L; m). The VVVIP values are then calculated by multiplying Sbase by the depth of the pit (D; m). In further text, it is assumed that the FR, LS, and NUsers only take on values shown in Table 1 and Table 2; and W and L vary inside the interval given by Mara [20]. Under such conditions, the VVVIP will vary as a function of D that can be estimated using Equation (4).


  D =   V  V  VIP     W × L   =   V  V  VIP      S  base      



(4)







The minimum D values will be encountered with the VVVIP estimates from Table 1 and if W and L are both equal to 1.5 m ([20] pages 7–8). On the other hand, the maximum D values will be encountered with the VVVIP estimates from Table 2 and if W and L are both equal to 1.0 m ([20] pages 7–8). The relevant estimates of D are summarised in Table 3 and Table 4. Consequently, the VVVIP is directly proportional to D and vice versa. Thus, if W and L fall inside the constant interval of 1.0–1.5 m, then D mostly dictates the size of the pit. This in turn means that D is one of the main determinants of cost of the on-site VIP construction, namely the cost of excavating the pit, the cost of the over-ground superstructure of the VIP, and the cost of construction materials needed for the VIP sinking into the ground, e.g., the concrete slab and anchor materials that ground the superstructure in the soil/ground. The D values will also control the maintenance costs, e.g., the cost of the removal and disposal of the pit contents. The D values must thus be known as they will have a strong influence on the cost of sanitation provision, i.e., indirectly control the extent of sanitation provision and public health in urban settlements.



To the best of the authors’ knowledge, only rough guidelines exist for the construction of VIPs in relation to D, namely that D is optimized to be at least 2–5 m above the seasonal water table (see page 67 in reference [27]). This needs to be changed and the estimates in Table 3 and Table 4 can be used for this purpose. Besides sanitation provision, the D estimates from Table 3 and Table 4 are needed to drive disaster risk management and sanitation planning based on the following considerations. VIPs in many settlements where these are installed ‘on the go’ or as the dwelling and population developments require, i.e., the installation of VIPs often take place without proper maintenance for extended periods of time [22]. This can compromise the public health in and around the affected area in several ways. A disaster hazard and risk can be imminent or delayed, similar in principle of the ignition of wood dust on hot surface and/or in a delayed fashion from a smoldering cigarette [28]. The potential public health impacts of the VIPs can thus be summarised as follows. Firstly, potential leaching and percolation of pathogens and chemicals from the pit into the groundwater can take place (see next paragraph for details). Secondly, the human population of a given settlement can be exposed to pollutants, such as indole, which have been shown to permeate from the VIP pits [29]. In extreme cases, deaths can occur during the usage of the VIPs as reported recently in the Limpopo Province of South Africa [30]. Therefore, the optimisation of D is important for sanitation considerations, urban planning, and the sanitation evaluation of Ri in South Africa.



In a given informal/urban settlement, D will be affected by a combination of several local factors. These will include the soil characteristics at the site of VIP construction, the construction materials used, the depth of the water table, and the municipal financial resources available for sanitation provision/maintenance. In general, a compromise will have to be struck given the above-mentioned factors and the considerations are discussed next. The deeper the pit, the higher the costs of the VIP sinking and wall construction/stabilisation, and the higher the cost of ensuring the physical stability of the VIPs (pit) during its lifecycle. Soil and geological conditions on site will determine if the bottom of the VIP pit allows for the percolation of the pit contents into the soil profile, and whether this can lead to the contamination of groundwater with the faecal sludge components, i.e., whether the VIP pit can become a source of environmental anthropogenic pollution. Uncontrolled urbanisation and the VIP construction can take place in areas where such a soil/environment contamination is possible in South Africa. Consequently, the higher the D value, the higher the cost of pit emptying once the designed VVVIP is reached. The water table is an indication of the depth below ground from which groundwater can be extracted [31] for potable purposes [32]. As many VIP pits are (usually) not sealed at the bottom, faecal material can percolate down through the soil profile [33]. This can in turn result in groundwater contamination with pathogens and/or chemical contaminants of the VIP faecal sludge. The percolation of contaminants down the soil profile occurs at faster rates in sandy soils in comparison to silt loams and clay soils [32]. Flooding can also make the pits a source of groundwater and surface water contamination.



While the groundwater contamination is related to the percolation of the VIP pit contents down the soil profile, there is another way the VIPs can become a source of faecal contamination. This can be based on the fact that many informal and urban settlements in South Africa are built under the flood line. Flooding of the VIP pits can take place during severe thunderstorms. An increase in the soil moisture content in the upper soil horizons during such weather conditions, and the surface flooding of the VIP pits, can occur in South Africa. Once the field moisture capacity is reached, the rate of the pit content percolation is likely to increase by facilitating faster rates of microbial movement and diffusion. The extent and rate of groundwater contamination with the VIP pit contents will then depend on the significance of macropore transport and the pore size distribution of in the on-site soils.



Flooding of the pit, the potential for lateral diffusion of the contaminants from the VIP pit in the soil matrix, and the capillary rise can lead to the components of the pit content contaminating the soil surface horizons. At the same time, the flooding can bring the VIP pit content to the surface and cause contamination of the habitable areas with the VIP faecal sludge in South Africa. Consequently, the Ri values in the aftermath of flooding will likely increase. This will be due to the increased probability of human contact with the spilled faecal material and the possibility of the surface water body contamination due to surface runoff [4]. This will concurrently increase the Exp values from Equation (1) and thus increase Ri. A lower D should make VIPs more aerobic and thus accelerate the stabilisation of the pit contents [22]. However, a lower D will also result in more frequent pit emptying, which could potentially increase the maintenance costs.



All the above-mentioned factors must be considered when looking at the D estimates from Table 3 and Table 4, and their practical implications in sanitation planning and disaster risk management in South Africa. The estimated D values range from 0.164 to 36.44 m.



Water tables in the metropolitan areas of South Africa have been reported to range from 0 to below 50 metres [34]. The most relevant practical outcome of the calculations is the fact that even at the smallest D values of up to 2.878 m, the D values overlap with the levels of the water table in South Africa. There is thus a potential for the VIP as a source of environmental contamination of groundwater in South Africa. This will be especially the case if VIPs are not properly maintained, and groundwater contamination and other effects from above become likely. As the rate of urbanisation often supersedes the rate of the sanitation service delivery, there is likely to be pressure to speed up the sanitation delivery as much as possible throughout South Africa. The deeper the VIP, the more the wall-stability would become an issue during the pit construction. During the drilling for groundwater, measures must be put in place to keep out water from the well shaft [35]. The walls of the VIP are by nature meant to be more permeable than those in a groundwater well, and soil properties will play a critical role in ensuring the VIP physical stability during and after construction. This combination of factors will make the use of the highest D estimates impractical to implement under real-life conditions in South Africa. The case for this assumption is further strengthened by the financial costs of VIP maintenance, as discussed already above and as unpacked further below.



The deepest D values from Table 3 and Table 4 are thus not likely to be constructed under the real-life scenarios in South Africa. However, the resulting VVVIP values can indicate the highest/real-life volume of faecal sludge from the VIPs, which might accumulate in the pits or their vicinity, or which might need to be treated, if the VIP is unmaintained or becomes dilapidated during its lifecycle, e.g., possibly containing a volume of the VIP faecal sludge that is equivalent to that calculated from the VVVIP value corresponding to the D value of 36.44 m. The relevant depths and faecal sludge volumes, expected to be accumulated in a single VIP pit that is unmaintained, can also be used to estimate several disaster risk management aspects of the sanitation and Ri in South Africa. These include potential environmental and public health burdens that would be encountered, or the size of the possible environmental impact, which could occur if the pits or VIPs were not properly maintained. In other words, the maximum D values are hypothetical and can serve as an indication of what can happen in the accumulation of the material in the VIP pit if it goes well beyond design parameters or lifespan, and/or emptying and maintenance of the VIPs is not done in regular intervals, when higher volumes are stored in the VIP pit than it was designed for. In addition, the D values and the related volumes can provide an estimate about the cost of maintenance, which will be an important economic consideration and will be touched on a little more in the next paragraph.




3.2. Various Aspects of the Maintenance of VIPs in South Africa and the Relation to Ri


The cost analysis of the VIP maintenance will be mainly determined by the cost of pit emptying. A single emptying of 2 m3 of the VIP pit in South Africa has been shown to cost approximately 7–226 USD [24,26,36,37]. The exchange rate between 1 USD and 1 ZAR is 7.5–15 to 1 for the 2006–2022 period. The emptying costs will have budgetary challenges in the sanitation provision/planning in South Africa. For example, the eThekwini Metropolitan Municipality was scheduled to empty 50,000 VIPs in 2006–2007 (based on the authors interpretation of the data in reference [37,38]). Using the most cost-effective method, the total cost could be estimated at around 50 million ZAR or 3.3–6.7 million USD [37,38]. The cost of building a single new VIP was reported to range from 399 to 448 USD without the cost of land but escalated to 823 USD with the cost of the land included [36]. If 50,000 VIPs must be built, then the cost will be ranging from 19.95 to 41.15 million USD. Therefore, focusing on emptying pit latrines could lead to savings in the sanitation provision, if carried out properly and at regular intervals. However, this does not always take place [1]. As a result, practically a balance will have to be struck between building new sanitation facilities and the VIP/sanitation infrastructure maintenance. Using the modelling values from the current and other already published studies, can assist the South African government in lowering the sanitation Ri. This is most likely to be achieved with a lower VVVIP and thus lower D values.



Another link between VIPs and the Ri values in Equation (1) comes from the volumes of wastes that need to be managed and contained/processed safely once the pit is full or excavated [39]. Once the VVVIP is to be reached and the VIP pit contents need to be emptied, e.g., by manual excavation, the VIP faecal sludge must be treated. Naidoo et al. [39] found that only 6.5% of excavating workers were positive for Ascaris spp. ova/infection, with the ova being viable. At the same time, up to 22% of residents from East London, who provided samples of faecal matter in the study, were positive for helminth parasites (although those were not viable [39]). Therefore, the manual excavation can result in the infection of the workers digging the faecal sludge out of the VIP. After excavation, the VIP faecal sludge is transported to the wastewater treatment plants for safe management and disposal. The content of one (VIP) pit adds an equivalent of about 500 and 1000 m3 of sewage to the wastewater volumes that reach the municipal sewage treatment plants [22]. These treatment facilities are often dysfunctional around South Africa [4].



The South African Government designed the Green Drop certification system, which measures the performance of the wastewater treatment plants against a set of indicators [40]. It has two evaluation frameworks, namely the Green Drop Assessment of the entire wastewater treatment of the system/value-chain and the Cumulative Risk assessment of the wastewater treatment itself (see Figure 9.5 in reference [40]). In 2013, 248 (30.1%) of the 824 wastewater treatment plants were deemed critical and needed regulatory action [41]. A total of 161 (19.5%) treatment works were in poor condition and required immediate care [41]. This means that over half of South Africa’s wastewater treatment plants were not functioning properly and required attention. The Green Drop Certification for a well-functioning wastewater treatment plant was given to only 60 (7%) wastewater treatment plants [41].



By 2015–2016, there was a large paucity of the Green Drop compliance data across South Africa (see Figure 9.6a,b in reference [40]). Thus, it was impossible to ascertain whether some wastewater treatment plants in South Africa were functional and could treat sewage/incoming wastewater/the excavated VIP faecal sludge or not. At the same time, only a small portion of the wastewater treatment plant was in a good functional order, as indicated by the fraction of the total wastewater treatment plants with a Green Drop score of 90% or broadly above 80% in South Africa (see Figure 9.6a,b in reference [40]). Despite the fact that the relevant national government department updated the Parliamentary Water and Sanitation Committee on the status of the Green Drop program in 2018, no information on wastewater treatment works was supplied in monitoring and similar reports for quite a significant part of the country [40,41]. If the wastewater treatment plants are dysfunctional or it is not possible to assess their efficiency, then the sanitation Haz and Ri, as well as its related uncertainty, increases in South Africa. This is caused, amongst other reasons, by the fact that the excavated VIP faecal sludge can pass through the wastewater treatment plant without being subjected to the necessary level of treatment to achieve regulatory compliance. Upon the effluent discharge from the wastewater treatment plant, the untreated VIP pit content will become part of the final effluent from the wastewater treatment plant.



In South Africa, (the treated) waste streams from faecal sources are usually discharged into surface water bodies, which are located in close geographic proximity to the particular treatment plant. If the final effluent has not been treated to comply with microbial regulatory standards and it contains sanitation waste residues, then its discharge into the environment could result in environmental contamination with human pathogens, e.g., Campylobacter jejuni [4]. This can result in the outbreak of diarrhoeal diseases if human contact with such surface water takes place, e.g., during crossing water bodies such as rivers, thus increasing the sanitation Haz and potentially the Ri. Moreover, many informal settlements have no sewage, greywater, or stormwater runoff collection systems in place [42]. The outcome of such conditions is often ponding of the pathogen-containing runoff on the soil surface, providing a breeding ground for various disease vectors [42]. The result is a potential further Ri increases as the probability of an infectious disease outbreak can be expected to increase as well, i.e., the disaster hazard and exposure from Equation (1) can be expected to increase.



The VIPs are generally built with permeable walls [36] and the bottom of the VIP pit is generally not lined. Under those conditions and as a function of the soil characteristics on-site of the VIP construction, the VIP pit content, e.g., pathogens and nutrient/chemical contaminants, can percolate into the underlying and surrounding soil [33]. Groundwater contamination with pathogenic microorganisms can be a direct outcome of this process, if the containment of the VIP waste inside the pit is compromised [43,44]. Percolation can also raise the nitrate and ammonia concentrations in groundwater [43,45]. As groundwater has been shown to account for around 13% of the potable water resources in South Africa [32,34], the consumption of contaminated groundwater is feasible in urban, as well as rural areas, in South Africa. If the VIP waste is not contained properly, then groundwater from the vicinity of dysfunctional VIPs used for potable purposes can be contaminated with human pathogens. Once such water is consumed by the urban population, this population is likely to consume infectious particles such as helminth ova or protozoan oocysts. Given the high probability of groundwater contamination with faecal material, the sanitation Haz and Ri values increase if the consumed number of infectious particles can exceed in the infectious dose of a particular human pathogen. In addition, the consumption of the nitrate-contaminated groundwater by the human population has been linked to the development of pancreatic cancer in humans [46]. Consequently, the sanitation-related Ri will increase and a health-related disaster/an epidemic outbreak can take place [46]. This is especially the case with ‘legacy pits’, which have not been maintained for extended periods of time.



Based on the data and information presented up to this point, the VIP pit contents should be treated at times when the pit is full and needs to be evacuated, or it could be treated on an ongoing basis as soon after defecation as possible at the production source. All these strategies will help lower the Haz values and decrease the Ri values. Septien et al. [47] studied the rheological properties of the VIP faecal sludge as a function of its moisture content (grams H2O per 1 g of the VIP faecal sludge dry weight) in the range from 77 to 90/95%. The viscosity of faecal sludge decreased from just under 100,000 Pa.s at a shear stress of 0.1 s−1 and a moisture content to just under 1 Pa.s at a moisture content of 90% and 100–1000 s−1 [47]. Faecal sludge in that study behaved like a non-Newtonian liquid [47]. The ash content of the VIP faecal sludge, i.e., a measure of the inorganic residue in the particulate matter of the VIP pit contents, ranged from 28 to around 60% of dry weight of the VIP faecal sludge [47]. The yield stress of faecal sludge was a function of the physical location of the place in the VIP pit where the faecal sludge was extracted from [47]. In the moisture content range from 75 to 95%, the time it took to empty the faecal sludge from the VIP pit ranged from 11 to 73 min, with the time being directly proportional to the VIP faecal sludge moisture content [47]. The power needed to empty the pit was inversely proportional to the VIP faecal sludge moisture content, with the respective value ranging from 40 W at a 95% moisture content to 22,000 W at a 75% moisture content [47].



The values of Septien et al. [47] do allow for some predictions of the practical parameters for the emptying of the VIP pit, once the pit capacity has been reached and under the wider intervals of moisture contents of the VIP faecal sludge in South Africa. The calculated results presented in the Results were calculated using Equations (S1) and (S2), as shown in the Supplementary Information and the calculation results are shown in Table 5.



The results of Septien et al. [47] were then extrapolated to estimate the values of p and ET for a moisture content of 58% of a hypothetical South African faecal sludge, which had been extracted from a VIP. The relevant data are shown in Table 5 and it is clear that the emptying time decreases, but the power to extract 2 m3 of faecal sludge would be very high.



Data of Septien et al. [47] indicate that large volumes of fresh water might need to be added to extract the VIP pit contents for treatment, while decreasing the required power of extraction. This will pose practical problems in South Africa that is a water-scarce country and has suffered from recuring droughts in the last several years [48]. The lack of rain has increased the significance of the use of freshwater for irrigation that is needed to ensure sufficient food production [49]. As a result, challenges in disaster risk management will arise if potable water is to be diverted into the extraction of the VIP faecal sludge, especially at the scale as mentioned for the eThekwini Metropolitan Municipality [37,38]. In addition, it would be ethically not feasible to justify diverting the large volumes of potable water, or freshwater in general, that Septien et al. [47] proposed. The diversion would be from other uses such as irrigation in agriculture and from the fulfilment of ecosystem functions, such as water plays, to deal with the pit contents or the VIP ‘legacy pits’. As a result, the practical and academic value of the work of Septien et al. [47] is high, as it furthers the understanding about the practical challenges and implications of the faecal sludge management in South Africa. It does, however, also point to the need to develop additional approaches to extraction and treatment/management of the VIP pit sludge in the country and its safe treatment. Such new approaches are also needed based on the combination with the above information.



Based on the discussion so far, it is necessary to maintain VIPs in working conditions to maintain the operational status of this form of sanitation. Maintenance is important to achieve functionality of the VIP as a sanitation technology, and indirectly as a means to prevent potential Haz from a public and environmental health point of view. In addition, the maintenance and proper functioning of the VIP is necessary to ensure the use and buy-in from the end-users of the VIP as a sanitation facility, in the place of waterborne sanitation. Maintenance is finally needed to ensure the long-term use of the VIP in question, and to maintain the stability of the VIP and damage prevention to its physical structure. The end-users are not necessarily interested in being part of the maintenance of the VIP or of sanitation facilities in general [36]. Therefore, the building of a VIP should be seen as an investment into the population’s hygiene maintenance and decreasing the Haz and Ri related to sanitation in South Africa.




3.3. Financial Considerations and Maintenance of VIPs in South Africa and Management of Ri


Regular maintenance of the VIP could then be seen as paying an ‘interest’ towards decreasing the present and future sanitation Haz and Ri in South Africa based on the equation of the current value of a VIP that can be seen as the price of the construction of that VIP (PV), while the future value of that VIP is the financial value of that VIP in several years/time after the construction of that toilet and the use of it as a sanitation facility (FV). The relationship between FV and PV can be expressed as shown in Equation (S3) in the Supplementary Information, along with the necessary explanations/model assumptions. The results of these calculations are shown in Table 6 and Table 7.



It can be seen from the calculation results in Table 6 that if the annual maintenance is performed and the necessary financial investments are made, then the value of the VIP can increase from 423.5 USD at the time of construction to 790.7 USD after 5 years of the VIPs lifespan. The FV value can even increase further to 1476.2 USD after a ten-year lifespan and to 9607.3 USD after 25 years of regular maintenance and pit operation. The respective values with the negative r values are equal to 207.5, 101.6, and 12.0 USD, respectively (see Table 7 for details). As a result, the calculation results from Table 6 and Table 7 clearly indicate a positive impact of maintenance and the decreased need for new investment if 56.5 USD is invested annually into the maintenance of a single VIP throughout its (1) 5–25-year lifespan. In this way, the need to build a new VIP is eliminated in the long-term space–time and the potential negative environmental impact is prevented.



Scenario 1, i.e., where the cost of land is not included in the VIP construction and the cost considerations in Table 6 and Table 7 can be practically encountered in South Africa under two conditions. Firstly, the VIP will serve a community and housing developments that are built on public or municipal land. In other words, the contracting party or initiator of building VIPs in an area is the local government/municipality, who owns the land and so the cost of purchasing land for VIP falls away. The second relevance of scenario 1 to real-life conditions in South Africa could be as follows: A VIP without the cost of land can be built in areas where a plot of land has been illegally occupied and an informal settlement has been erected. The investment of the annual VIP maintenance costs could be problematic, based on the general prohibition of the local South African government, to provide municipal services such as sanitation to people without a permanent address or those who occupy land illegally. However, to decrease the Haz and Ri in relation to sanitation in South Africa, based on data in Table 6 and Table 7 and the discussion preceding these sections, the investment into VIP maintenance is ethically justified and necessary to prevent the outbreaks of sanitation-related diseases.



It can be seen from the calculation results in Table 8 that if the annual maintenance is performed and the necessary financial investments are made, then the value of the VIP can increase from 823 USD at the time of construction to 1148.9 USD after 5 years of the VIPs lifespan. The FV value can even increase further to 1603.9 USD after a ten-year lifespan and to 4363.6 USD after 25 years of regular maintenance and pit operation. The respective values with the negative r values are equal to 575.6, 402.6, and 137.8 USD, respectively (see Table 9 for details). The calculation results from Table 8 and Table 9 clearly indicate a positive impact of maintenance and the decreased need for new investment, if 56.5 USD is invested annually into the maintenance of a single VIP throughout its 5–25-year lifespan. In this way, the need to build a new VIP is eliminated in the long-term space–time and the potential negative environmental impact is prevented. Scenario 2, i.e., where the cost of land is included in the VIP construction and the cost considerations in Table 8 and Table 9, can be practically encountered if the VIP will serve a community and housing developments that are built on public or municipal land. However, to decrease the Haz and Ri in relation to the sanitation in South Africa, based on data in Table 8 and Table 9 and the discussion preceding these sections, the investment into VIP maintenance is ethically justified and necessary to prevent the outbreaks of sanitation-related diseases.



Calculations of FV for a single VIP, along with results in Table 8 and Table 9, indicate that a well-maintained VIP can result in the production of value with time n. This will practically mean that if the maintenance is done than the VIP can continue to function as a sanitation technology and the buy-in from end-users of it is likely to increase in the VIP as an appropriate sanitation technology, which ensures the hygiene of the VIP end-users. A lack of investment or maintenance, by ignoring the annual costs of VIP maintenance, could result in the deterioration of the condition of the VIP in question. This would then likely lead to the creation of a ‘legacy pit’ and the need to construct a new VIP. The buy-in of the end-users into such a new VIP would likely be minimal and the environmental contamination and public health burden from the ‘legacy pit’ would also cause cascading disaster risk management effects in the specific area in South Africa. The treatment of the faecal sludge will form a crucial part of the appropriate maintenance of the VIPs in South Africa. It will have to be a viable treatment option in conditions where the wastewater treatment plants might be dysfunctional. Pumping to extract the VIP sludge from the pits might be a problem, as the freshwater might not be available in the necessary volumes to allow for efficient extraction from the VIP pit. At the same time, it would be ethically problematic as activities such as food production in South Africa might be compromised. Ethical challenges could also arise from the need to divert water in a drought-stricken area in South Africa from fulfilling ecological functions that the freshwater plays, e.g., from providing a river habitat for freshwater organisms.



At the same time, the intestinal parasites must be inactivated before the VIP faecal sludge can be extracted from the pits (by manual excavation) to protect the sanitation workers doing the excavation [39]. The rates of helminth contamination in the sanitation workers after VIP excavation have been shown to be low, but the infectious dose for these pathogens is lower than for bacteria and viruses [50], and could be as low as a single ovum. At the same time, it is difficult to provide a prediction about the urban growth and thus to predict the demand for sanitation services in South Africa, as the population becomes more and more urban and existing settlements often grow in an unplanned manner. Based on these considerations, the maximum D value in South Africa could be extended to 4.858 m, in other words the depth of the standard VIP pits should be increased to maximize the volume of a single VIP pit. The national government should mandate that bottom of the pits be lined, and the conversion of the VIP pit into a vault (a sealed receptacle space for the urine and faecal sludge from sanitation) should be investigated. The design of such VIPs could resemble in principle a urine-diversion toilet and cheap and recyclable yet mechanically impermeable material should be investigated for this purpose to build the vault walls from.



The minimum standard of compliance in the building of the VIP vaults must be set by the national government and complied with by the local/district municipalities. In this way, the Res, Exp, Vul, and Prep can be optimised [10,11], and this could be done in the field of sanitation in South Africa [36]. A good balance could be struck between the costs of emptying and the availability of sustainable/hygienic sanitation to the urban populations in informal settlements. However, if resources are limited then the treatment in situ and the options to carry out under diverse and unpredictable conditions in South Africa should be considered. Some treatment strategies for this purpose are suggested in Section 3.4 (see below). Practical implications, links to climate change, the novel Ri management strategies, and the research questions to be answered are discussed below. In terms of pending or ongoing climate change, the energy footprint of the treatment of the VIP sludge should be minimized and done in a sustainable fashion. If possible, it would be desirable to exploit positively the principles of circular economy.



To decrease the cost of treatment, to allow the investment of interest of annual maintenance costs in the VIP, to prevent the development of ‘legacy pits’, and to facilitate an increase in the sense of ownership of the sanitation facilities in urban settlements by their end-users, the VIP treatment should be performed at the source and as soon after production of the sanitation wastes as possible. If the end-users of the VIPs as sanitation facilities are not interested in participating in the treatment or the biosafety considerations prevent this (see Section 3.4 for details), then the treatment must be carried out by properly trained sanitation workers with the relevant personal protective equipment. The optimum D values and the design of VIPs must guarantee separation between the VIP user and the excrements. However, D should be low enough to facilitate quick, complete, and cost-effective VIP maintenance.



Several Haz and Ri aspects with relation to sanitation in South Africa remain unknown at the moment. As mentioned already above, the intestinal parasites must be inactivated before the VIP contents are extracted from the pits (by excavation) [22,39]. Some of the standard and currently in use in situ treatments do not allow for the removal of the helminth threat [51], i.e., new strategies are needed to manage the VIP waste. At the same time, some reports of the evolution of pollutants such as indole from the VIP latrines require urgent attention [29], as the particular Vul and Exp values are unknown and need to be quantified in South Africa as soon as possible. Rather, it indicates that the dose and concentration of the evolved indole should be estimated or measured under field conditions in South Africa, and this is necessary in order to fully understand the Ri/Haz related to a common sanitation technology in South Africa. Therefore, to continue the discussion in the current study, the principles and current knowledge about the stabilisation of the VIP faecal sludge are reviewed and analysed in the next section. The advantages and drawbacks of the treatment methods are outlined and analysed as well. Then, a novel pit latrine additive for ex situ and in situ treatments, to protect public health and to prevent environmental pollution/contamination from VIPs, is proposed based on the reuse of coal-fly ash and its modification using alkaline hydrothermal treatment. The energy, financial, and drought considerations from this section are also taken into account in the next section of the current study.




3.4. Microorganisms and Strategies to Manage Ri Related to the VIP Sanitation in South Africa


Ri and its management will depend on the VIP wastes treatment (at the point of production) and factors controlling the pathogen die-off inside the pit. Therefore, the current knowledge on the VIP sludge stabilisation inside the pit and the fundamental scientific processes involved are discussed first. The top few centimeters of the pit content should be aerobic from the air supply via the ventilation pipe. The resulting supply of O2 should facilitate rapid conversion of the nutrients and organic matter by microorganisms in the top layer of the pit content [52]. The nutrients would be utilized for the synthesis of biological macromolecules and breakdown products, which have been linked to biological stabilisation of faecal sludge. Most of the pit content at lower depths is presumed to be anaerobic and stratified, with the properties of the pit content varying significantly as a function of D [21,53]. If anaerobic biological processes do take place in the pit, then the stabilisation rates will depend on the pit contents’ residence time, the oxygen concentration, the moisture content, the pH, and the temperature [52,54]. Stabilisation is the conversion of the nutrient and organic matter of the pit contents into the less biodegradable compounds.



With respect to the pit moisture content, the recommended interval is from 50 to 60% (w/w pit contents) [55,56]. In South Africa, some data indicate that the average pit moisture content ranges from 58 to 82% (w/w) [21,55] and up to 95% [47,55,57], i.e., that is partially outside of the recommended interval for moisture content of the VIP faecal sludge/pit content. If there is no water perturbation into the pit from the soil or the groundwater, the moisture content decreases significantly with an increasing D down to 0.5 m and becomes constant at 1.5 m [21]. The increased water content could be the result of greywater disposal in the pit or seepage of stormwater into the VIP pit. This is often the result of the lack of greywater and stormwater management infrastructure in informal urban settlements in South Africa [42]. An increased moisture content and stratification of the pit content will decrease the mass transfer rates for oxygen and biodegraded materials. Therefore, biological stabilisation of the VIP pit contents might also not take place under optimum and/or homogenous conditions. However, an increased water content might stimulate the rates of hydrolysis. An increased moisture content might also be one of the explanations for the extended survival of the helminth infectious particles.



Buckley et al. [53] formulated a general theory of the VIP pit sludge stabilisation, where, in line with other authors, they stated that anaerobic digestion is the primary sludge stabilisation process [19,20,58]. During this process, cellulose and other biopolymers can be hydrolysed into monosaccharides, which are then converted into volatile fatty acids [20,59]. Cellulose will originate from the toilet paper or newspapers used in anal cleansing and discarded into the VIP pit [59]. The majority of the VIP pit content should then be biodegraded during stabilisation, as the organic matter/material in the pit is biodegradable [53]. These processes liquefy the semi-solid pit contents in the VIPs [60], which can lead to the production of leachate. If the pit is unlined and/or the water table reaches it, the contamination of the groundwater or underlying soil environments can take place with the leachate [20,53]. Such leachate can be expected to contain infectious particles of helminths and pathogenic bacteria (see Section 3.1 for details). The final products of anaerobic digestion after further biodegradation and conversion of the volatile fatty acid are CO2, H2S, and CH4 [61].



The microflora and microbial species present in the pit will determine the rate of sludge stabilisation and other partial processes involved in it. The majority of the microorganisms present in the pit sludge, and also the majority of the microflora active during the faecal sludge stabilisation, will originate from the human excrements, and to a smaller extent from the ambient environment. From this point of view, the focus on anaerobic digestion is justified to a certain extent, as the strict anaerobes outnumber the facultative anaerobes by 15 to 1 and the aerobes by 34 to 1 in human faeces [62]. The individual species of bacteria that are excreted in the faeces, along with the pH, temperature, and other environmental variables will determine the rates of anaerobic digestion. As a result, the dominant species that have been found in human faeces and gut are outlined below.



With adult faeces, the following bacterial species have been isolated [63]: Lactobacillus acidophilus, Lactobacillus crispatus, Lactobacillus delbrueckii (ssp. Bulgaricus and ssp. Lactis), Lactobacillus fermentum, Lactobacillus gasseri, Lactobacillus jensenii, Lactobacillus paracasei (ssp. Paracasei and ssp. Tolerans), Lactobacillus plantarum, Lactobacillus reuteri, Lactobacillus rhamnosus, and Lactobacillus salivarius (ssp. salicinius and ssp. salivarius). In the faeces of newborns, the isolated bacterial strains included Lactobacillus paracasei, Lactobacillus delbrueckii spp., and Lactobacillus acidophilus [64]. The concentrations of Lactobacillus spp. could decrease if those cells become overgrown by Bacteroides spp., Prevotella spp., and Faecalibacterium prausnitzii under certain conditions, which are relevant to the discussion here [65]. In paediatric patients, the faecal microflora becomes enriched in Clostridium spp. and Bifidobacterium spp. during constipation [66]. Data on the microbial composition of infant and newborn faeces is important for the sludge stabilisation in the pit if the diapers from infants/newborns are disposed of in the pit. The disposal of diapers in the VIP pit latrines is not encouraged because it increases the mass of the contents of the pit latrines and also causes problems with clogging during emptying with the vacuum truck/honey suckers, thus increasing the maintenance cause while contributing to service delivery backlogs. However, some anecdotal evidence from the Eastern Cape Province, collected by authors during field observations, indicates that it does sometimes take place. The results of the terminal-fragmentation pattern PCR analysis of the gut microflora in humans and various animals showed that dominant species are [67]: Eubacterium biforme, Eubacterium limosum, Peptostreptococcus productus, Lactobacillus acidophilus, Bacteroides thetaiotaomicron, Bacteroides vulgatus, Bacteroides distasonis, Clostridium clostridiiforme, Clostridium leptum, Clostrudium perfringens, and Escherichia coli.



The activity of the bacterial species mentioned in the previous paragraph will depend on the substrates available for biodegradation or as sources of carbon and energy, i.e., the composition of the VIP pit sludge. Members of Bacteroides spp. and Bifidobacterium spp. have been shown to produce inducible intracellular enzymes that degrade various polysaccharides [68]. If strains of Lactobacillus spp. are present in the microflora of the biological wastewater treatment facilities, they enhance the efficiency of the anaerobic digestion of sewage, even at high hydraulic loading rates [69]. The consumption of prebiotics in the human diet, such as xylose and soya, can make bifidobacteria the dominant bacteria in human faeces [70], possibly due to the expression and synthesis of inducible enzymes. Some recent reports indicate that most of the dietary prebiotics are fructans and galactans [71], which are digested anaerobically in the human large intestine, resulting in the production of volatile fatty acids [71]. Lignin and cellulose have been detected in the faeces of humans if cereal is consumed in the diet [72], while results of in vitro studies indicate the production of oligosaccharides (in feces) after the enzymatic hydrolysis of agarose [73]. The chemical and microbial composition of the faeces will be dictated, at least in part, by the diet of the VIP users. This in turn will have a strong influence on the composition of the VIP pit inoculum, the organic matter present in the faecal sludge, and indirectly this will govern the rates of the VIP faecal sludge in situ stabilisation.



The dynamics of the faecal microflora is dependent on the covalent structure of polysaccharides that are available for biodegradation in the immediate environment of the microbes [74]. At the same time, multiple anaerobic digestion experiments have shown that the production of volatile fatty acids is maximised if the hydraulic retention times of digested material is around 27 h [74]. The supply of the substrate, i.e., the faecal sludge, into the VIP pit is semi-continuous and occurs during defecation or through other uses of the VIP. Under such conditions, and if the faecal sludge retention time were in the range of 8–16 days, then the concentrations of bacteria producing cellulases, xylanases, pectinases, proteases, and lipases would increase to up to 40 days of digestion [75]. After this peak, their concentrations decline steadily [75]. This will be the case if the following bacterial species were present inside the pit [75]: Bacteroides spp., Eubacteria spp., Fusobacteria spp., Lactobacillus spp., Propionibacterium spp., and Selenomonas spp.



The results of the 16S rRNA genetic analysis showed that human faeces contain 5.4 × 1010 cells/1 g dry weight of Bacteroides spp. and 7.2 × 1010 cells/1 g dry weight of the Clostridium coccoides–Eubacterium rectale group [76]. In the same study, the combined concentrations of Clostridium histolyticum, Clostridium lituseburense and the Streptococcus-Lactococcus group were inside the interval spanning from 1 × 107 to 7 × 108 cells/1 g dry weight of faeces [76]. The sensitivity and reproducibility of the genetic analysis, based on the 16S rRNA gene sequencing, can be significantly improved for human faecal samples in combination with the FISH-protein microscopy [77]. Bacteria have been reported to account for 49.5% of all uncultured viral sequences from human faeces, which were accounted for by bacteria/bacterial viruses (see Figure 2 in reference [78]).



Madikizela [79] studied the VIP pit sludge chemical and microbiological composition from the Hlalani Township in Makhanda in the Eastern Cape Province of South Africa. The author also attempted to investigate the potential reuse of the VIP faecal sludge as a fertiliser and/or a co-feed in anaerobic digestion [79]. There was some success in recovering biogas from the anaerobic digestion and it was combusted to be used for pasteurisation of the effluent from the anaerobic digester [79]. Metagenomic analyses of the composition of the microbial community from the VIP faecal sludge were performed by Madikizela as a function of depth in the pit [79]. Anaerobic bacteria from the family Clostridiaceae were among the most abundant microorganisms, along with microbes that are involved in nitrogen fixation, denitrification, and iron/sulphate reduction [79]. The potential for the presence of human pathogens with low infectious doses and a high threat to public health, were indicated by the detection of genetic material from the families Mycobacteriaceae, Staphylococcaceae, Leptospiracea, Listeriaceae, and Brucellaceae [79].



The results of the metagenomic analysis by Madikizela indicate that there is a need to stabilise the VIP faecal sludge before it can be manipulated or extracted from the VIP pit. The sterilisation of 300 g of the VIP faecal sludge pasteurised was achieved by a combination of 285 litres of biogas (generated in anaerobic digestion of 33–66% of faecal sludge and a balance of pasteurised effluent form anaerobic digestion) and 365 litres of LPG gas [79]. Sterilisation was achieved at 70 ± 2 °C after a sixty-minute treatment [79]. The treatment by Madikizela indicates that the extraction of the VIP faecal sludge from the pit is necessary to de-activate some of the pathogens such as E. coli. Some studies in the literature have indicated that retention times of the faecal sludge in the VIP pit are in the range of 8–16 days, then the concentration of methanogens increased as well inside the VIP pit [75]. If methanogenesis is occurring on the order of days, then this could provide a possible explanation for the lack of observed stabilisation of the VIP pit sludge in South Africa. If the retention times of the VIP pit contents, which is on the order of month or years (see Section 3.1 for details), is indicated by the frequency of emptying of the VIP faecal sludge or a lack thereof. Another reason for the lack of sludge stabilisation is that the mass transfer rates are extremely low in the stratified VIP contents, resulting in low rates or the complete inhibition of acidogenesis and methanogenesis. If acidogenesis and methanogenesis do not proceed at sufficient rates, then the entire anaerobic digestion process becomes inhibited. This leads to a lack of VIP sludge and contents stabilisation.



Hawkins and O’Doherty [80] stated that the human microbiome is not stable with time and the bacterial species in it can vary with time. More recently, the variability in the composition of a human microbiome is stronger in the gastro-intestinal tract of a single individual and not between the GITs of different patients, with the faeces moisture content being the most important determining factor of microbial speciation [81]. Bourquin et al. [82] studied the removal of plant material consisting of pectin, hemicelluloses, and cellulose under mixed aerobic and anaerobic conditions. As a function of source, the dry matter was fastest eliminated during the fermentation of carrot (63.7%) and lowest for cucumber (49.4%). Monosaccharides and their acids, namely arabinose, galactose, glucose, mannose, xylose, and uronic acids, were eliminated to 4 to 46% of the original concentrations within 24 h [82]. The volatile fatty acids were produced at the rate of 10.5 mmol per gram dry matter fermented, with acetic acid accounting for 74% of all volatile fatty acids produced [82]. The water retention capacity of faeces was constant and independent of metabolised vegetable fibre, with the actual values equal to 2.04 g of water per gram of substrate dry matter [82]. This water retention capacity is probably caused by the presence of arabinoxylans in the structure of dietary fibres [83]. The type of fibre used can be used to modify the bacterial species composition inside the gut and indirectly in the faeces, as provided by the data of Wang et al. [84].



During the anaerobic digestion of wastewater from pig processing, acidogenesis occurred due to the activity of Lactobacillus delbrueckii, while Clostridium ultunense and Clostridium kluyveri were the main methanogenes [85]. Adegunloye and Oladejo [86] tested the effect of the addition of beans husks, cassava peels, and tissue from plantains and yams on the anaerobic stabilisation of pig faeces. In these mixtures, the total bacterial concentrations ranged from 1.5 × 1011 to 3.5 × 1011 CFUs/mL, while the concentrations of fungi varied between 0.8 × 1011 and 1.4 × 1011 CFUs/mL [86]. The fermented material contained the following bacterial species: Clostridium tyrobutyricum, Escherichia coli, Klebsiella pneumoniae, Proteus morganii, Clostridium sphenoides, Bacillus subtilis, Bacillus licheniformis, Bacillus laterospores, Micrococcus roseus, Leuconostoc mesentenroides, Acetobacter orleanensis, Methanobacillus spp., Flavobacterium ferrugineum, Enterobacter aerogenes, Streptococcus pyogenes, and Lactobacillus leichmannii [86]. Fungal species in the stabilised faeces/plant mixture included Mucor mucedo, Rhizopus nigricans, Aspergillus flavus, Aspergillus niger, Cladosporum spp., and Saccharomyces cerevisiae [86]. The process pH ranged from 5.20 to 7.10, while the process temperature varied between 26 °C and 34 °C [86]. Methane accounted for 70.6% of the biogas volume produced [86].



The literature data above indicate that bacterial species found in human faeces/the gastro-intestinal tract can catalyse several steps of anaerobic digestion. Lactobacillus spp. and other relevant bacterial species are the most biologically active under acidic, neutral, or mildly alkaline pH values. These bacteria could theoretically contribute to the in situ anaerobic digestion of the pit contents. This conclusion is supported by the published pH of human faeces that has been reported to be around 7.5 [87], which is likely to resemble the pH values inside the pits. The rates of biodegradation, i.e., the pit content stabilisation, can be measured using the chemical oxygen demand of the faecal sludge/pit content (COD) and the volatile suspended solids content in solids isolated from the pit sludge (VSS) [21]. The dependence of both parameters on D was analogical to the trend observed for moisture content (see above and in reference [21]). The biodegradability of the faecal sludge material decreased with increasing the D values from 62% to around 19% [21]. It has to be said here, however, that this conclusion is based on limited data. Therefore, the data above indicate that many challenges exist in achieving an effective on-site treatment and stabilisation of the sanitation wastes inside the VIPs. An enhancement of the efficiency through the use of sanitation pit additives has been suggested as a possible solution.



Based on the discussion above, the significance of anaerobic digestion inside the pits is, however, likely going to be limited due to the following factors. The mass transfer rates will be significantly lower in the stratified VIP pit than in a continuously mixed anaerobic digester that much of the literature data on anaerobic degradation of organic matter is based on. As a result, steps of anaerobic digestion such as acidogenesis and methanogenesis will take place at very low rates. This in turn can substantially limit the stabilisation of the VIP sludge. The hydraulic residence times of the sludge in the pit might also pose problems for effective anaerobic digestion of the pit contents as they are on the order of years and not the effective values of days.




3.5. Further Potential Problems with Microbial Stabilisation of the VIP Faecal Sludge as a Strategy to Manage Ri Related to the VIP Sanitation in South Africa


It has been suggested by some authors that the efficiency of faecal sludge stabilisation inside the pits can be increased by the inoculation of the pit with soil particles or leaves [19,88]. On the other hand, some anaerobic material from the bottom of the pit should be left in place during the VIP emptying to provide inoculum for biodegradation and stabilisation of future material that will enter the VIP pit [89]. Soil bacteria/microorganisms are the most active in the surface soil horizons, i.e., the highest concentrations of microorganisms can be found in the depth between 0 and 30 cm under the soil surface in a particular soil profile. This type of inoculation could be possible under the following conditions: if the concrete VIP foundation/slab only enters the surface horizons of the soil in which a VIP is sunk into, and the walls of the VIP pit are generally permeable with the VIP bottom unlined, then the VIP superstructure/cabin structure only sits on the concrete slab and/or on top of the soil and some wooden beams [90,91]. Under these conditions, the soil particles from the surface horizons that contain the highest concentrations of microorganisms can enter the pit and inoculate its content. This has been observed by authors during field sampling of the pit contents in the Eastern Cape Province of South Africa (unpublished data).



However, an acclimation period would have to be expected, so that the soil microorganisms could adapt to the new organic materials from the VIP faecal sludge as a source of energy. In addition, soil bacteria from the 0–30 cm soil horizons are mostly aerobic in nature and any stabilisation of the VIP faecal sludge by such soil inoculation would be negligible. It is doubtful that these bacteria would adapt quickly enough to the biodegradation of the faecal matter inside the VIP pit to have any significant influence on the rate of the pit contents stabilisation. Leaves could be used as an additive into the pit. However, they would most likely function as a source of carbon that would stimulate growth of the in situ anaerobic bacteria rather than as an active inoculum as most of the bacteria in the soil litter are again aerobic in nature. If the VIP is built as a vault and the bottom of the pit is lined, then inoculation of the pit from the soil horizons with active microflora is impossible.



If the VIP is built by sinking side walls into the ground, the surface soil horizon is covered with the walls in the top part of the VIP, and the VIP pit is unlined at the bottom, then soil bacteria will only be able to enter the VIP pit contents through capillary rise of soil moisture through the vadose zone into the pit, or by rising groundwater and flooding of the pit. In the latter case, the soil bacteria could be brought into contact with the pit contents. However, only limited numbers of the soil bacteria would inoculate the pit, as the flooding would occur from soil horizons with a low microbial activity. As discussed in the previous section, perturbation of water into the VIP pit could result in the mobilization of the pit contents and this would in turn lead to environmental contamination and public health issues. This scenario is also undesirable as the entry of groundwater into the pit would compromise one of the main goals of building a VIP, i.e., to prevent groundwater contamination with the pit contents [32] and to separate the VIP users from the pit contents [88]. The stratification of the pit contents will limit any mass transfer inside it. Therefore, the transport of microorganisms (inoculation) and chemical components will thus be limited between the individual strata of the pit contents. This would further limit the ability of any soil and aerobic bacteria to adapt to the biodegradation of the pit contents.



If the VIP foundation is missing and the side walls of the VIP are not properly constructed or missing completely, then the VIP as a sanitation facility can collapse all together. Under these conditions, the efficiency of soil inoculum is also in doubt and the health of the VIP users could be put at risk as they could physically fall into the pit. In this way, the VIP ceases to be a hygienic barrier and the users of the VIP can be exposed to the pathogenic microorganisms from the pit contents again. Therefore, the efficiency of soil particles as the VIP pit inoculum does not seem practically advisable or very efficient. The lack of properly constructed sanitation facilities has been reported in South Africa. Calculation results from Section 3.1 can be used as basis for the establishment of more rigorous guidelines on the faecal sludge management. This should be done together by evaluating the soil types on-site and the transport of faecal microorganisms in them.



The conditions inside the pits will be conducive for anaerobic digestion based on the likely pH values and the presence of the bacterial species from human faeces that can biodegrade the pit contents and are the dominant microbial components of it. However, the environmental temperatures inside the pit can be expected to fluctuate significantly throughout the year and between the day and the nighttime. This will have a strong effect on the activity and survival of the bacteria of species such as Lactobacillus spp., which are highly sensitive to the shifts in environmental conditions and can only survive outside the human host’s body for limited periods of time. The efficiency of the faecal species in the anaerobic stabilisation of the pit contents is questionable. Some authors have advocated that the natural attenuation-type processes, i.e., the stabilisation of the pit contents without any outside interference, is the best treatment option [53]. This is again likely to be unfeasible as both anaerobic digestion and natural attenuation are problematic as they do not seem to stabilise the pit contents even after 5 years or more [19]. However, their efficacy is questionable as viable helminth ova have been isolated from the clothing or faecal/tissue samples of the sanitation workers during the manual emptying of VIPs in South Africa [39], when the residence time of the sludge inside the pits was around 15 years [22]. One of the explanations could be that the moisture content remains above the 5% threshold (w/w) required for the helminth ova inactivation [51]. At the same time, the data from studies, such as that by Madikizela [79], indicate that the extraction of the VIP faecal sludge is necessary and the ex situ treatment would be needed to stabilise the faecal sludge.




3.6. Use of Novel Pit Additive to Manage Ri Related to the VIP Sanitation in South Africa


Harsher conditions must be created inside the VIP pits to facilitate the removal of these and other infectious particles. This could be done by using VIP pit latrine additives. The addition of 3–11% of lime has, however, shown that inactivation can take up to months inside faecal material [92]. In situ treatment could still be achieved, and the relevant Ri effectively managed using different additives, such as fly ash. In 2019, Collings et al. reported on the application of the untreated fly ash in the elimination of 92% of the initial concentration of faecal coliforms from the synthetic faecal material under the ambient conditions and within 3 weeks of incubation at ambient temperatures [93]. Modification of the coal fly with sodium hydroxide resulted in the production of an additive that has been shown to decrease the concentration of faecal coliforms below 545 colony-forming units per gram of synthetic faecal sludge [94]. The period of stabilisation ranged from 2 to 6 weeks based on the pit additive used. Six weeks was achieved as a stabilisation period for an additive of 120 g of fly ash into 200 g of synthetic faeces material, while the period stabilisation was shortened to 2 weeks, if 50 g of lime was added to the fly ash [94]. The use of such additives would be possible to apply even if the moisture content of the pit sludge reaches 80%, as the coal-fly ash has been shown to sterilize the greywater in a modified mulch tower-type reactor [95]. This could be applicable to South Africa, where the limited data indicate that the average pit moisture content ranges from 58 to 82% (w/w) [21,55] and up to 95% [47,55,57]. This is based on the comparison with data of Jensen et al. [92] and the fact that harsher conditions have been achieved, where the inactivation of helminth ova should be possible. Fly ash should thus be studied as a potential VIP additive for on-site treatment of the sanitation wastes derived from the VIPs.



Fly ash is a waste product from the combustion of coal [96]. It is the combustion residue that can be recovered from the separators between furnaces and their smokestacks and have a particle size ranging from 0–1 mm 96 (p. 9). This by-product of coal-burning is a heterogeneous ferro-aluminosilicate material, with “amorphous, crystalline and powder phases” [97]. Globally, around 10% of the fly ash produced annually is recycled [98,99]. The main use is in the production of lightweight construction materials [98,99]. This immobilizes the potential environmental contaminants inside of fly ash and renders it environmentally harmless 96 (p. 9). Other main uses of fly ash include heat insulation and the filling of empty spent cast mines 96 (p. 9). Concerns have been raised about the storage of fly ashes in landfills [96] and ash ponds [97]. This is due to the release of leachates with heavy metals such as hexavalent chromium [100], which can contaminate groundwater [97]. Thus, a large majority of the impounded fly ash ends up posing environmental management problems and novel applications are required to resolve this problem.



The recycling of fly ash is of particular interest in South Africa as 77% of the total energy production originated from the combustion of coal in 2012 [101]. The inorganic fraction of fly ash has been reported to contain the following minerals ([96] page 11-Table 1): kaolinite, halloysite, illite, montmorillonite, pyrite, marcasite, pyrrhotine, halite, sylvite, quartz, gypsum, orthoclase, biotite, diaspore, kyanite, calcite, dolomite, ankerite, siderite, and apatite. At the elemental level, the majority of the mass is accounted for by atoms of aluminum, potassium, silicon, calcium, iron, manganese, sodium, sulphur, and magnesium ([96] page 11-Table 1). The addition of fly ash to the pit and mixing with the VIP sludge is likely to facilitate the in situ removal of (pathogenic) microorganisms and the phosphate ions by precipitation with Ca2+ and Mg2+ cations [98]. The chemical composition and the source of fly ash can lead to the presence of potential environmental pollutants, such as heavy metals. Therefore, leachability and mobilization tests for Cr6+, Hg, Tl, and As ([96] page 29-Table 8) have to be conducted for fly ash in contact with faecal sludge, greywater, and storm water before standardization of any in situ treatment onsite [102]. However, recent data indicate that fly ash addition to sewage sludge indicated that the percentage of the Cr, which was extractable with a HF/HNO3 mixture or otherwise the least mobile portion of the metal in the fly-ash-sludge mixture, increased by 41.85% of the total Cr content at the beginning of the experiment to 67.28% of the total Cr6+ content after 28 days of incubation (see data for dosage rate of 1.0 kg/kg dm in Table 4–6 in reference [103]). Further information about the chemical composition of fly ash and related (sanitation) considerations are presented in references [104,105,106,107,108,109,110,111], and further discussed in the Supplementary Information. Similar observations were made for the metals such as lead, nickel, and cadmium. These findings indicate that mixing fly ash into the VIP faecal sludge would, over the treatment periods suggested by Madikizela et al. [94], lead to a limited mobility of heavy metals from fly ash into the surrounding faecal sludge or that soil/groundwater could be limited. This indicates that the fly ash treatment could pose a viable option to treat the VIP faecal sludge.



This is further supported by the findings of Collings et al., who reported that there were no detectable and culturable bacteria on the fly ash from South Africa [93]. This, along with the pH values between 10 and above in the synthetic faecal sludge after fly ash addition [90], indicated the antimicrobial activity of the coal-fly ash. There have been recent reports that indicated that the addition of bleach to aqueous environments does result in the inactivation of the Ascaris spp. ova (for example see [39]). This could be applicable under the VIP pit conditions, but the efficacy of the bleach-based additives could be impaired by the reaction of the faecal organic matter with the bleach, the depletion of the HClO molecules, and the prevention of the helminth ova inactivation. Therefore, the addition of coal-fly ash would provide a contact surface that can inactivate (pathogenic) microorganisms on fly ash surfaces. At the same time, the inactivation of the helminth ova and antibacterial/sterilisation of the bacteria present in the VIP pit sludge might be possible due to a highly alkaline pH after the coal-fly ash had been added. Sorption sites on the surface of the coal-fly ash will also provide a possible removal mechanism.



Pretreatment of the coal-fly ash with alkali under elevated temperatures could make the surfaces of the fly ash particle more prone to function as sorption uptake sites and sites of precipitation [94,103]. Therefore, to investigate the chemical composition of the coal-fly ash from South Africa before and after alkaline hydrothermal treatment, the coal-fly ash of Madikizela et al. was examined [94]. More Information can be found in the Supplementary information. The coal-fly ash modified by alkaline hydrothermal treatment could be used to develop a new antimicrobial and anti-pathogenic additive for the VIP faecal sludge management. This could be used in situ or after transport to a functional wastewater treatment plant. The administration or dosing of the modified flay ash could be done on-site by the end-users of the VIPs after a defecation, but a more practical solution would be to dose the modified fly ash into the VIP pits by trained sanitation workers. Such workers should be equipped with the necessary personal protective equipment, which should allow for the protection against the VIP faecal sludge as an infectious material.



Metagenomics data of Madikizela indicate that a spot sample of faecal sludge from a VIP in the Makana Local Municipality in South Africa contained DNA from bacterial families of Mycobacteriaceae, Staphylococcaceae, Leptospiracea, Listeriaceae, and Brucellaceae [79]. However, the VIPs used in South Africa and the presence of genetic material from those bacterial does not necessarily mean that live bacteria could cause brucellosis or tuberculosis for the end-users of VIPs as a sanitation technology, or the sanitation workers who maintain the VIPs. Rather that metagenomics data should be seen as an indication that a disaster Haz exists from the possibility of the human contact with the VIP faecal sludge that might contain such bacterial families. However, if the VIP as a sanitation technology is properly maintained then the sanitation Ri for the VIP end-users and for sanitation workers would be partially unknown, but most likely low for end-users of the VIP and medium in the case of sanitation workers. This would be the case if the maintenance of the VIPs resulted in an adequate separation between the respective humans and the VIP faecal sludge. This would require personal protective equipment, which is equivalent to working with the microbiological laboratory with biosafety level 2 (see page 24 in reference [112]). The mixing of the modified fly ash into the bulk of the VIP faecal sludge would have to be accomplished for adequate treatment [93,94].




3.7. Other Novel and Potential Strategies to Manage Ri Related to the VIP Sanitation in South Africa


Besides the proposed use of the modified coal-fly ash as a pit latrine additive, other treatment options have been proposed for the VIP faecal sludge. The stabilisation of the in situ or ex situ VIP faecal sludge treatment has been suggested to be related to the moisture content of the VIP sludge. Getahun et al. [57] studied the drying characteristics of various sanitation wastes, including the VIP faecal sludge from South Africa. The authors reported that the moisture content was equal to 95% and the drying time (see Table 1 in reference [57]), i.e., the time after which the weight of dried VIP faecal sludge material did not change by more the 1 mg/min, ranged from 10 to 80 min [57]. The drying time was inversely proportional to the temperature between 50 and 200 °C [57]. The (specific) drying heat ranged from 2.6 ± 0.2 MJ/kg of evaporated water to 4.3 ± 0.9 MJ/kg of evaporated water, as the drying temperature increased from 50 to 200 °C (see Figure 4 in reference [57]). The authors did not report statistical testing on whether the (specific) drying heats were significantly different with the different drying temperatures.The statistical testing and drying energy requirements are calculated as shown in Supplementary Information, more specifically in Equations (S4)–(S6) and some information was also extracted from additional literature sources [113].



The calculation results for drying as a stabilisation method for the VIP pit sludge are shown in Table 10 for 2 m3 of the faecal sludge, and for 4.858 m3 of faecal sludge they are summarised in Table 11. Therefore, the weight of 4.858 m3 of the VIP faecal sludge ranged from 4858–10687.6 kg. The results of the calculations from Table 10 and Table 11 indicate that the energy needed to dry and stabilise/inactivate 2 m3 can be expected to range from 3.866 to 13.30 MW. At the same time, the energy needed to dry and stabilise/inactivate 4.858 m3 can be expected to range from 9.390 to 33.85 MW. If 50,000 VIPs were to be fully extracted, then the total energy requirements for the stabilisation by H2O would be equal to 193 GW. This is higher than the entire South African energy supply of around 58 GW [114]. These numbers indicate that the energy requirements of drying the faecal sludge might pose practical problems in the implementation, as South Africa has been suffering from loadshedding or planned power blackouts since 2008. However, the extraction of the VIP pit contents and the treatment of the resulting faecal sludge could be done on a limited local scale through drying. The coal-fly ash modification would require energy requirements in the hydrothermal treatment, and this could pose practical problems as well. However, unmodified fly ash could still be used as a pit latrine additive and stabilisation could be accomplished in the order of weeks [93,94]. The implementation of any successful VIP faecal sludge treatment will require a policy and end-user engagement. This is discussed in the final section of this article (see below).





4. Discussion


Service delivery shortfalls, including those related to sanitation in South Africa, often occur in urban and peri-urban areas, as indicated by the text of this study so far. The lack of sanitation service delivery can create situations where the resulting compromised hygiene of the South African population can intersect with other public health challenges, e.g., the high HIV/AIDS infection rates among the population [4]. If such an intersection occurs, then this can result in disaster compounding, as increased rates of HIV/AIDS require more stringent maintenance of sanitation facilities. At the same time, the demand and need for proper hygiene and adequate sanitation must be maintained even when the rates of HIV/AIDS are low and regardless of the type of settlement that people reside in. This can be in the general domain derived from the Constitution of South Africa Act no. 108 of 1996 and the Local Government: Municipal Systems Act no. 32 of 2000, which state that the service provision by a local government to its citizens must be made sustainably [115,116]. This is the case, as everyone in South Africa has the right to live in an environment that is safe and not detrimental to their health according to those pieces of legislation (as summarised in part in reference [40]). To maintain those rights of South African residents, local government must empty the faecal sludge from the VIP pits once these are full [1] or seal the VIP pit in an appropriate manner. Recent research, however, indicates that the necessary sanitation skills are or have until recently been scarce at the local government level in South Africa [1,117]. Sanitation provision has also been hindered by the lack of buy-in from the community and the end-users of the sanitation facilities [1,36,117]. In such situations, the local government’s failing to fulfill its legislative obligations and the respective provincial administration should set in to improve the sanitation service delivery [115,116].



Calculations from Section 3.1 and Section 3.3, namely Equation (S3) and the related data from Table 8 and Table 9, indicate that the lack of investment of the annual maintenance fees into the installed VIPs leads to the development of ‘legacy pits’. This in turn has potential negative public health and environmental health impacts in the area, where the VIP has become dilapidated, is installed, and might still be in use as an improved sanitation technology. If the annual investment of 56.5 USD per VIP is done, then the VIP grows in financial and sanitation value, increasing throughout the lifespan of any particular VIP. In this way, the buy-in from the end-users into accepting the VIP as an adequate sanitation technology is more likely. At the same time, the sanitation provision is more affordable and financially sustainable at the local government level in South Africa, as the building of new VIPs or sanitation facilities can be delayed. Finally, the sanitation Haz and Ri values in South Africa can be decreased. A combination of these routine maintenance, preparedness, and mitigation measures can help improve the sanitation resource management at the local government level, and they can facilitate in part the management of public health and environmental contamination from the dilapidated VIP pits. Those actions together could possibly contribute to the maintenance of the provision of sanitation services in local municipalities in South Africa.



With climate change and the ever-present uncertainty of the often-uncontrolled urban development in developing and middle-income countries, new approaches are needed to address the sanitation-related Haz and Ri in South Africa. From a disaster risk management point of view, flexible approaches are needed that are affordable and that are also integrated, i.e., they facilitate the multi-hazard management or mitigation strategies. Based on this and the previous section of the current study, more fundamental scientific research is needed into the management of the Ri and the other terms stated in Equation (1) and sanitation in South Africa. This would be in the context of the on-site and in situ treatment of the VIP faecal sludge, where this is possible, and with a focus on newly built VIPs and on the ‘legacy pits’. The coal-fly ash, after alkaline hydrothermal treatment, could be dosed and mixed into the VIP pit contents as part of the routine maintenance. The best way to implement such a treatment strategy should be based on the optimised dosage rates for South African local conditions. The safety measures should be optimized for the potential use of the fly ash on-site, or its excavation and for treatment in an off-site (solid) waste management facility. The aim would be to ensure the maintenance of VIPs, ideally through active engagement and with the support of the end-users. If such approaches are implemented, the Ri values for South Africa will decrease. On the ground, this will mean a lowered probability of the outbreaks from infectious diseases related to sanitation.



A sufficient technical capacity, such as enough of the properly trained sanitation workers who are equipped with the appropriate level of personal protective equipment for the manual excavation of the VIP faecal sludge after stabilisation with fly ash in situ, must be ensured at the local government level. Alternatively, the sufficient number of honey-sucker vehicles should be available for the extraction of the raw VIP faecal sludge, but with a limited and necessary volume of freshwater added to facilitate extraction. This should be combined with training of the municipal officials and the end-users of the sanitation facilities on the correct and safe use of the novel pit latrines additives. However, the excavation or extraction of the VIP faecal sludge and the addition of fly ash off-site might be preferred, as the safety and environmental management considerations are more likely to be ensured. As the current study is mainly a combination of the literature review and meta-analyses/modelling based on literature data, the limitations of the current study will lie in the need to confirm the application of some of the proposed strategies under field conditions in South Africa. An example of this would be the need to confirm the dosage rates of fly ash and/or fly ash-lime from the study by Madikizela et al. [94], under field conditions or for the treatment of real faecal sludge from the VIP pits. However, these limitations do not detract from some of the crucial findings of the current study.



Fly ash and its application could be combined with the principles of Technology Assessment [118]. Technology Assessment has been defined as ”A category of policy studies, intended to provide decision-makers with information about the possible impacts and consequences of a new technology or a significant change in an old technology. It is concerned with both direct and indirect or secondary consequences, both benefits and disadvantages, and with mapping the uncertainties involved in any government or private use or transfer of a technology. Technology Assessment provides decision-makers with an ordered set of analysed policy options, and an understanding of their implications for the economy, the environment and the social, political and legal processes and institutions of society’’ [118]. Technology Assessment must be linked to concurrent activities aimed at minimizing the sanitation Ri in South Africa. These activities include basic research into the application of modified coal-fly ash to minimize the Ri values and stabilisation/management of the VIP pit contents, and achieving buy-ins from VIP users/stakeholders for effective implementation in sanitation across South Africa.



Some problems with Technology Assessment have been identified by Ludwig [119], van Eijndhoven [120], and Assefa et al. [121]. Thus, a modification led to the recent movement towards Technology Assessment focusing primarily on environmental impacts, as is promoted by a UNEP program called the Environmental Technology Assessment [118]. The UNEP [118] defines the Environmental Technology Assessment as, “a process that can assist decision-makers in making informed choices that are compatible with sustainable development by examining and describing the environmental implications of new technologies”. They further state that the Environmental Technology Assessment also provides information that allows public policy makers, NGOs, and the VIP end-users to be better informed about technology choice decisions. This system, however, does not take into consideration the main issues faced by a district/local municipality and there is limited consultation with stakeholders in developing such an assessment tool [120]. Using a combination of various approaches to ensure the provision of appropriate sanitation in South Africa and the protection of human and public health related to it, will facilitate the decrease in the Ri value related to sanitation in South Africa. This consultation must be executed as inclusively as possible to ensure complete transparency and understanding of the safety hazards related to VIPs, to the proposed treatment of the VIP faecal sludge based on the use of the modified coal-fly ash as a pit additive. It is critical that the implementation of the use of novel pit latrine additives in South Africa.




5. Conclusions


The current article provides an overview of the disaster risk management implications of the minimum standard/common form of urban sanitation in South Africa. The analysis of data from the literature, some experimental data, and results of model calculations indicate that novel approaches into the VIP waste management and faecal sludge stabilisation, with the potential involvement of the VIP end-users, should be performed on-site and in-situ where possible. The regular maintenance and investment of resources into the VIPs can help achieve successful strategies to obtain the buy-in from the VIP user community into the pit latrines as a viable and water-free, as well as effective, disaster risk management strategy in maintaining the population’s hygiene in South Africa. The VIP faecal sludge treatment must be achieved as to decrease the pathogen concentrations, to immobilize the faecal sludge component, as to prevent the environmental pollution from the VIP pits. Novel pit latrine additives should be mixed into the VIP faecal sludge to achieve stabilisation of the VIP pit contents. This could be achieved by the mixing of the modified coal-fly ash that had undergone alkaline hydrothermal treatment. The use of fly ash, which contains clay minerals, is free of microbial contamination and increases the pH value of the VIP faecal sludge to alkaline values. In this way, pathogen die-off can be stimulated, which could result in the stabilisation of the VIP faecal sludge and decrease the leachability of the VIP pit contents/fly ash components, e.g., heavy metals. Instead of the primary process of the VIP faecal sludge stabilisation being anaerobic digestion, the mechanism would be a combination of disinfection upon contact with the fly ash, sorption/precipitation of the chemical and microbial components of the VIP faecal sludge onto the fly ash particles and their immobilisation. Alkaline hydrolysis might also play a role in the stabilisation of the VIP faecal sludge. The VIP faecal sludge should be excavated from the pit without the use of potable water or freshwater, followed by the faecal sludge transport to a landfill or waste management facility. The execution of the proposed strategies, for decreasing the sanitation-related Ri and Haz, can be achieved through approaches such as Technology Assessment, the Environmental Technology Assessment, and the Jemez principles of democratic organizing in South Africa. The main findings of the current study are that if properly maintained and built, ventilated improved pit latrines can provide a sanitation barrier to the potential spread of sanitation-related epidemics, as well as a user-friendly sanitation technology. The potential and safe application of fly ash in the treatment of faecal sludge from the VIP pits could provide a solution to the sanitation and environmental ‘legacy challenges’ in South Africa.
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Abbreviations




	D
	Depth of the pit in the ventilated improved pit latrine



	FR
	Filling rate of the pit in the ventilated improved pit latrine



	Exp
	Disaster exposure



	Haz
	Disaster hazard



	L
	Length of the base of the pit in the ventilated improved pit latrine



	Prep
	Disaster preparedness



	Res
	Disaster resilience



	Ri
	Disaster risk



	Sbase
	Area of the base of the VIP pit



	VIP
	Ventilated improved pit latrines



	VVVIP
	Volume of the pit in the ventilated improved pit latrine



	W
	Width of the pit in the ventilated improved pit latrine



	WASH
	Water, sanitation, and hygiene
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Table 1. The minimum estimates of Working Volume of the pit in ventilated improved pit latrines (VVVIP) in South Africa.






Table 1. The minimum estimates of Working Volume of the pit in ventilated improved pit latrines (VVVIP) in South Africa.





	
Minimum VVVIP Values for South Africa (Min VVVIP)

	
Parameters from Equation (1) and Estimated VVVIP




	
LS (Years)

	
FR (m3/Person/Year)

	
NUsers

	
VVVIP (m3)






	
Min VVVIP

	
5 a

	
0.0185 d

	
4 e

	
0.370




	
Min VVVIP

	
10 b

	
0.0185 d

	
4 e

	
0.740




	
Min VVVIP

	
25 c

	
0.0185 d

	
4 e

	
1.850




	
Min VVVIP

	
5 a

	
0.0185 d

	
7 c

	
0.648




	
Min VVVIP

	
10 b

	
0.0185 d

	
7 c

	
1.295




	
Min VVVIP

	
25 c

	
0.0185 d

	
7 c

	
3.238




	
Min VVVIP

	
5 a

	
0.0185 d

	
14 e

	
1.295




	
Min VVVIP

	
10 b

	
0.0185 d

	
14 e

	
2.590




	
Min VVVIP

	
25 c

	
0.0185 d

	
14 e

	
6.475




	
Min VVVIP

	
5 a

	
0.0185 d

	
21 e

	
1.943




	
Min VVVIP

	
10 b

	
0.0185 d

	
21 e

	
3.885




	
Min VVVIP

	
25 c

	
0.0185 d

	
21 e

	
9.713








a Values extracted from from Still and Foxon [24]. b Values extracted from Bhagwan et al. [22]. c Values extracted from Brouckaert et al. [23]. d Values extracted from Still [19]. e Set arbitrarily by authors.













[image: Table] 





Table 2. The maximum estimates of Working Volume of the pit in ventilated improved pit latrines (VVVIP) in South Africa.






Table 2. The maximum estimates of Working Volume of the pit in ventilated improved pit latrines (VVVIP) in South Africa.





	
Maximum VVVIP Values for South Africa (Max VVVIP)

	
Parameters from Equation (1) and Estimated VVVIP




	
LS (Years)

	
FR (m3/Person/Year)

	
NUsers

	
VVVIP (m3)






	
Max VVVIP

	
5 a

	
0.0694 d

	
4 e

	
1.388




	
Max VVVIP

	
10 b

	
0.0694 d

	
4 e

	
2.776




	
Max VVVIP

	
25 c

	
0.0694 d

	
4 e

	
6.940




	
Max VVVIP

	
5 a

	
0.0694 d

	
7 c

	
2.429




	
Max VVVIP

	
10 b

	
0.0694 d

	
7 c

	
4.858




	
Max VVVIP

	
25 c

	
0.0694 d

	
7 c

	
12.15




	
Max VVVIP

	
5 a

	
0.0694 d

	
14 e

	
4.858




	
Max VVVIP

	
10 b

	
0.0694 d

	
14 e

	
9.716




	
Max VVVIP

	
25 c

	
0.0694 d

	
14 e

	
24.29




	
Max VVVIP

	
5 a

	
0.0694 d

	
21 e

	
7.287




	
Max VVVIP

	
10 b

	
0.0694 d

	
21 e

	
14.57




	
Max VVVIP

	
25 c

	
0.0694 d

	
21 e

	
36.44








a Values extracted from Still and Foxon [24]. b Values extracted from Bhagwan et al. [22]. c Values extracted from Brouckaert et al. [23]. d Values extracted from Still [19]. e Set arbitrarily by authors.
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Table 3. The minimum estimates of depth of the pit in the ventilated improved pit latrines for the relevant working volumes and dimensions of the pit in South Africa.






Table 3. The minimum estimates of depth of the pit in the ventilated improved pit latrines for the relevant working volumes and dimensions of the pit in South Africa.





	
Minimum VIP Depth Values for South Africa (DMin)

	
Parameters for Calculation of D




	
VVVIP (m3)

	
W, L (m)

	
Sbase (m2)

	
DMin (m)






	
DMin

	
0.370

	
1.5

	
2.25

	
0.164




	
DMin

	
0.740

	
1.5

	
2.25

	
0.329




	
DMin

	
1.850

	
1.5

	
2.25

	
0.822




	
DMin

	
0.648

	
1.5

	
2.25

	
0.288




	
DMin

	
1.295

	
1.5

	
2.25

	
0.576




	
DMin

	
3.238

	
1.5

	
2.25

	
1.439




	
DMin

	
1.295

	
1.5

	
2.25

	
0.576




	
DMin

	
2.590

	
1.5

	
2.25

	
1.151




	
DMin

	
6.475

	
1.5

	
2.25

	
2.878




	
DMin

	
1.943

	
1.5

	
2.25

	
0.864




	
DMin

	
3.885

	
1.5

	
2.25

	
1.727




	
DMin

	
9.713

	
1.5

	
2.25

	
4.317
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Table 4. The maximum estimates of depth of the pit in the ventilated improved pit latrines for the relevant working volumes and dimensions of the pit in South Africa.






Table 4. The maximum estimates of depth of the pit in the ventilated improved pit latrines for the relevant working volumes and dimensions of the pit in South Africa.





	
Maximum VIP Depth Values for South Africa (DMax)

	
Parameters for Calculation of D




	
VVVIP (m3)

	
W, L (m)

	
Sbase (m2)

	
DMax (m)






	
DMax

	
1.388

	
1.0

	
1.00

	
1.388




	
DMax

	
2.776

	
1.0

	
1.00

	
2.776




	
DMax

	
6.940

	
1.0

	
1.00

	
6.940




	
DMax

	
2.429

	
1.0

	
1.00

	
2.429




	
DMax

	
4.858

	
1.0

	
1.00

	
4.858




	
DMax

	
12.15

	
1.0

	
1.00

	
12.15




	
DMax

	
4.858

	
1.0

	
1.00

	
4.858




	
DMax

	
9.716

	
1.0

	
1.00

	
9.716




	
DMax

	
24.29

	
1.0

	
1.00

	
24.29




	
DMax

	
7.287

	
1.0

	
1.00

	
7.287




	
DMax

	
14.57

	
1.0

	
1.00

	
14.57




	
DMax

	
36.44

	
1.0

	
1.00

	
36.44
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Table 5. Parameters of emptying 2 m3 of faecal sludge from a full pit in a South African ventilated improved pit latrine (reproduced from reference [47]).






Table 5. Parameters of emptying 2 m3 of faecal sludge from a full pit in a South African ventilated improved pit latrine (reproduced from reference [47]).





	MC a

(%)
	P b

(W)
	ET c

(min)
	V d

(m3)





	58
	2,331,9472 e
	1.3 e
	Not applicable



	75
	22,000
	11
	0



	80
	3500
	15
	0.700



	85
	600
	21
	1.867



	90
	100
	34
	4.200



	95
	40
	73
	11.200







a The moisture content of the VIP faecal sludge as defined in reference [47]; b Power in Watts or Js−1 at the moisture content of the VIP faecal sludge as defined in reference [47]; c The time needed to empty 2 m3 of faecal sludge from the VIP pit as defined in reference [47]; d The volume of H2O to be mixed into the VIP pit to facilitate extraction as defined in reference [47]; e The values were calculated using Equations (S1) and (S2), and based on data from reference [47].
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Table 6. FV as a function of the positive value of r and no-land PV in South Africa (Scenario 1).






Table 6. FV as a function of the positive value of r and no-land PV in South Africa (Scenario 1).





	N

(Year)
	PV

(USD)
	r

(Dimensionless)
	FV

(USD)





	1
	423.5
	0.133
	479.8



	2
	423.5
	0.133
	543.6



	5
	423.5
	0.133
	790.7



	10
	423.5
	0.133
	1476.2



	15
	423.5
	0.133
	2756.2



	25
	423.5
	0.133
	9670.3
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Table 7. FV as a function of the negative value of r and no-land PV in South Africa (Scenario 2).
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	N

(Year)
	PV

(USD)
	Negative r

(Dimensionless)
	FV

(USD)





	1
	423.5
	−0.133
	367.2



	2
	423.5
	−0.133
	318.3



	5
	423.5
	−0.133
	207.5



	10
	423.5
	−0.133
	101.6



	15
	423.5
	−0.133
	49.8



	25
	423.5
	−0.133
	12.0
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Table 8. FV as a function of the positive value of r and land PV in South Africa (Scenario 2).






Table 8. FV as a function of the positive value of r and land PV in South Africa (Scenario 2).





	N

(Year)
	PV

(USD)
	r

(Dimensionless)
	FV

(USD)





	1
	823
	0.069
	879.8



	2
	823
	0.069
	940.5



	5
	823
	0.069
	1148.9



	10
	823
	0.069
	1603.9



	15
	823
	0.069
	2239.1



	25
	823
	0.069
	4363.6
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Table 9. FV as a function of the negative value of r and land PV in South Africa (Scenario 2).






Table 9. FV as a function of the negative value of r and land PV in South Africa (Scenario 2).





	N

(Year)
	PV

(USD)
	Negative r

(Dimensionless)
	FV

(USD)





	1
	823
	−0.069
	766.2



	2
	823
	−0.069
	713.3



	5
	823
	−0.069
	575.6



	10
	823
	−0.069
	402.6



	15
	823
	−0.069
	281.6



	25
	823
	−0.069
	137.8
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Table 10. Drying characteristics for 2 m3 of the VIP faecal sludge in South Africa.
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	Z
	Hspecmean

(MJ/kg)
	Hspecunit

(MJ/kg)
	E

(W/kg)
	Total E

(MW)





	0.58
	4.0 ± 0.3
	2.32
	1933
	3.866–8.119



	0.60
	4.0 ± 0.3
	2.40
	2000
	4.000–8.400



	0.70
	4.0 ± 0.3
	2.80
	2333
	4.666–9.799



	0.75
	4.0 ± 0.3
	3.00
	2.500
	5.000–10.50



	0.80
	4.0 ± 0.3
	3.20
	2667
	5.334–11.20



	0.95
	4.0 ± 0.3
	3.80
	3167
	6.334–13.30
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Table 11. Drying characteristics for 4.858 m3 of the VIP faecal sludge in South Africa.






Table 11. Drying characteristics for 4.858 m3 of the VIP faecal sludge in South Africa.





	Z
	Hspecmean

(MJ/kg)
	Hspecunit

(MJ/kg)
	E

(W/kg)
	Total E

(MW)





	0.58
	4.0 ± 0.3
	2.32
	1933
	9.390–20.66



	0.60
	4.0 ± 0.3
	2.40
	2000
	9.716–21.38



	0.70
	4.0 ± 0.3
	2.80
	2333
	11.33–24.93



	0.75
	4.0 ± 0.3
	3.00
	2.500
	12.15–26.72



	0.80
	4.0 ± 0.3
	3.20
	2667
	12.96–28.50



	0.95
	4.0 ± 0.3
	3.80
	3167
	15.39–33.85
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  sustainability-14-06934


  
    		
      sustainability-14-06934
    


  




  





media/file0.png





